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Abstract Background Four-dimensional computed tomography (4D CT) is a rapidly developing
diagnostic tool in the assessment of dynamic upper limb disorders. Functional wrist
anatomy is incompletely understood, and traditional imaging methods are often
insufficient in the diagnosis of dynamic disorders.

Technique This study has developed a protocol for 4D CT of the wrist, with the aim of
reviewing the clinical utility of this technology in surgical assessment. A Toshiba
Aquilion One Vision scanner was used in the protocol, in which two- and three-
dimensional “static” images, as well as 4D “dynamic” images were produced and
assessed in the clinical context of each patient. These consisted of a series of multiple 7-
second movement clips exploring the nature and range of joint motion.

Patients and Methods Nineteen patients with symptoms of dynamic instability were
included in the study. Patients were assessed clinically by two orthopaedic surgeons,
and qualitative data were obtained from radiological interpretation.

Results The study demonstrated varied abnormalities of joint movement attributed to a
range of wrist pathology, including degenerative arthritis, ligamentous injuries, Kienbock’s

Keywords disease, and pain following previous surgical reconstructive procedures. Interpretation of
= 4D CT the 4D CT scan changed the clinical diagnosis in 13 cases (68.4%), including the primary
= four-dimensional (15.8%) or secondary diagnosis (52.6%). In all cases, the assessment of the dynamic wrist
computed motion assisted in understanding the clinical problem and led to a change in managementin
tomography 11 cases (57.9%). The mean effective radiation dose for the scan was calculated at 0.26 mSv.
= dynamic CT Conclusion We have found that the clinical utility of 4D CT lies in its ability to provide
= dynamic wrist detailed information about dynamic joint pathology not seen in traditional imaging,
disorders targeting surgical treatment. Limitations to the use of 4D CT scan include lack of
= dynamic instability availability of the technology, potential radiation dose, and radiographer training
disorders requirements, as well as limited understanding of the nature of normal motion.
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The diagnosis of dynamic wrist disorders currently relies
largely on clinical findings, as patients with dynamic
instability often have normal appearances on conventional
imaging studies, including plain radiographs, magnetic reso-
nance imaging (MRI), and ultrasound."? The current gold
standard for diagnosis of intra-articular pathology is joint
arthroscopy, a relatively invasive and expensive procedure,
and it has been suggested that four-dimensional computed
tomography (4D CT) can provide an alternative method of
assessment of patients with suspected instability.?>

The previous methods of assessing dynamic disorders of the
wrist have included plain radiographs and fluoroscopy.*>
Examples of radiographs include those in radial and ulnar
deviation, and clenched fist views.? Fluoroscopy can be used to
assess carpal motion and instability,® aid in intra-articular
injections,’ and be of value in the operating theater.”

Furthermore, while conventional static imaging methods
can provide information about carpal bone anatomy and
alignment, dynamic imaging has the advantage of assessing
the carpus, distal radius and ulna, and joint spaces through-
out the range of movement.?

Accurate diagnosis of dynamic disorders such as carpal
bone instability is essential; early diagnosis of dynamic
instability and appropriate treatment can prevent progression
to static instability and osteoarthritis.” Moreover, if surgical
intervention is deemed appropriate, the source of the instabil-
ity must be appropriately identified. Detailed knowledge of the
nature of instability will allow clinicians to offer more specific
and appropriate surgery for each patient.

4D CT is an emerging diagnostic tool in the assessment of
joint biomechanics, specifically dynamic upper limb disor-
ders. Recent advances in CT scanning technology have pro-
vided the capacity to obtain three-dimensional (3D) images
over time, the fourth dimension, and volume data obtained
throughout the movement series can be reconstructed in
two-dimensional (2D), 3D, and “4D” formats, producing
static images as well as dynamic cine-movies. 4D CT has
previously been used in other disciplines, including perio-
perative planning for parathyroid and esophageal lesions. In
the setting of orthopaedics, providing information about
bone position throughout the range of joint movement has
great implications for surgical planning and diagnostics.
Research to date has demonstrated the feasibility of 4D CT
for use in imaging upper limb joints and for the diagnosis and
surgical planning of costoclavicular impingement, scapho-
lunate instability, capitate subluxation, pisotriquetral
instability, acromioclavicular dislocation, and snapping sca-
pula.’®* The technique has also been shown to produce
images with high spatial and temporal resolution.’>'®

