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Abstract

Objectives: Exploring the feasibility of dynamic computed tomography to detect
kinematic changes, induced by sequential sectioning of the lateral collateral ligaments of
the ankle, during full motion sequence of the talocrural and subtalar joint.

Materials and Methods: A custom-made device was used to induce cyclic controlled
ankle inversion movement in one fresh frozen cadaver leg. A 256-slice CT scanner was
used to investigate four different scenarios. First, Scenario 1 with all ligaments intact was
investigated followed by sequential section of the anterior talo-fibular ligament (Scenario
2), the calcaneo-fibular ligament (Scenario 3) and posterior talo-fibular ligament
(Scenario 4). Off-line image processing based on semi-automatic segmentation and bone
rigid registration was performed. Motion parameters such as translation, rotational angles
and orientation and position of the axis of rotation were calculated from registration
outputs. Differences between scenarios were calculated for the talocrural and subtalar
joint.

Results: The setup showed to be reliable with differences between repetitions below 1°
for rotation angles and below 0.7mm for translation. Calculated differences for the
talocrural joint were up to 4.7mm and 12.1° for translation and rotation respectively.
Translation and rotation differences for the subtalar joint were up to 2.3mm and 8.9°
respectively. Progressive changes in orientation and position of the axis of rotation were
also shown.

Conclusions: This study demonstrated that kinematic changes due to ligament failure can
be detected with 4DCT. It highlighted the possibility of adopting such method to
investigate joint kinematics when pathological conditions are present.

Keywords: Dynamic CT; Musculoskeletal Imaging; Ankle Ligaments; Joint

Kinematics



1. Introduction

Four-dimensional computed tomography (4DCT) is an upcoming imaging modality,
initially due to the specific demand in cardiac and respiratory imaging and oncological
applications [1-4]. The last decade, the validity, reliability and applicability of 4DCT for
musculoskeletal (MSK) investigations have been explored [5-7]. Within this modality,
three main applications have been reported so far: the evaluation of neurovascular
entrapment, bony impingement and snapping, the estimation of sufficiency of intra-
articular ligaments and the analysis of complex motion in several joints with strong
rotatory components [8]. Hitherto, most MSK-studies using 4DCT have focused on the
wrist joint. During a dart-throwing motion, 4DCT can detect differences in motion
between the scaphoid and lunate in patients with scapholunate ligament disruption [9]. In
patients with wrist pain, suspicious for scapholunate ligamentous injury, 4DCT could
detect an increase in scapholunate interval, where plain radiographs were inconclusive
[10]. In addition, 4DCT was able to detect various carpal abnormalities such as a trigger
lunate, where plain radiographs, ultrasound and magnetic resonance imaging failed.
Vacuum phenomena, subluxations and instabilities of the capitate and pisiform bones in
patients with midcarpal instability were also demonstrated [11-15]. For the
patellofemoral joint, 4DCT could visualise and quantify patella maltracking and
patellofemoral instability [16-19]. As such, grade 2 and 3 J-sign maltracking with >2
quadrants lateralization of the patella in extension were predictive for symptomatic
patellar instability [20]. In patients with femoroacetabular impingement and snapping
scapula syndrome, 4DCT showed its usefulness in preoperative planning [21, 22]. ADCT
also showed its capability to evaluate joint kinematics during clinical tests. During the
Bell-van Riet-test in asymptomatic acromioclavicular joints it was shown that the main
movement of the clavicle was a posterior and superior translation [23]. In a case report
on a malunion of a distal humeral metaphyseal fracture with a spurlike bone density
overlying the anteromedial aspect of the distal humerus, 4DCT was used to evaluate
movement restriction in the elbow. Imaging findings were confirmed during surgery [24].
Studies attempting to simulate pathological conditions showed that 4ADCT may be able to
detect altered joint kinematics. Simulation of subtalar joint instability, by means of
subsequent sectioning of the cervical ligament and the interosseous talocalcaneal
ligament, showed increases in joint amplitude [25]. In a similar study where the
scapholunate ligaments were cut to mimic scapholunate instability, orthopaedic surgeons
could discern images before and after induced ligamentous damage. After ligament

section, the movement of the scaphoid increased up to 1.39mm compared to its original



position. These findings support the added value of 4DCT for diagnosing carpal
instabilities associated with ligamentous damage where static imaging techniques fail
[26, 27].

