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Abstract

Musculoskeletal disorders affect all joints of the body and can result in chronic pain and long-term physical
disability. Through research, we have the possibility to improve prevention and treatment thanks to a
better understanding of the musculoskeletal system and its disorders. In this context, 3D anatomical models
obtained from medical image segmentation and 4D kinematic models obtained from motion capture provide
more insight than standard radiological and clinical examination (image stacks, palpation, assessment of
passive range of motion). Indeed, 3D reconstruction provides additional information to better understand the
complexity of the anatomy, whereas the study of joint kinematics is instrumental to diagnose abnormalities
and to understand the joint physiology, since most of the pathological cases are related to the functional level.
The work presented in this dissertation aims at improving the diagnosis, therapy planning and prevention
of musculoskeletal disorders by providing orthopedic surgeons and sports medicine doctors with a novel
paradigm to analyze patient’s anatomy in 3D and in motion. The originality of our research lies in the
ability to fuse patient-specific 3D anatomical models and computer-assisted techniques to track and simulate
moving joint structures.

The first part of this thesis presents our interdisciplinary approach and the methodology implemented
in this research, as well as the objectives and challenges to be addressed in order to combine medical imaging
and motion capture to study and dynamically analyze personalized osteoarticular structures. The second part
presents a selection of our most significant work in the field that illustrates concretely how this methodology
was implemented to answer clinical questions in the framework of diagnosis, treatment and surgical planning
of orthopedic disorders. This work is organized around the 3D modeling and simulation of three particular
joints: 1) the hip, 2) the shoulder complex and 3) the knee. This thesis includes scientific and clinical
studies focusing on the biomechanical modeling of human joints and on the exploration of several motion-
related disorders, such as femoroacetabular impingement in the prosthetic hip, knee ligaments biomechanics,
glenohumeral instability and impingement, rotator cuff hyperelongation, hip and shoulder implants design,
etc. A summary of our contributions and future improvements of our work are presented in the third part

of this thesis with a discussion on the research perspectives offered by virtual and augmented reality.
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Chapter 1

Introduction

1Leonardo da Vinci, date unknown. Drawing of the torso and the arms, Biblioteca Ambrosiana, Milan.



1.1 Research context

Musculoskeletal disorders are common causes of long-term pain and physical disability?. They affect all joints
of the body and result mostly from gradual or chronic development (e.g., osteoarthritis, back pain) or from an
acute event (e.g., fall, sport injury). Overall, the number of people suffering from musculoskeletal disorders
has increased by 25% over the last decade and is expected to increase with the aging population. Through
research, we have the possibility to improve prevention and treatment thanks to a better understanding of
the musculoskeletal system and its disorders.

When a patient consults an orthopedic surgeon or sports medicine doctor, the clinician establishes
his/her diagnosis on the clinical examination that usually includes palpation, assessment of the passive range
of motion (ROM) of the joint under investigation and specific tests (e.g., impingement test). A radiological
analysis can also complement the clinical examination to confirm the suspicion of bone or soft tissue lesions.

Two limitations can be evidenced with this approach:

e The clinician relies on 2D information only, he/she has no direct 3D visualization of the joint structures.
Although medical imaging provides three-dimensional volumes, the clinician must mentally represent
himself/herself the articulation in 3D from the image stacks. In fact, the only time the clinician has
a three-dimensional but limited view of the joint is when the patient is asleep on the operating table

during surgery, so well after the diagnostic assessment.

e When relying on passive ROM which are simple non-active motions, the clinician cannot always repro-
duce the movements that elicit the pain or cannot apprehend specific non-physiologic joint behavior

during complex movements (e.g., sport activities).

In this context, 3D anatomical models (e.g., shape, surface, volume) obtained from medical image
segmentation and 4D kinematic models (e.g., joint angles and stability) provide more insight than image
stacks and assessment of passive ROM. Indeed, reading medical images is a difficult task which is not always
sufficient to deduct all the features necessary for diagnosis. 3D reconstruction provides additional information
to better understand the complexity of the anatomy. However, static 3D anatomical models are not enough
to diagnose certain abnormalities and to fully understand the joint physiology, since most of the pathological
cases are linked to the joint kinematics — thus at the functional level. The development of 4D kinematic
models, that include both patient-specific anatomy and kinematics information, are hence essential to allow
the establishment of a better diagnosis and therapy planning. Moreover, besides diagnosis, they can be used
for prediction through computer simulations (e.g., a dynamic analysis of a prosthesis to detect early wear),
which offers unique opportunities for the prevention of musculoskeletal disorders.

The work presented in this dissertation was conducted over the last six years at Artanim Foundation?®,
a private not-for-profit research center located in Geneva, Switzerland. The laboratory has specialized in
motion capture technologies in different fields: orthopedics, sports medicine, 3D animation, virtual and
augmented reality. Our contributions within this research context are: 1) the development of biomechanical
joint models, in particular the 3D anatomical modeling and motion analysis of the hip, knee and shoulder

complex; and 2) the 3D simulation and computer-assisted surgical planning of native and prosthetic joints.

2The Bone and Joint Decade, http://www.boneandjointdecade.org, accessed October 2016
3Artanim, http://www.artanim.ch, accessed October 2016
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1.2 Medical pipeline

To fulfill the aforementioned contributions, we need to adopt an interdisciplinary approach at the crossroads
of the following disciplines: radiology, orthopedics, biomechanics and computer graphics. Concretely, our
research focus is to combine medical imaging and motion capture to study and dynamically analyze person-

alized osteoarticular structures. To this aim, we rely on a dedicated methodology, as illustrated in Figure

Anatomy

Clinical

Data acquisition \ 3D reconstruction ) \ 3D simulation j \_ applications )

Figure 1.1: Methodology implemented in the framework of this research.

First, patients or volunteers undergo two types of data acquisition: we use Magnetic Resonance
Imaging (MRI) or Computed Tomography (CT) to image anatomical structures in 3D and optical motion
capture (or stereophotogrammetry) — a system based on infrared cameras and skin markers — to record
subject’s movements. Compared to dynamic imaging techniques (see Section and other devices for 3D
motion recording (see Section, optical motion capture systems are not invasive and allow the recording
of larger ROM, but are subject to soft tissue artifact (STA) causing marker movement with respect to the
underlying bone, which affects the estimation of the skeletal system kinematics [LCCC05] [Cro06] (see Section
1.4.2)).

Second, a 3D reconstruction is performed. Patient-specific 3D bone and/or soft tissue models are
extracted from the segmented images. Biomechanical parameters are also defined (e.g., joint center, standard
anatomical axes [WSAT02, [WvdHV"05]) and the joint kinematics is computed from the markers trajectories.

Here, we make advantage of having 3D reconstructed models: anatomical landmarks (ALs) necessary to

define these biomechanical parameters can be precisely determined on the 3D surface of the bones (i.e., by
virtual palpation) to cope with the inaccuracies of determining ALs location based on external palpation —

the standard procedure used in human motion analysis [CCCL95| [CCK99, [CLCC05]. Moreover, knowing
the bones geometry can help devise correction algorithms taking into account specific joint constraints (e.g.,

Multi-Body Optimization (MBO) [LO99, ICDHdG15 ICDHAGI17, RCD17]) for

minimizing STA in the computation of joint kinematics.



Third and last, a 3D simulation of the joint under investigation can be performed, once its mo-
tion is accurately estimated. Several simulation techniques (see Section can be developed to an-
swer specific questions depending on the clinical applications, such as the evaluation of joint impinge-
ments [CMTBT10, ICKD™11, [CCKLI5| to detect early osteoarthritis (OA), the assessment of joint insta-
bility [LCKCI6], [LDT*16|, the evaluation of prosthesis mobility and design to improve surgical planning
|CCPT14, ISCCT15,ICCS ™15, [ILCT8] or the analysis of muscles-tendons elongation to better define the reha-
bilitation protocol [CLK™18].

In the next sections, we provide more details about this methodology with a focus on the objectives

and challenges to be addressed. Relevant state of art is also presented and discussed.

1.3 Medical imaging

The use of medical imaging in our research context is twofold: first, it provides high resolution static
images necessary for the anatomical modeling of patient-specific structures. Second, dynamic imaging tech-
niques are used to evaluate anatomical structures during motion. These latter techniques are however
difficult to implement clinically, because they are limited to the acquisition of low amplitude movements
due to the confined area of measurement (i.e., small field of view) or they are invasive (e.g., fluoroscopy).
Their clinical use hence remains limited and they mainly serve as gold standard to validate the develop-
ment of biomechanical joint models based on skin-mounted markers and stereophotogrammetry (e.g., see
[YCGMMT04, [SFCL.05, ISMC™06, [CAVMT09, [SFC09, TLKL1T, ICCK ™14, [LLL™16, RLL*16, [RCDIT]).

1.3.1 Anatomical modeling

The acquisition of 3D medical images is the beginning of any clinical study. Two types of images are
privileged, namely MRI and CT images, because they offer three-dimensional volumes with sufficient spatial
resolution and contrast to allow proper tissues differentiation for segmentation. The choice between these two
types of images is generally motivated by the nature of the study. For example, if we seek to reconstruct bones,
CT is the modality of choice. On the contrary, if we seek to reconstruct soft tissues, MRI is preferred because
this modality is appropriate for both soft and hard tissues examination. Both modalities can be combined
with contrast agent injected inside the joint to improve the visualization of the joint tissues (i.e., MR or CT
arthrography). However, the degree of invasiveness is another key point to consider. Indeed, CT is an invasive
modality whereas it is admitted that MRI does not create any harmful ionizing radiation [MTCS08, [SC04].
The injection of contrast agent also includes risks of infection. Therefore, CT or arthrography should be
avoided in studies involving young patients or professional athletes.

Image protocols are defined in close collaboration with musculoskeletal radiologists. Compared to CT
which allows to acquire large image volumes with a minimum of acquisition time, MRI protocols are subject
to the ubiquitous image quality-speed trade-off [MTCSO08| [Gil07]. Since we want to fully cover the joint
and the bones of interest, specific protocols must be developed by combining several overlapping datasets
of different slice thickness (could be from 0.8 mm to 10 mm according to the region of interest) that are
registered together (Figure . This allows to acquire the whole area in a clinically reasonable time.

Once the image volumes are acquired, a segmentation can be performed. This process consists in

extracting structures of interest from the images stack. Unfortunately, no automatic tools exist that are



Figure 1.2: Static MRI protocol for the hip: e Axial 2D T1 Turbo Spin Echo, TR/TE= 578/18 ms,
FOV /Matrix= 40 cm/512 x 512, thickness= 2 (hip (1)), 4 (knees (3)) or 10 mm (thigh (2)), gap/FA= 0
mm/90 deg, resolution= 0.78 x 0.78 mm. e Axial 3D T1 Gradient-Echo, TR/TE= 20/7 ms, FOV/Matrix=
20 cm/256 x 256, thickness= 2 mm (4), gap/FA= 0 mm/50 deg, NSA /resolution= 2/0.78 x 0.78 mm. Image
from [Gil07] used with permission.

capable of recognizing any referenced structure on sectional images of any modality. Indeed, segmentation
approaches tend to be sensitive to the type of modality, the inherent artifacts (e.g., noise, lack of contrast)
and the intra- and inter-subject variability [SKMT11]. Image segmentation has been an intensive research
topic for many years. Different methodologies were proposed, such as direct approaches — usually combining
pre-processing algorithms (e.g., anisotopic filtering) to reduce image noise, region detection (e.g., Laplacian,
Sobel filters) and classification (e.g., thresholding, morphological operators) — deformable models (e.g., active
contours or snakes [MDAOT], simplex meshes [GMMTO06]), or statistical shape models [HM09, [Sch11]. Here,
our research focus is not the development of new segmentation techniques. We rather make use of commercial
software, such as Materialise Mimics® (Materialise NV, Leuven, Belgium?) enabling accurate segmentation
and reconstruction of 3D models of the patient’s anatomy (Figure from different imaging modalities. The
solution provides semi-automatic segmentation tools, but the process remains time consuming. Typically,
about 15 minutes are required to reconstruct the bones of a shoulder or hip joint.

The access to 3D reconstructed models offers many advantages. Within this research context, there

are useful for the following aspects:

e First, standardized biomechanical parameters can be more precisely computed. To report joint mo-
tion in an intra- and inter-subject repeatable way, local bone coordinates systems or anatomical frames
(AFs) must be defined for each bone segment. According to classical mechanics, the relative movement
of a distal segment with respect to the proximal segment can be described by the relative movement
of two local frames fixed to each bone segment (or rigid bodies). The International Society of Biome-
chanics (ISB) provides standard definitions and construction rules to determine relevant AF's for each
joint [GS83, WSAT02, WvdHV™05| (Figure [1.4]A). Moreover, their planes approximate the frontal,
transverse and sagittal anatomical planes, allowing a motion description in clinically relevant terms

(i.e., flexion/extension, abduction/adduction, internal/external rotation). These AFs are constructed

4Materialise Mimics, http://biomedical .materialise.com/mimics, accessed November 2016


http://biomedical.materialise.com/mimics

Figure 1.3: 3D reconstruction of the shoulder from MRI showing the bones, labrum, glenoid and humeral
cartilages.

using selected ALs defined on the bone segments (e.g., anterior and posterior superior iliac spines for
the pelvis, lateral and medial femoral epicondyles for the femur). In human movement analysis using
skin markers-based measurements, ALs are located by external palpation and their position recorded
by placing markers on them — a technique referred to as the CAST protocol [CCCL95]. Unfortunately,
this technique lacks accuracy due to the overlying soft tissues or to AL misplacement (e.g., errors can
be up to 20 mm [CCK99]). Using virtual palpation, ALs locations can be precisely determined on the
3D reconstructed bone models. Moreover, the estimation of spherical joint centers, such as the hip or
glenohumeral joint, can be improved using sphere fitting methods [SE03, ICCK™14] (Figure ) or
functional approaches [KSMMTO03], IGKMTT09].

e Second, as mentioned previously, knowing the bones geometry can help develop personalized kinematic
models to effectively reduce STA in the computation of joint kinematics. This topic is further discussed
in Section [[.4.2

e Lastly, 3D measurement tools can be implemented to quantify morphological features, improving the
(subjective) reading of medical images. Indeed, measuring in the 3D space, that is independently
from the patient positioning in the scanner, has the advantage to provide more accurate, reader-
independent, reproducible and repeatable results. For instance, we developed in previous studies
[KCPT13, ICCPT18l ILCPT18]| specific tools to assess the normality of the hip joint (e.g., computation
of the acetabular version [RLK99], femoral o angle [PMD™06]) or glenohumeral joint (e.g., computation
of the critical shoulder angle (CSA) [MBRF13] as shown in Figure [L.4C, 8 angle [MEP*12]).

1.3.2 Dynamic imaging

Fluoroscopy-based measurements provide a direct access to the bones and sufficient accuracy for the analysis

of dynamic human motion, but use ionizing radiation. 3D positions and orientations of the bones are



Figure 1.4: A) Bone coordinate systems for the thorax (X; Y; Z;), clavicle (X, Y. Z.), scapula (X, Y5 Z;) and
humerus (X} Y}, Zp). Image from ﬂm used with permission. B) Glenohumeral center computation
by fitting a sphere (in green) on the humeral head model. C) CSA measurement.

computed with 3D-to-2D shape matching techniques OHM™T07, [TLC*F10, ZMW*12] (Figure[L.5A).
These techniques involve the reconstruction of 3D surface models of the bones from MRI or CT which are
then projected and iteratively matched to 2D fluoroscopic images. Different studies were carried out based
on single-plane or biplane fluoroscopy to study subtle glenohumeral movements or instability m

MBP*12, MMY*12], total knee arthroplasty kinematics [ZGST06] or natural knee kinematics [LTKT08].

Whereas biplane fluoroscopy provides smaller measurement errors (typically, 1.0° for rotations and 0.5 mm

for translations) compared to single-plane fluoroscopy, in particular with respect to out-of-plane translation,
the subject is however exposed to twice more radiation.

Another interesting modality to study skeletal movement is MRI. This modality is not invasive,
but like fluoroscopy-based measurements, the confined area and restricted field of view limit the movement
possibilities of the subject. Moreover, a trade-off must be found between the image quality and acquisition
time. Real time MR imaging of the joint structures is challenging and the number of studies achieving
this result remains sparse in the literature (e.g., shoulder translations [HBTT11], hip kinematics [GMT05]).
Quasi-static or sequential MR imaging has been hence performed in order to obtain image volumes of
better quality but at the detriment of speed. Knee kinematics [PHR™04, ISMC™06] or shoulder kinematics

[PLCST14] were thus studied.

Compared to stereophotogrammetry based on skin-mounted markers, dynamic imaging techniques

are more reliable and accurate (i.e., STA-free), but their use is limited because they are invasive or re-
stricted to single joint analysis at low ROM. However, they are useful as gold standard to assess STA
[SECLO5! [TLKLI1, BJTAIS] or to validate the development of biomechanical joint
models [SFC09, ICCK™ 14, [LLL ™16, RLL™16, RCD17]. In fact, this is where our

research interest lies in. For instance, we used dynamic MRI to validate the hip kinematics derived from

skin markers [CAVMT09], we performed simultaneous fluoroscopic and motion capture measurements to
model the kinematics of the shoulder [CCKT14] (Figure [1.5B), and we used MRI to analyze the knee joint
at various flexion angles [CCKT17].



Figure 1.5: A) 3D-to-2D shape matching technique. Image from used with permission. B)
Simultaneous motion capture and X-ray fluoroscopy of the shoulder joint.

1.4 Motion capture

Besides dynamic imaging techniques, the use of reflective markers and stereophotogrammetry are the most
common and widely recognized techniques to analyze human movement. However, when the markers are
fixed on the skin, such technique is subject to STA due to muscle contractions and skin sliding, causing the
markers to move with respect to the underlying bone [LCCC05], [Cro06]. This phenomenon was studied in
vivo and many researchers tried to devise methods or algorithms to minimize this parasitic effect.

In this section, we provide an overview of the techniques based on the use of reflective markers and
stereophotogrammetry, and we briefly discuss the inherent issues related to STA, as well as our researches
in this field.

1.4.1 Devices for 3D motion recording

Stereophotogrammetry involves the tracking of reflective spherical markers (usually, between 6 mm and 14
mm of diameter) with infrared cameras (sampling rate ranges from 30 Hz to 1000 Hz) and with great accuracy
(markers reconstruction error ~ 0.5 mm). Several joints can be recorded at the same time and the 3D poses
(position and orientation) of the bone segments can be then evaluated from the markers trajectories. Two

main categories of techniques can be distinguished:

e Bone-based techniques — these techniques require the implantation of pins or metallic rods directly into
the bone under surgical guidance and instrumented with cluster of markers to derive true bone move-
ments. Numerous studies were conducted with intra-cortical pins (Figure ) to quantify joint kine-
matics and STA during various activities [LCST94, [RvdBLT97, [HYC04, BRL*06, NJLT07,
WLJF08]. Another set of studies was carried out with patients treated for a bone fracture with external
fixators [ACCLI2, [ACCLI3| [CCLF96]. Percutaneous trackers were also proposed as an alternative to




investigate STA [HOS™97, MMS™00, MMR™'02|. Despite their advantage of being STA-free, the com-

mon issue with these devices is associated with their evident invasiveness and encumbrance. Moreover,
they do not reflect the natural motion patterns of the subject (i.e., motion restrictions due to pain,
subjects recovering from a fracture). Their use has been hence limited for routine analysis and for

ethical reasons.

o Skin-based techniques — these techniques have been favored as they require the fixation of markers
directly onto the skin using double-sided adhesive tape (Figure ) However, STA must be effec-
tively addressed, as discussed in the next section. Clinically, these techniques are routinely used for
gait analysis [DBD™04, SALT13]|, rehabilitation and the evaluation of neuromuscular dis-
orders [YOESOS, when combined with electromyography (EMG) and force plates to infer

musculoskeletal dynamics.

The interested reader can refer to my PhD thesis [Chal0] for more details related to the different in-
strumentation devices for 3D motion recording, as well as for information about other skin-based techniques,
such as video systems or inertial sensors (accelerometers and gyroscopes) which are two other techniques

commonly used in gait labs.

Metatarsal V, ‘a Metatarsal 1

Figure 1.6: A) CT image of bone pins inserted into the foot. Tmage from [LNLT08] used with permission.
B) Full body motion capture with a focus here on the lower extremities (markers are placed directly on the
skin).

1.4.2 Soft tissue artifact

STA was intensively studied by the research community, in particular at the lower extremities. Despite some

discrepancies between the different works — mainly due to the variability in the protocols and techniques



used, the number of tested subjects and the locations of skin markers — interesting conclusions could be
evidenced on the magnitude and patterns of STA [Chal0]: the pattern of the STA is task and subject
dependent, STA is reproducible within subjects but not among, its magnitude is bigger in areas closer to the
joints, it introduces random and systematic errors, it depends on the markers placement and non redundant
markers increase its effect, it is greater at the thigh and scapula with respect to any other bone segment at
the lower and upper extremities, respectively.