Technique

The scanner used was a Toshiba Aquilion One Vision “320 slice”
scanner (Toshiba, Tochigi, Japan). The table was centered to a
position of +70 mm, with the volume range set to 140 mm to
ensure that no table movement is required. The wrist was
imaged 70 mm proximally and distally to the distal radioulnar
joint (DRU]J). Slice thickness and interval were set to 0.5 mm.
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The scanning protocol included six dynamic 4D CT scans, one
for each movement. The movement series consisted of flexion-
extension, radial-ulnar deviation, a clenched fist motion, a dart-
throwing motion, reverse dart-throwing motion, and prona-
tion-supination. Settings were 80 kV tube voltage, 0.275 sec-
onds gantry rotation time, 50 mA current, and continuous X-ray.
The total scan time for each movement was set to a default of
7.425 seconds to reduce radiation exposure. Radiographer
monitoring the patient movements allowed the scan to be
stopped and started on demand as each movement was com-
pleted. Data were reconstructed for each dynamic scan at 0.5-
second intervals, which resulted in 6 to 14 data volumes per
movement.

The patient was positioned standing to the side of the
scanner table, with the DRU] centered in the scan volume.
Their forearm was supported by a rubber rectangular block
and was secured by Velcro straps attached to the table to
reduce forearm movement and therefore minimize motion
artifact. The investigator was positioned on the other side
behind the scanner and passively guided the patient through
the movement series, first on the asymptomatic wrist, used
as a control, and then on the symptomatic wrist.

Both patient and investigator wore lead aprons, thyroid
protectors, and lead glasses, and the investigator wore lead
gloves when mobilizing the arm (~Fig. 1).

Volume data were reconstructed using Toshiba software
with 0.5-mm thickness and 0.5-mm interval between
images, using both bone and soft tissue algorithms. Multi-
planar reformations were produced using the bone algo-
rithm in coronal, sagittal, and axial planes, and soft tissue
reconstructions were used to produce the 4D images (i.e., 3D
“movies”). A musculoskeletal radiologist reviewed the
images and provided a radiological report.

Patients and Methods

Following ethics committee approval, 19 patients were
invited to participate in the study and consented to a 4D
CT scan. In preparation of the study, other senior surgical
colleagues had raised concerns about proceeding with a
surgical plan based on 4D scans, as we had not identified
what was the normal motion. As such, the ethics committee
agreed to allow the scans to be performed bilaterally.

These patients were selected on clinical grounds, such as
symptoms suggestive of dynamic instability, impingement, or
pain with motion of the wrist. Patient details including age,
sex, and clinical diagnosis were recorded prior to scanning. The
findings from 4D CT were assessment by a senior orthopaedic
surgeon and musculoskeletal radiologist and then compared
with the initial imaging and clinical diagnosis.

The effective dose of radiation was calculated using the
method described by Biswas et al'” using data obtained from
the patients enrolled in the study.

Results

Nineteen patients were enrolled in the study and underwent
a bilateral 4D CT of the wrist. The clinical indications and
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Fig.1 Images demonstrating patient positioning in the scanner for a four-dimensional computed tomography wrist, with forearm stabilized on
a rubber block and the investigator passively moving joint (A). The scanning plane is centered across the distal radioulnar joint (B).

pathologies identified as a result of 4D CT included osteoar-
thritis, instability, Kienbock’s disease, ulnar impaction, and
ulnar translocation. =Table 1 identifies the cases in which
the 4D scan was used and how it affects the diagnosis,
interpretation, and management of the wrist.

The assessment of the 4D CT scan leads to a change in the
diagnosis in 13 cases (68.4%), including a change in the
primary diagnosis in 3 cases (15.8%) and secondary diagnosis

Table 1 Clinical findings on 4D CT of the wrist

in 10 cases (52.6%). In all cases, the 4D scan assisted in
obtaining a better understanding of the clinical problem. The
interpretation of the 4D scan leads to a change in manage-
ment in 11 (57.9%) cases.

The mean effective radiation dose was 0.26 mSv. The
acquisition of appropriately orientated images is important.
For example, radioulnar deviation is best imaged from ante-
rior and/or posterior aspects to assess the DRUJ from the

Wrist Diagnosis Value of 4D CT scan
Case | Patient’s Before 4D CT scan After 4D CT scan Diagnosis | Interpretation | Management
age, gender
1 57, F LTAC LTAC with minimal MC motion + +
2 46, F Pain posttrapeziectomy, cause Scaphotrapezoid OA and impingement + + +
3 59, M Pain post TFC repair, cause DRUJ impingement but no instability + + +
4 77, F Ulnar pain and instability, STT OA | STT OA, SLI + + +
5 74, F Kienbock’s, MC OA Kienbock’s disease and SLI + + -
6 54, F SLI SLAC grade 1 + + +
7 26, M Kienbock’s disease Proximal lunate collapse, coronal fracture. | - + -
8 53, F Kienbock’s disease Normal motion wrist + + +
9 73,F DRUJ OA, instability DRUJ OA, but no instability + + -
10 49, M DRUJ instability Dorsal ulnar subluxation, OA + + +
1 56, F STT OA, FCR cyst Trapezium impinges on distal scaphoid - + -
12 33, M Kienbock’s disease Kienbock’s disease, ulnotriquetral + + +
and radioscaphoid impingement
13 79, M DRUJ OA and instability Ulnocarpal impaction, ++ + +
ulnar translocation, SLAC
14 79, M Pain postulnar hemiresection Radioulnar abutment in full supination - + -
15 49, M SL or LT instability Normal motion wrist + + +
16 68, M Ulnar wrist pain, Kienbock’s, ulnocarpal impaction - + -
Kienbock’s disease
17 51, M Kienbock’s disease Sclerotic, cystic lunate - + -
18 19, M Normal X-ray, SL instability Gross SL instability ++ + +
19 41, F Pain, previous scaphoid fractures | Mild SL widening, cyst and ++ + +
subtle lunate fracture

