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| Technical Note
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Highlights

e In vivo motion of the polyethylene liner of dual mobility cup is unclear

e Liner position is studied when DMC is submerged and implanted ex vivo

e  Liner position is calculated using motion analysis and 3D ultrasound imaging

e The study demonstrated the feasibility to analyse liners using ultrasound imaging
Abstract
The Dual Mobility Cup (DMC) was created in 1974 to prevent dislocation and decrease wear. However, the movement
of the polyethylene liner in vivo remains unclear. The aims of this study were to visualise liner positions and quantify
the accuracy of the liner plane orientation for static positions, using ultrasound imaging. DMC reconstruction and angle
between cup and liner were evaluated on isolated submerged DMCs by comparing 3D laser scans and ultrasound
imaging. Moreover, the abduction and anteversion angles of the liner plane relative to the pelvis orientation were
calculated via combined motion analysis and 3D ultrasound imaging on four fresh post-mortem human subjects with
implanted DMC. On submerged DMC, the mean angle error between ultrasound imaging and 3D scan was 1.2°. In
cadaveric experiments, intra-operator repeatability proved satisfactory, with low range value (lower than 2°) and
standard deviation (lower than 1°). The study demonstrates the feasibility of measuring liner orientation on submerged
and ex vivo experiments using ultrasound imaging, and is a first step towards in vivo analysis of DMC movement.

Keywords: Dual mobility cup, ex vivo experiment, ultrasound imaging, motion analysis, biomechanics
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1. Introduction

Total Hip Arthroplasty (THA) is one of the most successful orthopaedic surgical procedures [1]. While numerous
advances have led to improved patient satisfaction and implant longevity, prosthesis dislocation and wear remain major
causes of failure [2,3]. The Dual Mobility Cup (DMC), developed in 1974 by G. Bousquet and A. Rambert [4], relies on
the "Low Friction" principle defined by Charnley [5] and on the McKee-Farrar concept [6]. The device is composed of
two joints: a large one between the metal shell and the polyethylene liner, and a small one between the femoral head
and the polyethylene liner. Compared to the standard prosthesis, its design presents the advantages of restoring hip
range of motion, decreasing wear, and increasing implant stability [6]. Historically, orthopaedic surgeons saved this
concept for patients with a high risk of dislocation: elderly patients, patients with neurological pathologies, etc. [1,6].
More recent clinical studies have shown good results regarding DMC-THA stability [1,7-10], and its use has been
extended to unselected population [9].

However, its biomechanical behaviour remains poorly understood [13] due to the lack of in vivo assessment of the
prosthesis, especially the liner movement [14,15]. The amplitude of liner movement (together with contact force) is of
paramount importance to appropriately estimate wear on the implant [16,17]. In theory, the small joint moves during
low range of motion movements like walking. The large joint moves when a contact occurs between stem and liner,
during large range of motion movements like climbing, descending stairs, etc. [18-20].

Experimentally, liner mobility has been analysed in load cases representative of daily activity via an industrial robot and
stereo camera system [21]. Using a concentric tripolar system, Fabry et al. [21] showed that the dynamic behaviour of
the liner was controlled by the stem movement. In fact, intermediate motion was shown to appear primarily after stem
contact. Cadaveric experiments carried out [15,22,23] to visualise and quantify impingement between soft tissues and
liners through visual observation and fluoroscopic imaging revealed that liner motion was modified by iliopsoas tendon
impingement at low flexion angles. Employing finite element analysis, Zumbrunn et al. [23] showed that tendon-liner
contact pressure and tendon stresses were reduced by using an anatomical contoured dual mobility liner. Moreover,
Fessy et al. [14] reported for the first time, from an original case report, in vivo impingement between the iliopsoas
tendon and the liner, describing it based on ultrasound imaging and arthro-CT-scan.

The potential of ultrasound imaging to measure liner position was demonstrated by Desmarchelier et al. [24,25] via
experiments involving ultrasound acquisitions on submerged DMC-THA. Seeking a method of increasing the in vivo
understanding of this prosthesis, they measured the angles between the opening planes of the liner and the metal shell
and compared them to the angles obtained using a 3D laser scan. An average deviation of 2.2° was revealed for static
DMC positions. Since the limited accuracy obtained with a submerged and isolated DMC-THA, added to the time-
consuming data analysis procedure, could make ultrasound unattractive for the assessment of liner movement, we

investigated possible improvements.
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Extending the work of Desmarchelier et al. [24], we propose a semi-automatic method of visualising and calculating the
liner positions of DMC-THA via ultrasound imaging. Our first objective was to assess the accuracy of the method by
comparing the liner plane orientation measured with ultrasound imaging to that obtained with a 3D laser scan. This was
done in vitro on a submerged DMC-THA in static positions. Our second objective was to evaluate the feasibility and
repeatability of the methodology, this time during ex vivo experiments carried out on four post-mortem human subjects
(PMHS). The liner position in static supine position was assessed by data fusion of ultrasound images and motion
analysis data.

