Dynamic CT technique for assessment of wrist joint instabilities
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Purpose: To develop a 4D [three-dimensional (3D) + time] CT technique to capture high spatial
and temporal resolution images of wrist joint motion so that dynamic joint instabilities can be
detected before the development of static joint instability and onset of osteoarthritis (OA).
Methods: A cadaveric wrist was mounted onto a custom motion simulator and scanned with a dual
source CT scanner during radial-ulnar deviation. A dynamic 4D CT technique was utilized to
reconstruct images at 20 equidistant time points from one motion cycle. 3D images of carpal bones
were generated using volume rendering techniques (VRT) at each of the 20 time points and then
4D movies were generated to depict the dynamic joint motion. The same cadaveric wrist was also
scanned after cutting all portions of the scapholunate interosseus ligament to simulate scapholunate
joint instability. Image quality were assessed on an ordinal scale (1-4, 4 being excellent) by three
experienced orthopedic surgeons (specialized in hand surgery) by scoring 2D axial images.
Dynamic instability was evaluated by the same surgeons by comparing the two 4D movies of joint
motion. Finally, dose reduction was investigated using the cadaveric wrist by scanning at different
dose levels to determine the lowest radiation dose that did not substantially alter diagnostic image
quality.

Results: The mean image quality scores for dynamic and static CT images were 3.7 and 4.0, respec-
tively. The carpal bones, distal radius and ulna, and joint spaces were clearly delineated in the 3D
VRT images, without motion blurring or banding artifacts, at all time points during the motion cycle.
Appropriate viewing angles could be interactively selected to view any articulating structure using
different 3D processing techniques. The motion of each carpal bone and the relative motion among
the carpal bones were easily observed in the 4D movies. Joint instability was correctly and easily
detected in the scan performed after the ligament was cut by observing the relative motion between
the scaphoid and lunate bones. Diagnostic capability was not sacrificed with a volume CT dose index
(CTDI,,)) as low as 18 mGy for the whole scan, with estimated skin dose of approximately 33 mGy,
which is much lower than the threshold for transient skin erythema (2000 mGy).

Conclusions: The proposed dynamic 4D CT imaging technique generated high spatial and high tem-
poral resolution images without requiring periodic joint motion. Preliminary results from this cadaveric
study demonstrate the feasibility of detecting joint instability using this technique. © 2011 American
Association of Physicists in Medicine. [DOI: 10.1118/1.3577759]
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I. INTRODUCTION cost three times the cost of rheumatoid arthritis,3 with more
Osteoarthritis (OA) is one of the most pervasive disabling than half of the costs due to the inability to work.* A prevail-
diseases in medicine today. This painful disease currently ing explanation for the etiology of OA is joint instability or
affects about 27 million Americans,'” with an estimated other abnormal motion of the articulating bony structures.
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While static instabilities can be diagnosed using routine
imaging techniques, dynamic instabilities do not demon-
strate abnormalities on routine radiographic examinations,
even though these patients continue to have disabling pain.’
If physicians are able to diagnose dynamic joint instabilities
prior to the development of significant OA, surgical inter-
vention may restore normal function before the onset of ar-
thritis or static deformities.’™ Here, we demonstrate the
feasibility of a dynamic, three-dimensional (3D) measure of
joint motion for the early detection of functional joint
abnormalities.

Of the upper extremity joints, the wrist joint is the most
susceptible to injury.'® Instabilities of the wrist joint are char-
acterized by subtle abnormalities in bony motion and are usu-
ally elicited during motion or in loaded conditions.'""'? The
scapholunate joint is an important carpal joint for wrist move-
ment. Similar to the anterior cruciate ligament in the knee,
the scapholunate interosseous ligament (SLIL) is considered
the primary stabilizer of the scapholunate joint."® Injuries to
the SLIL are the most frequent cause of carpal instability and
account for a considerable degree of wrist dysfunction.''
Patients with SLIL injuries may experience wrist pain or a
snapping sensation in the joint with motion,'*'> with no
abnormalities in the scaphoid or lunate posture on static or
stress radiographs.®”'® Although fluoroscopy and biplanar
fluoroscopy have been used for imaging the dynamic move-
ment of joints when the movement occurs primarily about a
single axis and when evaluating gross instabilities or abnor-
malities, the 2D nature of fluoroscopy limited its application
in detecting complex and subtle musculoskeletal abnormal-
ities, such as wrist joint instabilities.'”*

