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Abstract

Objective High-resolution real-time three-dimensional (3D)
imaging of the moving wrist may provide novel insights
into the pathophysiology of joint instability. The purpose of
this work was to assess the feasibility of using retrospec-
tively gated spiral computed tomography (CT) to perform
four-dimensional (4D) imaging of the moving wrist joint.
Materials and methods A cadaver forearm from below the
elbow was mounted on a motion simulator which per-
formed radioulnar deviation of the wrist at 30 cycles per
minute. An electronic trigger from the simulator provided
the “electrocardiogram” (ECG) signal required for gated
reconstructions. Four-dimensional and 3D images were
compared by a blinded observer for image quality and
presence of artifacts.

Results Image quality of 4D images was found to be excellent
at the extremes of radial and ulnar deviation (end-motion
phases). Some artifacts were seen in mid-motion phases.
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Conclusion 4D CT musculoskeletal imaging is feasible.
Four-dimensional CT may allow clinicians to assess
functional (dynamic) instabilities of the wrist joint.
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Introduction

High-resolution multi-detector row electrocardiogram
(ECG)-gated computed tomography (CT) has enabled
physicians to produce images of the beating heart for the
analysis of myocardial wall function, cardiac valve func-
tion, and coronary artery stenosis [1-6]. ECG-gated CT has
also been used for non-cardiac applications, such as four-
dimensional (4D) imaging of pulmonary lesions [7-10].

A non-cardiac, non-thoracic application of gated CT
imaging may lie in the field of musculoskeletal (MSK)
imaging. Four-dimensional MSK imaging of the joint (i.e.,
real-time imaging during joint motion) may provide novel
insights into the pathophysiology of joint instability. Some
investigators have shown that a hysteresis effect occurs
during joint motion [11, 12]. Hysteresis is defined as
retardation of the effect when the forces acting upon a
system are changed. A well-known hysteresis effect occurs
during breathing, when there is a difference in the pressure—
volume curve for lung inflation and deflation [13]. The
carpal bones of the wrist joint demonstrate hysteresis that is
dependent on the direction of wrist motion. For instance,
the amount that the scaphoid or lunate bone flexes at a
particular wrist position differs, depending on the direction
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the wrist was moved to reach that position. In this case, the
hysteresis can be described as the difference in the path of
carpal bone motion [11, 12].

Instabilities of the wrist joint are a common cause of wrist
pain. Such instabilities are classified as static or dynamic [14].
Static instabilities can be diagnosed on routine radiographs
or conventional CT scans through abnormal carpal angles or
carpal alignment. On the other hand, dynamic instabilities do
not demonstrate any abnormalities on routine radiographic
examinations, although these patients continue to have
disabling wrist pain and inconsistent findings on clinical
examination [15]. As a result, the delay in diagnoses may
lead to poor clinical outcomes. In contrast, early detection of
functional joint abnormalities may allow physicians to
intervene with reconstructive surgical options to restore
normal function before the onset of arthritis or static
deformities[16-21]. This will result in better functional
outcomes than joint arthroplasty or joint fusions, which are
considered salvage procedures. Furthermore, it is suggested
that the diagnosis of dynamic instabilities may rest on the
ability of the physician to detect abnormal hysteresis during
continuous joint motion [11]. Clearly, 4D imaging is the
logical means to detect such dynamic joint instabilities [22].

The wrist is an ideal candidate for 4D MSK imaging
using retrospectively-gated CT. One reason is that the wrist
is of great clinical and research interest as a result of its
complex structure [11, 23-27]. A second reason is that the
individual carpal bones within the wrist do not undergo
large displacements during the full range of motion. Finally,
as mentioned, there is currently no objective means to
diagnose and quantify dynamic carpal instabilities, partic-
ularly those of the scaphoid [14].

In 4D cardiac imaging, the heart rate, which is under
involuntary autonomic control, is typically the limiting
factor to image quality [28]. However, in 4D MSK
imaging, the frequency and velocity of joint motion is

Fig. 1 The cadaveric wrist mounted on the custom motion simulator.
Periodic motion along the x-axis linear slide was achieved by the
stepper motor via a belt. The natural arc of radioulnar motion was
possible due to a second, free-moving, z-axis, linear slide
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Fig. 2 The figure shows the extent of radioulnar deviation achieved
by the cadaveric left wrist while on the motion simulator. a The wrist
in full ulnar deviation (20°), and b the wrist in full radial deviation
(10°)

largely under a person’s volitional control. As a result of
this volitional control, extremely slow motion frequencies
can be used, suggesting the possibility of our imaging slow
and periodic joint motion using retrospectively gated CT
techniques. Work with phantoms has demonstrated the
feasibility of this approach [29].