4DCT was shown to be reliable for musculoskeletal application, as errors below 1° and
1mm regarding rotation and translation values have been reported [28, 29]. Moreover, a
wrist study showed strong inter-observer reliability for anteroposterior interval difference
measurements in the pisotriquetral joint [30].

Consequently, there is a body of evidence supporting that 4ADCT may be of value in
musculoskeletal diagnosis and evaluation of musculoskeletal interventions. However, the
capability and reproducibility of 4DCT to detect small differences in motion is still under
investigation. So far, no studies concerning 4DCT analysing the talocrural joint
(patho)kinematics have been reported. Therefore, the objective of this study was to
explore the capacity of 4DCT to detect kinematic changes during full motion sequence
of the talocrural and subtalar joint, provoked by sequential sectioning of the lateral

collateral ligaments of the ankle.

2. Materials and Methods

2.1. Specimen

One fresh frozen right leg was used for this study. To preserve the attachments of the
tendons, the specimen’s lower limb was cut above the distal third of the thigh. Four
different scenarios were investigated. Initially, the movement with the lateral
compartment of the ankle intact was studied (Scenario 1). Subsequently, the movements
after consecutive sectioning of the anterior talo-fibular ligament (ATFL) (Scenario 2),
the calcaneo-fibular ligament (CFL) (Scenario 3) and the posterior talo-fibular ligament
(PTFL) (Scenario 4) were investigated. Approval from the medical ethical review board
from the university hospital UZ Brussels was obtained before the start of this study
(B.U.N 143201630099).

2.2. Experimental setup
A wide beam CT (256-slice, GE Revolution Healthcare) was used for dynamic
acquisition in this study with the following parameters: 80kVp, 25mA, 0.28s gantry
rotation time, 120mm z-axis coverage and 1.25mm slice thickness. Each scan had a
continuous acquisition time of 3.92s and an estimated effective dose of 0.005mSv
(1.9mGy CTDlvol).



A custom-made wooden device (Figure 1) was used to manually induce movement of the
ankle at a pace of 25 cycles per minute. The device simulated the ankle movement from
maximum dorsiflexion to full inversion and back. To prevent unwanted movement during
acquisition two pins through the tibia fixed the specimen onto the device and the device
was secured onto the CT table. A system of pulleys and a cable guided the movement.
Four repetitions were performed to check repeatability and consistency of the motion
prior to ligament sectioning.

Four dynamic acquisitions were performed for each scenario to obtain a total of 16

dynamic data sets.

Figu}e 1: Sefup and reference frame.
Experimental setup (a); Reference frame (b). X: dorsiflexion-plantarflexion/medio-lateral translation; Y:
pronation-supination/anterior-posterior translation; Z: abduction-adduction/cranio-caudal translation.

2.3. Imaging processing

A total of 18 3D DICOM images, corresponding to phases of the motion from maximum
dorsiflexion to full inversion, were processed to form a 4D image dataset (dynamic 3D
volume dataset of the motion). The processing was performed according to a fixed
workflow (Figure 2) using a C++ code based on the Insight Segmentation and
Registration Toolkit (ITK) [31]. The calcaneus, talus and tibia were semi-automatically
segmented from the volume image depicting the ankle at maximum dorsiflexion (the
reference image). The segmented bones served as masks for the registration process
which can be described as an optimization problem over the parameters x of the spatial
transformation 7.



i=argminc (f(x),g ((@(x)))) ()

The registration is guided by minimizing a cost function C (similarity metric) where f and
g represent the fixed and moving images respectively and x represents the spatial
coordinates over the image domains.

