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Objectives: To quantitatively evaluate the impact of a cardiac acquisition CT mode on motion artifacts in com-
parison to a conventional cine mode for dynamic musculoskeletal (MSK) imaging.

Methods: A rotating PMMA phantom with air-filled holes drilled at varying distances from the disk center cor-
responding to linear hole speeds of 0.75 cm/s, 2.0 cm/s, and 3.6 cm/s was designed. Dynamic scans were ob-
tained in cardiac and cine modes while the phantom was rotating at 48°/s in the CT scanner. An automated
workflow to compute the Jaccard distance (JD) was established to quantify degree of motion artifacts in the
reconstructed phantom images. JD values between the cardiac and cine scan modes were compared using a
paired sample t-test. In addition, three healthy volunteers were scanned with both modes during a cyclic flex-
ion—extension motion of the knee and analysed using the proposed metric.

Results: For all hole sizes and speeds, the cardiac scan mode had significantly lower (p-value <0.001) JD values.
(0.39 [0.32-0.46]) i.e less motion artifacts in comparison to the cine mode (0.72 [0.68-0.76]). For both modes, a
progressive increase in JD was also observed as the linear speed of the holes increased from 0.75 cm/s to 3.6 cm/
s. The dynamic images of the three healthy volunteers showed less artifacts when scanned in cardiac mode
compared to cine mode, and this was quantitatively confirmed by the JD values.

Conclusions: A cardiac scan mode could be used to study dynamic musculoskeletal phenomena especially of fast-
moving joints since it significantly minimized motion artifacts.

Musculoskeletal imaging
Motion artifacts

Cardiac mode

Phantom study

Introduction

There is a growing interest in using wide beam CT’s for imaging
dynamic phenomena of musculoskeletal (MSK) pathologies in what is
known as 4D-CT MSK imaging (3D + time) [1]. For instance, patella
instability during knee movement has been investigated for both
symptomatic and asymptomatic sides by means of 4D-CT [2,3]. Other
studies have also investigated different joint pathologies of the wrist, hip
and foot by means of 4D-CT [4-6]. In addition, Buzzatti et al. [7] used
4D-CT to investigate the feasibility of detecting changes in kinematics
after sequentially sectioning lateral collateral ligaments of one fresh

frozen cadaver foot. This technique leverages the wide craniocaudal
volume coverage (z-axis collimation up to 16 cm) of modern wide-beam
CT scanners combined with fast tube rotation speeds (down to 0.22 s) to
produce functional and morphological information of joints at high
temporal and spatial resolutions.

The approaches used to achieve 4D-CT MSK imaging vary from study
to study especially in how the dynamic images are obtained. Some
studies make use of single source CT scans to repeatedly scan a structure
that is undergoing motion without table movement in what is termed
cine mode acquisition [6,8,9]. With the predominant parameter in 4D-
CT MSK imaging being the temporal resolution, some studies have
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used dual source CT (DSCT) systems [10,11] which allow to cut tem-
poral resolution by half compared to a single source CT system of the
same tube rotation time. Such DSCT systems are useful in analysis of
smaller joints such as the wrist but are not capable of capturing motion
of larger joints such as the hip, knee, and ankle. This is because most of
these systems do not have 16 cm z-axis coverage and require table
movement to capture whole structures.

Further improvement in temporal resolution, however, has an upper
limit since faster gantry rotation times come along significant technical
challenges. 4D-CT MSK applications bring forth new challenges, as the
structures are purposefully undergoing movement. An equally impor-
tant factor to consider in 4D-CT imaging are motion artifacts which
result from inconsistent views in the projection data. Motion artifacts
result in blurring or apparent doubling of structures in the reconstructed
images which translates into shape distortions and/or uncertainties in
structure localisation. In most dynamic MSK imaging applications, the
motion of individual bones is of prime interest for extracting kinematic
parameters. This is usually achieved by means of image processing
techniques such as image registration, if needed accompanied by prior
object segmentation [12]. The presence of shape distortions in the
reconstructed image resulting from motion artifacts therefore have an
influence on the localization of structures in the registration step and
impede reliable motion estimation from dynamic MSK images.

Approaches to mitigate these artifacts is therefore essential for the
clinical introduction of 4D-CT MSK applications. Teixera et al. [13]
conducted experiments with a rotating phantom and correlated their
data with a cadaver study to provide evidence-based recommendations
for 4D-CT MSK applications. Their study used tube rotation times of
0.35 s and 0.5 s and had two radiologists review and grade motion ar-
tifacts in the reconstructed images.