These conclusions are useful because they provide information that can help determine correc-
tion/compensation methods to solve the issue of STA. A first step in this direction is to adequately define
optimized markers protocols to account for STA. Some authors proposed the utilization of rigid supports
[HOS™97, BCLT98, [LCCT99, [LBCT99, MMS™00, [YHCT00, [HYC04] to reduce the internal deformation of
the markers cluster (i.e., inter-marker distance changes). However, this method is not sufficient because it
is unable to discard the second effect of STA, that is the rigid displacement of the markers cluster (i.e., the
cluster moves rigidly with respect to the bone due to muscle contraction). For an effective STA minimization,
these two different aspects must be addressed. In terms of markers placement, our strategy is to use redun-
dant markers distributed all over the segment surfaces and located far from the joint line (if possible). We
have thus developed specific markers configurations |[CCK™ 14, [CCS™15, ICCK™17] for the following joints:

e For the hips, we use two clusters of 7 markers (@ 14 mm) placed on the lateral and frontal parts of
both thighs and 6 markers (© 14 mm) on the pelvis (four fixed on the anterior and posterior superior

iliac spines and two on each pelvic side), as shown in Figure [1.7A.

e To capture the knee kinematics, we use the same two clusters of 7 markers on the thighs and two
clusters of 5 markers (¢ 14 mm) distributed on the shank segments (Figure[L.7A).

e For the shoulder complex, we use 4 markers (@ 14 mm) placed on anatomical landmarks of the thorax
(sternal notch, xyphoid process, C7 and T8 vertebra), 4 markers (@ 6.5 mm) on the clavicle, 4 markers
(2 14 mm) on the upper arm (two placed on the lateral and medial epicondyles and two as far as
possible from the deltoid), and 57 markers on the scapula (1x @ 14 mm on the acromion and a 7x8
grid of @ 6.5 mm), as depicted in Figure [L.7B.

The next step is to deduct the joint kinematics from the markers trajectories by effectively minimizing

STA. Several techniques were proposed, such as:

e Mathematical approaches — these approaches solve the STA problem by finding the least perturbed
triangle of markers over the entire ROM (i.e., Solidification model [CED95]) or by considering redundant
markers where the mass of each marker is adjusted at each step to minimize changes of eigenvalues
(i.e, Point cluster technique [AAQIL [ABAQ3]). However, these approaches do not perform better than

traditional bone pose estimators (e.g., Single Value Decomposition algorithm [SW93]).

e Methods based on calibration data — these methods acquire two or multiple calibration poses at spe-
cific ROM of the activity considered to compute a linear model of soft tissue deformation used to
compensate STA (e.g., Multiple anatomical landmark calibration [CCCL97, [CSFL05], Dynamic cal-
ibration [LCCCY9g|). However, these methods are based on invalid assumptions (e.g., skin motion
during a static posture # dynamic activities) and the major drawback is the increased number of data

acquisitions required.

10



Figure 1.7: A) Markers configuration for lower body motion capture. B) Markers configuration for shoulder
motion capture (here the right shoulder). Image from [CCKLI15] used with permission.

e Techniques based on global optimization — these techniques aim at optimally estimating the location of
bone segments as a whole (and not each segment separately like the previous techniques) by minimizing
the distances between the model-determined and the measured marker trajectories (i.e., MBO [LO99,
[DCD10, RCD17, LBN*17]). These techniques rely on a
predefined kinematic model with several joint constraints: spherical or hinge joints, more complex
anatomical constraints (e.g., for the knee, a parallel mechanism composed of two sphere-on-plane
contacts and four ligaments lengths constraints). They hence offer promising results as joint models

with subject-specific constraints can be introduced to reproduce specific bone geometry and behavior.

This latter type of techniques has been the focus of our researches, as they provide the possibility
to account for 3D anatomical models and flexibility in terms of joint degrees of freedom (DoF). Therefore,
we developed different strategies to model the actual biomechanical behavior of the hip, knee and shoulder
complex. In all cases, we start by considering a subject-specific kinematic chain using the 3D anatomical
models of the segments under evaluation (for the hip, the pelvis and femur; for the knee, the femur and tibia;
for the shoulder complex, the thorax, clavicle, scapula and humerus), so that we can minimize the overall
STA error through the entire kinematic chain. Then, specific joint constraints are introduced in the global

optimization problem:

11



e For the hip joint, we first model it as a spherical joint or ball-and-socket joint (i.e., 3 DoFs, no joint
translation) since this articulation is considered as very stable (maximum joint translation in non-
pathological subjects ~ 0.5 mm ) We then use a collision detection algorithm to correct
the position of the femur in case an abnormal contact with the acetabulum occurs (this is especially

the case during extreme motion), allowing the hip joint center to slightly shift during movement

[CAVMT09, [Chal0].

e For the knee, the joint is modeled as a parallel mechanism (6 DoFs) with four ligaments (anterior cru-
ciate ligament (ACL), posterior cruciate ligament (PCL), medial collateral ligament (MCL) and lateral
collateral ligament (LCL)) and two surface-on-plane contacts that force the lateral and medial femoral
condyles surfaces to maintain contact with the tibial plateaus, modeled as a 3D plane ﬂm

e Eventually, for the shoulder complex, the sternoclavicular (SC), acromioclavicular (AC) and gleno-
humeral (GH) joints are each defined as ball-and-socket joint, but with loose constraints on translation
implemented as a penalty-based method [CCK*14]. Joint translations are thus permitted but limited,
which allows to model the large ROM of the shoulder in particular at the GH joint.

The accuracy of the models developed ranges from 0.24 to 3.7 mm in translations and from 0.55° to
6° in rotations, which is acceptable for clinical use in the study of joint pathology. Best accuracy is obtained

for the hip joint. As a result, the 3D anatomical joint models of the subjects can be visualized in motion.

Figure shows examples of computed postures.

Figure 1.8: Computed postures for the knee, shoulder complex and hip obtained with the developed kinematic
models: side step (left), tennis serve (middle) and dancing movement (right). Additional markers placed on
the rest of the body and a virtual skeleton are also used to visualize the motion as a whole.
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1.5 3D simulation and surgical planning

3D simulation and surgical planning can be undertaken once the kinematic behavior of the joint is accurately
estimated. Several simulation techniques can be developed to answer specific clinical questions in the frame-
work of diagnosis, treatment or surgical planning. The clinical studies that we undertook the last few years
are discussed in the next chapter of this manuscript. However, we would like to briefly summarize below the

type of developments we have carried out in terms of simulation in the native and prosthetic joint.

1.5.1 Native joint

In the native joint, dedicated simulation and motion analysis techniques were developed to study the func-
tional behavior of the hip, knee and shoulder complex during daily living activities, sport activities or
rehabilitation exercises, and before/after specific treatments. Independently of the clinical goals, they can

be classified as follows:

e Motion analysis techniques — this class of techniques allows the description at each time instant of
the ROM of the joint in clinical terms (i.e., flexion/extension, abduction/adduction, internal/external
rotation) [GS83, WSAT02, WvdHV™05|, as well as the assessment of the joint congruency and in-
stability. These techniques are based on biomechanical calculations using the relevant bone AFs and
centers of rotation. They are at the basis of any kinematic study and were used for instance to analyze
the hip joint congruency and ROM necessary for the practice of dancing [CKD™11], to evaluate the
accuracy of the hip clinical examination [CCS™T15|, to determine shoulder joint instability in tennis
players [LCKCT6] and in patients before and after glenohumeral stabilization [LDTT16].

e Contact and conflict analysis techniques — this class of techniques is dedicated to the analysis of con-
flicts between the joint structures, such as bone-to-bone contact or cartilages compression. Simple
simulations allow the computation of minimal distance thresholds between the bone structures (Figure
11.9]A). More advanced simulations include the use of collision detection algorithms and penetration
depth methods to virtually locate abnormal contacts and to compute the topographic extent of tissue
compression (Figure ) These techniques were useful in the assessment of femoroacetabular im-
pingements in the dancer’s hip [CMTB™10, ICKD™11], in the analysis of glenohumeral external and
internal impingements during tennis movements [CCKLI5] and rehabilitation exercises [CLK™18|, as

well as for the planning of arthroscopic acromioplasty surgery [CCK™16, (CCP™18, ILCP'18§].

e FElongation analysis techniques — this class of techniques allows the simulation of deformation of sim-
plified soft tissues models (e.g., ligament, muscle-tendon) during motion and the measurement of their
length variation (i.e., elongation/compression). The soft tissues are modeled as 3D splines discretized
into a set of connected particles and their deformations are obtained using a position-based dynam-
ics approach [MHHRO7] (Figure ) that offers the advantage to derive position updates from the
particles positions itself using constraints — instead of relying on the calculation of forces to determine
accelerations, velocities and ultimately particle positions using numerical integration methods. For ex-
ample, we used such techniques to simulate the rotator cuff muscles during shoulder strength training

exercises [CLK™18] and more recently to simulate the knee ligaments during dynamic activities.
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Figure 1.9: A) Variation of minimal distances between the humeral head and inferior acromion for the
evaluation of subacromial impingement (colors other than blue are distances of less than 6 mm, meaning
that impingement may occur IMRS06]). B) Penetration depth distribution on the hip cartilages and
labrum for the evaluation of femoroacetabular impingement (blue color = no collision, other colors show
the compression zones in millimeters). C) Simulation of the knee ligaments with colors representing length
variations with respect to the neutral knee pose (warms colors = elongation, cold colors = compression).

Nowadays, a strong focus is being made on physically-based simulations (e.g., finite element models
[RTTS05, [WBD14], mass-spring models [CAVMT09]) which
are more advanced and realistic methods accounting for the dynamics and physical properties of the joint
tissues. However, current physically-based methods are difficult to set up and are limited to simple ROM
simulation where loads can be estimated [BD05]. Moreover, they require accurate tissue segmentation on
medical images, which remains a complicated task with respect to muscles and ligaments. Although the
aforementioned techniques are simplified non-physical approaches, they provide valuable clinical data and
are generalizable to different joints. In particular, the techniques developed are based on subject-specific
bone-soft tissue representation enabling stable and real time simulation of osteoarticular structures during

complex motion.

1.5.2 Prosthetic joint

In the prosthetic joint, our work has been focused on the total hip arthroplasty (THA) and shoulder reverse
arthroplasty (RSA). The developed simulation and motion analysis techniques were hence adapted to sustain
these particular scenarios. The same motion analysis techniques were used to study the hip ROM during
daily living activities in patients after THA ﬂm We however extended the contact analysis techniques
to account for collision detection between the bones and the prosthesis components (cup, liner, glenosphere,
stem) which are typical impingements occurring after RSA or THA (Figure . By combining these
two categories of techniques, subluxation due to impingements can also be assessed and quantified during
motion. Therefore, we tested in previous studies the kinematics of different implant configurations to improve
surgical planning [CCPT14, [CCS™15l [LCT8] and assessed impingements and subluxations in patients after
THA during ROM of everyday life [SCCT15].

14



Figure 1.10: Collision detection between the prosthetic components of the hip. The color represents the
impingement zone (blue = no collision, other colors = collisions).

1.6 Outline

This first chapter highlights our methodology to combine medical imaging and motion capture to study and
dynamically analyze personalized osteoarticular structures, as well as the line of research developed over
the past six years. This work has required an interdisciplinary approach and scientific knowledge at the
crossroads of radiology, orthopedics, biomechanics and computer graphics. More specifically, this work has
involved expertise in the segmentation and 3D reconstruction of hard and soft tissues from medical images,
the development of specific registration algorithms based on different modalities (optical motion capture,
dynamic imaging techniques), and the development of simulation tools for the evaluation of joint tissues or
implants during motion.

The remaining of the manuscript is organized as follows: Chapter [2] presents a selection of our most
significant work in the field that illustrates concretely how this methodology was implemented to answer
scientific and clinical questions. We finally conclude with our achievements and perspectives in Chapter

followed by Annexes.
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Chapter 2

Selection of work

5Leonardo da Vinci, 1506-1507. Studies of legs of man and the leg of a horse, Royal Library, Windsor.
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2.1 Introduction

Over the past six years, we devoted significant research to the biomechanical modeling of human joints and
to the exploration of several motion-related disorders. This work was primarily focused on the 3D modeling
and simulation of three particular joints: 1) the hip, 2) the shoulder complex and 3) the knee. This chapter
provides an overview of the scientific and clinical studies carried out in this field which can be organized as

follows:

e We developed personalized biomechanical models for the shoulder [CCK™ 14| and the knee [CCKT17]
to estimate joint kinematics from motion capture data. As explained in Section our kinematic

models are based on MBO including specific joint constraints.

e We improved the THA planning by developing simulation software tools taking into account both the
morphology and the kinematics of the joint |[SCCT15]. We also assessed the kinematics of different
implant configurations and the necessary hip joint mobility for everyday tasks [CCPT14, ICCS™15] to

improve surgical undertaking.

e We evaluated the GH joint during sport and more specifically in tennis players [CCKL15l [LCKCI6],
a population subject to shoulder impingements and instability due to the repetitive overhead arm

movements performed during this activity, in particular during tennis serve.

e We assessed shoulder treatment outcomes and rehabilitation, such as the impact of shoulder strength
training exercises on the GH joint [CLK 18|, the validity of the pendular Codman’s exercises [CCL™ 18]
— pillars of the shoulder rehabilitation program — and the effect of GH surgical stabilization in patients

suffering from anterior instability [LDT16].

e We developed surgical planning tools for acromioplasty [CCPT18, [LCPT18| and extended our work to
the analysis of RSA [LCI18] where our interest was to better apprehend the impact of the prosthesis
design on the mobility of the joint.

e Finally, we recently studied the functional behavior of the knee ligaments through an MRI study con-

ducted at different degrees of knee flexions and during sports movements recorded by motion capture.

The remaining of this chapter briefly summarizes five peer-reviewed journal articles selected among
this work. To our opinion, they represent nicely the interdisciplinary of our research. The full articles can

also be found at the end of this chapter.

2.2 Analyzing hip range of motion in everyday life

Charbonnier C, Chagué S, Schmid J, Kolo FC, Bernardoni M and Christofilopoulos P. Analysis of hip
range of motion in everyday life: A pilot study. Hip Int, 25(1):82-90, 2015.

To date, there is no clear consensus as to the amplitude of the “normal hip” in everyday life. Knowing

the necessary joint mobility for everyday life is important to better plan the THA surgery, particularly

when dealing with young active patients since they have a higher demand concerning hip ROM. The aim
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of this study was twofold: first, routine activities were acquired with young volunteers to determine the hip
ROM necessary for everyday tasks. The idea was also to use the motion data in computer simulations of
prosthetic hip joint 3D models to evaluate relative risk of impingement and loss of joint congruence during
their practice. The second objective was to assess the accuracy of passive hip ROM measurements during
clinical examination. Indeed, patient care starts with correct physical examination and determining the
patient’s passive hip ROM is one of its key points. Unfortunately, this process may lack precision because
of movement of other joints around the pelvis (i.e., no direct access to the joint).

Young healthy volunteers participated to the study. They were MRI scanned and their hips were
reconstructed in 3D from the medical images [Schll]. For the first motion experiment, data from the
participants were acquired during five activities known to be painful in case of hip disorders or prone to
implant impingement and dislocation: stand-to-sit, lie down on the floor, lace the shoes while seated and
pick an object on the floor while sitting or standing. The hip kinematics was computed from the markers
trajectories [CAVMTQ9, ICKD™11] and the ROM was quantified for each subject and all activities. For all
movements, a minimum of 95° hip flexion was required (mean range 95°-107°), lacing the shoes and lying
down being the more demanding. Abduction/adduction and IR/ER remained low (+ 20°) and variable across
subjects. The next step was to apply the recorded motion data to prosthetic hip joint 3D models. Nine
implant configurations, with variations of acetabular cup’s inclination (40°, 45°, 60°) and anteversion (0°,
15°, 30°) parameters, were tested. During the simulations, impingements were detected and femoral head
translations (subluxation) were computed to evaluate the joint congruence |[CCP*14]. Results showed that
impingements and subluxations occurred at maximal ROM in the anterosuperior area of the acetabulum.
The frequency of impingements varied according to the cup orientation (see article for details).

During the second motion experiment, a hip clinical exam was performed successively by two orthope-
dists with respectively two and twelve years’ experience, while the motion of the subjects was simultaneously
recorded using motion capture. Hip angles measured by the clinicians with the hand held goniometer were
compared with the kinematic data computed from motion capture. The error made by the clinicians during
physical examination varied in the range of +10°, except for flexion and abduction where the error was
higher (flexion: mean 9.5°, range -7°-22°; abduction: mean 19.5°, range 8-32°). No significant differences
between the errors made by the two examiners were noted.

This study concluded that the clinical exam was an accurate method for determining hip passive
motion, if extra care was taken to stabilize the pelvis during flexion and abduction to prevent overestimation
of the ROM. Moreover, we showed that daily activities involved important hip flexion that could expose the

prosthetic hip to impingement and subluxation.

2.3 Improving surgical planning for THA

Schmid J, Chénes C, Chagué S, Hoffmeyer P, Christofilopoulos P, Bernardoni M and Charbonnier C.
MyHip: supporting planning and surgical guidance for a better total hip arthroplasty: A pilot study. Int J
CARS, 10(10):1547-1556, 2015.

The THA planning and its execution during surgery rely on the experience of the surgeon. This process

could be greatly improved by considering pre-operatively the morphology and ROM of the patient’s hip
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to optimally select and position the implant, and consequently avoid undesirable functional mechanisms
following this type of surgery such as impingements or dislocations [MMDOT7, [PLSH11]. Moreover, the use of
intra-operative patient-specific surgical guides can help the surgeon to accurately execute the planning. This
article summarizes the “MyHip” computer-assisted framework® designed to support the preparation and
execution of the THA planning and developed in collaboration with the Geneva School of Health (HEdS),
the University Hospitals of Geneva (HUG) and Medacta International SA.

Pre-operative planning: Based on CT images, we reconstruct patient-specific hip bone models.
Anatomical and functional landmarks are also defined from the reconstructed models to determine key
parameters of the surgical planning (e.g., implant orientation) and the kinematics (e.g., AFs, hip joint cen-
ter). To account for the patient’s posture and to correct the cup anteversion accordingly, the pelvic tilt
[BPTT09] is measured from lateral radiographs since the patient can be acquired in weight-bearing posi-
tion. A dedicated protocol was developed allowing computation of the relevant pelvic descriptors (pelvic
tilt, sacral slope angle) with great accuracy. Based on the reconstructed models and pelvic tilt information,
a first virtual planning is performed and the implants that best fit the morphology of the patient are se-
lected. This initial planning is subsequently refined by performing a dynamic simulation of the prosthetic
3D models driven by a motion database of daily activities (e.g., walk, stand-to-sit, lace the shoes). This
database was created from motion capture of healthy volunteers [CCST15]. The goal of this simulation is
to detect potential risk of impingement and joint instability during everyday activities. The pre-computed
hip ROM stored in the database are applied to the virtual prosthetic hip and collision detections [CCPT14]
are performed to locate abnormal contacts between both prosthetic and bony components. Based on the
simulation’s results, the surgeon adapts and refines the initial implant configuration and selects the optimal
planning for the surgery.

Intra-operative guidance: Surgical guides — which are placed intra-operatively on bones — are pro-
duced by rapid prototyping, matching accurately the patient anatomy to ensure a good anchoring during
surgery. Their aim is to support the bone resection process. In this framework, we devised a computer-
assisted process for the automatic creation of these guides based on the 3D meshes of the patient and
information of the surgical planning.

Pre-operative and post-operative experiments: For validation purposes, we ran a pre-operative ex-
periment to investigate the impact of pelvic tilt on THA planning and two post-operative experiments with
operated patients. To quantitatively assess the impact of significant pelvic tilts in the dynamic planning,
two sets of prosthetic 3D models were produced whether or not the pelvic tilt was accounted for in the
planning. Dynamic simulations were then performed with the two sets of models in order to compare the
incidence of impingements during motion. Post-operatively, the first experiment studied the efficiency of
the intra-operative guidance with respect to surgical outcomes by registering the pre-operative bone and
implant models of the patients with their respective post-operative CT images and by comparing the differ-
ences of implants orientation and position. The aim of the second post-operative experiment was to perform
a dynamic analysis of the reconstructed post-operative patient’s hips based on kinematics acquired from
post-operative motion capture sessions or extracted from our motion database.

Results showed that if the pelvic tilt was ignored in the planning, there was an increased risk of

SMyHip: Patient-Specific Pre-operative Planning and Intra-operative Surgical Guidance for Total Hip Arthroplasty, CTI
project n°13573.1 PFFLE-LS
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significant subluxation and impingement in the prosthetic hip. Regarding the use of intra-operative guidance,
we measured small differences in the position and orientation of the virtual and effective cutting planes of
femurs, highlighting the surgeon’s capability to correctly replicate the planned bone cutting by using the
femoral guide. However, the surgeon did not fully respect the suggested placement of the femoral component
as we measured an average error of 4.4 mm between planned and executed positions of the stem head. For
the acetabular guide, we unfortunately did not perform a similar post-operative analysis, because the guide
was not available at the time of experiment. Finally, the second post-operative experiment revealed that the
patient’s motion was free of impingements, but not when testing with ROM of healthy subjects (i.e, ROM
from the motion database). Moreover, patients adopted less hip flexion with more abduction, which seems
to be a motion adaption and a good strategy to avoid impingement.

In conclusion, we presented in this paper a computer-assisted framework to better plan and execute
THA. By taking into account both morphology and dynamic information (posture, kinematics) of the patient,
traditional planning can be improved and possible causes of implant failures can be early detected. Surgical
guides can be designed with computer assistance and effectively assisted surgeons to execute the planning —
yielding a more cost-effective surgery. This framework is today routinely used by Medacta International SA

in their “MyHip” surgeries.

2.4 Modeling the kinematics of the glenohumeral joint

Charbonnier C, Chagué S, Kolo FC, Chow JCK and Ladermann A. A patient-specific measurement
technique to model the kinematics of the glenohumeral joint. Orthop & Traumatol: Surg & Res, 100(7):715-
719, 2014.