CT has been widely used in static wrist imaging to detect
complex fractures, ligamentous injuries, and disloca-
tions.*>*® Compared with conventional radiography, CT has
the advantage of generating three-dimensional images to dis-
play the complicated articulating structures in the wrist.
Recently, the feasibility to evaluate wrist joint motion using
4D CT has been investigated by adopting a retrospectively
gated technique similar to that used in ECG-gated cardiac
CT.?7? Image slices corresponding to the same motion
phase but different longitudinal positions were retrospec-
tively sorted to form a 3D volume. Periodic motion was
required to ensure that the moving organ (e.g., heart or wrist)
returned to the same location for a given phase. Dynamic
wrist imaging also has been implemented on a mobile C-arm
system during periodic joint motion.>*>* One limitation of
the gated technique is that it requires periodic joint motion at
the same frequency and magnitude, which is difficult to
maintain in patients with pathology. Band artifacts are
observed for imperfect periodic motion, similar to the band
artifacts in cardiac CT scans with variable heart beat rate.
Streak artifacts were also observed in the C-arm 4D joint
imaging system due to undersampling and nonoptimal sam-
pling patterns.**-**

Our goal is to detect joint instabilities while the wrist is
moving freely, as in activities of daily living. Hence, a 4D
CT technique without the requirement of periodic motion
was used. A dynamic CT technique, similar to that used in

Medical Physics, Vol. 38, No. 7, July 2011

S51

CT perfusion, allowed for evaluation of wrist motion without
the requirement of gating, and cadaveric studies were con-
ducted to evaluate the feasibility of detecting wrist joint
instability using this technique.

Il. MATERIALS AND METHODS
Il.LA. Motion simulator and cadaveric specimen

A custom motion simulator was fabricated to generate ra-
dial-ulnar deviation at the wrist joint in a cadaveric forearm—
hand specimen. Following approval by the Mayo Clinic Bio-
specimen committee, a cadaveric forearm-hand specimen
was secured from the Anatomical Bequest program. We
exposed the proximal ends of the radius and ulna bone in the
cadaveric forearm and firmly mounted it to the device
(Fig. 1). The hand was attached to an acrylic paddle via a sin-
gle plastic screw through the second intermetacarpal space,
just proximal to the deep intermetacarpal ligament. Two lin-
ear slides under the paddle provided composite motions in
the x- and z-axes. A programmable stepper motor (Applied
Motion Products, Watsonville, CA) produced belt-driven
motion of the paddle along the x-axis, with free motion of
the paddle in the z-axis. The motor was controlled by a con-
troller/driver (ARCUS Technology, Inc., Livermore, CA)
connected to a personal laptop in which different motion pro-
files could be programmed. In this study, it was programmed
to allow the hand to perform radial-ulnar motion through an
arc of 30° (10° of radial deviation and 20° of ulnar devia-
tion). The wrist was programmed to move at 30°/s, represent-
ing a typical wrist motion speed.*® The wrist was aligned in
the CT scanner so that the center of the wrist was centered in
the scan field of view (FOV) and no metal components were
included in the primary beam. A standard CT scan of the
static wrist (without motion) was also conducted for image
quality comparison with dynamic CT.

Experiments were also conducted in the cadaveric wrist
to demonstrate the capability of the proposed 4D CT imag-
ing to detect joint instability. Scapholunate joint instability
was simulated in the cadaveric specimen by cutting all

" el

Fic. 1. A cadaveric forearm and hand mounted on a custom fabricated
motion simulator producing motion along the x-axis.
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portions of the scapholunate interosseus ligament (dorsal,
proximal, and volar). The same motion profile and scanning
techniques (presented below) used in the intact wrist scan
were utilized during the imaging of the wrist after ligament
sectioning.