The technical demands necessary for cardiac CT imaging makes
systems designed for such applications suitable for obtaining images of
coronary arteries with significantly lower motion artifacts. This is ach-
ieved by means of innovative reconstruction techniques [14-16]. In the
work of Leng et al., [10] a cardiac scan mode on a dual source CT was
used to obtain MSK imaging of a cadaver wrist. Neo et al [11] also used a
cardiac scan mode to investigate the effect of motion velocity on image
quality for dynamic carpal imaging applications. Both studies were
conducted on 64 slice systems and focused on scanning smaller joints
like the wrist.

To the best of our knowledge, no studies have been conducted on the
use of the cardiac scan mode in acquiring dynamic images from larger
joints such as the knee. Unlike cardiac motion, MSK motion is not pe-
riodical and can show larger translations and rotations between suc-
cessive time points. It is therefore important to quantitatively
investigate the benefit of a cardiac reconstruction mode for such appli-
cations and how it compares to cine mode acquisitions.

Conventional image quality metrics such as SNR and CNR alone may
not capture the unique nature of motion artifacts. In a previous study, a
basic customized thresholding approach based on sampling intensities
from concentric circles on an air-filled rotating PMMA phantom was
used to compare motion artifacts between a cardiac acquisition and
conventional acquisition mode on selected slices from a single time
point [17]. This approach however required manual steps and did not
consider the effect of motion artifacts from other time points. This is
essential since motion artifacts can vary within the different time points
of a dynamic CT acquisition,

In this current study, we leverage the benefits of the cardiac mode
and investigate its extension to dynamic MSK imaging applications. We
propose a generic custom automated processing workflow based on
image registration and segmentation to enable quantifying motion ar-
tifacts from different time points of a rotating phantom motion. This
approach aims to evaluate distortions in shape and structure, and the
impact of the phantom rotation on the quality of the images. The aim
was to quantitatively compare dynamic scans of the phantom obtained
in cine mode to those obtained using the cardiac mode. Furthermore, in
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a clinical study, dynamic scans of knee joints during a cyclic flexion
extension motion were also obtained in both cardiac and cine modes, to
verify the findings from the phantom experiments.

Materials and methods
Phantom

The rotating phantom consisted of a polymethylmethacrylate
(PMMA) disk (70 mm radius) with 9 mm-deep air-filled holes of varying
radii (1 mm, 2 mm and 3 mm). The holes were drilled in pairs at 9 mm,
24 mm, 44 mm, and 64 mm from the disk center. This allowed to observe
hole pairs at different linear speeds. The individual holes were spaced
out at 2 mm for the 1 mm holes, 4 mm for the 2 mm holes, and 6 mm for
the 3 mm holes [Fig. 1]. A Trinamic 24 V electric motor (TRINAMIC
Motion Control Hamburg, Germany) was used to rotate the phantom
and an Arduino uno board (Arduino AG) controlled the motor speed.

Dynamic CT acquisitions

Dynamic CT images were acquired on a clinical single source 256-
slice Revolution CT (GE Healthcare, Waukesha, Wisconsin, USA).
Similar scan settings were used for both cardiac and cine acquisitions.
Tube voltage was 120 kVp, tube current was kept constant at 150 mA
and gantry rotation time was 0.28 s. The phantom was positioned in the
isocenter and rotated at 48°/s in the same axis as the gantry for all dy-
namic acquisitions. This corresponded to linear hole speeds of 0.75 cm/
s, 2.0 cm/s, and 3.6 cm/s in relation to the distance of each hole to the
disk center. These hole speeds reflected speed of motions previously
observed during experiments of ankle, knee and elbow movements
[18,19].

Both scan modes were implemented to have similar scan durations
(6 s). This is essential in dynamic MSK imaging since a subject must
perform a motion in an ample amount of time. To achieve this for car-
diac mode, retrospective ECG-gated cardiac CT imaging where data was
constantly obtained (without table motion) throughout a simulated
cardiac cycle (0 to 300 % representing 3 cardiac cycles) was used. The
ECG signal, was simulated at the lowest heart rate available of 30 bpm
allowing for the scan duration of 6 s. The dynamic sequences were ob-
tained by reconstructing images over the 6 s scan duration. Fig. 2 pre-
sents an illustration of the cardiac mode acquisition.