Measuring dynamic in vivo shoulder kinematics is crucial to better understanding numerous pathologies
and sport injuries, but remains a challenging problem due to the complicated anatomy and large ROM.
Unfortunately, the motion of the shoulder joints cannot be explored with standard MRI or CT because these
modalities are limited to static measurement and might therefore miss some specificities of dynamic motion.
Fluoroscopy-based measurement provides sufficient accuracy for dynamic shoulder analysis [ZMW™12], but
uses ionizing radiation. Motion capture systems using skin-mounted markers are good solutions to determine
shoulder kinematics non-invasively during dynamic movement [JMTB12, [KKB™12|, but are subject to STA.
Moreover, none of the current motion capture techniques have been used to study translation values at
the joint, which is crucial to assess shoulder instability. The aim of the present study was to develop a
dedicated patient-specific measurement technique based on motion capture and MRI to determine shoulder
kinematics accurately, and to assess the effectiveness of the proposed technique by comparing the resulting
3D kinematics with that obtained by simultaneous X-ray fluoroscopy during functional activity.

Six healthy volunteers were recruited for this study. They were MRI scanned and their shoulder bones
(scapula, humerus, clavicle and sternum) were reconstructed in 3D from the medical images. Local coordinate
systems [WvdHV™05] were then established for each bone using ALs identified on the reconstructed bone
models and MR images. The volunteers participated to a simultaneous X-ray fluoroscopy and motion capture
acquisition. Kinematics was acquired during three consecutive flexions of the arm from neutral to maximum

flexion, and three consecutive empty-can abductions of the arm from neutral to maximum abduction in
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the scapular plane. During testing, participants were equipped with a dedicated shoulder markers protocol
(see Section , including 69 spherical reflective markers placed directly onto the skin using double sided
adhesive tape.

Shoulder kinematics was computed from the recorded markers trajectories. We developed a patient-
specific kinematic chain comprising four rigid bodies (thorax, clavicle, scapula and humerus) using the
individual subject’s 3D MRI-based models. The position and orientation of the thorax relative to the
global coordinate system was determined with 6 DoF, and the SC, AC and GH joints were each defined as
ball-and-socket joint (3 DoF) with loose constraints on translation. Joint translation was thus permitted
but limited. The optimal pose of the kinematic chain was obtained by MBO using a non-linear sequential
quadratic programming algorithm [LT01]. Reference shoulder kinematics was computed from the fluoroscopic
measurements where the 3D poses of the scapula and humerus were obtained using a 3D-to-2D shape
matching technique [MMY™'12]. Humeral motion with respect to the scapula was finally determined for
both measurement methods and the results compared.

Root mean square errors (RMSE) for shoulder orientation were within 4° (mean range: 2.0° to 3.4°)
for each anatomical axis and each motion. For glenohumeral translations, RMSE were between 2.2 mm and
3.7 mm (mean range: 1.9 to 3.3 mm). Although the translation errors were significant, the computed patterns
of humeral translation showed good agreement with related works [MBP™12, MMY™12|. For example, the
data computed from the skin markers showed that the humeral head translated superiorly during the early
phase of arm elevation and inferiorly toward maximum elevation.

In this paper, we presented a patient-specific measurement technique based on the fusion of motion
capture and MRI data. We demonstrated that a first estimation of joint translation at the shoulder joint
was feasible based on skin-mounted markers. This original technique may open new horizons leading to
improved understanding of shoulder pathologies and new possibilities of analyzing large ranges of shoulder

motion, for instance during sport movements.

2.5 Evaluating the glenohumeral joint during sport

Charbonnier C, Chagué S, Kolo FC and Ladermann A. Shoulder motion during tennis serve: dynamic and
radiological evaluation based on motion capture and magnetic resonance imaging. Int J CARS, 10(8):1289-
1297, 2015.

During tennis serve, several impingements could occur in the shoulder of the tennis players, such as postero-
superior internal impingement [WBND92] or subacromial impingement [Nee72, NWST06]. These impinge-
ments result in joint damages of the glenoid labrum and rotator cuff tendons. The concurrence of the actual
impingement zone and resulting joint damage in the same patient has not yet been confirmed. Moreover,
there is a lack of validated non-invasive methods to ascertain impingement during motion. The goal of this
study was to perform functional simulations of patient-specific shoulder joints during tennis serve and to
detect potential impingement during their practice. This study also aimed at evaluating the prevalence of
shoulder lesions in this group of tennis players based on MRI and at determining their relevance with the
simulation findings.

Ten intermediate or ex-professional tennis players volunteered for the study. They underwent MR
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shoulder arthrography. Two musculoskeletal radiologists assessed all MRI arthrograms for shoulder pathol-
ogy (rotator cuff abnormalities [SPP 91|, labral lesions [WBIT05] and bony changes [MAB'99]). For each
tennis player, patient-specific 3D models of the shoulder bones, cartilage surfaces and labrum were obtained
from MRI and AFs were determined according to ISB [WvdHV™05]. The volunteers participated to a motion
capture session and performed three trials of the following variants of tennis serve: flat serve, when the ball
is hit down and through with little to no spin; and kick serve, when the ball is hit with an upward motion,
imparting top-spin on the ball.

Shoulder kinematics was obtained from motion capture using our kinematic model [CCK™14]. During
motion simulation, internal and subacromial impingements were evaluated at the critical position: the late
cocking stage of the serve. For internal impingement, a penetration depth method [CAVMT09, [CKD™11] was
used to virtually locate abnormal contacts and to compute the topographic extent of tissue compression. For
subacromial impingement, the minimum humero-acromial distance that is typically used for the evaluation
of such impingement was measured [CD12, IGHER™T05, [TLAB™13].

Internal impingement was observed in 76% and 75% of the tennis players’ shoulders during flat
serve and kick serve, respectively. The computed zones of internal impingement were mainly located in the
posterosuperior or superior region of the glenoid. Subacromial impingement was detected during flat serve
for 29% of the tennis players’ shoulders and was slightly more frequent during kick serve (38%). These
findings were relevant with respect to radiologically diagnosed damaged zones in the rotator cuff and glenoid
labrum.

In this paper, we dynamically evaluated shoulder impingement during tennis serve based on a
methodology using motion capture and computer-assisted techniques. From our data, we concluded that
tennis players presented frequent radiographic signs of structural lesions which seem to be mainly related
to posterosuperior internal impingement due to repetitive abnormal motion contacts. Recurrent posterosu-
perior internal impingement could lead with time to cartilage/tendon hyper compression, which could be

damageable for the GH joint.

2.6 Modeling the kinematics of the knee joint

Charbonnier C, Chagué S, Kolo FC, Duthon VB, Menetrey J. Multi-body optimization with subject-
specific knee models: performance at high knee flexion angles. Comput Meth Biomech Biomed Eng,
20(14):1571-1579, 2017.

When estimating knee kinematics from skin markers and stereophotogrammetry, MBO has provided promis-
ing results for reducing STA, but can still be improved. Moreover, the validation of the method remains
limited. In particular, MBO methods rely on the determination of a predefined kinematic model with spe-
cific joint constraints. Simple kinematic constraints (spherical or hinge joints) were introduced, but showed
limitations in reducing STA [SFC09, IABD ™10, [CDHAG17, [RCD17], especially its effect on joint translations.
Recently, anatomical constraints were proposed taking into account the articular surfaces and the ligaments
[DCDI10, BPH™11, [GDJ13 IGSJ ™15, [CDHJIGI7]. However, to our knowledge, only one work [CDHdGT5]
evaluated the performance of knee joint models with subject-specific kinematic constraints, showing MBO

improvements. Another aspect common to all previous studies is that the knee ROM of the activities
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considered in the in vivo experiments were limited to small flexion angles (usually between 40-65°). The
performance of MBO at higher knee flexion angles should be hence verified. The goal of this study was thus
to assess the performance of MBO with subject-specific knee models at high knee flexion angles (up to 110°)
against knee joint kinematics measured by MRI.

Eight subjects were recruited for the study. They were MRI scanned at several unloaded knee flexions:
0°, 45°, 90° and 110°. The subjects were equipped with external MRI-compatible markers set (i.e., spherical
capsules of Burgenstein Vitamin E) placed directly onto the skin using adhesive tape. Bone geometry
was obtained from 3D reconstruction based on the 3D images in neutral knee flexion. Parallel mechanism
was modeled with four ligaments (ACL, PCL, MCL, LCL) with prescribed ligament length variations as a
function of knee flexion angle and two surface-on-plane contacts, providing more accurate constraints than
the standard sphere-on-plane contacts. Moreover, the ligaments attachment sites were defined with reference
to MRI. Three different kinematic models were considered in the MBO problem: no kinematic constraints
(N), a spherical joint constraint (S) and parallel mechanism constraints (P) implemented as a penalty-based
method [GDJ13].

In order to assess the performance of the three models used in MBO to compensate for STA at
several knee flexions, model-based knee kinematics derived from the skin markers was compared to the knee
kinematics derived from the MRI scans. To this end, the MR series were processed, the bones segmented and
the reference bone positions and orientations were calculated by registering the subject-specific knee bone
models to each MRI pose. After MBO, the RMSE between the model-based and the reference kinematics
were computed for each method, each flexion angle and for the overall ROM.

The ranges of RMSE for knee rotations / displacements were 3.0°-9.2° / 1.3-3.5 mm for subject-
specific knee models, 6.8°-8.7° / 6.0-12.4 mm without kinematic constraint and 7.1°-9.8° / 4.9-12.5 mm for
spherical constraints. Overall, the lowest RMSE in all anatomical planes were obtained with the parallel
mechanism constraints. Compared to constraints N and S, the model P was particularly good in minimizing
displacements errors. RMSEs for flexion/extension and abduction/adduction obtained with model P were
also smaller (5.8° and 3.0°, respectively), but were comparable for internal/external rotation compared to
the other models (9.2°). For constraints N and S, the RMSE among the joint angles showed comparable
results (difference of 1°). RMSE for flexion/extension increased for constraints N and S with higher knee
flexion angles, whereas RMSE were in the similar range over all flexion angles for model P. For the other
anatomical planes, as well as for displacements, parallel mechanism constraints had more stable errors across
the whole ROM and less inter-subject variability.

In this study, we compared three MBO methods with different joint constraints against in vivo
knee joint kinematics measured by MRI at high knee flexion angles, up to 110°. Moreover, we introduced
anatomical constraints based on subject-specific knee joint models, taking into account personalized ligaments
attachment sites and knee bone geometry. The results of this study indicate that MBO with subject-specific
knee models was more effective in compensating STA compared to no kinematic and spherical constraints,
in particular for joint displacements. Moreover, it seems to be more reliable over large ranges of knee flexion
angle, since it models more precisely the physiological behavior of the knee joint (i.e., knee rollback), as
previously evidenced [DCD10| [LBNT17].
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ABSTRACT

Patients undergoing total hip arthroplasty are increasingly younger and have a higher demand concerning hip
range of motion. To date, there is no clear consensus as to the amplitude of the “normal hip” in everyday life. It is
also unknown if the physical examination is an accurate test for setting the values of true hip motion. The purpose
of this study was: 1) to precisely determine the necessary hip joint mobility for everyday tasks in young active
subjects to be used in computer simulations of prosthetic models in order to evaluate impingement and instabil-
ity during their practice; 2) to assess the accuracy of passive hip range of motion measurements during clinical
examination. A total of 4 healthy volunteers underwent Magnetic Resonance Imaging and 2 motion capture ex-
periments. During experiment 1, routine activities were recorded and applied to prosthetic hip 3D models includ-
ing nine cup configurations. During experiment 2, a clinical examination was performed, while the motion of the
subjects was simultaneously captured. Important hip flexion (mean range 95°-107°) was measured during daily
activities that could expose the prosthetic hip to impingement and instability. The error made by the clinicians
during physical examination varied in the range of +10°, except for flexion and abduction where the error was
higher. This study provides useful information for the surgical planning to help restore hip mobility and stability,
when dealing with young active patients. The physical examination seems to be a precise method for determining
passive hip motion, if care is taken to stabilise the pelvis during hip flexion and abduction.

Keywords: Total hip arthroplasty, Range of motion, Impingement, Joint instability, Daily activities, Physical
examination

Introduction

Total Hip Arthroplasty (THA) aims to restore patient mo-
bility by providing a pain-free and stable joint. An increasing
number of younger and more active patients undergo THA for
early onset arthritis (1, 2). Good function and longevity of a
prosthetic hip depend on many inter-related factors. Subopti-
mal geometry, spatial positioning and orientation of implant
components may contribute to early failures (3-5). Hip kine-
matics is also an important factor, since routine movements
can cause impingements within the joint between both bony
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and prosthetic components, reducing the range of motion
(ROM) and causing dislocations (6, 7).

The effects of prosthetic components positioning in re-
sultant hip ROM, impingements and dislocation mechanisms
have been previously documented (8-11). These studies were
generally based on in vitro simulations of prosthetic models
using simple, idealised kinematic sequences presumed to be
representative of activities prone to implant failures. Unlike
the works of Nadzadi et al (6) or Pedersen et al (7), too few
studies have considered the use of more realistic subject’s
kinematic data as input for the simulation. Moreover, there
exist no motion data matching the hip ROM of young patients
in daily tasks, since previous simulation studies have focused
on the prosthetic mobility of elderly patients. Nowadays,
candidates for a THA are increasingly younger and more de-
manding on hip ROM, collecting data concerning this group is
hence relevant for better surgical undertaking.

Another aspect that has caught our attention in this study
is that patient care starts with correct physical examination
and determining the patient’s passive hip ROM is one of its
key points. Usually, measurements of passive hip ROM are
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performed by clinicians using standard goniometers or in-
clinometers whose reliability has been well studied (12-15).
Unfortunately, this process may lack precision because of
movement of other joints around the pelvis (i.e., no direct ac-
cess to the joint). It is also unknown whether the examiner’s
clinical experience plays a role in obtaining correct results. To
our knowledge, assessing the accuracy of the physical examina-
tion as a method for determining the true passive hip ROM is
little investigated. Some authors compared hip ROM measure-
ments obtained with goniometer and electromagnetic tracking
system (14) or optical motion capture (13), but these studies
were affected by skin movement artifacts that could hinder ac-
curate kinematic estimation with electromagnetic or optical
motion capture systems (16). Therefore, research is still needed
in order to attest the validity of the physical examination.

The purpose of this study was hence twofold: 1) to define
in a precise way the necessary hip joint mobility for everyday
tasks in young active subjects. These data would be then used
in computer simulations of prosthetic hip joint 3D models to
evaluate relative risk of impingement and loss of joint congru-
ence during their practice; 2) to assess the accuracy of the
passive hip ROM clinical examination as a method for setting
the values of true hip motion.

In order to obtain accurate hip joint kinematic data, we
performed a pilot study using a validated patient-specific
technique coupling optical motion capture to magnetic reso-
nance imaging (MRI) where skin movement artifacts are ef-
fectively tackled.

Materials and Methods

The present study included an MRI study and two differ-
ent motion capture experiments. Experiment 1 - aimed at
determining the hip ROM in everyday activities to be used in
computer simulations of prosthetic hip models, while experi-
ment 2 - intended to assess the accuracy of passive hip ROM
measurements during clinical examination.

A total of 4 healthy young active participants (1 female,
3 males — 8 hips) were recruited from staff of the investigators’
research teams. Subject demographics are shown in Table I.
Exclusion criteria were previous hip injuries, any kind of groin
pain, hip surgery or contraindications for MRI. Institutional
ethical approval and informed consent were obtained prior
to data collection.

MR Imaging and bone model reconstruction

The 4 volunteers were MRI scanned with a 1.5 T HDxT
system (General Electric Healthcare, Milwaukee, WI, USA). A

TABLE | - Subject demographics

Hip range of motion in everyday life

flexible surface coil was used and the images were acquired
in the supine position. The imaging protocol was issued from
a previous study (17) that allowed for the acquisition of im-
ages suitable for both radiologic analysis and bone model
reconstruction. The region of interest of MRI datasets ex-
tended from the L4 vertebra to the knee. DICOM files of the
scans were transferred to a personal computer and virtual 3D
models of the hip joint were reconstructed thanks to custom-
made segmentation software (18). MRI was privileged over
Computed Tomography (CT) imaging, because it was not in-
vasive and the software used has proven to be very accurate
for the reconstruction of hip 3D bone models from MRI data
(mean % standard deviation error: 1.25 + 1.0 mm) (18). As
a result, patient-specific 3D models of the pelvis and femur
were reconstructed for each volunteer.

A musculoskeletal radiology specialist evaluated all images
to assess any bony abnormalities, such as hip dysplasia or cam/
pincer morphology. The morphological analysis included the
following radiographic criteria: acetabular depth (19), acetabu-
lar version (17), lateral center edge (CE) angle (20), anterior CE
angle (20), femoral head-neck alpha angle (21), neck-shaft angle
(22) and femoral neck anteversion (22). Measurements were
performed on the MRI scans in accordance with the methods
cited in the mentioned references. Thus, the acetabular depth
and version were considered as normal when the value was
positive. For the angles, they were considered as normal when
included in the following ranges: lateral CE angle within [25°,
39°]; anterior CE angle within [25°, 39°]; alpha angle <55°; neck-
shaft angle within [120°, 140°]; femoral neck anteversion <15°.

Motion capture experiment 1

To record the hip ROM in everyday life, the 4 partici-
pants were equipped with spherical retroreflective markers
(@14 mm) placed directly onto the skin using double sided
adhesive tape. A total of 2 clusters of 6 markers were placed
on the lateral and frontal parts of both thighs; 6 markers
were also stuck on pelvic anatomical landmarks (e.g., anteri-
or superior iliac spines). Additional markers were distributed
over the body (trunk, upper limbs, legs and feet) to confer a
more complete visualisation from general to detailed.

Motion capture data from the participants were acquired
during 5 activities: stand-to-sit, lie down on the floor, lace the
shoes while seated and pick an object on the floor while sitting
or standing. These movements were chosen, because they are
known to be painful in case of hip disorders or prone to hip im-
plants related complications (e.g., dislocation, impingements)
(6, 7). Marker data were captured within a 108 m® measure-
ment volume (6 x 6 x 3 m) using 24 infrared cameras (Vicon

Subjects # Gender Race Age Weight (kg) Height (cm) BMI (kg/m?)
1 Male Caucasian 33 78 182 23.55
2 Male Caucasian 24 70 184 20.68
3 Male Caucasian 25 80 180 24.69
4 Female Caucasian 30 69 180 21.30
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MXT40S, Oxford Metrics, UK), sampling at 120 Hz. Participants
were asked to perform each activity 3 times. For the activities
requiring a chair, a standard 45 cm height stool was used to
ensure that all pelvic markers were visible to motion capture
cameras.

Motion capture experiment 2

In order to assess the accuracy of passive hip ROM
measurement by physical examination, 2 orthopaedic sur-
geons with different levels of experience were involved in
this experiment. Surgeon 1 (junior) had 2 years of clinical
experience. Surgeon 2 (senior) had 12 years of clinical ex-
perience. Each examiner performed successively and in turn
a measurement of hip ROM of the participants’ hips, while
the motion of the subjects was simultaneously recorded us-
ing motion capture. Marker data were collected with the
same motion capture system and the same markers set-up
as those used for experiment 1.

Measurement of passive hip ROM was acquired accord-
ing to the following sequences: 1) supine: maximal flexion,
maximal internal/external rotation with hip flexed 90°, maxi-
mal abduction; 2) seated: maximal internal/external rotation
with hip and knee flexed 90°. For all measurements, a hand
held goniometer was used by the examiner to measure hip
angles in those different positions according to the neutral
zero method (23). Care was taken to stabilise the pelvis dur-
ing passive motion to prevent overestimation of the motion
values obtained. For both sequences, a standard hard table
was utilised as an examination table in order to avoid move-
ment artefacts occurring because of a mattress. The values
obtained by the examiners were noted down to be later com-
pared with the kinematic data computed from simultaneous
motion capture.

Kinematic analysis

Marker data from motion capture experiments 1 and 2
were used to compute the 3D kinematics of the hip joint.
The major drawback with optical motion capture systems is
that markers are placed on the skin surface and move rela-
tively to the underlying bone during activities with the de-
formation of the soft tissues. This represents an artefact and
is usually referred to as soft tissue artefact (STA). STA has
been proved to be the major source of errors in skin marker-
based joint motion analysis (16). To solve this issue, we used
a validated optimised fitting algorithm which accounted for
STA and patient-specific anatomical constraints (24, 25).
Indeed, computed motion was applied to the subject’s hip
joint 3D models reconstructed from their MRI data, which
allowed accounting for the subject’s anatomy and kinematic
parameters (e.g., hip joint centre). The accuracy of this al-
gorithm was 0.4, 0.59, 0.24 mm for medio-lateral, antero-
posterior and proximo-distal translations, and 0.55°, 2.86°,
1.71° for flexion/extension, abduction/adduction and inter-
nal/external rotation, respectively. This provided sufficient
accuracy for clinical use in the study of hip pathology and
kinematics.