II.B. Dynamic 4D CT imaging protocol

Because imperfect periodicity, which is likely in patient
studies, generates banding artifacts in retrospectively gated
techniques, a dynamic sequential scanning mode without
gating, similar to that in CT perfusion, was investigated in
this study. In this scanning mode, projection data of the mov-
ing wrist are continuously acquired without table translation.
Data acquisition is completed after a single motion cycle, in
contrast to the gated 4D CT, in which repeated wrist motion
is required. Three-dimensional renderings of the wrist could
be reconstructed at any temporal increment throughout the
motion cycle. Since only one motion cycle is required for
data acquisition, periodic motion is not required and band
artifacts are avoided.

IIl.C. CT scanner, scanning and reconstruction
parameters

The cadaveric wrist was scanned using a dual source CT
scanner (Definition Flash, Siemens Healthcare, Forchheim,
Germany). This scanner is equipped with two x-ray tubes
and two detector systems with angular offset of 94°.*® The
two 64 row detectors, with 0.6 mm for each detector cell,
provide a longitudinal coverage of 38.4 mm. A rotation time
of 0.28 s provided a temporal resolution of 75 ms using the
dual source scanning mode. This is an improvement in tem-
poral resolution over that from single source CT scanners by
more than a factor of 2.%® Temporal resolution is critical in
4D CT wrist imaging to avoid image degradation due to
motion blurring. Together with the 0.6 mm isotropic spatial
resolution, this scanner appears to meet the high spatial reso-
lution and high temporal resolution requirements of 4D CT
wrist imaging.?®

The 4D CT dynamic wrist imaging requires continuous
data acquisition at a fixed table position using dual source
scan mode (75 ms temporal resolution). As no appropriate
dual source perfusion protocol was available, a dual source
sequential cardiac scanning protocol was modified to accom-
modate the need. An external ECG simulator was connected
to the scanner to generate ECG signals, which were required
for the cardiac-based scan protocol. Heart rate was adjusted
to be 30 bpm so that the time of one cardiac cycle was 2 s,
the same as the wrist motion cycle time. Data were acquired
over one motion cycle (2 s) without any table translation.
The ECG signals were used in this study solely to satisfy the
existing (cardiac) scan protocol so that it could be used for
our purpose. They were not used in the image reconstruction.
Tube potential was 140 kV and the tube-current time-prod-
uct was 200 mAs per rotation, which corresponded to a total
CTDI,,; of 110 mGy for the 2 s acquisition.

Images were reconstructed using the dual source recon-
struction algorithm commercially implemented on the
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scanner. An image matrix of 512 x 512 was used with 150
mm scan FOV, which covered the cross-section of the
wrist. The reconstructed image thickness was 0.6 mm with
an overlapped reconstruction increment of 0.3 mm. Both a
medium sharp (B40) and a sharp (B70) reconstruction ker-
nel were used for each image reconstruction. The motion
cycle was divided into 20 equivalent time points, and
images were reconstructed at each time point. These 20
time points represented 20 phases of one radioulnar devia-
tion cycle, with the neutral position defined as 0% phase.

Reconstructed images were postprocessed using commer-
cial software (Syngo, Siemens Healthcare, Forchheim, Ger-
many) to generate 3D and 4D images. Volume rendering
techniques (VRT) were used to generate 3D images of carpal
bones at each of the 20 phases. With these 3D images, a 4D
movie was generated to demonstrate the dynamic motion of
the cadaveric wrist.

I1.D. Dose estimation and reduction

There has been some concern regarding the radiation
dose associated with CT scans.’” For scans of the wrist,
stochastic effects are generally not a concern, as there are
no radiosensitive organs inside or near the scan field of
view. To evaluate whether deterministic effects may be a
concern, skin dose was estimated for the dynamic sequen-
tial scans based upon CTDI,, obtained from the scanner
console using an established relationship between skin dose
and CTDI,, taking into account patient size.’® This esti-
mated skin dose was compared with published thresholds
for skin effects. We also investigated the potential to
reduce dose by scanning the cadaveric wrist at different
dose levels (140 kV and 200 mAs per rotation, and 120 kV
and 50 mAs per rotation).