The purpose of this work was to assess the feasibility of
using retrospectively gated spiral CT to image wrist joint
motion in a mechanically controlled moving cadaveric
specimen.

Materials and methods

The study was approved by the institutional review board,
orthopedic research review committee, and the radiology
research review committee.

Motion simulator

A fresh frozen cadaveric forearm amputated from just
below the elbow was used for the study. The proximal ends
of the radius and ulna bone were exposed and firmly
mounted onto a custom-made motion simulator (Fig. 1).
The hand was mounted onto an acrylic paddle via a single
plastic screw through the second intermetacarpal space just
proximal to the deep intermetacarpal ligament. Two linear
slides (the longer one oriented along the x-axis and the
shorter one along the z-axis) under the paddle allowed it to
have composite motions in the x and z-axes. A program-
mable Si5580 step motor drive and driver (Applied Motion
Products, Watsonville, CA, USA) produced belt-driven
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Fig. 3 The setup used for 4D CT wrist imaging

motion of the paddle in the x-axis, with free motion of the
paddle in the z-axis allowing the hand to perform periodic
(repeatable from cycle to cycle) radioulnar motion through
a maximum arc of 30° (10° of radial deviation and 20° of
ulnar deviation) (Fig. 2). An electronic trigger within the
program, Si Programmer V2.5.7, produced a periodic
10 ms voltage spike linked to the motion profile of the
stepper motor. This spike was detected by the CT scanner
via an ECG interface box for use with the retrospectively-
gated CT reconstruction [30].

Gated CT scanning

The periodically moving wrist was scanned on a 64-slice
CT scanner (Sensation 64, Siemens Medical Solutions,
Forchheim, Germany) (Fig. 3) using a retrospectively-gated
CT protocol with a special low pitch of 0.1 provided by the
manufacturer. Such a low pitch value was necessary for
scanning of the periodic wrist motion with a low enough
frequency to minimize the velocity of the wrist [29]. As the
range of the joint motion was fixed, the maximum velocity
during each motion cycle was smaller for the lower
frequency. Since the ECG detection algorithm in the
Sensation 64 scanner would not allow an ECG rate of fewer
than 27 cycles per minute, a motion frequency of 30 cycles
per minute was used, allowing for a margin of tolerance.
Scanning was done with a 120 kVp, 150 mAs, 0.33 s
gantry rotation time and 32x0.6 mm detector collimation

Fig. 4 The 4D condition at
phase 1 and phase 4. There are
no artifacts seen in either phase,
and carpal joint spaces are well
resolved, as can be seen in the
coronal images (inset)

with z-flying focal spot [31, 32]. Use of a cardiac
reconstruction algorithm allowed the temporal resolution
of 165 ms.

Dynamic (four-dimensional) and static (three-dimensional)
conditions

Scanning was performed from the distal radius and ulna to
the proximal metacarpals to ensure adequate coverage of
the carpal bones. The cadaveric wrist was scanned under
dynamic and static conditions. Scanning under dynamic
condition was performed during periodic radioulnar mo-
tion, with the wrist moving from radial deviation to ulnar
deviation in a repeatable cyclic manner. This condition was
designated the 4D condition. The static condition served as
a control. In that condition, the wrist was moved precisely
to four designated static positions (20° ulnar deviation, 10°
ulnar deviation, 0°, and 10° radial deviation) and scanned in
each of these positions. This condition was designated
three-dimensional (3D) condition. In our cadaveric speci-
men, 20° of ulnar deviation (UD) and 10° of radial
deviation (RD) corresponded to the extremes of radioulnar
deviation.

Image reconstruction

Each data set was reconstructed with slice widths of
0.6 mm, a 150 mm field of view (FOV), and a sharp
reconstruction kernel of B70f. The voxel size was 0.29x
0.29x0.6 mm’.

Four different phases of the motion cycle from the 4D
condition were selected for comparisons with the 3D
condition. These phases corresponded to wrist positions of
20° ulnar deviation (phase 1), 10° ulnar deviation (phase 2),
0° (phase 3), and 10° radial deviation (phase 4).

Image analysis

The DICOM CT data were imported into Analyze 7.0
(Mayo Foundation for Medical Education and Research,
MN, USA) for image analysis. The four phases of the
motion cycle were evaluated for overall image quality and
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Fig. 5 The 4D condition show-
ing phases 2 and 3. The image
quality here is not ideal. Motion
artifacts (broad arrows) can be
seen. They are particularly
prominent in the metacarpal re-
gion, but they are also present in
the proximal carpal row. Band
artifacts (double-headed arrows)
are also seen. In the metacarpal
region; displacements in band
artifacts can also be seen, as
shown by the presence of corti-
cal mismatch in the metacarpals

Phase 2

for the presence of motion artifacts. A subjective scale of 1
to 4 (1 = excellent, 2 = good, 3 = fair, and 4 = poor) was
used to grade the overall image quality by two independent
blinded raters—a hand surgeon and a radiologist.