To permit motion description of the hip joint, local coordi-
nate systems (Fig. 1) were established based on the definitions

© 2014 Wichtig Publishing

Fig. 1 - Reconstructed pelvis and femur bone models with pelvic
(XYZ) and femoral (xyz) coordinate systems in relation to the global
coordinate system (8X 8Y ¢Z). By computing the relative orientation
of the femoral frame to the pelvic frame, the relative orientation
between the pelvis and femur can be determined and decomposed
into three successive rotations (flex/ext, abd/add and IR/ER).

suggested by the International Society of Biomechanics (26) to
represent the pelvic and femoral segments using anatomical
landmarks identified on the subject’s bony 3D models. The hip
joint center was calculated using a functional method (27). For
the motion capture experiment 1, the hip ROM was quantified
for each participant and for all recorded daily activities. This
was obtained given the computed bones poses from motion
capture data by calculating the relative orientation between
the pelvic and femoral coordinate systems at each point of the
movement (25). This was finally expressed in clinically recogni-
sable terms (flex/ext, abd/add and IR/ER) by decomposing the
relative orientation into three successive rotations (28). It is
important to note that the computations were performed inde-
pendently of the major anatomical planes (i.e., sagittal, trans-
verse, frontal planes). For the motion capture experiment 2,
passive hip ROM recorded during clinical examination were
quantified with the same method. Relevant angles were com-
puted when the examiners were holding position of the lower
limb in order to be compared with their measurements.
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Simulation of prosthetic hips

Movements recorded in the motion capture experiment
1 were applied to prosthetic hip models, in order to evalu-
ate relative the risk of impingement and joint instability dur-
ing everyday activities. To this aim, a 3D hip model with a
prosthesis constituted by an acetabular cup of 48 mm and
a femoral head of 28 mm diameter was created. Bone ge-
ometry was obtained from a 3D reconstruction of a pelvic CT
in a young patient undergoing hip arthroplasty. Acetabular
and femoral implants were modeled according to a standard
commercial design (Medacta International, Castel San Pietro,
Switzerland). The femoral component was implanted respect-
ing the natural anteversion of the femur being parallel to the
posterior cortex of the femoral neck. To explore the effect of
acetabular component positioning, nine acetabular cup po-
sitions (combinations of 40°, 45° and 60° of inclination with
0°, 15° and 30° of anteversion) were chosen, including and
extending beyond the conventional “safe zone” of 30°-50° of
inclination and 5-25° of anteversion (29). Coordinate systems
were established for the pelvis and femur based upon ana-
tomical landmarks and definitions of the International Soci-
ety of Biomechanics (26).

Simulation was executed with custom-made software
that allows testing of the prosthetic hip model with real-
time evaluation of impingement and joint instability (30).
Hip angles (3 rotations) computed from motion capture data
were first applied at each time step to the prosthetic model
in its anatomical frame. Then, a collision detection algorithm
(24, 25) was used to virtually locate any prosthetic or bony
impingements. The impingement zone was denoted using
a color scale (Fig. 2) of increasing contact (e.g., blue = no
contact, red = highest contact) and its location documented
based on a reference system dividing the acetabulum into
8 sectors (position 1, anterior; position 2, anterosuperior;
position 3, superior; position 4, posterosuperior; position
5, posterior; position 6, posteroinferior; position 7, inferior;
position 8, anteroinferior). When impingement occurred,
the hip ROM was noted down. Moreover, femoral head
translations were computed to evaluate the joint congru-
ence. Since no loads were applied to the joint, the computed
translations should therefore be viewed as only represen-
tative of joint instability or subluxation rather than disloca-
tion. The reader can refer to the reference (30) for a more
comprehensive description of the simulation technique. The
5 different daily activities (3 trials for each subject) were ex-
amined, thus a total of 60 simulations were performed for
each cup position.

Statistical analysis

We analysed all subject’s hips according to the radio-
graphic criteria. Maximum hip ROM from the 3 trials re-
corded in experiment 1 was determined for all participants
and for all daily activities. For the simulations, we calculated
the frequency of prosthetic and bony impingement and the
distribution of the zone of impingement. We also computed
the hip ROM and the amount and direction of subluxation
when impingement occurred. We computed the errors made
by the 2 examiners during the clinical exams recorded in
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experiment 2. The 2 different tests for measuring hip internal/
external rotation (supine or seated) were also compared. For
the comparisons between the goniometer and the motion
capture measurements, Kolmogorov-Smirnov tests were first
used to test for a normal distribution. Then, two-tailed Wil-
coxon Signed-Rank tests were performed. A significance level
was chosen at p<0.05. Descriptive statistics are presented as
mean, range and standard deviations (SD) for each figure. The
statistical software package R, version 3.1.1 was employed.

Results
Imaging data

According to the morphological analysis, the hips of the
4 volunteers did not present any cam or pincer morphology.
No dysplastic hips, acetabular retroversion, femoral neck ret-
roversion, deep acetabulum or abnormal offset of the femoral
head-neck junction was noted. It was concluded that based
on the radiologic criteria all 8 measured hips were morpho-
logically normal. Table Il summarises the results of our mor-
phological analysis. For the femoral head-neck alpha angles,
only the measurements in anterior and anterosuperior posi-
tions are reported, since they are the more significant.

Motion data

As shown in Table Ill, daily activities involve intensive hip
flexion. For all movements, a minimum of 95° hip flexion was
required. Globally, the angles showed low standard devia-
tions (range 3.6 to 12.2), suggesting that movements were
performed similarly across subjects.

Regarding the clinical examination, the errors made by the
examiners varied in the range of + 10°, except for the flexion
andabductionwheretheerrorswere moresignificant(TablelV,
flexion: mean 9.5°, range -7° to 22°, p = 0.058; abduction:
mean 19.5°, range 8° to 32°, p = 0.014). No substantial differ-
ences between the errors made by the 2 examiners were not-
ed (average error for each examiner: 7.4° vs. 8.4°). In Table IV,
it is also interesting to note that examiners tended to over-
estimate flexion, abduction and internal rotation in supine
position (positive mean values), while internal and external
rotation tended to be slightly underestimated (negative
mean values) in sitting position. For the differences between
the hip internal/external rotations when measured in supine
or sitting position, the results issued from both orthopae-
dists and motion capture measurements showed that the 2
tests did not yield similar results. Particularly, internal rota-
tion was lower in supine than sitting for all measurements.
Similarly, external rotation was always higher in supine than
sitting.

Simulation data

Simulations showed collisions occurring at maximal rang-
es of motion in all cup positions (Tab. V). For all activities,
cups with more inclination and anteversion encountered less
impingement. ROM in flexion increased with increasing cup
anteversion (e.g., 99° at 45°/0°, 101° at 45°/15°and 103° at
45°/30° in average during pick an object on the floor while
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Fig. 2 - Visualisation of the impingement region during simulation (lateral and posterior views). The colours represent the area of increased
contact (blue = no contact, red = highest contact). A) Prosthetic impingement between the stem and the cup/liner (cup at 40°/0°, lace the
shoes). B) Prosthetic impingement between the stem and cup/liner including bony impingement between the medial corner of the femoral
osteotomy and the anterior inferior iliac spine (cup at 45°/15°, lie down).

TABLE Il - Morphological analysis (n = 8)*

Measures Mean SD Min Max
Acetabular depth (mm) 10.8 2.4 7.7 13.6
Acetabular version (°) 4.5 2.0 1.3 6.6
Lateral CE angle (°) 27.3 2.0 25.4 31.6
Anterior CE angle (°) 35.7 2.7 31.0 38.7
Femoral head-neck alpha angle - anterior (°) 39.5 37 347 473
Femoral head-neck alpha angle - anterosuperior (°) 40.9 6.3 33.8 51.0
Neck-shaft angle (°) 131.2 4.3 126.4 137.9
Femoral neck anteversion (°) 7.6 3.8 3.1 13.4

*Data are the number of hips.
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TABLE Il - Maximum hip ROM (°) during everyday activities (n = 24)*

Hip range of motion in everyday life

Movements Mean SD Range
Stand-to-sit

Flex 96.5 11.7 80-115

Abd/Add 7.4/0 6.1 2 (add)-19 (abd)

IR/ER 0/2.3 47 9 (IR)-14 (ER)
Lie down on the floor

Flex 107.1 12.1 85-130

Abd/Add 6.2/0 8.4 5 (add)-25 (abd)

IR/ER 1.9/0 7.1 11 (IR)-21 (ER)
Lace the shoes (seated)

Flex 107.8 10.5 92-121

Abd/Add 3.8/0 6.3 7 (add)-14 (abd)

IR/ER 0.3/0 36 5 (ER)-10 (IR)
Pick an object on the floor (seated)

Flex 94.8 8.8 74-110

Abd/Add 13.4/0 43 5-21 (abd)

IR/ER 7.3/0 4.1 1-13 (IR)
Pick an object on the floor (standing)

Flex 102.1 5.7 92-109

Abd/Add 11.2/0 5.7 3-20 (abd)

IR/ER 8.5/0 12.2 3 (ER)-32 (IR)

*Data are reported for the four participants (8 hips) performing three trials for each activity.

TABLE IV - Errors (°) made by the examiners and comparison between goniometer vs. motion capture measurements during clinical

examination

Motion Mean (abs)* Mean** SD Min Max P Value'
Supine
Flex 9.5 77 6.7 -7 22 0.058
IR 3.5 2.2 2.8 -2 8 0.259
ER 5.7 -3.5 4 -11 6 0.207
Abd 19.5 19.5 8.1 8 32 0.014
Seated
IR 3.6 -0.6 3.2 -9 6 0.916
ER 5.7 -1.5 2.9 -9 9 0.574

*Mean calculated from absolute errors.

**A negative value means that the examiners tended to underestimate the angle, otherwise they tended to overestimate it.

"Pvalues obtained with use of Wilcoxon Signed-Rank test.

seated). Regardless of the cup positions, most impingements
were observed during lie down (83/108 trials, 77%) and lace
the shoes (63/108 trials, 58%) which were the movements
requiring the highest hip flexion. Both prosthetic and bony
impingements were observed (Fig. 2), but prosthetic im-
pingements were the most frequent (251 prosthetic impinge-
ments vs. 117 bony impingements out of 540 trials tested).
Bony impingements between the medial corner of the femo-

A\

ral osteotomy and the anterior inferior iliac spine (subspine
impingement) occurred during lie down (50%), lace the shoes
(33%), pick an object on the floor while standing (25%), and
their frequency was indifferent of the cup positioning. Con-
cerning the location of impingements, they were located in
either the anterosuperior or anterosuperior/superior area of
the acetabulum (position 2 and 2/3 according to our docu-
mentation).
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Subluxations followed the same trend and were less im-
portant in cups with more inclination and anteversion (e.g.,
5.1 mm at 40°/0°, 2.5 mm at 45°/15°and 0.3 mm at 60°/30° in
average during lie down). For all cup positions and all activi-
ties, subluxations occurred in a posterior direction as a conse-
quence of impingements.

Discussion

To date, there is no clear consensus as to the amplitude of
the “normal hip”. Moreover, young patients are increasingly
receiving surgical treatment for early onset hip disease. Cur-
rent research related to THA generally focuses on the analysis
of typical patients undergoing THA. Unlike previous works, we
have presented an in-vivo study based on motion capture and
MRI to accurately determine the ROM of the hip joint in young
active subjects during daily activities. With the use of captured
motion, computer simulations of prosthetic hip joint 3D mod-
els were performed to evaluate impingement and related joint
instability during their practice. As far as we know, this is the
first study that aims to objectively assess the accuracy of pas-
sive hip ROM measurements during physical examination.

Daily activities of a “normal hip” involve intensive hip
flexion. For all movements, a minimum of 95° hip flexion was
required, lacing the shoes and lying down being the more
demanding. Abduction/adduction and internal/external rota-
tion remained low and variable across subjects. As expected,
the necessary hip joint mobility for everyday tasks in young
active subjects was significant, which could explain why such
motion can yield hip pain or possible early implant failure.

Regarding this latter aspect, simulations showed frequent
impingements during movements occurring at maximal rang-
es of motion. No cup position was spared, but the ones with
more inclination and anteversion encountered less impinge-
ment for all activities. This could be explained by the type of
movements tested requiring a high degree of flexion, which
renders the cups with less inclination and anteversion more
favorable to abutment during such motion. We did not per-
form testing of movements of daily living requiring extension
such as pivoting in a standing position or rolling over in bed,
which could have yielded different results. It is also impor-
tant to note that cups with more inclination or anteversion
are often subject to greater stress concentrations and wear
(7, 31). In terms of mobility, our data showed that the ROM
in flexion increased with increasing cup anteversion, as pre-
viously noted (9, 10). Moreover, leaning over from a seated
position to tie a shoe or lying down on the floor proved to
be the most impingement-prone challenges. Concerning the
location of impingement, they were mainly located in the
anterosuperior area of the acetabulum leading to posterior
subluxation. These instability patterns were consistent with
previous works (7, 10). Eventually, both prosthetic and bony
impingements were observed. The frequency of bony im-
pingements was indifferent of the cup positioning. This may
be due to the geometry of the bones used in the simulation
with the high amplitude of movements tested which render
the conflict inevitable whatever the position of the cup.

Concerning physical examination, the results showed that
the errors made by the 2 examiners were acceptable for inter-
nal/external rotation, but were quite significant when evaluat-
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ing passive flexion and abduction. For these last 2 measure-
ments, virtual simulations of the process revealed interesting
motion trends of the pelvis during the exams. During flexion, a
posterior rotation of the pelvis in the sagittal anatomical plane
was observed. This movement was accompanied by a slight
flexion of the hip joint that hence followed the alignment of
the acetabulum. During abduction, a medial rotation of the pel-
vis in the frontal anatomical plane was observed. These motion
patterns could explain why examiners overestimated the values
of these 2 measurements by ignoring subtle motion of the pel-
vis. Regarding the differences between the 2 tests for measur-
ing hip internal/external rotation, internal rotation was lower in
supine than sitting, while external rotation was higher in supine
than sitting. The errors made by the examiners were equivalent
in both tests. Therefore, both tests should be performed when
examining the hip joint since the results observed express dif-
ferent values of pelvic position variation. The examiner’s expe-
rience was also not found to be a determining factor.

Several study limitations need to be stated: firstly, the col-
lection of motion data was based on a small number of par-
ticipants. This work is part of a larger research project that
aims to improve the pre-operative planning for THA by in-
cluding a dynamic simulation of the prosthesis using motion
data in everyday life of representative subjects. Our goal was
to perform a pilot study to attest the validity of the methods
developed before performing clinical studies with patients
undergoing THA. Secondly, potential sources of errors should
be mentioned such as the 3D bone reconstruction from MRI
data (error = 1.25 mm) and the kinematics computation from
motion capture data (translational error = 0.5 mm, rotational
error <3°). Thirdly, our prosthetic joint simulation ignores the
contributions of loads and soft tissue structures around the
joint that could play a role in the impingement and dislocation
mechanisms. Finally, the radiological analysis for hip abnor-
malities was based on native hip MRI (reliability of the findings
estimated at 65%) and not MR arthrography that may offer
better definition of intra-articular pathology.

Daily activities involve important hip flexion that could ex-
pose the prosthetic hip to impingement and subluxation. This
information should be considered in the surgical planning
and prosthesis design when restoring hip mobility and stabil-
ity, particularly when dealing with young active patients. The
clinical examination seems to be a precise method for deter-
mining passive hip motion, if extra care is taken to stabilise
the pelvis during flexion and abduction to prevent overesti-
mation of the range of motion. Further studies are required
before attesting to the accuracy of this test.
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Abstract

Purpose Total hip arthroplasty (THA) aims to restore
patient mobility by providing a pain-free and stable artifi-
cial joint. A successful THA depends on the planning and
its execution during surgery. Both tasks rely on the experi-
ence of the surgeon to understand the complex biomechanical
behavior of the hip. We investigate the hypothesis that a
computer-assisted solution for THA effectively supports the
preparation and execution of the planning.

Methods We devised MyHip as a computer-assisted frame-
work for THA. The framework provides pre-operative plan-
ning based on medical imaging and optical motion capture to
optimally select and position the implant. The planning con-
siders the morphology and range of motion of the patient’s
hip to reduce the risk of impingements and joint instability.
The framework also provides intra-operative support based
on patient-specific surgical guides. We performed a post-
operative analysis on three patients who underwent THA.
Based on post-operative radiological images, we recon-
structed a patient-specific model of the prosthetic hip to
compare planned and effective positioning of the implants.
Results When the guides were used, we measured non-
significant variations of planned executions such as bone
cutting. Moreover, patients’ hip motions were acquired and
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used in a dynamic simulation of the prosthetic hip. Conflicts
prone to implant failure, such as impingements or subluxa-
tions, were not detected.

Conclusions The results show that MyHip provides a
promising computer assistance for THA. The results of the
dynamic simulation highlighted the quality of the surgery
and especially of its planning. The planning was properly
executed since non-significant variations were detected dur-
ing the radiological analysis.

Keywords Total hip arthroplasty - Pre-operative planning -
Guiding blocks - Medical imaging - Joint kinematics -
Impingements and joint instability

Introduction

Total hip arthroplasty (THA) aims to restore patient mobility
by providing a pain-free and stable joint. A successful THA
is mainly characterized by the efficiency of the prosthetic hip
in terms of biomechanics and fulfillment of patient expecta-
tions [31]. Another success criterion is the cost-effectiveness
of the surgery—which includes economic aspects such as the
surgical time and reduction in implant revisions (up to 150 %
of the cost of a primary hip arthroplasty [50]).

THA is constantly evolving to reduce possible compli-
cations such as implant fracture or dislocation—despite it
presents a very good survivorship (e.g., 80 % at 25 years of
post-operative follow-up [31]). Complications are particu-
larly related to the selection and positioning of the implants.
These factors are also critical to ensure patients’ comfort and
satisfactory hip range of motion (ROM).

Conventional planning mostly relies on antero-posterior
radiographs to image the patient’s anatomy. Such procedure
is subjective and lacks accuracy in assessing the correct posi-
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tioning of implants from 2D projected images [3]. To improve
the planning accuracy, some authors devised computer-
assisted solutions to select and fit the implants [25,28,43,52].

Despite these improvements, the planning adopts a “sta-
tic” approach that ignores dynamic aspects such as joint
kinematics and postural variations (i.e., pelvic tilt [29]).
Kinematics play an important role since some movements
may yield excessive wear [5,37] and create impingements
resulting in reduced ROM [54], dislocations [40,45] and
implant loosening [34]. The influence of kinematics has been
studied in relation with kinetics (load, stress) in computer
simulations [1,21,45,53]—but these works did not focus on
planning strategies to provide computer-assisted support to
THA.

While the THA success is undoubtedly dependent on the
planning quality [16,18], the surgeon’s ability to exactly
reproduce the planning is also critical [38]. Without intra-
operative assistance, surgeons usually refine their choice of
resected areas and of the type and positioning of implants
during surgery, which is time-consuming and may result in a
loss of accuracy [47]. For instance, Callanan et al. [9] reported
a 50 % of malpositioned cups in non-assisted THA and hip
resurfacing surgeries.

Computer-assisted surgical systems have often been
reported with an increase in accuracy in implant position-
ing [2,57]—but with some possible lengthening of surgical
time [36]. An adequate intra-operative assistance should help
to reproduce the planning while being cost-effective and
respectful to patients (e.g., reasonable blood loss and short
recovery time).

In this paper, our research hypothesis is that the consid-
eration of patient morphology and dynamics during the pre-
and intra-operative phases are expected to improve the qual-
ity and success of THA, as suggested by Wixson et al. [56]. To
test it, we developed and present here our computer-assisted
framework “MyHip” for THA that considers the anatomy
and kinematics of the prosthetic hip during planning. The
planning relies on morphology and ROM of the patient’s
hip to optimally position the implant, and reduce the risk
of impingements and joint instability. The framework also
facilitates the automatic creation of patient-specific surgical
guides for intra-operative assistance—a technology success-
fully used in total knee arthoplasties (TKA) [14,15].

Materials and methods

Pre-operative planning

The goal of pre-operative planning is to assess the surgi-
cal parameters regarding acetabular and femoral positioning

of implants—including size of implant components, cup
orientation and stem anteversion, femoral neck cut height

@ Springer
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iliac spine
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Fig. 1 Anatomical and functional landmarks for surgical and kine-
matic parameters

and angle, and differences in leg length and lateralization.
Cup orientation is controlled by inclination and anteversion
angles [39]. The positioning and the size of implants are
known to be correlated with implant failures such as dis-
locations [26,46], impingements [26], reduced ROM [7],
excessive wear [8] and leg length discrepancy [27].

Anatomical reconstruction

Based on computed tomography (CT) images, we reconstruct
subject-specific models of hips by segmentation. The CT pro-
tocol is designed to maximize image quality while reducing at
best the dose—by using varying slice thickness (e.g., pelvis:
[0.5-1] mm, femur: [2-3] mm) and acquiring only proximal
and distal parts of the femurs.

Automatic thresholding coupled with bone filling seg-
ments most of the bones but we perform some manual
segmentation to refine results in pathological areas with
abnormal morphology and intensities. The manual refine-
ment requires in average 5 min of time. The segmentation
is carried out with Mimics software v16.0 (Materialise NV,
Leuven, Belgium).

Various anatomical and functional landmarks (Fig. 1)
are extracted from the reconstructed models to define key
parameters of the surgical planning and the kinematics. For
instance, landmarks on the pelvis are used to express pelvic
tilt (“Pelvic tilt”) and implant orientation while femoral
neck anteversion is derived from landmarks on femoral
epicondyles. Similarly, the location of the hip joint center
(HJC)—estimated by a functional method [19]—is required
to compute the joint coordinate system and to estimate hip
joint rotations.

Pelvic tilt

Pelvic tiltis defined as the angle o between the anterior pelvic
plane (APP) and the coronal plane [4] (Fig. 2a). It is an impor-
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Fig. 2 Pelvic tilt computation. a The pelvic tilt is defined as the angle
o between the coronal plane and the anterior pelvic plane (APP) pass-
ing through the AS/S and Sy anatomical landmarks. Here, the « angle
is positive since the pelvis is anteverted. b Our alternative radiograph
protocol: the centering point (x) is located below the iliac crest on the

tant indicator of pelvis version that should be used to correct
the chosen value of cup anteversion [32,44,48]. We used the
ASIS and Sy anatomical landmarks (Fig. 1) to compute the
APP [33].