Using mutual information as the similarity metric, the three bones in the remaining
dynamic sequence (moving images) were rigidly registered to their corresponding bones
in the reference image dataset. The rigid registration was performed using Elastix, an

open source software (http://elastix.isi.uu.nl/), based on ITK [32, 33]. The registration

process resulted in 17 transformation matrices which aligned each of the moving images

to the reference image.

s01p01 s01p02
1) Creating dvnamic sequences from stack of CT images 2) Segmentation of the individual
structures of interest

4) Results showing images before and after 3) Rigidly register each structure of interest fo a
registration reference image in the dataset

Figure 2: Workflow of the image processing.


http://elastix.isi.uu.nl/

2.4. Kinematic analysis
The longitudinal axis of the tibia was aligned with the Z-axis of the CT. The X-axis,
perpendicular to the Z-axis, passed through the medial malleolus and the medial
malleolus was positioned at a height of zero along the Y-axis. This procedure and the fact
that the CT was zeroed in that position before acquisition, allowed to use the technical
reference frame of the device for kinematic calculation of the talus and calcaneus. The
orientation of the reference frame is shown in Figure 1b. The positioning was guided by

the scanner’s on-board lasers.

Transformation matrices obtained from the registration were used to calculate three
different kinematic parameters to describe talocrural and subtalar joint motion:
a) translation of the center of the trochlea tali and the centroid of the calcaneus;
b) rotation angles of the talus relative to the tibia and of the calcaneus relative to the
talus;
c) the study of the axis of rotation of the talocrural joint expressed as the finite helical
axis (FHA).
The angles were calculated based on Cardan conventions. ZYX and ZXY angle
composition sequences were adopted for the talocrural joint and the subtalar joint

respectively.

2.5. Data analysis
Differences between the four repetitions of Scenario 1 were explored to investigate
repeatability of the setup. Differences between Scenario 1 and the other scenarios were
reported using maximum differences and graphical representations. Changes of the axis
of rotation were reported using orientation and position of the axis. The axes were

visualized through combined 2D graphical representations.



3. Results

Four acquisitions were collected for each scenario. However, only one acquisition for
Scenario 3 was available because of data transfer failure from the CT server to the

archive.

3.1. Repeatability

Between the four repetitions, the maximum differences for the talocrural joint rotational
components were 0.81°, 0.37° and 0.89° around the X-, Y- and Z-axis respectively. For
the translations, these maximum differences were 0.27mm, 0.66mm and 0.08mm
respectively. Maximum differences for the subtalar joint rotation angles and translations
were 1.01°, 0.16° and 0.16° and 0.24mm, 0.15mm and 0.64mm for the X-, Y- and Z-axis
respectively. The axis of rotation, defined by the FHA, presented a consistent orientation
during the four repetitions for both the talocrural and subtalar joint (Table 1 and Figure
3).

Table 1: Rotation angles, translations and axis of rotation for Scenario 1 (intact).

Rotation angles talocrural joint (deg®) Rotation angles subtalar joint (deg®)
Rep X Y Z X Y Z
1 37.81 -1.97 12.36 5.49 -16.66 -0.99
2 37.81 -1.80 12.18 5.64 -16.57 -0.90
3 37.78 -1.88 12.19 5.71 -16.65 -0.91
4 37.00 -1.60 11.47 6.50 -16.73 -1.06
Translations talocrural joint (mm) Translations subtalar joint (mm)
Rep X Y Z X Y Z
1 0.10 -11.08 -5.94 3.16 0.33 -2.25
2 -0.14 -11.28 -5.92 3.17 0.36 -2.15
3 -0.06 -11.22 -5.86 3.12 0.32 -2.07
4 -0.17 -10.62 -5.87 3.36 0.47 -1.61
Axis of rotation talocrural joint Axis of rotation subtalar joint
Rep Translation  Rotation Vector Translation  Rotation Vector
(mm) (deg®) XIYIZ (mm) (deg®) XIYIlZ
1 0.40 43.23 -0.77/0.15/-0.23 0.39 17.46 -0.16 /0.51/0.00
2 0.39 43.40 -0.77/0.15/-0.23 0.40 17.61 -0.16/0.51/0.01
3 0.44 43.62 -0.77/0.15/-0.23 0.40 17.63 -0.16/0.51/0.01
4 0.38 43.53 -0.77/0.15/-0.23 0.41 17.74 -0.16/0.51/0.01