I.E. Image quality evaluation and joint instability
detection

The reconstructed 2D axial images from a standard CT
scan of the static wrist and from a dynamic CT scan of the
moving wrist were shown to three experienced orthopedic
surgeons (specialized in hand surgery) for image quality
evaluation. They were asked to score these images with a 4
point system: 1 = noninterpretable; 2 = possibly interpreta-
ble with strong image artifacts, poor signal to noise ratio;
3 = interpretable with minimal image artifacts and suffi-
cient signal to noise ratio; and 4 = interpretable without
image artifacts.™

For wrist instability evaluation, 4D movies of the intact
wrist and the wrist after the ligament was cut were presented
to the same orthopedic surgeons side by side for a blinded
review. The surgeons were asked to identify which scan, if
any, demonstrated joint instability. For scans at different
dose levels, 2D axial and 3D VRT images at the original
dose level (140 kVp, 200 mAs per rotation) and reduced
dose level (120 kVp, 50 mAs per rotation) were presented to-
gether to subjectively determine the lowest acceptable dose
levels that did not comprise the confidence of the diagnosis
of joint instability.
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(b)

Fic. 2. Images reconstructed using a medium sharp kernel [B40 (a)] and a
sharp kernel [B70 (b)], with display window width of 2000 HU and window
level of 500 HU.

lll. RESULTS

Sample axial images at 60% phase were reconstructed
using a medium sharp kernel (B40) and a sharp kernel (B70)
as shown in Fig. 2. As expected, images using the medium
sharp kernel had lower noise than those using a sharp kernel,
while those from the sharp kernel had better spatial resolu-
tion. All three surgeons scored 2D image slices from static
CT scans as 4 (interpretable without image artifacts). Two of
them scored 2D image slices from dynamic CT scans as 4
and the other one scored them as 3 (as interpretable with
minimal image artifacts and sufficient signal to noise ratio).

The 3D VRT images for all phases were generated in
which the carpal bones, distal radius and ulna, and joint
spaces were without motion blurring or banding artifacts
(Fig. 3). 4D movies allowed the surgeons to visualize the
motion of each carpal bone and the change in joint space
throughout the motion cycle (movie file included in supple-
mentary materials).*’ Use of interactive visualization soft-
ware allowed the carpal bones and joint motion to be
visualized from any arbitrary viewing angle, interactively
selecting the best angle(s) with which to view articulating
structures. For example, a palmar view best showed overall
wrist motion for all carpal bones [Figs. 3(a)—(c)], while ra-
dial views were most useful in evaluating scaphoid motion
[Figs. 3(d)—(f)]. Virtual radiographs provided the surgeons
with images similar to traditional radiographic images
(Fig. 4).
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For scans after the ligament was cut, the same postpro-
cessing was conducted and 3D VRT images and 4D movies
were generated and compared with the scans of the intact
wrist. Figure 5 shows the comparison between these two
scans using VRT images at different positions. For the intact
(normal) wrist, the scaphoid and lunate carpal bones moved
together during the joint motion and there was no relative
motion between these two bones. However, after the liga-
ment was cut, relative motion between the scaphoid and
lunate was observed during the radial-ulnar deviation, indi-
cating joint instability. This different motion pattern (transla-
tion and rotation) between the normal wrist and the one with
joint instability was clearly demonstrated in the 4D movie
(included as supplementary materials).*® All three orthope-
dic surgeons correctly identified the scapholunate instability
in the wrist with the cut ligament without any hesitation.

The CTDI,; of the full-dose scan (140 kVp, 200 mAs per
rotation, 2 s scan time) was 110 mGy and the skin dose was
estimated to be approximately 200 mGy given the small size
of the wrist, which is a factor of 10 lower than the minimum
threshold for skin effects (2000 mGy).41 Therefore, no deter-
ministic skin injury would be expected. Potential cancer risk
is similarly negligible because of the small exposure volume
and insensitivity of the exposed tissues to radiation. For
scans at reduced dose level, all three surgeons indicated that
images obtained using 120 kVp and 50 mAs per rotation
(CTDI,; = 18 mGy) had sufficient image quality and did not
compromise their diagnostic confidence (Fig. 6). This
afforded the potential for a factor of 6 reduction in dose
(skin dose of 33 mGy).