Lateral radiographs are commonly used to measure pelvic
tilt since patients can be acquired in weight-bearing position.
To accurately measure the angle by avoiding beam diver-
gence [58], left and right ASIS should be superimposed and
centered with respect to the detector [4] (Fig. 2a). This results
in a significantly large portion of the detector being directly
exposed which yields too short exposure time and a bad
image quality when using automatic exposure control.

To avoid the use of an invasive fluoroscopy guidance to
tackle beam divergence, we devised an alternative protocol
based on the acquisition of lateral lumbar spine radiographs
(Fig. 2b). In this protocol, we do not need to acquire the ASIS
as produced radiographs are used to compute the sacral slope.
It is defined as the angle B between the horizontal direction
and the cranial end-plate tangent of S1 (Fig. 2c¢).

As reported by Lazennec et al. [29], the B angle is
accurately computed in lateral radiographs—with the same
accuracy than would be obtained with the modality EOS
(EOS imaging SA, Paris, France). Similar to radiographs,
the EOS scans patients in standing position but does not pro-
duce images with projective distortion—which theoretically
makes it a better candidate to compute pelvic descriptors.
However, Lazennec et al. [29] could not find any statistical
difference when measuring the sacral slope with EOS and
standard radiographs.

The value of pelvic tilt « is linked to the sacral slope B
with the following formula (Fig. 2c):

a=y+p—m/2 (1)

perpendicular

B to S1 \

perpendicular
to APP

cranial
end-plate
of §1

()

lumbar spine and the success criterion is the alignment of the femoral
heads (©). ¢ The pelvic tilt is linked to the sacral slope 8 (angle between
horizontal direction and cranial end-plate tangent of S1) and the y angle
by @« =y + B — /2. d The y angle is independent of patient position
and can be directly computed from the pelvic bone morphology

The presence of divergence or the possible absence of the
ASIS in the radiographs prevents the direct computation of
the y angle. However, the y angle is not dependent on the
patient position and can be expressed as the angle between
the normals of the S1 cranial plate and the APP (Fig. 2d).
Hence, we can easily compute this angle from the recon-
structed models of the hip (“Anatomical reconstruction”).

Kinematics

To perform realistic motion simulations of prosthetic mod-
els, a motion database of daily activities was created. Four
young active healthy subjects (1 female, 3 males; mean age,
weight and height: 28.0 years, 74.2kg and 181.5 cm) under-
went magnetic resonance imaging (MRI) and motion capture.

Kinematic data were recorded using a Vicon MXT40S
motion capture system (Oxford Metrics, UK) consisting of 24
cameras sampling at 120 Hz. The volunteers were equipped
with retroreflective markers (@14 mm) placed directly onto
the skin. Six markers were placed on pelvic anatomical land-
marks (e.g., ASIS, Fig. 1) and two clusters of six markers
were stuck on the lateral and frontal parts of both thighs.
Additional markers were distributed over the body to pro-
vide a global visualization of the motion.

The following activities were recorded (3 trials each):
walk, stand-to-sit, lie down on the floor, lace the shoes while
seated and pick an object on the floor while seated or stand-
ing. These activities were chosen to reflect a variety of routine
movements. Some are also known to be prone to hip implants
failure (e.g., dislocation, impingements) [40,45]. If more spe-
cific patient’s activities (e.g., sport movements) would be
required, the patient could perform a dedicated motion cap-
ture session to enrich the motion database.

@ Springer
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Fig. 3 Kinematic animation of the right hip joint during activity of

“picking an object on the floor,” showing the markers set-up (small
colored spheres) and a virtual skeleton used to better visualize and
analyze the motion as a whole

The hip joint kinematics was computed from the recorded
marker data (Vicon markers reconstruction error < 0.5 mm).
To solve the issue of soft tissue artifacts (STA) that could
hinder accurate kinematic estimation [30], we used a val-
idated optimized fitting algorithm (accuracy: translational
error &~ 0.5 mm, rotational error < 3°) which accounted
for STA and patient-specific anatomical constraints [10,11].
Indeed, computed motion was applied to the volunteer’s hip
joint 3D models reconstructed from their MRI data [51]—
which allowed accounting for the subject’s anatomy and
kinematic parameters (e.g., hip joint center). Figure 3 shows
examples of computed postures.

The hip ROM was quantified for each volunteer and for
all recorded daily activities, thanks to two bone coordinate
systems (one for the pelvis, one for the femur) defined on the
reconstructed models and derived from the anatomical land-
marks (“Anatomical reconstruction”), according to standards
of the International Society of Biomechanics [59]. Given the
computed bone poses from motion capture data, hip angles
(flex/ext, abd/add and IR/ER) were determined at each point
of the movement [11]. Eventually, the ROM of the four vol-
unteers’ trials were averaged for each activity, and the final
values were stored in a database to be later used in the sim-
ulation software.

We decided to use a motion database for two main rea-
sons: (1) to acquire target ROMs that THA should restore
in terms of mobility, since patient undergoing this surgery
have limited ROMs or simply cannot perform a motion cap-
ture due to their musculoskeletal disorder and (2) to avoid any
additional financial burden to patients since acquiring patient
motion might not be reimbursed by the health insurance.

Dynamic planning

Based on reconstructed models and surgical parameters
computed from landmarks (“Anatomical reconstruction”),
surgeons perform a virtual planning of THA. Implant size
and positioning are selected and a virtual bone resection is

@ Springer
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Fig. 4 Detection of the impingement region during simulation of a
prosthetic hip. The colors represent the area of increased contact (blue
no contact, red highest contact). Here, the simulation shows a prosthetic
impingement between the stem and the cup/liner during lacing the shoes

immediately applied to the models, as exemplified in Fig. 4.
This virtual planning is performed online and provides an
efficient feedback to prepare a first planning based on mor-
phological aspects.

The initial planning is subsequently refined by perform-
ing a dynamic simulation of the prosthetic 3D models driven
by the motion database. The goal of this simulation is to
detect potential risk of impingement and joint instability dur-
ing everyday activities. The pre-computed hip angles stored
in the database are first applied at each time step to the virtual
prosthetic hip in its anatomical coordinate systems [12].

A collision detection algorithm [10,11] is then used to
virtually locate abnormal contacts between both prosthetic
and bony components (Fig. 4). Moreover, femoral head
translations (subluxation) are computed to evaluate the joint
congruence [12]. Based on the simulation’s results, the sur-
geon adapts and refines the initial implant configuration and
selects the optimal planning for the surgery.

Intra-operative guidance

Guides are components that are placed intra-operatively on
bones to support the bone resection process. Their surface
must accurately match the patient anatomy to ensure a good
anchoring, and their shape and positioning are derived from
the surgical planning. Guides are thus personalized for the
patient and the surgery, and are produced by rapid prototyp-
ing based on 3D meshes.

We devised a computer-assisted process for the creation
of these meshes, exemplified in Fig. 5. Based on informa-
tion of the surgical planning (e.g., cutting plane P for the
femoral neck) and on constraints provided by the operator
(e.g., anchoring points a| and a; specified on bone), generic
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| planning
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Fig. 5 Guide adaptation process with an example of prototype for a
femoral guide. From left to right: a generic model of the guide is resized
and positioned on the bone surface based on information of the planning
(e.g., femoral cutting plane P) and constraints provided by an operator
(e.g., points g1 and g; of the superior “pads” of the model to be located at

models of guides are automatically resized and positioned
with respect to the reconstructed bones. The geometry of
a guide is divided into different sub-parts that are inde-
pendently deformed with thin-plate spline transforms (TPS)
[17]—this subdivision mainly preventing geometrical com-
plications such as overlapping triangles that could result from
TPS.

Finally, the bone surface is removed from the adapted
guide models based on Boolean mesh subtraction to obtain
individualized meshes closely fitting patient anatomy. We
used the CARVE library (http://carve-csg.com) to perform
Boolean mesh operations.

Post-operative assessment

For validation purposes, we acquired and processed post-
operative CT images of operated patients to accurately assess
the quality of the surgery with respect to the planning—by
reconstructing 3D models of the bones and implants. Patients
underwent a post-operative dual energy CT scan designed
to reduce artifacts of metallic implants. Instead of directly
segmenting the collected images, we rigidly registered the
pre-operative bone models (“Anatomical reconstruction”)
and CAD models of the implants to the CT images.

The optimization of the model transformations was indi-
rectly performed by controlling the motion of the corre-
sponding models as they were rigid bodies evolving in a
system built upon Newtonian laws of motion [51]. We defined
external forces based on image gradient to attract models
toward boundaries of interest [51]. To regulate the simulta-
neous evolution of several models, we implemented collision
response to avoid inter-penetrating models and constrained
the head of the stem to remain inside the socket of the cup’s
liner.

Bone segmentation was corrected to account for resected
areas. First the implant models were subtracted from the
bone models, then the bony parts effectively removed by the
surgery were manually identified in the image and subtracted
from the models.

p
personaliZed guide

anchoring points a; and ay). The generic model is composed of sub-parts
to easily resize the guide—while avoiding geometrical complications
such as overlapping triangles. The bone surface is subsequently sub-
tracted from the guide model to yield the final personalized guide

Experiments

First, we ran a pre-operative experiment to investigate the
impact of pelvic tilt on THA planning, by performing a
dynamic analysis on one patient (‘“Pre-operative experiment
on pelvic tilt””). Then, we ran two post-operative experiments
with three patients based on post-operative CT images and
motion capture data (“Post-operative experiments”).

Pre-operative experiment on pelvic tilt

The purpose of this experiment was to quantitatively assess
the impact of significant pelvic tilts in the dynamic planning.
We considered a pelvic tilt as being significant when || > 5°
(Eq. 1). Such value of 5° would produce an approximate
error of 3.5° in effective cup anteversion [32] (for planned
radiographic anteversion (RA) of 15° and inclination (RI) of
45°)—yielding a cup configuration close to the limits of the
recommended “safe zone” [45].

We measured on one patient a retroverted pelvic tilt of
—17.8° based on our radiographic protocol (‘“Pelvic tilt”).
Two sets of prosthetic 3D models were produced whether or
not the pelvic tilt was accounted for in the planning. Dynamic
simulations (“Dynamic planning”’) were then performed with
the two sets of models in order to compare the incidence of
impingements during motion. To investigate more variations
of ROM, all individual motion trials of the healthy volunteers
were simulated for each daily activity instead of the averaged
trials stored in the database.

Post-operative experiments

A pilot study was conducted with three male patients under-
going THA (mean age, weight and height: 65.0 years, 91.3 kg
and 178.0cm)—after approval from local ethics commit-
tees and written informed consent given by the patients. All
patients benefited from the MyHip pre-operative planning.
During their surgery performed with the anterior approach,
only femoral guides were used since support for acetabular
guidance was still under development.
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Two post-operative experiments were conducted. The first
experiment (“evaluation of intra-operative guidance”) stud-
ied the efficiency of the intra-operative guidance with respect
to surgical outcomes, while the second one (“Dynamic
simulation”) applied a dynamic analysis on reconstructed
post-operative hips based on kinematics acquired from post-
operative motion capture sessions or extracted from our
motion database.

Evaluation of intra-operative guidance

Based on our registration-based approach (“Post-operative
assessment”), pre-operative bone and implant models were
simultaneously and rigidly registered to the corresponding
CT image. We first assessed the accuracy of the bone seg-
mentation by comparing the bone registration results with
manual segmentations performed by a trained radiographer,
based on the average symmetric distance (SD) [23]. Then,
we measured (i) the differences in position and orientation
of the virtual and effective cutting planes of femurs and (ii)
the positioning of the stem with respect to the femur between
the planning and the post-operative reconstruction. Based on
these measures, the quality of the planning execution was
studied along with associated surgical outcomes such as leg
length discrepancy.

Dynamic simulation

After a minimum of four months after surgery, the three
patients participated to a motion capture session. Marker data
were collected during the activities of daily living with the
same motion capture system and markers protocol as those
used in the pre-operative stage. The captured data were post-
processed and the patients’ hip ROM were calculated based
on the method described in Section “Kinematics.”

Using the patient’s motion as input and the models of
their prosthetic hips reconstructed from the post-operative
CT images (“evaluation of intra-operative guidance”), a
dynamic simulation was performed to assess the prevalence
of impingement during their practice. Again, the collision
detection algorithm [10, 11] was used to detect any abnormal
contact (“Dynamic planning”). All patients’ trials were simu-
lated. To evaluate the patients’ mobility compared to healthy
subjects, additional simulations were performed with motion
data from the database.

Results
Impact of pelvic tilt on planning
In the pre-operative experiment on pelvic tilt impact (“Pre-

operative experiment on pelvic tilt”), the dynamic simulation
was performed for the planning with and without tilting con-
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sideration. For both plannings, impingements were observed
during lacing the shoes in the antero-superior position of the
acetabulum. Contacts occurred either between the stem and
acetabular rim (20 %), the femur and anterior superior iliac
spine (20 %) or a combination of both (60 %). Subluxation
was slightly higher when the pelvic tilt was ignored (mean
=+ standard deviation: 1.0 £ 1.5mm without tilt vs. 0.7 £
1.0 mm with tilt).

Moreover, impingements between the prosthetic compo-
nents were more intense. In particular, the stem and cup/liner
also encountered collisions, which could result in extra joint
damage.

Evaluation of intra-operative guidance

In the first post-operative experiment (“Evaluation of intra-
operative guidance”), the simultaneous registration of bone
and implant models required in average 3 min to converge
(Intel Xeon Quad-Core at 2.1 Ghz, 8 Gb of RAM), while the
subsequent manual correction for resected bone was quickly
performed within 5—10 min.

The rigid registration of models combined with inter-
model constraints (collisions, liner-head constraint) allowed
us to tackle image regions with significant metallic artifacts
that would have been very difficult to segment manually (Fig.
6a, b). Indeed, since some regions around bone and implants
presented little image artifacts, the approach was more effec-
tive in these regions and could constraint the registration in
areas with more artifacts—yielding a robust process.

Fig. 6 Example of segmentation of a post-operative CT image by rigid
registration of pre-operative models, whose contours are overlaid on a—
b axial and ¢ coronal slices. Our constrained registration is particularly
useful in regions with strong metallic artifacts, exemplified in the axial
slices



Int J CARS

SD (mm)
0.829 l 0.8

0.4

I 0.2
0.103

Fig. 7 Example of segmented femur for which the cutting plane area is
color mapped with the surface distance between planned and effective
resection. Highest errors take place along lines related to the staircase
effect of manual segmentation

Despite we used pre-operative bone models and the
images presented resected areas and image artifacts, we
observed an accurate bone segmentation (Fig. 6). Compared
to the manual reference segmentation, we measured an aver-
age SD of 0.36 = 0.20mm.

We measured small differences in the position and orien-
tation of the virtual and effective cutting planes of femurs. We
computed for the cutting plane area an average surface error
of 0.68 £ 0.08 mm. As shown in Fig. 7, this small error was
partially related to the “staircase” effect of the reconstruction
of the manually segmented area. Since the accuracy of the
bone segmentation was very satisfactory (= 0.36 mm), it did
not significantly bias the computation of the cutting plane
error.

Finally, we compared the positioning of the stem with
respect to the femur between the planning and the post-
operative reconstruction, by measuring an average distance
of 4.4mm between the centers of the planned and post-
operative head of the stem.

Post-operative dynamic simulation

In the second post-operative experiment (“Dynamic simula-
tion”), no impingement could be noted for any patient using
their own motion. When the motion database was used, bony
impingements were observed during lacing the shoes and
prosthetic impingements occurred during picking an object
while standing for all patients. The average subluxation was
2.63 £ 2.25mm and 1.01 & 1.31 mm, respectively. The con-
tacts were all located in the antero-superior position of the
acetabulum.

Interestingly, patients did not have the same ROM com-
pared to the one from the motion database of healthy subjects.
Patients performed the different daily activities with lower
hip flexion (—13+11.2°) and higher abduction (+14 £4.4°).

In addition, one patient could not perform the full ROM of
one motion (lace the shoes) because of hip and back pain.

Discussion
Dose exposure in radiological acquisitions

Volunteers of our pilot study underwent various radiological
acquisitions: the pre-operative CT for anatomical reconstruc-
tion (“anatomical reconstruction”), the lateral radiograph
for pelvic tilt computation (“pelvic tilt”) and finally the
post-operative CT for post-operative assessment (“‘evalua-
tion of intra-operative guidance”). In clinical routine, the
MyHip approach does not include post-operative CT acqui-
sitions as surgeons commonly assess the implant position
by using post-operative radiographs—to reduce dose expo-
sure. In this study, the Computed Tomography Dose Index
(CTDI) and the Entrance Surface Dose (ESD, for radi-
ographs) were within the recommended National Diagnostic
Reference Levels provided by the Swiss Federal Office of
Public Health.

In our pre-operative CT protocol, we sought for the best
trade-off between image quality and delivered dose, and we
preferred not to use MR images as an alternative modality
despite it is not invasive. In fact, despite equivalent bone seg-
mentation accuracy with MR or CT images has been reported
with cadavers [6,49], MR scanning time is longer—possibly
yielding image motion artifacts with patients [49]. Further-
more, MR segmentation generally requires more complex
segmentation approaches as trabecular and cortical bone
intensities vary and are dependent on the MR protocol [51].
Finally, surgical outcomes are generally worse when MR
images are used for arthroplasty planning instead of the CT
modality (e.g., superiority of CT-based plannings [20] in
post-operative neutral alignment of total knee arthroplasty
compared to an MR-based approach [42]).

Pelvic tilt computation and consideration

Our experiment on the impact of pelvic tilt (“Impact of pelvic
tilt on planning”) showed that if the tilt was ignored during
planning, there was an increased risk of observing signif-
icant subluxation and impingement in the prosthetic hip.
These results are consistent with other studies that showed
the necessity to consider pelvic tilt in THA [32,44,48].

Our imaging protocol to measure pelvic tilt (“Pelvic tilt”)
is currently performed in various clinics and hospitals, and
the feedback from radiographers and physicians is so far very
positive. The main advantage of the protocol that we were
reported was its close similarity with standard protocols for
lumbar spine acquisition. These protocols being mastered by
radiographers, the integration of the new protocol in clinical
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practice is greatly facilitated without any significant loss in
productivity.

Besides this positive qualitative assessment, our imaging
protocol also brings some robustness against possible posi-
tioning errors performed by radiographers such as lateral
flexion and pelvis rotation. Imai et al. [24] showed that errors
up to 6° in lateral flexion or rotation did not impact signif-
icantly the accuracy of the sacral slope measurement from
lateral radiographs. In [55], results showed that even with
large rotations up to 30°, the measurement was still reliable.
Experienced radiographers confirmed to us that they could
achieve an alignment of the femoral heads with errors below
6°.

Study [24] also reported an accuracy of 3° to compute
the sacral slope from lateral radiographs. We showed in Eq.
(1) that pelvic tilt and sacral slope were related to the y
angle. Since this angle can be computed accurately from the
reconstructed models or the CT images, the computation of
the pelvic tiltis expected to be as accurate as the measurement
of the sacral slope.

Use of intra-operative guidance

Currently, the femoral guide provides assistance for the bone
resection but not for the placement of the femoral compo-
nent. Even if such assistance was available, many surgeons
still prefer to be able to perform some modifications based
on information only available intra-operatively (e.g., penetra-
tion and adherence of the stem in the femur). Still, the analysis
of differences between planned and executed femoral arthro-
plasty provides insightful information.

The absence of significant differences between planned
and performed femoral cut (*0.68 mm of surface error, Sec-
tion “evaluation of intra-operative guidance”) highlighted the
surgeons’ capability to correctly replicate the planned bone
cutting by using the femoral guide. As a result, guides offer a
cost-effective alternative to more complex computer-assisted
surgical systems, since they offer accuracy and reproducibil-
ity for an operative time equivalent to a traditional surgery.
Indeed, despite these advanced systems provide improved
reliability and accuracy, they are more expensive and usually
yield longer operative times [36].

Despite the planned bone resection was well executed,
surgeons did not fully respect the suggested placement of
the femoral component as we measured an average error of
4.4 mm between planned and executed positions of the stem
head (“evaluation of intra-operative guidance”). This error
may impact any planned correction of leg length discrep-
ancy (LLD)—a magnitude of LLD over 20 mm being often
associated with post-operative signs of discomfort or func-
tional disabilities [22]. The value of problematic LLD being
patient-specific, other studies [41] proposed a more conserv-
ative threshold of 10 mm. Knowing that THAs usually yield
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an average LLD of 5-6 mm [27,35], the measured difference
of 4.4 mm is likely to lead to an LLD below this conservative
threshold.

We also assessed the impact of the automated creation of
the femoral guides (“intra-operative guidance”) from a pro-
ductivity perspective. We surveyed the operators responsible
for creating the models of the guides based on the planning—
who commonly performed a manual positioning and resizing
of the models. They reported that the time required to design
the models decreased from 25 min to 3 min (in average).

Despite we reconstructed the acetabular components from
the post-operative images (“Evaluation of intra-operative
guidance”), we did not perform a similar post-operative
analysis since the involved patients did not benefit from an
acetabular guide. Furthermore, some surgeons use to align
the cup with respect to the transverse ligament, ignoring the
traditional rule of thumb of 45°-15° for inclination and antev-
ersion. A further study would be necessary to understand the
impact of this anatomical alignment, especially with respect
to dynamic aspects as conducted in our experiments.

Consideration of hip kinematics

As in our previous studies [12,13], we studied the effects of
implant positioning, pelvic tilt and motion on impingements,
joint congruence and ROM—using computer simulations
and motion capture data. A strong correlation between the
frequency of impingements and implant characteristics was
reported. This confirmed the importance of performing a
dynamic planning to select the best implants configura-
tion based on the patient’s morphology, posture and activity
lifestyle.