2. Materials and methods

1. Ultrasound imaging analysis
To evaluate DMC liner positions, ultrasound volumes were acquired with a 3D probe (SuperLinear™ Volumetric
SLV16-5) connected to the ultrasound Aixplorer® system from Supersonic Imagine® (Figure 1). The ultrasound
acquisition takes 5 seconds and provides a 3D volume (slice ~ each 0.1 mm, size volume ~ 45 x 45 x 40 mm®). With a
single acquisition volume, part of the DMC can be visualised and acquired, allowing its 3D reconstruction. After
acquisition, ultrasound volume data were imported in 3D Slicer software, and metal shell, polyethylene liner, shell
plane and liner plane were segmented using a threshold on the grey-scale level of the B-mode image (Figure 2).
Threshold values were chosen empirically so as to obtain the largest point clouds representing the real DMC
components in the STL segment export. These values also depend on image characteristics (voxel intensities,
component sizes, etc.). Based on the component diameters, an Iterative Closest Point (ICP) method [26] was used to fit
spheres to the 3D point clouds of the metal shell and liner. A best-fit of a plane on the liner and on the metal shell plane
3D point clouds was carried out using the least squares method. Then, using this fitting was used to calculate the angle
between the two planes (Figure 1) [27]. This method was applied to the submerged DMC-THA,; alternatively, for the
images obtained ex vivo, where the metal shell plane cannot be segmented because of its position in the acetabulum
(metal shell hidden by pelvis bone and therefore its plane not visible on US images), the abduction and anteversion
angles of the liner plane were calculated relative to the pelvis. The pelvis coordinate system was defined in accordance
with the International Society of Biomechanics recommendations [28]. Post processing was performed using a custom-
made script in Matlab (MathWorks®).

2. Submerged dual mobility cup
A Novae Sunfit TH 47/28 DMC (Serf®, Décines-Charpieu, France) of concentric design was placed manually in
specific positions using a fixation paste. A 3D laser scan (Nikon®) of the DMC was performed (Figure 1). Without
moving any components of the DMC-THA, the hip prosthesis was submerged in water and an ultrasound acquisition
performed (Figure 1). This protocol was repeated for 22 DMC-THA positions, corresponding to a range of liner

orientations with respect to the metal shell position (from 4.0° to 73.2°).
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Offsets, i.e. the distance between centres of prosthesis elements, which should be zero because of the DMC concentric
design, and liner plane orientation with respect to metal shell plane were calculated for each imaging system. Offset and
angle errors, i.e. the difference between US and scan measurements, were calculated for each liner position.

3. Implanted dual mobility cup
Four un-embalmed and frozen PMHS from the Department of Anatomy of the University of Rockefeller (DAUR),
Lyon, France, were instrumented with DMC-THA and prepared for motion analysis (Error! Reference source not
found.). These subjects were on average 89.5 years old (SD: 10.5 years old), with a height of 160 cm (SD: 10.2 cm) and
a weight of 61 kg (SD: 24.1 kg). Each frozen PMHS was thawed at room temperature three days before testing. During
tests, the body was placed on a table in a supine position. Tests were performed at ambient temperature. The use of
PMHS was approved by the institutional review board, and these experiments were performed under appropriate health
and safety conditions.
Each hip was instrumented with a DMC-THA by experienced orthopaedic surgeons using an anterior approach. DMC-
THA size was determined before surgery. Acetabular and femoral preparations were carried out in accordance with the
guidelines provided by the manufacturer Serf. In order to ensure the propagation of ultrasound waves without air, the
hip was filled with Aquasonic® 100 ultrasound transmission gel. Then, the arthrotomy was closed and an X-ray taken
to check DMC-THA position. For motion analysis, six intracortical pins with four reflective-marker tripods (10 mm
diameter) were fixed in the pelvis, in both femurs and in both tibias (Figure 4). The tripods were placed in such a way as
to avoid contact with the operator and leg segments during the experiment.
Motion analysis was performed using the Optitrack system with 10 cameras (frame rate of 200Hz) oriented such that
the tripod markers were visible during the tests (Figure 4). The volume of interest being approximately 2 x 1.5 x 2 m’,
marker position can be considered accurate to less than 1mm, according to manufacturer data. Intracortical pins fixed in
the lower limbs were used to define technical coordinate systems for each segment. Anatomical coordinate systems
were based on landmark positions relative to the intracortical pins measured using a calibrated tip. As with the pelvis,
femur and tibia/fibula landmarks were defined in accordance with the International Society of Biomechanics
recommendations [29]. However, with the PMHS supine on the table, posterior superior iliac spine positions were
inaccessible. We assumed that the mid-point of the left and right posterior superior iliac spines and the mid-point of the
left and right anterior superior iliac spines lie on the same vertical line. Data processing was carried out with Qualisys
Tracker Manager software (version 2020.3; Qualisys) and using a custom-made script in Matlab (MathWorks®).
One rigid tripod was fixed on the 3D ultrasound probe support (used to protect the ultrasound probe) to register image
volume with motion analysis data. Wave propagation celerity was set at 1540 m.s™". Depending on the corpulence of the
subject, depth and focal zone were adjusted during experiments to obtain the best-defined images (depth between 36.5