IV. DISCUSSION AND CONCLUSION

In this study, we have proposed a dynamic 4D CT imag-
ing method to detect joint motion and demonstrated our
methods using a cadaveric wrist and a custom motion simu-
lator. This technique generated high spatial and temporal re-
solution (75 ms) images of the joint on the dual source CT
scanner. As no periodic motion was required, the potential
for banding artifacts from gated techniques was eliminated.
This cadaveric study demonstrated the difference in motion
patterns (translation and rotation) between normal and
abnormal (with joint instability) wrists using this proposed

Fic. 3. Volume-rendered images (top row: palmar
view; bottom row: radial view) of a cadaver wrist
scanned with a dynamic scanning mode on a dual
source CT scanner. Images in ulnar deviation (a, d),
neutral (b, e), and radial deviation (c, f) positions show
individual carpal bones and joint spaces clearly in three
dimensions.
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4D CT technique. Radiation dose from this technique was
much lower than the threshold for deterministic effects, and
stochastic risk was extremely low due to the absence of criti-
cal organs. Since no table translation was involved in this
dynamic CT scanning mode, the longitudinal coverage of
the wrist was limited to the detector size along the z-axis
(rotation axis of the scanner), which was 38.4 mm on the
dual source scanner used in this study. This coverage is suffi-
cient for imaging small joints like the wrist, especially for
the purpose of scapholunate instability evaluation, where the
proximal carpal bones are of major interest. Z-axis coverage
is not a fundamental limitation of this mode, however, as
scanners with up to a 16-cm detector width have been used
for normal wrist and knee dynamic imaging.** However, the
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FiG. 4. Volume-rendered images (top row, dorsal view)
and virtual radiography images (bottom row) of the
cadaveric wrist at radial deviation (a, d), neutral (b, e),
and ulnar deviation positions (c, f).

temporal resolution of the wide detector, single source scan-
ner was limited to 500 ms; it was 75 ms for the dual source
CT scanner used in our study. Due to the better temporal re-
solution, the wrist joint was able to be moved at speeds simi-
lar to those of daily activities (2 s per cycle, compared with
10 s per cycle in Ref. 39) without generating motion arti-
facts. Besides the intact normal wrist, we have also imaged a
wrist with a scapholunate instability and demonstrated the
feasibility to detect these instabilities using our technique.

In clinical practice, physicians can make diagnoses
based upon the qualitative evaluation of joint motion. How-
ever, to quantify subtle dynamic joint instabilities requires
quantitative kinematic analysis, which involves a series of
image processing procedures and computations, e.g., image

Fic. 5. (a) Volume-rendered images of a normal wrist
(top row) and the wrist after the scapholunate interosse-
ous ligament was cut (bottom row), in radial (A, B and
E, F) and ulnar (C, D and G, H) deviation phases during
dynamic motion. Both dorsal (A, C and E, G) and ra-
dial views (B, D and F, H) demonstrated the deviation,
flexion and extension of both the scaphoid and lunate
for comparison between the normal and injured wrist.
Dissociated motion of the scaphoid and lunate (arrows)
can be visualized at both phases in the dorsal views (E
and G). Over-flexion of scaphoid (asterisk) during ra-
dial deviation in the radial view (F) and increased sca-
pholunate and radioscaphoid distance (arrowheads)
during ulnar deviation in dorsal view can be clearly
visualized. (b) Volume-rendered images that mimic flu-
oroscopic images can also be used to better visualize
the intercarpal positioning and relative motions.
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Fic. 6. Axial images and volume-rendered images from scans with 140 kV,
200 mAs per rotation [CTDI,,; = 110 mGy (a) and (c)] and 120 kV, 50 mAs
per rotation [CTDI,, = 18 mGy (b) and (d)]. Sufficient image quality is
maintained in the low dose scan [(b) and (d)] to diagnose join instability
with confidence.

segmentation and registration. Ongoing research in our
group is focused on developing software to automatically
generate kinematic data to assist with clinical diagnoses.
These quantitative data can also be used to compile a data-
base for normal wrist kinematics and kinematics for wrists
with joint instabilities.

In conclusion, a 4D CT technique was used to detect joint
instability in a cadaveric wrist. Image quality assessment
demonstrated that similar image quality was achieved for
dynamic CT compared with static CT. Human observer eval-
uation demonstrated the feasibility of this method to detect
wrist joint instability.
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