In the post-operative experiment (“‘post-operative dynamic
simulation”), we investigated the surgical outcomes in terms
of kinematics and impingements. Patient’s motion was free
of collisions, but not when testing with ROM of healthy sub-
jects. Simulations revealed interesting motion adaptations in
order to execute the different activities. In particular, patients
adopted less hip flexion with more abduction, which seems
to be a good strategy to avoid impingement. However, it is
unknown if those adaptations resulted from the hip replace-
ment, since we could not compare the patient’s post-operative
ROM to motion data acquired before the surgery. This aspect
could be addressed in future work—such a study provid-
ing useful information about patient’s mobility, stability and
kinematic changes after THA.

Finally, we were unable to post-operatively evaluate
whether the use of intra-operative acetabular guidance to
accurately reproduce the planning minimizes the frequency
of impingement during motion, since the guide was still
under development. The results of our post-operative study
showed that the patients’ hips were in good function. How-
ever, a more comprehensive study including more patients
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undergoing THA under the MyHip framework is necessary
to evaluate the support of acetabular guidance. This kind of
study is already planned by our research team.

Conclusion

We presented the computer-assisted MyHip framework to
plan and execute THA. Based on patient-specific data includ-
ing anatomical and dynamic information (posture, kine-
matics), we refined traditional planning by simulating the
prosthetic hip and detecting some possible causes of implant
failures. We showed how surgical guides can be designed
with computer assistance and how they effectively assist
surgeons in performing more accurate surgical gestures—
yielding a more cost-effective surgery.

So far, more than 230 MyHip surgeries have been suc-
cessfully performed with the femoral guide. Results are very
encouraging, but future work is needed to fully validate the
overall approach. In particular, the acetabular guide is now
available and we are extending our experiments to account
for a larger number of subjects and testing conditions.
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ARTICLE INFO ABSTRACT
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Accepted 24 June 2014 pathologies. Motion capture systems using skin-mounted markers offer good solutions for non-invasive
assessment of shoulder kinematics during dynamic movement. However, none of the current motion
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shoulder instability. The aim of the present study was to develop a dedicated patient-specific measure-
ment technique based on motion capture and magnetic resonance imaging (MRI) to determine shoulder
kinematics accurately.
Hypothesis: Estimation of both rotations and translations at the shoulder joint using motion capture is
feasible thanks to a patient-specific kinematic chain of the shoulder complex reconstructed from MRI
data.
Materials and methods: We implemented a patient-specific kinematic chain model of the shoulder com-
plex with loose constraints on joint translation. To assess the effectiveness of the technique, six subjects
underwent data acquisition simultaneously with fluoroscopy and motion capture during flexion and
empty-can abduction. The reference 3D shoulder kinematics was reconstructed from fluoroscopy and
compared to that obtained from the new technique using skin markers.
Results: Root mean square errors (RMSE) for shoulder orientation were within 4° (mean range: 2.0°-3.4°)
for each anatomical axis and each motion. For glenohumeral translations, maximum RMSE for flexion was
3.7 mm and 3.5 mm for empty-can abduction (mean range: 1.9-3.3 mm). Although the translation errors
were significant, the computed patterns of humeral translation showed good agreement with published
data.
Discussion: To our knowledge, this study is the first attempt to calculate both rotations and translations at
the shoulder joint based on skin-mounted markers. Results were encouraging and can serve as reference
for future developments. The proposed technique could provide valuable kinematic data for the study of
shoulder pathologies.
Level of evidence: Basic Science Study.

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

Measuring dynamic in vivo shoulder kinematics is crucial to bet-
ter understanding numerous pathologies and sport injuries, but
remains a challenging problem due to the complicated anatomy
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and large range of motion. Unfortunately, the motion of the shoul-
der joints cannot be explored with standard magnetic resonance
imaging (MRI) or computed tomography (CT) because these are
limited to static measurement and might therefore miss some
specificities of dynamic motion. Fluoroscopy-based measurement
provides sufficient accuracy for dynamic shoulder analysis [1],
but uses ionizing radiation. Motion capture systems using skin-
mounted markers are a good solution to determine shoulder
kinematics non-invasively during dynamic movement [2,3]. How-
ever, these systems are subject to soft-tissue artefacts (STA) due to
muscle contraction and skin sliding, causing the markers to move
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with respect to the underlying bone. In the upper extremity, the
scapula is particularly affected. To solve this issue, several tech-
niques were proposed, such as the scapula locator device [4], the
acromion marker cluster [5,6] or the use of a large number of mark-
ers to track skin deformation and infer scapular motion [7].

Nevertheless, none of the current motion capture techniques
have been used to study translation values at the shoulder joint.
This information is crucial to assessing shoulder instability and
to understanding many motion-related disorders (e.g., shoulder
impingement). One reason for this lack is that studies using the cur-
rent techniques concentrated either on analysis of a single shoulder
bone (scapula) or on humeral motion relative to the thorax rather
than to its proximal bone. Yet, it is important to consider the con-
tribution of each bone in assessing shoulder kinematics, taking
account of the whole kinematic chain of the shoulder complex from
thorax to humerus via the clavicle and scapula, as this could help
reduce overall STA error [8,9]. Another important aspect is the abil-
ity to combine the anatomical and kinematic data of the patient:
if the patient’s anatomy (3D models) can be integrated into the
kinematic model, the true bone axes and centre of rotation of the
patient’s actual shoulder can be used. Furthermore, this data fusion
enables direct assessment of the patient’s anatomy in motion.

Our hypothesis was that both rotations and translations at the
shoulder joint could be assessed on motion capture thanks to MRI
reconstruction of the patient-specific kinematic chain of the shoul-
der complex. The purpose of this study was thus:

e to develop a dedicated patient-specific measurement technique
to determine shoulder kinematics accurately;

e to assess the effectiveness of the technique by comparing the
resulting 3D kinematics with that obtained by simultaneous X-
ray fluoroscopy during functional activity.

2. Materials and methods
2.1. Subjects

Six adult healthy males with no pathologic shoulder instabil-
ity or limitation of range of motion were recruited (age=39.6
+7.0years; height=181.1+5.9 cm: weight=81.6 +4.4kg) for the
study. Exclusion criteria were history of shoulder injury or shoulder
surgery, and contraindications for MRI. The dominant arm (right
arm, except for one subject) was used throughout testing. Ethical

approval was gained from the local Institutional Review Board, and
all participants gave their written informed consent.

2.2. MRI bone models

All subjects underwent MR shoulder arthrography to assess all
images prospectively for rotator cuff and labral lesions (results
not reported in this article). MRI was performed with a 1.5T
HDXT system (General Electric Healthcare, Milwaukee, WI, USA).
A shoulder-dedicated surface coil was used. Three 3D MRI volumes
were acquired:

e a cosmic 3D fast gradient echo sequence with fat saturation (sec-
tion thickness, 1.8 mm; no gaps; TR/TE, 6.1/3.0 ms; flip angle, 45°)
capturing from the acromion to approximately the mid-part of
the scapula;

e a cosmic 3D fast gradient echo sequence (section thickness,
4 mm; no gaps; TR/TE, 5.7/2.8 ms) capturing from the acromion
to approximately the mid-shaft of the humerus;

e alava 3D fast gradient echo sequence (section thickness, 5.2 mm;
no gaps; TR/TE, 3.7/1.7 ms) capturing from the acromion to the
elbow.

The MRI volumes were registered and manually segmented
by a musculoskeletal radiologist (FCK) using ITK-SNAP software
[10]. Based on the segmented contours, 3D models of the shoulder
bones (humerus, scapula, clavicle and sternum) were reconstructed
for each volunteer. Local coordinate systems (Fig. 1) were then
established based on the definitions suggested by the Interna-
tional Society of Biomechanics [11] to represent the thorax, clavicle,
scapula and humerus segments, using anatomical landmarks iden-
tified on the reconstructed bone models and MR images. The
glenohumeral joint centre was calculated using a sphere-fitting
method [12].

2.3. Data collection

Participants were equipped with spherical retroreflective mark-
ers (Fig. 2) placed directly on the skin. Four markers (d14 mm) were
attached to the thorax (sternal notch, xyphoid process, C7 and T8
vertebra), four (#6.5 mm) on the clavicle, and four (@14 mm) on
the upper arm - two placed on anatomical landmarks (lateral and
medial epicondyles) and two as far as possible from the deltoid.
For the scapula, 1 marker (314 mm) was fixed on the acromion. In

Fig. 1. Bone coordinate systems for the thorax (X;Y;Z;), clavicle (X.Y.Z.), scapula (X;YsZ;) and humerus (X, Y,Zp).
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P

Fig. 2. Marker placement, including markers placed on anatomical landmarks (orange) and technical markers (black). PX = xyphoid process, SN = sternal notch, AC=acromion,
TS = trigonum spinae, AA = angulus acromialis, Al =angulus inferior, EL = lateral epicondyle, EM = medial epicondyle.

addition, the scapula was covered with a regular grid of 56 mark-
ers (6.5 mm); this number was determined so as to have enough
markers to cover the scapula while limiting the time required to
place them.

Kinematic data were collected simultaneously from an X-ray
fluoroscopy unit (MultiDiagnostEleva, Philips Medical Systems,
Netherlands) operating at 30 Hz and a Vicon MXT40S motion cap-
ture system (Vicon, Oxford Metrics, UK) consisting of 8 cameras
sampling at 120 Hz. Prior to data collection, the fluoroscopy system
was calibrated for image distortion and radiographic projection
parameters using a calibration object [13]. A calibration frame was
also acquired with 10 non-coplanar retroreflective markers, visible
in both systems, to compute the pose of the coordinate system of
the Vicon system relative to the fluoroscopy coordinate system by a
4 x 4 homogenous matrix. During testing, subjects were positioned
in front of the fluoroscope with the torso at approximately 30° to
the X-ray beam, so that the scapular plane was parallel to the flu-
oroscope. They were instructed to perform 2 tasks: 3 consecutive
arm flexions from neutral to maximum flexion, and 3 consecutive
empty-can abductions from neutral to maximum abduction in the
scapular plane. These standard movements were chosen because
they have been widely investigated in the literature, facilitating
comparison with previous studies. Subjects were not constrained
during motion, to allow natural arm movement.

2.4. Calculation of shoulder kinematics using X-ray fluoroscopy

The 3D poses of the scapula and humerus were obtained using
a 3D-to-2D shape-matching technique [14] (Fig. 3). The 3D MRI-
based models were projected and iteratively matched to the 2D
X-ray images using custom software. After manual initialization of
the bone positions, a non-linear optimization algorithm based on an
edge-to-edge metric was used to calculate the optimal poses of the
bones. 3D clavicle and thorax motion was not determined because
of the limited field of view of the fluoroscopy system (structures
were not sufficiently visible). A previous validation study [15] had
shown that best-case accuracy for fluoroscopy measurements was
0.53 mm for in-plane translation (parallel to image plane), 1.6 mm
for out-of-plane translation (perpendicular to image plane), and
0.54° for rotation in all planes.

2.5. Calculation of shoulder kinematics using skin markers

The main problem in estimating kinematics from skin markers
is STAs: skin deformation and displacement due to muscle activity
cause parasitic marker movements with respect to the underlying
bones [16]. Thus, rigid bone motion cannot be robustly estimated,
unless STAs are effectively reduced. It was demonstrated that global
optimization could help reduce overall STA error [8,9]; this method
minimizes overall STA error by taking account of the anatomical

Fig. 3. 3D-to-2D shape-matching technique used to determine 3D motion of the
scapula and humerus during dynamic arm movements.

constraints of the entire kinematic chain. We therefore developed
a patient-specific kinematic chain comprising 4 rigid bodies (tho-
rax, clavicle, scapula and humerus) using the individual subject’s
3D MRI-based models. The position and orientation of the thorax
relative to the global coordinate system was determined with 6
degrees of freedom (DoF), and the sternoclavicular (SC), acromio-
clavicular (AC) and glenohumeral (GH) joints were each defined as
ball-and-socket joints (3 DoF) with loose constraints on translation.
Joint translation was thus permitted but limited.

The optimal pose of the kinematic chain was obtained by find-
ing the best transform RTs for each segment s that minimized the
following equation:

4 ng 3
min > (S o] [RTexs —y|* ) + S peal? (1)
s=1 i=1 s=1

This corresponds to the minimization of 2 terms:

e the distance between the model-based (x;;) and the measured
(¥si) marker coordinates in the segment’s cluster (ns markers in
segment’s cluster s) with a weighting factor «; to reflect different
degrees of STA, as described by Lu and O’Connor [8];

¢ the translation penalty at each joint, with a weighting factor s to
control the amount of possible translation at the joint and t; the
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Fig. 4. Kinematic animation of the shoulder joints during empty-can abduction, including the marker setup (small colored spheres).

relative translation of the segment s with respect to its proximal
bone.

For simplicity, equal weighting factors («;) were assigned to the
markers of the thorax, clavicle and humerus clusters. Since STAs are
significantly less in the flat portion of the acromion [6], scapular
grid markers were weighted inversely to their distance from the
acromion. The weighting factors 8s were chosen to allow trans-
lation values of the same order of magnitude as reported in the
literature.

Eq. (1) was solved using a non-linear sequential quadratic pro-
gramming algorithm [17]. Fig. 4 shows examples of computed
motions.

2.6. Data analysis

Humeral motion with respect to the scapula was determined for
both measurement methods with the following order of rotation:
shoulder abduction/adduction (Xs), flexion/extension (Z, floating
axis) and internal/external rotation (Y). This sequence was used
because it is the best in terms of gimbal lock and amplitude coher-
ence [18]. For the 2 motor tasks, the mean, standard deviation (SD)
and root mean square error (RMSE) of the difference between the
2 measurement methods were calculated, as well as the motion
amplitude (i.e., total measured motion) yielded by the fluoroscopic
measurements.

Table 1

3. Results

RMSE:s for shoulder orientation were within 4° for each anatom-
ical axis and each motion (Table 1). Minimal errors were observed
for shoulder abduction/adduction and flexion/extension during
flexion (mean+SD: 2.0° +£1.7° and 2.0° +2.4°, respectively). The
range of glenohumeral translation was smallest in the superior-
inferior direction (amplitude: 4.6mm for flexion; 5.1 mm for
abduction). Maximal amplitude reached 6 mm during abduction in
the lateral-medial direction. Mean error ranged between 1.9 and
3.3 mm. Maximum RMSE for flexion was 3.7 mm and 3.5 mm for
empty-can abduction. Overall, orientation errors were lower for
flexion, whereas translation errors were comparable for both motor
tasks.

4. Discussion

We present a patient-specific measurement technique based on
the fusion of motion capture and MRI data. Kinematics was assessed
using a patient-specific kinematic chain model of the shoulder com-
plex with loose constraints on joint translation. To our knowledge,
this methodology is the first attempt to calculate both rotation and
translation at the shoulder joint using skin-mounted markers.

Orientation RMSEs were within 4°, which is good and acceptable
for clinical use in the study of shoulder pathology. For comparison,
Karduna et al. [19] reported RMSEs of 10° for a scapula tracker and
11.4° for an acromial method against bone pins; Warner et al. [6]

Mean + SD errors, root mean square errors (RMSE) of shoulder kinematics between fluoroscopy-based and marker-based measurement. The motion amplitude (total measured

motion) obtained from fluoroscopic measurement is also reported.

Movement Glenohumeral rotation
Rotation (°) Amplitude Mean +SD RMSE
Flexion Abduction/adduction (X) 105.0 20+ 1.7 2.7
Flexion/extension (Z) 53.5 20+24 2.7
Internal/external rotation (Y) 68.6 31+25 39
Empty-can abduction Abduction/adduction (X) 92.6 34+23 4.0
Flexion/extension (Z) 32.6 2.8 £2.2 3.5
Internal/external rotation (Y) 54.2 31+24 3.9
Movement Glenohumeral translations
Translation (mm) Amplitude Mean +SD RMSE
Flexion Anterior/posterior translation (X) 5.8 19+12 22
Lateral/medial translation (Z) 5.9 29+16 3.3
Superior/inferior translation (Y) 4.6 3.1+21 3.7
Empty-can abduction Anterior/posterior translation (X) 5.7 21+18 2.8
Lateral/medial translation (Z) 6.0 33+13 3.5
Superior/inferior translation (Y) 5.1 31+15 3.5
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Fig. 5. Superior-inferior translation of the humeral head as a function of shoulder
elevation angle during empty-can abduction. Each curve corresponds to 1 of the 6
participants.

found RMSEs of 3.5° to 7.3° comparing an acromion marker cluster
to a scapula locator. We were not able to find any comparative data
in the literature specific to the relative motion of the humerus with
respect to the scapula.

Difficulties were encountered in determining glenohumeral
translation due to the great mobility of the joint. Although our
data contained some significant translational errors, particularly
in superior-inferior direction, the patterns of humeral translation
were in good agreement with previous reports. For example, the
data computed from the skin markers showed that the humeral
head translated superiorly during the early phase of arm elevation
and inferiorly toward maximum elevation (Fig. 5), as previously
reported [14,20]. Nevertheless, improvement is still needed. One
direction could be to replace loose translational constraints with a
full biomechanical simulation (e.g., finite element models) of the
capsular ligaments, taking account of their 3D shapes and mechan-
ical properties.

Two sources of error that may contribute to the differences in
shoulder kinematics as determined by fluoroscopy versus motion
capture should be considered: Firstly, MRI-based models were used
for the 3D-to-2D matching technique rather than CT-based models,
which may have impaired the quality of the shape-matching results
[15]. MRI was chosen because we wanted to review soft-tissue
lesions as part of a future study. Secondly, single-plane fluoroscopy
provides poor measurement accuracy for out-of-plane translation.
Biplane fluoroscopy provides smaller measurement error [1], but
subjects are exposed to twice as much radiation and the equipment
is rarely available in a clinical setting.

5. Conclusion

The results of this study showed that the proposed technique
could provide valuable kinematic data at the shoulder joint. Most
importantly, we demonstrated that a first estimate of joint trans-
lation was feasible using an external measurement system, such
as motion capture. This original technique may open new horizons
leading to improved understanding of shoulder pathologies and
opening up new possibilities of analyzing large ranges of shoulder
motion, for instance during sports movements.
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Abstract

Purpose Rotator cuff and labral lesions in tennis players
could be related to posterosuperior internal impingement or
subacromial impingement during tennis serve. However, it is
unknown which of these impingements are responsible for
the lesions found in the tennis player’s shoulder. Moreover,
there is a lack of validated noninvasive methods and dynamic
studies to ascertain impingement during motion.

Methods Ten intermediate or ex-professional tennis players
were motion captured with an optical tracking system while
performing tennis serves. The resulting computed motions
were applied to patient-specific shoulder joints’ 3D models
based on magnetic resonance imaging (MRI) data. During
motion simulation, impingements were detected and located
using computer-assisted techniques. An MRI examination
was also performed to evaluate the prevalence of shoulder
lesions and to determine their relevance with the simulation
findings.

Results Simulation showed that internal impingement was
frequently observed compared to subacromial impingement
when serving. The computed zones of internal impingement
were mainly located in the posterosuperior or superior region
of the glenoid. These findings were relevant with respect to
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radiologically diagnosed damaged zones in the rotator cuff
and glenoid labrum.

Conclusions Tennis players presented frequent radiographic
signs of structural lesions that seem to be mainly related
to posterosuperior internal impingement due to repetitive
abnormal motion contacts. The present study indicates that
the practice of tennis serve could lead with time to carti-
lage/tendon hyper compression, which could be damageable
for the glenohumeral joint.

Keywords Shoulder kinematics - Motion capture - MRI -
3D Simulation - Impingement - Tennis

Introduction

Impingement of the shoulder is a common cause of shoul-
der pain in tennis players due to repetitive overhead arm
movements [10,20,27]. Impingement occurs during ten-
nis serves, leading with time to rotator cuff and/or labral
tears [1,10,20,27]. Two different impingements have been
described: (1) the posterosuperior internal impingement [35]
of the rotator cuff tendons (supraspinatus/ infraspinatus) and
glenoid labrum between the greater tuberosity of the humeral
head and the posterosuperior aspect of the glenoid when the
arm is in extreme abduction, extension and external rotation
[12] during the late cocking stage of the serve; (2) the sub-
acromial impingement of the rotator cuff between the ante-
rior acromion [25] or lateral acromion [26] and the superior
humeral head.

To our knowledge, impingements during tennis serve have
never been dynamically evaluated in vivo. It is therefore
unknown which of the aforementioned impingements are
responsible for the lesions found in the tennis player’s shoul-
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der. According to the impingement theory, shoulder dam-
age occurs at the zone of impingement, but the concurrence
of the actual impingement zone and resulting joint damage
in the same patient has not yet been confirmed. Moreover,
there is a lack of validated noninvasive methods to ascer-
tain impingement during motion. Existing imaging methods
only include a static interpretation of the joint damage [e.g.,
computed tomography (CT), magnetic resonance imaging
(MRID)], while dynamic imaging protocols (e.g., MRI, fluo-
roscopy) are affected by technical limitations (e.g., confined
area of measurement, low acquisition speed).

Motion capture systems using skin-mounted markers pro-
vide a good solution to noninvasively record large ranges of
motion during high-velocity movements, such as in tennis
strokes. However, drawbacks are related to soft tissue arti-
facts (STA) affecting kinematic estimation [17,37], in par-
ticular precise joint translation that is crucial to assess gleno-
humeral impingement. In previous work [6], we have demon-
strated that this issue could effectively be tackled. Combined
with computer-assisted techniques and anatomical models
obtained from medical images, we believe that motion cap-
ture can offer novel insights into the analysis and compre-
hension of shoulder impingement.