Scans in cine mode were obtained by repeated scans without table
motion while the phantom rotated. The number of repeated scans is
determined by the number of passes parameter which was set to 21 to
ensure a similar total scan duration of about 6 secs. The time-between-
images was set to 0.14 s. This parameter determines the interval at which
successive images following the first 0.28 s rotation are updated. This
resulted in a series of volumetric CT images depicting the phantom at
different stages of motion.

All images were reconstructed using adaptive statistical iterative
reconstruction (ASIR 50 %), with pixel size 0.298 mm and slice thickness
0.625 mm with a 320 mm field of view. Experiments were repeated
three times for each scan mode. For each scan mode, an image of the
phantom in a stationary state was obtained (static image) which served
as the ground truth to which corresponding dynamic images were
compared.

Motion artifact quantification

A quantification of the motion artifact was obtained by computing
the Jaccard distance [Eqn. (1)] of hole segmentations in the static
phantom (no motion artifacts) with corresponding segmentations in the
dynamic phantom images (with motion artifacts). The static and dy-
namic images were initially spatially aligned by a pairwise 3D rigid
registration using a two-step approach developed in python with the
open-source software simpleITK [20]. Firstly, corresponding points were
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Fig. 1. Figure showing the dimensions used for the design of the phantom, its setup in the CT gantry and a static image of the phantom. Number inserts on static
phantom show the distance from the disk center to each hole center (black text) and their corresponding linear speeds (red text) for a phantom rotation speed of

48°/s.

100%

200% 300%

Fig. 2. The figure shows a representative drawing of the principle used in creating dynamic sequences for the cardiac mode. A schematic ECG signal over 3 cardiac
cycles (0-300%) is shown. Shaded area is an indication of constant data acquisition over the entire cardiac cycles. Blue lines are an indication of the reconstructions
at a chosen interval to create the dynamic sequences. For the phantom study reconstructions were done from 0 to 150% at 5% intervals, for the knee data re-

constructions were obtained over the entire 0-300% at 2% intervals.

automatically computed between the static position and each of the
dynamic positions using scale invariant feature transformation (SIFT)
[21]. The detected corresponding points were then used in a multi
metric rigid pairwise registration step. The registration minimizes both
the distance between points on the static position and the corresponding
points on the dynamic images as well as the mean square difference
between the image intensities.

The metric was evaluated on automatically detected regions of in-
terest (ROIs) corresponding to the different hole pair positions. Fig. 3
gives an overview of the workflow on one of the holes for the static, cine,
and cardiac images.

A threshold of —400 HU was selected based on the histogram of the
static phantom image [Fig. 8a] and applied on both the static and the
dynamic images. A binary image representing voxels below —400 HU
(holes) was then obtained for both static and dynamic images of the two
CT acquisition modes. The degree of motion artifact was then defined as
the measure of dissimilarity between static phantom hole segmentations
and the dynamic image hole segmentations:

Jaccard distance[0,1) =1—J(A,B), (D
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where J (A,B) is the Jaccard index [22], A is the binary image of hole
segmentations in the static phantom and B is the binary image of hole
segmentations in the dynamic images. A value of 0 indicates a ROI with
no motion artifacts and 1 a region with severe motion artifacts. The
metric takes into consideration contour abnormalities (distortions,
ghosting and blurring) as well as alterations in the number of visible
holes in the reconstructed images. The metric was evaluated as a func-
tion of hole radii (1 mm, 2 mm, 3 mm) and linear speeds (0.75 cm/s,
2.0 cm/s and 3.6 cm/s) based on the hole distance from the disk center.
Results were averaged over the different time points and over the three
experiment repetitions. In addition, the distribution of the pixel in-
tensities in the ROI’s were also presented as histograms. The contrast to
noise ratio (CNR) was also computed as the ratio of the difference in
signal intensity between ROIs in air and background (PMMA) to the
noise in the background ROI. The ROIs were purposefully placed adja-
cent to each other (Fig. 8), to capture discrepancies in intensity and
noise introduced by the motion artifact.

Data distribution was checked using Shapiro-Wilk test for normality
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Fig. 3. The figure shows the workflow from ROI extraction to segmentation of the holes in the ROI for the static (a), cardiac (b) and cine (c) scans.

[23] A paired sample t-test was used in the comparison of normally
distributed data. A Wilcoxon signed-ranks test [24] was performed for
the pooled data of all speeds (p = 0.05).