Rep: repetition; Vector: orientation vector describing the orientation of the axis; deg®: degrees; mm:
millimeter.
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3.2. Differences between scenarios
For the talocrural joint, differences over the complete motion detected for rotation around
the X-, Y- and Z-axis between Scenario 1 (intact) and Scenario 2 (section of ATFL)
ranged from 5.28° to 6.77°. For the subtalar joint, these differences varied between 0.62°
and 2.67°. Values concerning the translations along the axes varied from 0.68mm to
3.02mm for the talocrural joint and from 0.35mm to 1.33mm for the subtalar joint.
Comparing motion between Scenario 1 and Scenario 3 (section of ATFL and CFL),
rotation angle differences varied from 6.48° to 9.27° for the talocrural joint. For the
subtalar joint these values varied from 1.33° to 4.37°. The translations for this comparison
varied between 1.25mm and 3.78mm for the talocrural joint. Regarding the subtalar joint,
there was a variation between 0.29mm and 1.38mm.
The comparison of motion between Scenario 1 and Scenario 4 (section of the ATFL, CFL
and PTFL), showed rotation angle differences varying from 7.80° to 12.14° for the
talocrural joint. For the subtalar joint values varied from 2.37° to 8.88°. Translation
differences ranged between 0.49mm and 4.73mm for the talocrural joint and between
0.52mm and 2.30mm for the subtalar joint.
Table 2 summarizes the maximum differences and a graphical representation of the
rotation and translation values at the level of the talocrural and subtalar joint at the

different time points of the movement is provided in Figure 4 and Figure 5.

Table 2: Absolute maximum differences between scenarios over the course of the movement.

Rotation angles talocrural joint

X (MAX) Y (MAX) Z (MAX)
(deg®) (deg®) (deg®)
Scenario 1 VS Scenario 2 6.77 5.28 5.28
Scenario 1 VS Scenario 3 8.27 9.27 6.48
Scenario 1 VS Scenario 4 12.14 10.48 7.80
Rotation angles subtalar joint
X (MAX) Y (MAX) Z (MAX)
(deg®) (deg®) (deg®)
Scenario 1 VS Scenario 2 0.62 2.67 1.48
Scenario 1 VS Scenario 3 1.33 4.37 2.23
Scenario 1 VS Scenario 4 4.53 8.88 2.37
Translations talocrural joint
X (MAX) Y (MAX) Z (MAX)
(mm) (mm) (mm)
Scenario 1 VS Scenario 2 0.68 1.89 3.02
Scenario 1 VS Scenario 3 1.25 3.78 3.11
Scenario 1 VS Scenario 4 0.49 3.51 4.73
Translations subtalar joint
X (MAX) Y (MAX) Z (MAX)
(mm) (mm) (mm)
Scenario 1 VS Scenario 2 1.27 0.35 1.33
Scenario 1 VS Scenario 3 0.85 0.29 1.38
Scenario 1 VS Scenario 4 2.30 0.52 1.69

X: dorsiflexion-plantarflexion/medio-lateral; Y: pronation-supination/anterior-posterior; Z: abduction-
adduction/cranio-caudal; MAX: maximum difference; deg®: degrees; mm: millimeter; Scenario 1: intact;
Scenario 2: section of ATFL; Scenario 3: section of ATFL and CFL; Scenario 4: section of ATFL, CFL
and PTFL.
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Figure 4: Rotation angles and translations of the scenarios for the talocrural joint over the course of the movement.

Each curve represents the mean of four repetitions. Scenario 1: intact; Scenario 2: section of ATFL; Scenario 3: section of

ATFL and CFL; Scenario 4: section of ATFL, CFL and PTFL.
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Figure 5: Rotation angles and translations of the scenarios for the subtalar joint over the course of the movement.

Each curve represents the mean of four repetitions. Scenario 1: intact; Scenario 2: section of ATFL; Scenario 3: section of

ATFL and CFL; Scenario 4: section of ATFL, CFL and PTFL.



The axis of rotation had a maximum change in orientation between the intact scenario
and the others of -20.6° (o angle Figure 6a) on the YZ plane, 13.7° (B angle Figure 6b)
on the XY plane and 4.1° (y angle Figure 6c) on the XZ plane. A progressive translation
of the axis up to 4.13mm in postero-cranial direction was observed (Figure 6d). Table 3

shows the single components of each axis for orientation and plane intersection.
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Figure 6: Changes in the axis of rotation for the different scenarios.