As the serve is among the most important strokes in tennis,
it has been the subject of significant biomechanical interest.
Motion capture systems were used to investigate the kine-
matics and kinetics of lower and upper limb joint motion
[11,28,38,39] as a function of serve type [28], body mass
index [39] and racket type [11,38]. Attention has also been
afforded to the interaction of the ball and racket during the
serve [30,38]. Despite these advancements, recent research
has not devoted specific attention to the direct consequences
of the practice of tennis serve on the internal joint structures.
This study intended to be a step in this direction.

In this paper, we present a methodology to perform func-
tional simulations of patient-specific shoulder joints dur-
ing extreme and complex positions, as well as the results
of a study conducted with tennis players. The purpose of
this research was to visualize and simulate in 3D shoulder
motion during tennis serve and to detect and locate potential
impingement during their practice, using optical motion cap-
ture and computer-assisted techniques. In addition, this study
aimed at evaluating the prevalence of shoulder lesions in this
group of tennis players based on MRI and at determining
their relevance with the simulation findings.

Materials and methods
Subjects

Ten intermediate or ex-professional tennis players (one
female, nine males) volunteered for the study. The mean age,
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weight, height and body mass index of the ten volunteers were
39.7 years, 76.7kg, 180.2cm and 23.5kg/m?, respectively.
Exclusion criteria were reported previous shoulder injuries,
shoulder surgery or contraindications for MRI.

At the time of the examination, two subjects presented
shoulder pain and nine previously suffered from the shoulder
at other moment of their career. All subjects had a clinically
functional rotator cuff.

The dominant arm was used throughout testing. This was
the right arm for all participants, except one who was left-
hand dominant. Institutional ethical approval and informed
consent were obtained prior to data collection.

MRI and three-dimensional reconstruction

All volunteers underwent a MR shoulder arthrography. The
MRI examinations were conducted after a fluoroscopically
guided arthrography with a contrast agent and with an ante-
rior approach. MRI was performed with a 1.5 T HDXT sys-
tem (General Electric Healthcare, Milwaukee, WI, USA).
A dedicated shoulder surface coil was used. The following
MRI sequences were acquired: (1) a sagittal T1-weighted fast
spin echo sequence (section thickness 3.5 mm; gap 0.5 mm;
TR/TE ms 380/11), (2) a coronal T2-weighted fast spin echo
sequence with fat saturation (section thickness 4 mm; gap
0.5mm; TR/TE ms 1920/101.6), (3) a sagittal T2-weighted
fast spin echo sequence with fat saturation (section thick-
ness 3.5mm; gap 0.5mm; TR/TE ms 5680/103.6), (4) a
coronal T1-weighted fast spin echo sequence with fat sat-
uration (section thickness 4mm; gap 0.5mm; TR/TE ms
320/13), (5) an axial T1-weighted fast spin echo sequence
with fat saturation (section thickness 4mm; gap 0.5mm;
TR/TE ms 640/26.8), (6) an axial Cosmic® 3D fast gradient
echo sequence with fat saturation (section thickness 1.8 mm;
no gaps; TR/TE ms 6.1/3.0), (7) an axial Cosmic® 3D fast
gradient echo sequence (section thickness 4 mm; no gaps;
TR/TE ms 5.7/2.8) and (8) an axial Lava® 3D fast gradient
echo sequence (section thickness 5.2 mm; no gaps; TR/TE
ms 3.7/1.7).

Two musculoskeletal radiologists, blinded to the clinical
evaluation, assessed independently all MRI arthrograms for
shoulder pathology. The rotator cuff abnormalities [33], the
labral lesions [36] and the bony changes [24] were reviewed.
Rotator cuff lesions were classified as partial articular sur-
face tendon avulsion lesion, bursal-sided partial thickness
tear, interstitial tear or complete tear (Fig. 1). The glenoid
labrum was considered as normal, degenerated (abnormal
signal intensity), torn (abnormal linear intensity extending
to the glenoid surface), detached (abnormal linear intensity
coursing at the interface between bone and labrum at the level
or posterior to the attachment of biceps tendon) or as ossifi-
cation of the labrum (continuity of the labrum with glenoid
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Fig. 1 a Interstitial tear, b bursal-sided partial thickness tear and ¢ partial articular supraspinatus tendon avulsion (PASTA) lesion

Fig. 2 Markers placement including markers placed on anatomical landmarks (blue) and technical markers (yellow). PX xyphoid process, SN
sternal notch, AC acromion, 7S trigonum spinae, AA angulus acromialis, Al angulus inferior, EL lateral epicondyle, EM medial epicondyle

bone marrow). The absence or presence of bony changes such
as Bankart lesions [2] or intra-osseous cysts was reported.

The 3D MRI images were manually segmented by one
of the musculoskeletal radiologists (FCK), and a virtual 3D
model of the shoulder complex was reconstructed using
Mimics software (Materialize NV, Leuven, Belgium). For
each tennis player, patient-specific 3D models of the shoul-
der bones (humerus, scapula, clavicle and sternum), cartilage
surfaces and labrum were obtained.

To compute joint motion, local coordinate systems were
established based on the definitions suggested by the Interna-
tional Society of Biomechanics [40] to represent the thorax,
clavicle, scapula and humerus segments. They were created
using anatomical landmarks identified on the reconstructed
bone models and MRI images. The glenohumeral joint center
was calculated using a sphere-fitting method [32].

Motion recording

The tennis players participated to a motion capture session.
They were equipped with a dedicated shoulder markers pro-
tocol [6] (Fig. 2), including 69 spherical retroreflective mark-
ers placed directly onto the skin using double-sided adhesive
tape. The setup included four markers (@ 14 mm) on the tho-
rax (sternal notch, xyphoid process, C7 and T8 vertebra), four
markers (@ 6.5 mm) on the clavicle, four markers (@ 14 mm)
on the upper arm—two placed on the lateral and medial epi-
condyles and two as far as possible from the deltoid—and 57

markers on the scapula (1 x @ 14mm on the acromion and
a7 x 8 grid of @ 6.5 mm). Additional markers were distrib-
uted over the body (non-dominant arm and legs) to provide
a global visualization of the motion.

After appropriate warm-up, participants performed three
trials of the following variants of tennis serve: flat serve, when
the ball is hit down and through with little to no spin; and kick
serve, when the ball is hit with an upward motion, imparting
top-spin on the ball. Motion was recorded using a Vicon
MXT40S motion capture system (Vicon, Oxford Metrics,
UK) consisting of 24 cameras sampling at 240 Hz. The same
investigators (CC, SC) attached all markers and performed
all measurements.

Kinematics modeling

Shoulder kinematics was computed from the recorded mark-
ers’ trajectories. Measuring shoulder motion using skin-
mounted markers is a challenging task. The first issue is
related to the accuracy of the measurements which is prone
to error due to the non-rigid movement of the soft tissue
interface between the skin markers and the underlying bone,
commonly referred to as soft tissue artifact [17]. In the upper
extremity, the scapula is particularly affected [37]. The sec-
ond issue is related to the ability to estimate both shoul-
der joint rotation and translation using an external measure-
ment system—information about joint translation is crucial

to properly assess glenohumeral impingement.
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Fig. 3 Kinematic animation of the shoulder (here the right shoulder joints) during flat serve. Top images show a zoom in the shoulder for each

position. Position 4 is commonly known as the cocking stage

To address these two issues, we used a previously devel-
oped and validated biomechanical model based on a patient-
specific kinematic chain consisting of four rigid bodies (tho-
rax, clavicle, scapula and humerus) using the tennis player’s
shoulder 3D models reconstructed from their MRI data. To
register internal anatomical structures to the marker clus-
ter frames, a calibration was performed based on a stan-
dard CAST (calibrated anatomical system technique) pro-
tocol [31]. The optimal pose of the kinematic chain was then
obtained using a global optimization algorithm (to minimize
STA error globally [29]) with loose constraints on joint trans-
lations. More details about the model and its validation can
be found in [6]. The accuracy of the model for glenohumeral
orientation was within 4° for each anatomical plane and
within 3mm for glenohumeral translation. Moreover, pre-
vious results showed that the translation patterns computed
with the model were in good agreement with related works
[21,22].

As a result, the motion of the tennis player’s shoulder 3D
models could be visualized at each point of the movement.
Figure 3 shows an example of computed bone poses during
tennis serve. A ball and stick representation of the overall
skeleton was also added to improve the analysis and visual-
ization of the motion.

Impingement detection

During motion simulation, internal and subacromial impinge-
ments were evaluated at the critical position—the late cock-
ing stage of the serve (see Fig. 3). For internal impingement,
a collision detection algorithm [4,5] was used to virtually
locate contacts between the humeral cartilage, the glenoid
cartilage and the glenoid labrum. Moreover, the surface-to-
surface distance (i.e., penetration depth) was computed in
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order to estimate the overall impingement. This distance rep-
resented the topographic extent of the cartilage or labral com-
pression and was reported in millimeter.

To document areas of increased compression, the pene-
tration depth distribution on the surface of the cartilages and
labrum was represented using a color scale (Fig. 4a). The blue
color was assigned when no collision was detected (penetra-
tion depth=0), while other colors showed the compression
zone. The red color denoted the area with the highest com-
pression (penetration depth =max).

To describe and report the exact location of the impinge-
ment zone, the glenoid was divided into eight sectors
(position 1, anterior; position 2, anterosuperior; position 3,
superior; position 4, posterosuperior; position 5, posterior;
position 6, posteroinferior; position 7, inferior; position 8,
anteroinferior), as depicted in Fig. 4b. The impingement
zones were, hence, assigned numbers correlating with their
position.

For subacromial impingement, the minimum humero-
acromial distance that is typically used for the evaluation
of such impingement was measured [8, 14,34]. This distance
was calculated in 3D based on the simulated bone models
positions and was reported in millimeter. A color scale was
also used to map the variations of distance on the scapula
surface, with the red color denoting the zone of minimum
distance and other colors denoting the areas of increased dis-
tance (Fig. 5).

Eventually, the following two criteria were applied: (1)
Increased penetration depth results in increased soft tissue
compression. Thus, when performed repetitively, the greater
the penetration depth is, the more potentially damageable for
the joint the internal impingement can be; (2) given the thick-
ness of the potential impinged tissues, subacromial impinge-
ment was considered when the computed humero-acromial
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Fig. 4 a Visualization of the contact zone during motion (posterior,
lateral and medial views). The colors represent the penetration depth
distribution: the blue color is assigned when no collision is detected
(penetration depth=0), while other colors show the compression zone.
The red color denotes the area with the highest compression (penetra-
tion depth=max). The humerus and humeral cartilage, respectively, the

Fig. 5 Visualization of the
humero-acromial distance
during motion (anterior view).
The colors represent the
variations of distance between
the acromion and humeral head.
The red color denotes the zone
of minimum distance. The
humerus is not shown in the
second view for clarity

distance was <6mm, as suggested in previous studies
[8,19].

Statistical analysis

A statistical analysis was conducted for the two variants of
tennis serve. For internal impingement, we computed the fre-
quency of impingement, the mean values and the standard
deviations (SD) of the penetration depth, and we created his-
tograms displaying the frequency of distribution of the zone

scapula, glenoid cartilage and labrum are not shown in the lateral and
medial views for clarity. b Glenoid was divided into eight sectors (posi-
tion 1, anterior; position 2, anterosuperior; position 3, superior; posi-
tion 4, posterosuperior; position 5, posterior; position 6, posteroinferior;
position 7, inferior; position 8, anteroinferior) to report the location of
the impingement zone

of impingement. For subacromial impingement, we cal-
culated the frequency of impingement and the mean and SD
of the minimum humero-acromial distance.

For the radiological analysis, the prevalence of rotator cuff
abnormalities, labral lesions and bony changes were calcu-
lated, as well as the frequency of distribution of the location
of diagnosed labral lesions. Cohen’s kappa coefficient (K)
was calculated to assess the interobserver agreement regard-
ing the image analysis. The statistical software package R,
version 3.1.1, was employed.
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Table 1 Rotator cuff lesions

Position Rotator cuff condition in tennis players (n = 10)*
Normal Partial articular Partial bursal Interstitial Complete
Supraspinatus 3 0 3 0
Infraspinatus 3 0 0 0
Subscapularis 2 0 0 0
Teres minor 10 0 0 0 0
* Data are the number of Total lesions 3 0 3 0
subjects
Table 2 Labral lesions
Position Labrum condition in tennis players (n = 10)*
Normal Degeneration Tear Detachment Ossification
Anterior 10 0 0 0 0
Superior 0 3 0 0
Posterosuperior 2 2 0 0
Posterior 2 0 0 0
Posteroinferior 10 0 0 0 0
Inferior 8 0 0 2 0
Anteroinferior 10 0 0 0 0
* Data are the number of )
Total lesions 4 5 2 0

subjects

Fig. 6 a Coronal T2-weighted
MRI image with fat saturation
showing a PASTA lesion
(arrow). b Coronal T1-weighted
MRI image with fat saturation
showing a posterosuperior labral
lesion (arrow)

Results
MRI findings

The K value for interobserver agreement of shoulder lesion
evaluation on MRI arthrograms was 0.86, representing excel-
lent agreement [9]. We found eleven rotator cuff lesions in
six subjects (Table 1)—three interstitial of the supraspina-
tus, three partial articular supraspinatus tendon avulsions
(PASTA), three partial articular infraspinatus tendon avul-
sions and two articular of the subscapularis. All lesions were
located on the articular side.

Distribution of labral lesions in the different positions
around the glenoid (Table 2) showed more pronounced labral
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lesions at the posterosuperior and superior positions. There
was no radiographic evidence of bony changes such as
Bankart lesions or intra-osseous cysts.

Figure 6 shows two typical lesions found in the tennis
players’ shoulders: a PASTA lesion and a posterosuperior
labral lesion (torn labrum).

Simulation findings

For the flat serve, internal impingement was observed in
76 % of the tennis players’ shoulders. The majority of the
contacts (60 %) was located in the posterosuperior position
of the glenoid (Fig. 7). The mean penetration depths varied
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Fig. 7 Histograms showing the distribution of frequency of the computed internal impingement zones for each serve

Table 3 Computed penetration

Glenoid labrum
Mean £ SD (range)

Glenoid cartilage
Mean = SD (range)

depths (mm) by movement Movements &ume::lsglrtilage

(n = 30)* ean (range)
Flat serve 1.18£0.25 (0.79-1.61)

* Data are the number of trials Kick serve 1.2340.20 (1.05-1.62)

(3 trials per subject)

1.43£1.30 (0.79-1.76)
1.53£0.24 (1.08-1.87)

1.85£0.48 (1.12-2.71)
1.90£0.34 (1.65-2.71)

from 1.43 to 1.85mm, depending on the cartilage consid-
ered. For the kick serve, internal impingement occurred in
75% of the cases. The contacts were distributed between
the posterosuperior (60 %), superior (60 %) and anterosupe-
rior (30 %) positions of the glenoid (Fig. 7). The computed
penetration depths were of similar intensity (mean range
1.53-1.90 mm). For both serves, the most intense penetration
depths were obtained for the glenoid labrum, with peak val-
ues of 2.71 mm. Interestingly, when those contacts occurred,
they were located in the posterosuperior region of the glenoid.
Table 3 summarizes for the reader mean values and standard
deviations of computed penetration depths by movement.

Subacromial impingement was detected during flat serve
for 29% of the tennis players’ shoulders. Ten percent
were located in the anterior part of the acromion, and
19 % were located in the lateral part of the acromion. The
mean =+ SD of the minimum humero-acromial distance was
7.43 £3.12 mm. During kick serve, subacromial impinge-
ment was slightly more frequent (38 % of the tennis players’
shoulders), with 13 and 25 % of the cases located, respec-
tively, in the anterior and lateral parts of the acromion. The
mean + SD of the minimum humero-acromial distance was
6.88 +3.47 mm.

Discussion

In this study, we have presented a methodology to perform
functional simulations of the shoulder joints in extreme and
complex positions. To our knowledge, shoulder impinge-
ment during tennis serve has never been dynamically eval-
uated. Using this patient-specific measurement technique,

impingement was actively assessed and demonstrated in
vivo. The results of this study showed that the detected
internal impingements were mostly located in the postero-
superior or superior quadrant of the glenoid and that sub-
acromial impingement was less frequent when serving. MRI
revealed eleven rotator cuff lesions and more pronounced
labral lesions at the posterosuperior and superior positions
of the glenoid. All lesions were located in the articular side,
suggesting an internal impingement as origin.

In the present study, nine of the ten tennis players pre-
sented radiographic signs of structural lesions that could be
related to impingement syndrome due to overhead arm move-
ments. However, the precise causes for these lesions remain
unclear. Two main theories can be put forward. The first the-
ory holds that repetitive contacts between the rotator cuff
insertion and the posterosuperior glenoid rim—when the arm
is placed in the cocked position of 90° abduction, full external
rotation and extension [12]—may be responsible for rotator
cuff tears and superior labral lesions [12,23,35]. The sec-
ond theory holds that subacromial impingement may occur
in overhead athletes because of narrowing of the subacromial
space due to glenohumeral instability and/or muscle imbal-
ance [15,18,27].

As shown by the results of this study, internal impinge-
ment was frequent when serving (75-76 % of the tennis play-
ers’ shoulders). For both tennis serves, the computed zones
of impingement were mainly located in the posterosuperior
or superior quadrant of the glenoid and this was relevant
with respect to the MRI findings. Subacromial impingement
remained low. We did not note shoulder instability in this pop-
ulation, as demonstrated in our previous study [7,16]. More-
over, all subjects had a competent rotator cuff. The repeti-
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tive posterosuperior internal impingements seem thus to be
the most plausible explanation for these lesions that are not
always symptomatic, as previously observed [13].

The computed penetration depths varied from 1.43 to
1.90mm in average for both tennis serves, with peak val-
ues of 2.71 mm for the labrum in posterosuperior position.
Knowing that the glenoid labrum has superiorly and posteri-
orly an average height of 6-11 mm [3], the labrum is already
compressed in our simulation during the late cocking stage
of the serve—and this without accounting for the rotator cuff
insertion that may also impinge between the greater tuberos-
ity of the humeral head and the posterosuperior labrum. It is
therefore most likely that our results underestimated labral
compressions. In fact, the true extent of compression can-
not be determined without a more advanced simulation, tak-
ing into account the 3D shapes of the rotator cuff tendons
and the soft tissues deformation under loads. Future work
should, hence, include a 3D reconstruction of the rotator
cuff from MRI data, as well as a physically based simula-
tion of the chondrolabral and tendon structures. A clinical
trial could also be performed to validate the impingement
estimates. Nevertheless, according to our data, there is little
doubt that the glenohumeral articular surface is exposed to
high mechanical stress.

There are potential limitations to the accuracy of the global
setup. Indeed, errors in our methodology could originate
from the kinematics computation from motion capture data
(translational error <3 mm and rotational error <4°). Since
the measurements are external (no direct access to the joint),
motion capture is generally subject to greater errors than
other techniques (e.g., dynamic MRI and fluoroscopy). How-
ever, this modality is not harmful and allows the recording of
large ranges of high-velocity motion, such as tennis strokes.
The second limitation of this study is the use of the humero-
acromial distance to assess subacromial impingement, which
does not take into account precise measurements of the thick-
ness of the impinged soft tissues. Again, one improvement
could be to perform a more advanced simulation accounting
for the 3D shapes and movements of the rotator cuff tendons.

In summary, we conclude from our data that tennis players
presented frequent radiographic signs of structural lesions
that seem to be mainly related to posterosuperior internal
impingement due to repetitive abnormal motion contacts. We
believe that recurrent posterosuperior internal impingement
could lead with time to cartilage/tendon hyper compression
and therefore could be a potential factor of damages of the
glenoid labrum and rotator cuff tendons.

This study' offers novel insights into the analysis of shoul-
der impingement that could, with future studies, be general-

! This study won the Best Technical Paper Award at the 14th Annual
Meeting of the International Society for Computer Assisted Orthopaedic
Surgery (CAOS) in Milan, 2014.
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ized to other shoulder pathologies and sports. This method?
may open new horizons, leading to improvement in impinge-
ment comprehension.
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ABSTRACT

When estimating knee kinematics from skin markers and stereophotogrammetry, multi-body
optimization (MBO) has provided promising results for reducing soft tissue artefacts (STA), but can
still be improved. The goal of this study was to assess the performance of MBO with subject-specific
knee models at high knee flexion angles (up to 110°) against knee joint kinematics measured by
magnetic resonance imaging. Eight subjects were recruited. MBO with subject-specific knee models
was more effective in compensating STA compared to no kinematic and spherical constraints,
in particular for joint displacements. Moreover, it seems to be more reliable over large ranges of
knee flexion angle. The ranges of root mean square errors for knee rotations/displacements were
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3.0°-9.2°/1.3-3.5 mm for subject-specific knee models, 6.8°-8.7°/6.0-12.4 mm without kinematic

constraint and 7.1°-9.8°/4.9-12.5 mm for spherical constraints.

Introduction

Stereophotogrammetry and the use of skin markers are
a widely recognized technique to analyze human move-
ment. The aim is to deduce the kinematics of the bone
segments under investigation from the trajectories of
the skin markers. However, such technique is subject to
soft tissue artifacts (STA) due to muscle contractions and
skin sliding, causing the markers to move with respect to
the underlying bone (Leardini et al. 2005). In the lower
extremity, the thigh is particularly affected. To solve this
issue, several techniques were proposed. Some of them
computed the optimal bone pose from a marker cluster
by considering each segment separately (S6derkvist and
Wedin 1993; Cheéze et al. 1995), while other methods, such
as multi-body optimization (MBO) (Lu and O’Connor
1999; Duprey et al. 2010; Bergamini et al. 2011; Clément
et al. 2015; Gasparutto et al. 2015; Richard et al. 2016;
Clément et al. 2017; Richard et al. forthcoming), aimed
at optimally estimating the location of bone segments,
modelled as a kinematic chain of rigid bodies connected
by articulating joints, by minimizing the distances
between the model-determined and the measured marker

trajectories. A recent review on the use and applications
of MBO is given in Leardini et al. (forthcoming).