mm and 62.7 mm, focal zone between [54.5;37.5] mm and [32.5;19.5] mm). To enable ultrasound wave propagation

4
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during acquisitions, ultrasound transmission gel was applied to the 3D ultrasound probe. The ultrasound system was
time-synchronized with motion analysis via a pedal sending a rising-edge square signal to both systems. Calibration of
the ultrasound probe was performed by measuring the positions of 3 reflective markers both on ultrasound images and
in the motion analysis coordinate system.

Data processing was carried out according to the proposed methodology. However, only the liner surface could be
segmented, as the head was partially covered by the liner and the metal shell was embedded in the pelvis. Knowing the
probe position and the 3D segmentation enabled us to calculate the abduction and anteversion angle of the liner plane
relative to the pelvis coordinate system (Figure 5). To quantify repeatability of the ultrasound acquisition procedure, 8
acquisitions of the DMC-THA were performed for each PMHS in a first liner position. Moreover, to quantify intra-
operator segmentation repeatability, one ultrasound dataset obtained for each PMHS in a second liner position was
processed 8 times. The two liner positions were obtained by applying manually hip motion of large amplitude, whereas
the ultrasound was performed with the PMHS back in the same position: straight leg with no internal/external rotation.
Moreover, repeatability was quantified by a single operator. Repeatability was assessed as the mean, standard deviation
and range of differences between the 8 acquisitions.

3. Results

1. Submerged dual mobility cup
Comparing ultrasound imaging and 3D scan for submerged DMC-THA, mean difference of these imaging systems of
the liner orientation with respect to the metal shell is 1.2° (SD: 0.8°). Mean error for the offset between metal shell and
liner centres is 0.95 mm (SD: 0.63 mm), between metal shell and femoral head centres is 0.89 mm (SD: 0.87 mm) and
between liner and femoral head centres is 0.36 mm (SD: 0.44 mm). With a low correlation coefficient (R*=0.01, p-
value=0.62), the error between ultrasound imaging and laser scan is not related to the value of the angle between liner
and shell (for graph plot, please see Supplementary material).

2. Implanted dual mobility cup
Ultrasound acquisition procedure repeatability and intra-operator segmentation repeatability of abduction and
anteversion angle of the liner plane for PMHS are presented in
. For two PMHS, results are presented for one leg only: in the case of one PMHS, one leg was already instrumented
with a Gamma nail, while in the case of the other subject, the DMC-THA was too deeply embedded in the pelvis and
could not be seen. Ultrasound acquisition procedure repeatability was not calculated for subject 2020 191 L due to a
lack of data. Results show reliable repeatability with a low standard deviation (lower than 1.5°) and range (lower than
3°). The difference between minimum and maximum abduction and anteversion angles shows small difference between

PMHS. Moreover, abduction and anteversion range for intra-operator segmentation repeatability is, respectively, lower

than 2.5° (mean: 1.8°, SD: 0.6°) and 3° (mean: 1.8°, SD: 0.7°) for all subjects.



Journal Pre-proof

4. Discussion

The objective of the present study was to propose and evaluate a semi-automatic method of measuring the liner

orientation of DMC-THA using 3D ultrasound imaging.