The displacement at the distal pole of the scaphoid was
also calculated during radioulnar deviation using image
registration methods. This was achieved by performing
automatic surface registration of the scaphoid at phase 4
(10° of radial deviation) and at phase 1 (20° of ulnar
deviation) after appropriate segmentation and thresholding
of the scaphoid. After we had digitized the most distal point
of the scaphoid from phase 4, a custom MATLAB 7.0.4
(The Mathworks, Natick, MA, USA) program calculated
the magnitude of the displacement of the distal scaphoid.

Results
Image quality and artifacts

For the 4D images, both raters gave excellent scores for
phases 1 and 4 (Fig. 4). Both raters gave fair scores to
phases 2 and 3, although carpal joint spaces could still be
resolved (Fig. 5). The image quality of the 3D condition
was consistently graded as excellent for all four static
positions assessed (Fig. 6).

The image quality degradation in phases 2 and 3 of the 4D
images was due to artifacts (Fig. 5). Two main forms of

Fig. 6 The image quality from
the 3D condition. As expected,
there are no motion artifacts and
carpal joint spaces are well
resolved. Note that the end-
motion phases (phases 1 and 4)
of the 4D condition are of
equivalent image quality to the
3D condition images
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artifacts were band artifacts [33] and motion artifacts [34,
35]. As can be seen, motion artifacts were particularly
prominent in the metacarpals, which underwent higher
motion velocity than did the carpal bones, as the metacarpals
are situated further from the axis of rotation of the wrist [36].
The band artifacts are prominent in the metacarpal region
too, as can be seen by the mismatching of the cortices of the
metacarpal bones. This is mentioned, although our primary
region of interest was the carpal bones. The images in the
4D condition in phases 1 and 4, on the other hand, were
completely free of artifacts and were comparable to the
images in the 3D condition (Figs. 4 and 5).

Distal scaphoid displacement

The distal scaphoid underwent a total displacement magni-
tude of 12.4 mm from phase 1 to 4 (20° ulnar deviation to
10° radial deviation). This was the displacement measured
for a point on the distal scaphoid when it moved (under
dynamic conditions) in 3D space from its position during
radial deviation to ulnar deviation.

Discussion
The advent of 64-slice CT scanners with retrospective

ECG-gating technology has provided a means for us to
develop 4D (real-time dynamic) imaging of the wrist,
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Fig. 7 The velocity motion profile of the stepper motor during one
half-cycle of periodic motion. One half-cycle of periodic motion in
this case would mean the movement of the wrist from full ulnar
deviation to full radial deviation. The approximate locations of the
analyzed phases of the motion cycle are as shown. The pink phases
(phases 2 and 3) are the mid-motion phases, and the blue phases
(phases 1 and 4) are the end-motion phases

which has the potential of providing more accurate
diagnosis and assessment of dynamic carpal instabilities
than dynamic fluoroscopy provides. With a temporal
resolution as good as 83 ms, these CT scanners have the
capability to capture real-time images, provided that the
velocity of motion is not too fast [29].

If high-quality 4D imaging using retrospectively-gated
CT technology is to be achieved, musculoskeletal motion
must fulfill two criteria. It has to be periodic (repeatable
from cycle to cycle), and the motion velocity should be
kept as low as possible for the best image quality. Prior
work has demonstrated that high-contrast spatial resolution
of 0.8 mm with satisfactory image quality can be achieved
when motion velocity is kept below 20 mm/s [29]. The 30
cycles per minute (cpm) frequency for periodic motion
would likely be comfortably achieved in future in vivo

Fig. 8 This figure shows how
band artifact displacement can
be corrected by retrospective
editing of the ECG signal. One
can see that cortical mismatch-
ing is minimized in the image on
the right. However, motion arti-
facts cannot be fixed in this
manner and require either
slower motion velocity or faster
temporal resolution

applications with the aid of a special device that would
allow precise control of wrist motion in human subjects.

The velocity motion profile of the stepper motor during one
half-cycle of periodic motion is shown in Fig. 7. Phases 1 and
4, which were imaged at the extremes of motion (end-motion)
had lower instantaneous motion velocity than did the mid-
motion phases 2 and 3 and would be most appropriate for
detailed analysis. This is analogous to the situation in cardiac
imaging, where only the best phase images are used for
assessment of coronary artery stenosis [1, 37]. We also noted
that image quality tended to be worse in the metacarpals than
in the carpal region, with more artifacts present. This was
again due to the fact that the metacarpals, being further away
from the axis of rotation [36], had a higher instantaneous
motion velocity than the carpal bones had. Our estimates
showed that the distal metacarpals moved at an approximate
average velocity of 50 mm/s, while the average velocity at the
distal scaphoid was only 12.4 mm/s.