Abbreviations: 4D CT, four-dimensional computed tomography; DRUJ, distal radioulnar joint; LT, lunotriquetral; LTAC, lunotriquetral advanced
collapse; MC, midcarpal; OA, osteoarthritis; SLAC, scapholunate advanced collapse; SLI, scapholunate instability; STT, scaphotrapeziotrapezoidal;

TFC, triangular fibrocartilage complex.
Note: changes in the primary (++) and secondary (+) diagnosis.
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proximal aspect, as seen from the interosseous membrane.
The dart-throwing motion is best observed from an oblique
angle, dorsal ulnar aspect, to ensure that the carpus is
visualized from the correct orientation.

Specific processing techniques such as cropping the 4D
image assisted in defining the details of the anatomy, parti-
cularly in assessing the DRUJ, where a direct view into the
joint from the proximal aspect could be obtained.

Discussion

Wrist anatomy, function, and pathology have been incompletely
understood, and many disorders have been reliant on clinical
history and examination. The 4D CT scan assists in obtaining a
better understanding of the clinical problem, with detailed
information from the multiple static and dynamic images about
the relative joint position throughout the range of motion. This
provides a new insight into normal motion, joint stability,
instability, impingement, and arthritis. This includes changing
the primary and secondary diagnoses. But more importantly,
the better understanding of the patient’s wrist functional
motion leads to a change in management of the patient.

We have seen examples of the 4D scan unmasking the
abnormal joint motion and instability during physiological
motion and loading with a clenched fist. Examples include
joint impingement, instability with subluxation, and ulnar
translocation. Osseous impingement was observed with
motion of degenerate joints (e.g., scaphotrapeziotrapezoidal,
radiocarpal, and distal radioulnar joint), and impaction of the
distal ulna on the carpus and distal radius was also demon-
strated. An abnormal locked position of the scaphoid was
also identified in a patient with instability (=Fig. 2). In the
patient who has persistent pain following surgery, the
dynamic scan can be valuable. Examples include patients
with instability or impingement following previous triangu-
lar fibrocartilage complex repairs, ulnar hemiresection, tra-
peziectomy, and limited wrist fusion.

The dynamic scan also assists in further defining some
pathologies that are not well understood. An example is
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lunotriquetral advanced collapse, where the lunotriquetral
interval was seen to open during radial deviation (~Fig. 3,
=Video 1). Also, in Kienbock’s disease, we have observed the
impaction fracture of the lunate and how it corresponds with
shape of the radius template, especially with a clenched fist
(~Fig. 4, ~Video 2).

Video 1

A 57-year-old female with suspected lunotriquetral
advanced collapse. Dynamic two-dimensional
computed tomography images demonstrate midcarpal
osteoarthritic change, bony erosion of the capitate (A),
and abutment of dorsal lunate osteophytes on the
capitate in extension (B). Online content including
video sequences viewable at: www.thiemeconnect.de/
products/ejournals/html/10.1055/s-0038-1675564.

Video 2

A 21-year-old male with Kienbock’s disease. Four-
dimensional image demonstrating a “radial template”
forming on the proximal surface of the lunate (A), as
well as loss of medullary trabeculae highlighted in a
radioulnar deviation view (B) and fragmentation and
subchondral cyst formation (C). Online content
including video sequences viewable at: www.thie-
meconnect.de/products/ejournals/html/10.1055/s-
0038-1675564.

Having reviewed the clinical use of the 4D CT scan, we are
now able to make a comparison with fluoroscopy. Fluoro-
scopy provides a low-resolution 2D image of the full thick-
ness of the wrist, as it is mobilized. The 4D CT scanning
provides a dynamic 3D image of the wrist, which allows an

Fig. 2 A 19-year-old male presented with stiffness in flexion-extension following wrist trauma. Four-dimensional computed tomography
demonstrates widening of the scapholunate interval (A) as well as an abnormal locked position of the scaphoid (B).
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Fig. 3 A 57-year-old female with suspected lunotriquetral advanced collapse. Dynamic two-dimensional computed tomography images
demonstrate midcarpal osteoarthritic change, bony erosion of the capitate (A), and abutment of dorsal lunate osteophytes on the capitate in

extension (B).