First, we performed experiments on submerged DMC-THA to demonstrate the feasibility of measuring DMC
component position and liner orientation via ultrasound imaging. We obtained a lower liner orientation error between
ultrasound imaging and 3D scans than Desmarchelier et al. 2016 [24] (1.2°, SD: 0.8° vs. 2.2°, SD : 2.0° ). While that
study also performed experiments on submerged DMC-THA, they were processed with a fully manual method and on
only five DMC-THA positions. Using ICP, ultrasound data shows a low offset between DMC component centres (less
than 1 mm). This error is lower than those found in the literature, where an accuracy of 1 to 3 mm is considered reliable
when analysing migration of a prosthetic component on a standard X-ray or a CT scan [30,31].

Secondly, this study assessed the repeatability of liner orientation measurements in ex vivo experiments combining
motion analysis and ultrasound imaging to measure the abduction and anteversion angles of the liner plane. The
repeatability of ultrasound acquisition and intra-operator segmentation were calculated to quantify the precision of the
measurement of the liner orientation. Some publications, which study hip prothesis, considered the value of 5° as the
threshold value to retain a difference in position of a prosthesis component between two images [18,32-36]. The
present method yields good accuracy on liner orientation, with ranges lower than 5°, in agreement with the literature. To
our knowledge, this study is the first attempt to use an ultrasound-based system on PMHS to measure liner orientation
in DMC-THA. The main advantage of ultrasound imaging is its non-invasive aspect, which explains its frequent use in
clinical routine (pregnancy, cardiology, etc.) [37,38]. It enables hip prostheses made of echogenic materials to be
observed and differentiated from bone structures [39]. Possible conflicts between THA and the various neighbouring
structures (fragments of cement, screws, etc.), the presence of bursitis, fluid collections or even abnormalities on
surgical approach can be detected using this non-invasive imaging technique. Unlike other imaging techniques such as
mono-plane or bi-plane radiography, ultrasound imaging provides real-time data, is able to detect polyethylene liners
and is portable. Moreover, using a 3D ultrasound probe offers a major advantage for further in vivo clinical applications.
It takes less time to obtain either the full or partial volume than when using a conventional probe that involves acquiring
numerous successive images to reconstruct the volume. Furthermore, image reconstruction based on multiple positions
of a conventional probe may be less accurate than using a 3D probe with automatic data reconstruction.

A limitation of the ex vivo experiments is that because of the metal shell position in the acetabulum, which prevents
wave propagation, the shell cannot be visualised from ultrasound data. Therefore, liner orientation is measured relative
to the pelvis coordinate system, defined here with intracortical pins and anatomical landmarks. These landmarks are

also used during surgery to define the correct shell position, which usually corresponds to an anteversion angle of 15 +
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10 degrees and an abduction angle of 45 + 10 degrees [40]. Moreover, unlike submerged tests, ex vivo experiments
make it possible to consider elements surrounding the DMC-THA (soft tissues, bones, etc.), and to obtain images close
to those obtained in vivo [14].

One issue with the proposed methodology concerns the complexity of ultrasound acquisition, since post processing
relies on the quality of the ultrasound images. However, image quality depends on many parameters, including subject
corpulence, ultrasound frequency, etc. Due to the different acoustic properties of the materials located in the hip, wave
intensity decreases as it propagates through the different soft tissues. Moreover, with a subject presenting a high
corpulence, the significant presence of soft tissue requires greater depth of acquisition, which in turn involves low
frequencies that lead to low spatial resolution. The right balance between a high frequency, which is desirable to obtain
good definition, and a lower frequency, which is required to obtain good penetration, needs to be found. Furthermore,
the surface state of the liner plane could be modified so as to be rougher (without altering the mechanical properties).
This improvement might enable more ultrasound echoes to be generated and improve liner plane visualisation on
ultrasound images.

Moreover, segmentation of DMC components on 3D ultrasound data is complex and not fully automatic, often relying
on manual correction. Segmentation in digital image processing is challenging, and various image parameters (noise,
contrast, etc.) are known to make it tricky [38,41,42]. In our study, a specific threshold on the grey-scale level of the B-
mode image was set to define each different part of the DMC-THA. However, depending on the ultrasound wave
incidences, the continuity of liner plane contours is imperfect, making its detection complex. When image quality is
poor, the liner plane has to be segmented manually which, while it requires a non-negligible amount of time (5-10 min
for one volume), is still less time-consuming than the full manual processing performed by Desmarchelier et al., 2016
[24]. One solution might be to use machine learning, if more data were available; this has been shown to accelerate
segmentation for other organs such as the carotid artery, lymph node, etc. [43,44].