Each scenario is the average of 4 repetitions. Changes in orientation of the axis of rotation for the YZ (a), XY (b) and XZ (c)
plane; Differences in the intersection with the YZ plane passing through the center of the articular surface of the talus (d).
FHA: finite helical axis; Scenario 1: intact; Scenario 2: section of ATFL; Scenario 3: section of ATFL and CFL; Scenario 4:
section of ATFL, CFL and PTFL; a angle: Scenario 1 vs Scenario 4; S angle: Scenario 1 vs Scenario 2; yangle: Scenario 1
vs Scenario 4.

Table 3: Orientation of the axis of rotation.

Axis of rotation talocural joint

Orientation  Orientation  Orientation  Interception  Interception Interception
X- Y- Z- X-axis Y-axis Z-axis
component component component
Scenario 1 -0,77 0,15 -0,23 11,46 10,08 -148,00
Scenario 2 -0,72 0,24 -0,28 11,46 10,46 -147,08
Scenario 3 -0,72 0,31 -0,23 11,46 11,58 -144,87
Scenario 4 -0,71 0,33 -0,24 11,46 11,62 -144,16

Orientation X, Y and Z: orientation vector components describing the orientation of the axis;
Interception X, Y and Z: interception of the axis of rotation with a plane parallel to the YZ plane, passing
through the centre of the talus; Scenario 1: intact; Scenario 2: section of ATFL; Scenario 3: section of
ATFL and CFL; Scenario 4: section of ATFL, CFL and PTFL.



4. Discussion

The objective of this study was to explore the possibility of 4DCT to detect kinematic
changes in the talocrural and subtalar joint induced by sequential sectioning of the lateral
collateral ligaments of the ankle. Lateral collateral ligament sprains are the most
commonly reported injury diagnoses [34]. Therefore, the kinematic changes associated
with such injury are of great importance from a clinical perspective.

The current study showed that 4ADCT may be applicable for evaluating joint kinematics
in various situations. Rotation angle differences between repetitions around the X-, Y-
and Z-axis were below 1° and below 1mm for translation values for the talocural joint.
Such small differences together with a consistent orientation of the axis of rotation,
highlight the repeatability of the setup used in this study.

Similar to dual-fluoroscopy and dynamic magnetic resonance imaging, 4DCT has the
capability to detect changes which occur merely during movement. This makes it possible
to compare not only the start and end positions, but each time point of the motion.
Moreover, the high temporal and spatial resolution of 4DCT, its availability and the lower
costs compared to MRI, makes it a good candidate to explore in vivo joint kinematics in
high detail without the limitations related to other motion acquisition devices.

In the current study, looking only at the beginning and end of the movement, it would not
always have been possible to clearly distinguish the four scenarios. On the contrary, an
analysis of differences in movement during the motion showed clear changes between
the intact ankle and after ligament section.

Concerning the rotation angles for the talocrural joint a progressive increase in maximum
difference around all three axes was seen with every cut. The biggest difference was
found around the X-axis. A similar trend was observed for the subtalar joint. However,
the biggest difference here was observed around the Y-axis. Looking at the translation
values for the talocrural and subtalar joint, no such trend as seen for the rotation values
was found.

In amore clinical perspective, there was no real increase in plantarflexion range of motion
in the talocrural joint after ligament section, but only a different motion pattern. On the
other hand, there was an increase in supination and adduction combined with a different
motion pattern. For the subtalar joint there weren't big differences in range of motion
between scenarios concerning plantarflexion. However, a big difference was seen in
motion pattern for Scenario 4. Overall a little less supination was seen with ligament
section, but again a much different motion pattern was observed for Scenario 4. The

switch from abduction to adduction after ligament section was the most notable



difference for the subtalar joint. Also, a jerkier motion pattern was observed for Scenario
4 to obtain this adduction.