~

Fig.4 A21-year-old male with Kienbock’s disease. Four-dimensional image demonstrating a “radial template” forming on the proximal surface
of the lunate (A), as well as loss of medullary trabeculae highlighted in a radioulnar deviation view (B) and fragmentation and subchondral cyst

formation (C).

overriding appreciation of the carpal motion. The dynamic
2D image is similar to conventional fluoroscopy but with a
few important exceptions. Once the scan has been per-
formed, the DICOM (Digital Imaging and Communications
in Medicine) data can be manipulated and reformatted in any
plane to provide the ideal 3D or 2D dynamic images. In
addition, the thickness of the zone of the fluoroscopic
assessment can be changed, depending upon the pathology
to be assessed. For example, the fluoroscopic image can be
focused on the area of interest. An example includes the
“thin” coronal dynamic images of the scapholunate interval
with the dynamic clenched fist view. Furthermore, dynamic
2D images only include a narrow window of the carpus and
therefore provide a more localized assessment. This was seen
to be of value when assessing dynamic scapholunate instabil-
ity with the clenched fist or radioulnar deviation. It clearly
demonstrated that in Kienbock’s disease, the proximal and
distal subchondral bone plates move separately through the
site of the fracture.

Provocation testing in 4D CT clearly highlights its utility; the
patient could demonstrate instability during the scan by per-
forming basic maneuvers such as clenched fist (=~Video 3),
flexion-extension, or dynamic tests such as Watson'’s scapho-

lunate instability test. This was useful in instability of the
scapholunate interval, midcarpal joint, and DRUJ.

Video 3

Dynamic computed tomography (CT) in clenched fist
motion demonstrating instability. Online content
including video sequences viewable at: www.
thiemeconnect.de/products/ejournals/html/10.1055/
s-0038-1675564.

Challenges to the implementation of 4D CT scanning in our
hospital were varied. When performing wrist maneuverers,
patient education and compliance are required to ensure that
the patient moves the wrist correctly, within the 16-cm gantry,
when the scanner is activated. If patient movement was too
quick, this produced motion artifact and movements that were
too slow and may exceed the scanner acquisition time with the
loss of images during the latter part of the motion. Performing
provocation maneuvers in the scanner can be difficult due to
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Table 2 Recommendations for 4D CT scan of the wrist
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Scanning

Perform scans unilaterally on the symptomatic wrist in the planes of interest

required

Reserve bilateral scans for patients with bilateral conditions or where a detailed comparison of the normal wrist is

Perform flexion-extension, radioulnar deviation, and power grip in all cases

Forearm rotation to assess disorders of the DRUJ or forearm rotation

Dart-throwing and antidart-throwing only in special cases, when pathology at the midcarpal joint is suspected

Provocation tests performed only for specific symptoms

Radiation

Patient is to perform the maneuvers themselves

Clinician only in the CT room for provocation tests or patients who need assistance

Patient (and staff) wear protective equipment (glasses, apron, and thyroid protector)

Image manipulation

postprocessing and presentation

When implementing the technique, the clinician and radiologist should provide guidance to the radiographer regarding image

Realign images in the planes of interest for the condition being investigated

Dynamic two-dimensional images

Crop four-dimensional image to focus on area of interest (e.g., DRUJ)

Storage

Online records to include JPEG images for clinical evaluation

Full DICOM dataset to be stored on separate hard drive or CD

Abbreviation: CT, computed tomography; 4D CT, four-dimensional computed tomography; DICOM, Digital Imaging and Communications in

Medicine; DRUJ, distal radioulnar joint.

patient discomfort and the confined space. Training of the
radiography staff is important to produce quality CT images
and to obtain operational efficiency in a busy hospital. Initially,
the scans were delayed due to patient setup and education,
donning radiation protection equipment and coordination of
scanning with staff.

Image acquisition must be followed by correct processing
and presentation, relevant to the condition being investigated.
Data storage is a particular challenge, as the large data volume
takes an extended time to process and requires considerable
space on storage drives. Furthermore, access to experienced
musculoskeletal radiologists is important, as they too are still
learning this new imaging modality. A summary of our logistic
recommendations is provided in =Table 2.

In conclusion, 4D CT is proposed as a useful adjunct in
clinical evaluation of dynamic upper limb disorders, includ-
ing instability and impingement, and can provide important
insight regarding functional anatomy and its impact on
disease progression.
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