Examining only 4 subjects and 6 implanted hip prostheses, this study is subject to the number of samples limitation
common to ex vivo testing experiments [45]. However, since the aim of the study was to assess the repeatability of liner
orientation as well as to validate the experimental method for future in vivo tests, the number was considered reasonable
and no specific inclusion criteria were applied. Nevertheless, it should be noted that the BMI of these subjects is lower
than reported for the population treated with DMC-THA [9,10,46], and their average age is higher [7]. Therefore, the
other issues related to ultrasound acquisition described above, such as image resolution, may affect in vivo evaluation of
DMC liner orientation.

The post processing experiments performed here concerned specific static positions. A valuable extension for future

research would be to apply this method to dynamic situations. However, while the ultrafast option is available for
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ultrasound acquisitions, it would be challenging to maintain contact between the ultrasound probe and the groin area
during the patient movements involved in daily-life activities.

5. Conclusion

This work validates the feasibility and assesses the accuracy and precision of a method based on ultrasound imaging to
analyse the liner orientation of submerged DMC-THA and implanted DMC-THA ex vivo. The research should be
extended by performing in vivo experiments to visualise and quantify liner movement after different hip movements.
Liner movement can be computed relative to the pelvis coordinate system, obtained in this case from skin markers
placed on the anterior and posterior iliac spines. Both ex vivo experiments [15] and in vivo measurements using
ultrasound imaging [14] have previously shown that the liner is affected by iliopsoas tendon impingement. Thus, this
work opens new possibilities to observe the possible contact between liner and iliopsoas tendon during patient
movements, using ultrasound imaging, which should improve clinical understanding of liner movement in DMC-THA.
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Table 1. PMHS anatomic and arthroplasty information.

Age Sex Weight | Height | Head Diameter Liner Diameter Acetabular Cup Diameter
Subfect Years | Male/Female (kg) (cm) (mm) Right/Left (mm) Left/Right (mm)
2020 191 78 M 102 177 28 NA/47 NA/S3
2021 29 105 F 41 150 28 43/NA 49/NA
2021 48 93 F 46 156 28 43/43 49/49
2021 107 82 F 56 157 28 43/43 49/49

Table 2. Ultrasound acquisition procedure repeatability and intra-operator segmentation repeatability of abduction and
anteversion angle of the liner plane for cadaveric subjects. Ultrasound acquisition procedure repeatability was not

calculated for subject 2020 191 L. Range is the difference between minimum and maximum angle obtained by

12
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segmentation. Repeatability is measured for different liner positions but with the same subject’s position (straight leg

with no internal/external rotation).

2020191 L | 202129 R | 2021 48 L | 2020 48 R | 2020 107 L | 2021 107 R
Angle (°) | Angle (°) | Angle (°) | Angle (°) | Angle (°) Angle (°)
Mean Abduction - 71.3 60.2 67.1 315 54.9
Ultrasound Anteversion - 35 10.6 11.5 30.5 15.6
acquisition SD Abduction - 1.0 1.3 0.9 0.7 1.0
procedure Anteversion - 0.9 1.3 0.8 1.1 0.9
repeatability Range Abduction - 2.6 34 24 1.6 33
Anteversion - 2.6 2.6 1.9 2.7 23
Mean Abduction 66.6 80.8 514 53.7 67.4 41.1
Intra-operator Anteversion 1.9 12.1 11.8 -7.3 20.5 334
segmentation SD Abduction 0.7 0.7 0.7 0.7 0.3 0.6
repeatability Anteversion 0.7 1.3 0.7 0.9 0.5 0.3
Range Abduction 1.9 2.2 1.8 2.0 1.0 1.7
Anteversion 1.9 2.9 1.9 2.0 1.5 0.9
F
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DMC

Figure 1. A - 3D laser scan setup for dry DMC-THA. B — Ultrasound setup for submerged DMC-THA.
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A B

Figure 2. Ultrasound images of the dual mobility cup: submerged (A) and implanted (B), and representation of all
segmented elements: red = cup ; yellow = cup plane ; green = liner ; magenta = liner plane ; blue = head. The reader

can refer to the online version of the article for a coloured version of the figure.

N,

Liner

Figure 1. 3D ultrasound process for the submerged dual mobility cup. Red dots and sphere = cup ; yellow dots, plane
and normal = cup plane ; green dots and sphere = liner ; magenta dots, plane and normal = liner plane ; blue dots and
sphere = head ; grey = implant CAD models ; y = angle between cup plane and liner plane. The reader can refer to the

online version of the article for a coloured version of the figure
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Figure 4. A — Motion analysis system with 10 cameras and ultrasound imaging system positions in experimental area.

B — Intracortical pins (tripods with reflective markers) for motion analysis fixed in pelvis, femur and tibia
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Figure 5. A — Liner abduction (0) and anteversion (o). B — Liner position using ultrasound and motion analysis data
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