Dynamic acquisitions of the knee

Three volunteers were scanned with both the cine and cardiac modes
after having signed written informed consent. The participants were part
of a lager study on dynamic CT of lower extremities which received
ethical approval from our institution’s ethics committee (B.U.N
143201733617). Participants were instructed to perform cyclic flexion/
extension motion of both knees on a customized wooden bed support
[Fig. 4]. A metronome at 25 bpm provided the pace of the motion and
ensured all three subjects maintained an approximate constant

movement. Scan parameters for these acquisitions were 80 kV tube
voltage, 0.28 s gantry speed and tube current 50 mA for both scan
modes. CTDI,, was 6.50 mGy for the cine acquisitions and 6.74 mGy for
the cardiac mode acquisitions. The images for both modes were recon-
structed with slice widths 0.977 mm x 0.977 mm and 2.5 mm slice
thickness without any motion correction algorithm. Effective dose was
calculated using the National Cancer Institute dosimetry system for CT.
[25]. Similar to the phantom experiments, we computed the Jaccard
distance for both scan modes. A pairwise 3D rigid registration between
the static image and dynamic images was obtained with focus on the
largest bone in the view (femur). This bone was then segmented by
thresholding on both the static images and the registered dynamic im-
ages. The choice of threshold for these experiments was 400 HU chosen
to capture high intensity voxels of bone [26,27].
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Fig. 4. The figure shows the cyclic flexion-extension movement training session of one of the participants. The end motions, flexion (a) and extension (b) are shown

in this image.
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Results
Phantom study

The two-step registration approach successfully registered each of
the dynamic sequences to the corresponding static phantom. An
example of the registration result between static and one of the moving
images is shown in Fig. 5.

Table 1 summarizes the Jaccard distance values for the cine and
cardiac scans at comparable hole speeds. Significant differences in
favour of the cardiac mode were observed for all individual speeds.

The box plots in Fig. 6. show the metric as a function of hole size and
hole speed for the two CT acquisition modes.

The difference between the two scan modes was also observed
visually on the reconstructed images [Fig. 7]. The distribution of pixel
intensities in the region of interest for the static phantom compared to
the dynamic images obtained in cardiac and cine modes are shown in
Fig. 8. Differences in the histograms are highlighted on the figure.

Dynamic acquisitions of the knee

Slices from reconstructed images of the dynamic scans of the knee
acquired in cardiac and cine modes are shown in Fig. 9. Motion artifacts
are prominent on the cine scans as duplicated bones. Fig. 10 also shows
how the motion artifact varies from time point within the same acqui-
sition. Mean Jaccard distance values were significantly lower for the
cardiac mode than in cine mode for all three volunteers (p = 0.018,
p = 0.043, p = 0.028) respectively (Fig. 11). The effective dose for each
of the scans was estimated to be 0.02 mSv for both cine and cardiac
modes.

Discussion and conclusion

In this study, a custom-made rotating phantom was used to investi-
gate the impact of a cardiac scan mode compared to a cine scan mode on
motion artifacts for the purpose of MSK dynamic CT studies. We pro-
posed an automated workflow to quantify the degree of motion artifacts
in the reconstructed phantom images by computing the Jaccard distance
between the static phantom images and corresponding dynamic images.
The differences in motion artifact of the scan modes were also demon-
strated visually on dynamic images of the knee in three healthy volun-
teers during a flexion—extension movement. The cardiac scan mode
showed significantly lower (p < 0.001) Jaccard distance values 0.39
[0.32-0.46] in comparison to the cine mode 0.72 [0.68-0.76] at linear
speeds of 3.6 cm/s. In both cine and cardiac modes, a progressive decline
was observed in the quality of images as the speed of the holes increased
from 0.75 cm/s to 3.6 cm/s. This is in accordance with the work of
Teixera et al where they observed excessive motion artifacts were
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Table 1
Jaccard distance as a measure of motion artifacts for cardiac and cine CT scan
modes at different linear speeds.

Hole speed Cardiac scan mode Cine scan p-value
cm/s Jaccard distance mean mode
[95 % CI]* Jaccard distance mean
[95 % CI]*
0.75 0.10 [0.09-0.11] 0.12 [0.11-0.13] p < 0.001
2.0 0.22 [0.17-0.27] 0.50 [0.42-0.58] p < 0.001
3.6 0.39 [ 0.32-0.46] 0.72 [0.68-0.76] p < 0.001

*Results shown are for all hole radii and averaged over the dynamic sequence
and the three repetitions.

frequently located where linear speeds are higher. [12] ROI's for
computing CNR in the phantom were positioned close to each other to
capture the effect of the motion artifacts. Clinical placements of ROI’s in
the dynamic MSK images might however not be reproducible and fail to
fully capture the effect of the motion artifacts and justify the need for an
adapted metric to quantify such artifacts.