Band artifacts are expected in gated CT scanning [33] when
motion is not perfectly periodic or not ideally synchronized to
the CT acquisition. These were not particularly bothersome,
except when displacements occurred between the bands,
resulting in cortical mismatches, as seen in the metacarpals.
The severity of band artifact displacement was worsened with
higher motion velocity. Thus, we saw band artifact displace-
ments in the metacarpal regions. The magnitude of these
artifacts can be reduced if one makes sure that the wrist cyclic
motion is in perfect synchrony with the “ECG” signal
recorded by the scanner. The remaining band artifacts can be
corrected by retrospective editing of the “ECG” signal,
provided that a clear object contour is visible in the image
to assist with realignment (Fig. 8). We would like to point out
that, although band artifacts compromise the overall image
quality, they do not add to the degradation of the spatial
resolution, which depends only on the motion velocity of the
wrist.
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Table 1 Features of 4D gated computed tomography (CT) using a 64-
slice scanner versus 4D multi-projection 11

Four-dimensional multi-
projection 11

Four-dimensional gated CT

High spatial resolution (0.8 mm) Lower spatial resolution
(1.5 mm)
Long examination time (80 s)
Many motion cycles needed
(50)
Time synchronization manual
Fast temporal resolution
(12 ms)
No artifacts

Requires periodic motion

Fast examination time (15 s)
Few motion cycles needed (5)

Time synchronization automated

Relatively slow temporal resolution
(165 ms)*

Artifacts in mid-motion phases

Requires periodic motion

#83 ms for the dual-source CT scanner (Siemens Definition)

Radiation dose is directly related to the effective milliamp-
seconds (mAs/pitch). In our feasibility study, we used an
effective mAs value of 1,500. This is approximately twice as
high as that currently used in coronary CT angiography.
However, as the wrist’s X-ray attenuation is small, we should
be able to reduce the effective milliamp-second value
substantially without any significant loss in image quality. In
addition, the wrist is not a radiation-sensitive body part, so the
effective dose delivered during such an examination will be
essentially zero.

Though we were not able to demonstrate excellent image
quality in all phases of the motion cycle using gated CT
scanning, the availability of high-quality images in the end-
motion phases is still valuable for kinematics analysis of the
extremes of joint motion. As we mentioned above, the end-
motion dynamic images might provide useful information
about dynamic wrist instabilities, which cannot be obtained
by static imaging. As CT technology advances, image
quality in the mid-motion phases will also improve,
increasing the clinical value of this novel 4D MSK imaging
technique. With the advent of dual-source CT scanners with
even faster temporal resolution (83 ms) [38], motion
artifacts will decrease, while the use of wider detectors (e.
g., the new 256-slice Toshiba with 12.8 cm detector width)
will reduce or eliminate band artifacts, because fewer
motion cycles will be needed to cover the joint region.

Gated spiral CT is not the only way to achieve 4D imaging
of the wrist. Carelsen et al [25] have also developed a novel
method, using multi-projection image intensifiers (II) to
image periodic wrist motion. Their method does not suffer
from motion artifacts, due to the fast temporal resolution of
the image intensifiers (12 ms). However, it has poorer spatial
resolution, owing to the low number of projections used to
reconstruct a 3D image, and it requires a prolonged
examination time of 80 s, as a minimum of 50 wrist motion
cycles is needed. This large number of repetitions may be a

@ Springer

problem if the patient is suffering from significant wrist pain.
The main limiting factor of the gated CT technique is its
temporal resolution resulting in motion artifacts in the mid-
motion phases (Table 1) [35, 39]. A real advantage of the
dynamic CT approach is its capability to produce high-
quality multiplanar reconstruction (MPR) images of various
phases of wrist motion, due to the isotropic spatial resolution
of modern multi-detector row CT scanners.

In conclusion, our preliminary testing of a novel gated
CT scanning technique for the wrist has shown that it is
feasible and provides most information in end-motion
phases, which we recognize would currently limit its
clinical value. We anticipate that advances in CT technol-
ogy, such as faster temporal resolution and wider detector
coverage, will, in the near future, further improve dynamic
wrist imaging by overcoming the limitations identified in
our preliminary work. We believe we have demonstrated
the feasibility of a novel technique with clinical potential in
the diagnosis and assessment of wrist instabilities.
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