Regarding the translations, decreased anterior translation and different motion patterns
with every cut were observed for the talocrural joint. Overall there was a constant
increased caudal translation for every ligament section, but with different motion
patterns. Greatest variability was found for the medio-lateral translation. Where Scenario
1 and 4 almost showed the same pattern and end position (small lateral translation),
Scenario 2 showed an increased lateral translation and Scenario 3 a medial translation.
For the subtalar joint no big differences in medio-lateral and antero-posterior translation
were seen concerning the end position. However, Scenario 2 and 4 showed much different
motion patterns along the Y-axis compared to Scenario 1. Last, a decreased caudal
translation was seen for Scenario 2 through 4 in the subtalar joint. These kinematic
modifications, based on Cardan angles and translations, caused a different orientation and
position of the axis of rotation for both the talus and the calcaneus after ligament
sectioning.

In a similar study, Teixeira et al. (2017) tried to reproduce joint instability in the subtalar
joint by cutting the cervical ligament of the ankle and the interosseous talo-calcaneal
ligament. It was found that 4DCT was able to detect small changes in joint amplitude.
These preliminary findings may support the evidence that 4DCT is of added value in
evaluating joint pathologies such as instabilities associated with ligamentous damage.
Moreover, based on the findings of the current study it seems feasible to detect small
changes during dynamic acquisition. These findings are in line with earlier studies on the
wrist and thumb joint where 4DCT showed to be able to detect differences below 1° and
1mm [28, 29].

Besides kinematic analysis, radiation dose has also to be considered, because the potential
risk of radiation exposure is a drawback for computed tomography. A commonly used
metric to track radiation dose in patients is the effective dose measured in millisieverts.
This metric takes the absorbed dose, received by the irradiated organs in the scan region,
and the radiation sensitivity of the organs into account [35]. In general, exposure to
peripheral joints result in a lower effective dose compared to body regions closer to the
trunk due to the absence of important radiosensitive tissues [36]. Earlier studies on the
wrist and hand showed doses ranging between 0.02mSv and 1.43mSv [6, 7, 9-14, 26-30,
37-42]. Similar values were found for the knee (0.1mSv - 1.57mSv) and elbow
(0.51mSv) [16-20, 24, 43]. Teixeira et al. (2017) also reported doses of 0.01mSv in a

study on the subtalar joint. The current study showed an effective dose of 0.005mSv



(1.9mGy CTDlvar). Considering the fact that the yearly background radiation varies from
2mSv — 3mSy, these values are acceptable for using 4DCT in vivo [28, 29, 44-46].

The current study had some limitations. First, kinematics of an in vitro setup may not
exactly reflect normal physiological movements of a living subject. However, the
movement was externally controlled in this study to increase the reproducibility and to
avoid a high radiation dose in a living subject due to the high number of repetitions.
Secondly, only one specimen was available for this study, limiting the statistical analysis.
Third, the movement was manually induced, making the setup susceptible to errors due
to differences in applied loads. However, comparison of repetitions showed that the setup
was reliable with differences smaller than 1mm and 1° between repetitions. Moreover,
variability of the four repetitions for each scenario was taken into account when
maximum values were calculated. Last, the skin dose was not measured in this study.
Dynamic CT acquisition is based on scanning the same area over a period of time and
even in the presence of a high skin dose, the effective dose can remain low. Thus,
although our study reported very low CTDIvol showing a low radiation exposure, the skin
dose may be a more sensitive parameter to determine radiation exposure and should be

measured in further clinical studies.

5. Conclusion

This study demonstrated that kinematic changes in the talocrural and subtalar joint, due
to lateral collateral ankle ligament failure, can be detected with 4DCT. Sequential
sectioning of the lateral collateral ankle ligaments progressively increased the angular
motion and changed the amount and direction of bony translation in both joints. The
change in orientation of the axis of rotation was also highlighted. It was also shown that
more ligamentous damage induced more changes in kinematics compared with an intact
scenario. Due to the high temporal and spatial resolution of 4DCT, detailed acquisition
of in vivo situations is possible. As such, this method can be used to investigate
pathologies that present themselves predominantly during motion. Quantifying the
amount of lateral collateral ankle ligament damage could help the clinician to choose the
optimal treatment. 4DCT seems capable of obtaining this with a very small radiation
exposure for the patient. Further studies with bigger in vivo sample sizes are
recommended to confirm the current findings and offer reference values suitable for

clinical practice.
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