The observed differences between scan modes in the phantom ex-
periments were corroborated on clinical images of the three healthy
volunteers during a flexion—extension motion of the knee. Blurring ar-
tifacts and doubling of bones were more apparent on the reconstructed
images obtained in cine mode for all three subjects and was quantita-
tively confirmed by the JD values. Such artifacts can hinder diagnosis as
well as any further image processing steps which are essential in
providing quantitative kinematic analysis.

CT Imaging of joints has previously been driven by static images
which are helpful in identifying morphological changes or fractures.
However, a shift towards dynamic and functional imaging is important
since certain MSK pathologies can be limited to a particular maneuver or
motion path. For instance, abnormal motion of the patella has been
found to be present in the first 30 degrees of knee flexion at the moment
where the patella engages the trochlea [28]. In addition, abrupt
abnormal motion of the first carpal row during radio-ulnar deviation has
been reported in literature [29].

Dynamic CT offers the opportunity to obtain volumetric and intra-
articular information of bones during physiologic motion. It allows
physicians to gain diagnostic insights based on the qualitative evalua-
tion of joint motion. Furthermore, subtle dynamic instabilities can be
quantitatively assessed by means of image processing procedures and
computations, such as image segmentation and registration. However,
these processing techniques can be sensitive to the presence of motion
artifacts and hinder any automated workflow for extracting quantitative
kinematic parameters. Hence, for this technique to gain clinical popu-
larity, there is the need to explore the optimal scan modes to provide
quality images at reasonable radiation burden to the patient.

In this study, both cardiac and cine acquisitions were performed with

(b)

Fig. 5. The figure shows overlays of the moving phantom (green) and the static phantom (magenta) before (a) and after the registration step (b).
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Fig. 6. Box plots showing the distribution of the Jaccard distance (0 representing no motion artifacts, 1 representing severe motion artifacts) of the two dynamic CT
acquisition modes for different hole radii (1 mm,2 mm and 3 mm) at 0.75 cm/s, 2.0 cm/s and 3.6 cm/s. The results here are from all time points and for the three
repetitions. The boxes show the interquartile range (IQR), vertical lines represent the median, the whiskers extend to the extreme data points within + 1.5 IQR of the
median. The mean values are displayed as green arrow heads.

STATIC CARDIAC

(a) (b)

Fig. 7. The figure shows the differences in motion artifacts between the cardiac (b) and cine scan mode (c) as compared to the static phantom (a). Red ellipses
highlight the duplication of holes (ghosting) and black arrows show blurring and distortion of holes. Notice how the cardiac mode reconstructions does not have
duplicated holes even at the highest hole speeds.

the same tube voltage, tube current and tube rotation time. Hence the cycles. A consequence of this is that acquisitions can only be obtained
CTDI,, and effective dose values were similar. However, the cardiac within a short time window of about 6 s when the lowest heartbeat of
scan mode on the system used in this study was limited to three cardiac 30 bpm is simulated. Such a scan duration might not be long enough in
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Fig. 8. The figure shows the histograms and CNR values (mean =+ sd) of the static phantom image (a) in comparison to moving phantom images obtained in cardiac
(b) and cine mode (c) for a 2 mm hole size at 2 cm/s hole speed. The red circles highlight low intensities representing the holes. Notice how these intensities are
missing in the cine mode. In addition, blue circles highlight high intensities which are not present in the static phantom but appear in the cine and cardiac images.
The black arrowhead shows intensities which reflect the blurring of the holes. R1 and R2 are the ROI’s used for calculating CNR.

capturing motion of some joints. In addition, retro reconstructions need
to be performed over the scanned cardiac phase on the CT’s console after
the cardiac images are obtained. This presents an extra step which can
be time consuming especially in terms of driving a fully automated
workflow. Nonetheless, this study showed the possibility to achieve
dynamic scanning of a complete flexion extension motion of the knee by
means of a cardiac scan mode at a low radiation exposure (0.02 mSv).

The predominant factors that impact the images obtained in 4D-CT
MSK imaging are motion characteristics and the acquisition mode.
Our findings emphasize the importance of speed of motion on the
quality of images as is evident in the decline of image quality with an
increase in hole speed. Motion artifacts were seen in the cine recon-
structed images even when the fastest available gantry rotation speed
(0.28 s) on the CT was used. The use of the cardiac mode with gantry
rotation speed of 0.28 s on the other hand performed better with min-
imal artifacts.

In cardiac applications, acquiring quality images of coronary arteries
is of prime importance, and as such these scan modes introduce tech-
niques to minimize motion artifacts [30,31]. These techniques attempt
to limit the angular coverage required to analytically reconstruct images
and introduce iterative methods to reconstruct images with significantly
lower motion artifacts [32,33]. For instance the intrinsic temporal res-
olution for the cardiac mode on the device used in this study is reported
to be 0.14 s [34,35]. For the cine mode, a full (360°) CT rotation is
required, i.e., 0.28 s. Following this initial 0.28 s, subsequent images can
be reconstructed by using part of the data from the previous projection
as long as a successive full 360° of projection data set is available. Other
approaches used in cardiac scan mode are based on motion compensa-
tion, where a motion vector field that models cardiac motion is deter-
mined and used to compensate any motion during reconstruction
[31,36]. Most CT vendors make use of variations of these techniques in
their cardiac modes but not in conventional cine acquisitions. The exact
implementation details used by manufacturers is often not documented
or reported in literature. The results shown here are however, repre-
sentative for the CT device used in this study. It will be of interest that
such experiments can be tried on other devices to determine how valid
these conclusions will be on other scanners from other manufacturers.

Regardless, our study highlights the benefit of making use of such a
mode for dynamic MSK applications by quantitative measurements on
phantom data and showing novel clinical data. As most CT’s come with
some form of a cardiac mode, this can offer radiologists and physicists
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the opportunity to investigate dynamic MSK phenomena with existing
systems. We also expect that dynamic MSK studies will gain more clin-
ical interest in the future due to the availability of wide-beam CT
scanners today.

An important limitation of our study is that only uniplanar motion
was considered in the phantom experiments. As motion artifacts can be
influenced by the plane of the motion, further studies should be per-
formed to investigate the influence of multiplanar motion on the image
quality of these two scan modes. Despite that, the experiments on actual
knee MSK data show that the conclusions drawn from the phantom
experiments can be extended to more complex motions as is the case in
flexion extension motion of the knee. Furthermore, our findings are
based on a single CT device. Future experiments could compare these
scan modes on other CT devices.

The 3D registration step introduced in the workflow for quantifying
motion artifact was evaluated by visual inspection without any quanti-
tative check for accuracy of this step. Even though visual inspection
showed good alignment between static images and registered dynamic
images, subtle misregistrations could be missed. Our workflow for mo-
tion artifact estimation focused on the volume regions of the artifacts,
and not the severity of the intensity distortion. The entropy metric as
proposed by Kyriakou et al. [37] could offer insights on intensity dis-
torting motion artifacts. However, the estimation of motion from dy-
namic images is of importance in most MSK applications. Hence
inaccuracies in localization of structures such as bones is of interest,
since these can hinder the success of processing steps such as registra-
tion, rather than the presence of high intensities. The chosen metric was
therefore sufficient to capture such volume and shape discrepancies and
offer a good comparison between the two dynamic CT acquisition
modes.

In conclusion, our study evaluated the impact of a cardiac CT scan
mode on motion artifacts compared to a cine mode for the purpose of
dynamic CT MSK studies. The quantitative motion artifact assessment
showed that the cardiac acquisition mode showed significantly less
motion artifacts in comparison to a cine mode acquisition. Results of the
phantom study were consistent with scans of 3 knees of healthy volun-
teers obtained using the two modes. The findings of this study suggest
that by using a cardiac acquisition mode, dynamic MSK images can be
obtained with better quality to facilitate diagnosis and any onward
image processing steps.
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Cardiac

Subject 2

Cardiac

Fig. 9. Images of the knee undergoing motion for the three subjects in sagittal (left) and coronal (right) views obtained in cine and cardiac mode. Motion artifacts are
predominant on the cine images as highlighted by the arrows.
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Subject 3

Cardiac

Cine

Fig. 9. (continued).

Cardiac

Cine

Fig. 10. Sagittal and axial slices from one of the subjects. The figure highlights the variation in motion artifacts at 6 consecutive time points for cardiac and cine scan
modes. The Jaccard distances are shown as inserts on the axial images. The full dynamic sequence can be found in the supplementary data.
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Jaccard distance
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11. Box plots showing the distribution of the Jaccard distance of the two

dynamic CT acquisition modes for the three volunteers. Results shown are
computed over all time points.

the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ejmp.2022.10.028.
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