The use of MBO for determining knee kinematics
provided promising results (Duprey et al. 2010; Clément
et al. 2015; Gasparutto et al. 2015; Richard et al. 2016),
but validation of the method remains limited. In particu-
lar, MBO methods rely on the determination of a pre-
defined kinematic model with specific joint constraints.
Simple kinematic constraints (spherical or hinge joints)
were introduced, but showed mixed results. Stagni et al.
(2009), Andersen et al. (2010), Clément et al. (2017) and
Richard et al. (forthcoming) obtained significant errors
at the knee level evidencing limitations in reducing STA,
especially its effect on joint translations. Opposite results
were found in Gasparutto et al. (2015) and Richard et al.
(2016) where spherical constraints performed better than
models with no kinematic constraint, leading the authors
to conclude that imposing joint constraints could be val-
uable. These studies suggested that more advanced mod-
els implementing anatomical constraints, together with
accurate parameter identification, could improve results.

Anatomical constraints were thus proposed by taking
into account the articular surfaces and the ligaments.
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Duprey et al. (2010) and Clément et al. (2017) modeled
the knee using parallel mechanisms with sphere-on-plane
contacts (Feikes et al. 2003) and three isometric ligaments
of constant length: anterior cruciate ligament (ACL),
posterior cruciate ligament (PCL) and medial collateral
ligament (MCL). This concept was further developed in
Bergamini et al. (2011), Gasparutto et al. (2013, 2015)
taking into account the four major ligaments (ACL, PCL,
MCL and the lateral medial collateral ligament (LCL))
and different deformable conditions: minimal ligament
length variations or prescribed ligament length varia-
tions as a function of knee flexion angle. The latter study
concluded that anatomical constraints helped reduce
STA compared to no kinematic constraint or degree-of-
freedom (DoF) coupling curves (Walker et al. 1988). To
account for ligament deformability, a ‘soft’ constraint (i.e.
stiffness matrix) and a penalty-based method were also
introduced in Richard et al. (2016). The authors suggested
as in Gasparutto et al. (2015) that for a better definition
of joint models, personalization should be considered for
further improvements.

The importance of improving the accuracy of kin-
ematic models to reduce the errors in calculated joint
kinematics using personalization from medical imaging
has been demonstrated previously (Scheys et al. 2011;
Clément et al. 2015; Valente et al. 2015; Kainz et al. 2016;
Sreenivasa et al. 2016). In particular, Clément et al. (2015)
evaluated the performance of knee joint models with sub-
ject-specific kinematic constraints in healthy and oste-
oarthritis subjects during quasi-static squats. Different
kinematic chains of four lower limb segments were com-
pared using various combinations of joint models (a mix
of no kinematic constraint, spherical joints and parallel
mechanisms with customized minimal ligaments length
variation). Results showed that personalization improved
STA compensation, especially for the knee internal/exter-
nal rotation, abduction/adduction, antero-posterior and
proximal-distal displacements in both groups of tested
subjects. This is to our knowledge the only work to date
assessing personalized knee models in MBO for STA com-
pensation. Therefore, further investigation is required to
attest their validity.

Another aspect common to all previously cited stud-
ies is that the knee ranges of motion (ROM) of the activ-
ities considered in the in vivo experiments were limited
to small flexion angles (usually between 40° and 65°).
Indeed, these studies focused on typical clinical move-
ments (e.g. gait, running, limited squat), but for many
sport activities (e.g. dance, gymnastic, judo, hockey)
higher ROM is usually performed. The performance
of MBO at higher knee flexion angles should be hence
verified and we expected that the more advanced mod-
els such as parallel mechanism would provide better

results, since they are able to more realistically model
the complex physiological kinematic behavior of the
knee that comes into play at higher ROM (i.e. knee roll-
back) (Duprey et al. 2010; Leardini et al. forthcoming).

The objective of this study was thus to assess against
in vivo knee joint kinematics measured by Magnetic
Resonance Imaging (MRI) the performance of MBO with
subject-specific knee models. Here, we introduced more
refined knee joint models to reproduce, at best, specific
knee geometry: the standard sphere-on-plane contacts
were replaced by surface-on-plane contacts, and the lig-
aments attachment sites were defined with reference to
MRI. Moreover, the performance of MBO is evaluated
at high knee flexion angles, up to 110°. For comparison,
MBO methods with no kinematic and with spherical con-
straints were also studied.

Materials and methods
Subjects

The measurements were made on the right knee of eight
healthy young active participants (five females, three
males). The mean age, weight and height were 27.1 years,
61.3 kg and 166 cm, respectively. Because of the technical
protocol, a height criterion was used. The subjects higher
than 180 cm were excluded. Other exclusion criteria were
reported previous knee injuries, knee surgery or con-
traindications for MRI. Institutional ethical approval and
informed consent were obtained prior to data collection.

Experimental protocol

All volunteers were MRI scanned with a 1.5 T Optima
MR450w GEM system (General Electric Healthcare,
Milwaukee, WI, USA). A flexible surface coil was used
and images were acquired at several unloaded knee flex-
ions: 0°, 45° 90° and 110°. At neutral knee flexion (0°),
the subjects were placed in supine position. One 3D inter-
mediate weighted fast spin echo without fat saturation
(Cube®) sequence (section thickness 0.8 mm; no gaps;
TR/TE ms 1500/27.9) centered on the knee and three 3D
fast gradient echo (Lava®) sequences (section thickness
3 mm; no gaps; TR/TE ms 4.2/2.0) were achieved cov-
ering a region of interest from the pelvis to the ankle, as
shown in Figure 1(A). For the other flexion angles, the
subjects were lying on the right side to ensure sufficient
room to center the knee joint in the magnetic bore. A
hand-held goniometer was used to position the subject’s
lower limb at the desired knee flexion. For each position,
one 3D intermediate weighted fast spin echo without fat
saturation (Cube®) sequence and two 3D fast gradient
echo (Lava®) sequences were acquired (Figure 1(B)). It is
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Figure 1. MRI volumes acquired (A) in neutral knee flexion (frontal view) and (B) at 90° knee flexion (lateral view).
Notes: Markers are also shown. GT = greater trochanter, LFC = lateral femoral epicondyle, MFC = medial femoral epicondyle, TT = tibial tuberosity, MMA = medial

malleoli, LMA = lateral malleoli, T1-T6 = technical markers.

worth mentioning that changing orientation of the body
in the MRI scanner resulted in soft tissues shape changes.
The subjects were equipped with external MRI-
compatible markers set placed directly onto the skin using
adhesive tape. We used spherical capsules (10 mm)
of Burgenstein Vitamin E (Antistress AG, Switzerland)
because of their highly visible MRI signal. The femur
marker set included three markers placed on anatomical
landmarks (greater trochanter, lateral and medial femoral
epicondyles) and four markers distributed on the lateral
and frontal parts of the thigh (see Figure 1). For the tibia,
three markers were placed on anatomical landmarks (tib-
ial tuberosity, medial and lateral malleoli), one on the lat-
eral part and one on the medial part of the shank. Markers
were placed as much as possible on skin areas suscepti-
ble to show less sensitivity to STA according to previous
studies (Stagni et al. 2005; Akbarshahi et al. 2010; Kuo
et al. 2011; Tsai et al. 2011). The same investigator (CC)
attached all markers and performed all measurements.

Kinematic knee models

Bone geometry was obtained from 3D reconstruction
based on the 3D images in neutral knee flexion. The MRI
volumes were registered and manually segmented using
Mimics software (Materialize NV, Leuven, Belgium). For
each volunteer, subject-specific 3D models of the femur
and tibia were thus obtained.

Parallel mechanism was modeled with four ligaments
(ACL, PCL, MCL, LCL) and two surface-on-plane con-
tacts, providing more accurate constraints than the stand-
ard sphere-on-plane contacts, since it takes into account
the femur geometry and not an approximation. The sur-
face-on-plane constraints forced the lateral and medial

Table 1. Coefficients of the polynomial interpolation* used to
fit ligament length variations (% of elongation compared to the
length at neutral knee flexion) with respect to the knee flexion
angle 6.

ACL(I=1) PCL(I=2) MCL (I=3) LCL(I=4)

a(') 0.9963 0.9996 0.9974 1.0037
a1 0.0012 —0.0045 —0.0004 —0.0003
aé 1.58e-05 —2.54e-05 —1.23e-05 —1.09e-05
LOO-XVE 0.052 0.060 0.042 0.046

Note: The last column provides the leave-one-out cross validation error (LOO-
XVE) for each ligament evaluating how well the polynomial interpolation
would generalize to an independent data-set. *d'(9) = ag + aq 0+ a’202;

femoral condyles surfaces to maintain contact with the
tibial plateaus, modeled as a 3D plane. The contact sur-
faces and the normal and point of planes were determined
on the subject-specific knee bone models. To account for
the articular cartilages, the tibial plateaus plane was then
translated superiorly along its normal by the average thick-
ness of the cartilages. We estimated this value to 4 mm
(2 mm for the femoral and tibial cartilages, respectively)
based on literature measuring cartilage thickness at the
joint (Cohen et al. 1999; Shepherd and Seedhom 1999).
The origins and insertions of the four ligaments
were defined for each subject by first identifying on the
high-resolution 3D Cube® images the attachment surface
and then taking its barycenter. Ligament length variations
measured in all subjects during the experiment were fitted
with polynomial functions of the knee flexion angle 0.
Table 1 provides for each ligament the computed coeffi-
cients of the polynomial interpolation. A leave-one-out
analysis was performed for each ligament to evaluate how
well the polynomial interpolation would generalize to an
independent data-set. The computed leave-one-out cross
validation errors are given in Table 1, showing that the
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ligament length variation models were not overfitting the
data.

Multi-body optimization and constraints

The aim of MBO is to minimize the sum of square dis-
tances between model-determined and measured skin
marker positions by optionally taking into account a cer-
tain number of kinematic constraints (Lu and O’Connor
1999; Duprey et al. 2010; Gasparutto et al. 2015; Richard et
al. 2016; Clément et al. 2017; Richard et al. forthcoming).
In this study, MBO was applied to two segments — the
femur and the tibia. Three different kinematic models
were considered: First, no kinematic constraint (N) was
imposed to the knee joint (full 6 DoF), equivalent to a
least square segment pose estimation, such as the singular
value decomposition (SVD) (S6derkvist and Wedin 1993).
Second, a spherical joint constraint (S) (Lu and O’Connor
1999) was introduced limiting movement to rotation only
(3 DoF). The center of rotation was taken as the mid-
point between the lateral and medial femoral epicondyles.
Third, parallel mechanism constraints (P) were applied
considering the two surface-on-plane contacts and the
four ligament length variations, implemented as a penal-
ty-based method (Gasparutto et al. 2013; Charbonnier et
al. 2014) as follows:

2 n, 2
minz <Zasi||Tst,~ —ys,»||2> +BZD§
s=1 i=1 e=1

4
+ Z yl(Ll - Lrefl)2
I=1

The optimal pose T, (i.e. 3 rotational components (r, 7,, ,

) and 3 translational components (¢ , t, t,)) for each seg-
ment s corresponds to the minimization of three terms:

(1)

« the square distances between the model-based (x,)
and the measured (y,) marker coordinates in the
segment’s cluster (n, markers in segment’s cluster
s) with a weighting factor « to reflect different
degrees of STA, as described by Lu and O’Connor
(1999);

o the square distance D? between the lateral (e = 1) or
medial (e = 2) condyle surface and the tibial pla-
teaus plane translated superiorly along its normal by
4 mm for the given pose with a weighting factor f,
where D, is the minimum of the distances between
each point of the condyle and the tibial plateaus
plane (note that under the modelling assumption
that cartilage thickness is constant over the whole
articular surfaces and between subjects, this term
tends to zero);

o the square difference between the computed liga-
ment length L, for the ligament [ and the reference
ligament length Lref, obtained by multiplying the
rest length (measured at neutral knee flexion) with
the estimated variation calculated for the given
pose with the polynomial interpolation (see Table
1) and weighted by y, to reflect different ligament
contributions. Given the large ROM studied, pre-
scribed ligament length variations were preferred
over minimized ligament length variations around
the average length.

The model-based (x ) marker coordinates were estab-
lished in neutral knee flexion. For all kinematic models
and for simplicity, equal weighting factors (a,; = ) were
assigned to the markers of the femur and tibia. No dif-
ferent weighting factor was applied between the surface-
on-plane constraints (f = 1), nor between the ligaments
(r, = i). Opverall, the distribution of weights between the
three terms of Equation (1), which are all homogeneous
to a squared distance, was chosen so that each term was
of the same order of magnitude. The initial guess used in
MBO was computed from the skin markers using SVD.
Equation (1) was solved by a non-linear BFGS optimiza-
tion (Byrd et al. 1995).

Validation procedure

In order to assess the performance of the three models
used in MBO to compensate for STA at several knee flex-
ions, model-based knee kinematics derived from the skin
markers was compared to the knee kinematics derived
from the MRI scans. The MR series were processed,
the bones segmented and the reference bone positions
and orientations were calculated by registering the sub-
ject-specific knee bone models to each MRI pose using the
iterative closest point algorithm (Besl and McKay 1992).
Skin markers visible on the MR images were manually
labelled and the centers of gravity of each marker were
determined.

After MBO, descriptive statistics and in particular
the root mean square errors (RMSEs) between the mod-
el-based and the reference kinematics were computed for
each method at each flexion angle and for the overall ROM
(i.e. cumulated data for the three flexion angles). Knee
joint angles and displacements were calculated with the
femur and tibia segment coordinate systems defined fol-
lowing the recommendations of the ISB (Wu et al. 2002)
using anatomical landmarks identified on the subject-spe-
cific knee bone models by virtual palpation. The center
of the femoral head was calculated using a sphere fitting
method (Schneider and Eberly 2003).
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Results

RMSEs between the model-based knee kinematics com-
puted by the three MBO methods and the reference kin-
ematics at 45°, 90° and 110° of knee flexion and for the
entire ROM are shown in Figure 2. Figure 3 presents box-
and-whisker plots of the kinematic errors. Information
about the actual ROM at the different knee flexion angles
is also reported in Table 2.

Overall, the lowest RMSEs in all anatomical planes
were obtained with the parallel mechanism constraints.
Compared to constraints N and S, the model P was
particularly good in minimizing displacements errors
(between 1.3 and 3.5 mm vs. 6.0 and 12.4 mm and 4.9 and
12.5 mm for N and S, respectively). RMSEs for flexion/
extension and abduction/adduction obtained with model
P were also smaller (5.8° and 3.0°, respectively), but were
comparable for internal/external rotation compared to the
other models (9.2°). For constraints N and S, the RMSEs
among the joint angles showed comparable results (differ-
ence of 1°), while the model S was more accurate than the
model N for lateral-medial and proximal-distal displace-
ments, but less accurate for the anterior-posterior shift.

Flexion/extension (Z)

100
8.0
§ 6.0
< 4.0
2.0
0.0
ALL 45° 90° 110°
BN mS mp
Abduction/adduction (X)
10.0
8.0
g 6.0
< 4.0
- il i A M
0.0
ALL 45° 90° 110°
EN mS mpP
Internal/external rotation (Y)
120
100
b 80
2 60
“ a0
2.0
0.0
ALL a5° 90° 110°

BN mS mpP

In terms of inter-subject variability, model P demon-
strated globally the best median and inter-quartile of
errors (Figure 3), in particular for abduction/adduction
and proximal-distal displacements. For all flexion angles,
constraints N and S exhibited comparable variability
across subjects, but model S depicted smaller inter-quar-
tile ranges than model N for displacement errors.

RMSEs for flexion/extension increased for constraints
N and S with higher knee flexion angles, whereas RMSEs
were in the similar range over all flexion angles for model
P. For the other anatomical planes, as well as for displace-
ments, parallel mechanism constraints seem to have more
stable errors across the whole ROM. Interestingly, RMSEs
for internal/external rotation were high for the three
methods.

Discussion

In this study, we compared three MBO methods with
different joint constraints against in vivo knee joint kin-
ematics measured by MRI at high knee flexion angles.
Moreover, we introduced anatomical constraints based
on subject-specific knee joint models, taking into account

Lateral/medial ()

150
w 100
(%]
2
5.0 l
. s Hun s Nis
ALL a5 90° 110°
BN mS mP
Anterior/posterior (X)
20.0
15.0
w
€ 100
o
-1 I« Is |
. 1in Hin Hin His
ALL 45° 90° 110°
EN mS mp
Proximal/distal (Y)
15.0
W 100
(%)
=
50 I I I
0.0 I- .- I- O
ALL 45° 90° 110°

EN HS mp

Figure 2. RMSEs for the three MBO methods at various knee flexion angles (45°, 90° and 110°) and for the overall ROM.
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Figure 3. Box-and-whisker plots of the kinematic errors for the three MBO methods at various knee flexion angles (45°,90° and 110°) and

for the overall ROM.

Table 2. Mean = standard deviation of the actual ROM at 45°, 90°
and 110° of knee flexion.

Flexion

angle AA (°) IE (°) LM (mm) AP (mm) PD (mm)
45° 78+40 1.0+78 -3.1+13 64+£36 00£35
90° 64+44 72+62 —-46+14 121+£26 1.7+54
110° 49+32 91+62 -60+18 174%+17 36+6.5

Notes: Abduction (—)/adduction (+), AA; internal (+)/external (—) rotation, IE;
lateral (+)/medial (-) displacement, LM; anterior (+)/posterior () displace-
ment, AP; and proximal (+)/distal (—) displacement, PD.

personalized ligaments attachment sites and knee bone
geometry. This is the first in vivo study evaluating the per-
formance of MBO methods at high knee flexion angles,
up to 110°.

Defining a kinematic model to be used in MBO in
order to derive accurate knee joint kinematics based on
skin markers is critical. The use of no kinematic constraint
or spherical constraints was thoroughly analyzed (Stagni
et al. 2009; Andersen et al. 2010; Gasparutto et al. 2015;

Richard et al. 2016; Clément et al. 2017; Richard et al.
forthcoming) showing mixed results but most often inac-
curate model-based kinematics. For instance, Stagni et al.
(2009) reported mean RMSEs between 8° and 13° for knee
rotations and between 5 and 20 mm for knee displace-
ments during squatting. In the same activity, Clément et
al. (2017) recorded mean RMSEs around 3-8° for knee
rotations but less errors for knee displacements (2-3 mm).
Our results for the spherical model were similar showing
large RMSEs for all anatomical planes and in particular
for joint displacements. According to our findings, the use
of parallel mechanisms with subject-specific knee models
gave lower error ranges, except for internal/external rota-
tion. Indeed, RMSEs for internal/external rotation were
not improved but comparable with the methods with no
kinematic or with spherical constraints and were also
high. Whereas the two latter models impose no limita-
tion in rotational movement, parallel mechanisms attempt
to reproduce the biomechanical behavior of the knee
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ligaments that play a role in stabilizing the joint and thus
limiting excessive ROM, which did not improve results
for internal/external rotation in the present study. One
explanation could be that the subjects were lying on the
side during the MRI acquisitions. Abnormal STA were
likely to be induced by soft tissue compression of the leg
in contact with the MRI table, as well as by the change
of gravity compared to the MRI acquisitions in supine
position for the neutral knee flexion.

For quasi-static squats studied at five knee positions
(0°, 30°, 40°, 50° and 60°), Clément et al. (2015) com-
pared model-based kinematics measured using the
KneeKG - a motion capture device designed to limit
STA (Lustig et al. 2012) — with the kinematics measured
by biplanar radiographic imaging system (EOS®) on 10
subjects. Using subject-specific kinematic constraints,
they reported RMSEs of 2.2 £ 1.2° and 5.2 *+ 3.8° for
abduction/adduction and internal/external rotation,
respectively, and 4.3 + 2.4 mm, 3.2 + 2.1 mm and
2.4 £ 1.1 mm for medial/lateral, anterior/posterior and
proximal/distal displacements, respectively. The use of
the subject-specific kinematic constraints in the pres-
ent study gave better accuracy for joint displacements,
but greater errors for joint angles. These greater errors
could be explained by the fact that the KneeKG" device
tackled STA more effectively than the marker set used in
the present study. Moreover, we investigated larger ROM
up to 110°, thus more important STA could be expected.
Finally, Clément et al. (2015) used a complete lower limb
model (4 segments and 3 joints, from the hip to the foot)
in MBO, resulting in better optimization performances
as previously reported (Duprey et al. 2010).

Another foreseen finding of the present study is that the
parallel mechanism constraints seem to have more stable
errors across the whole ROM and less inter-subject vari-
ability. Compared to simple kinematic constraints, errors
did not increase with knee flexion angle, and the results
of model P demonstrated the best median and inter-quar-
tile of errors. Indeed, these mechanisms seemed to model
appropriate physiological knee patterns (i.e. femoral roll-
back, limited abduction/adduction), as previously evi-
denced (Duprey et al. 2010; Leardini et al. forthcoming).
Furthermore, they have the unique advantage of being
customizable with subject-specific knee joint geometry,
hence offering the possibility to adapt the model to pathol-
ogies and to conduct clinical studies. STA being known
to be subject-specific (Leardini et al. 2005), adding more
personalized anatomical constraints is also expected to
reduce more effectively the inter-subject variability of the
model-derived kinematics.

We acknowledge some limitations in the present study.
First, we assessed the performance of MBO methods in

reducing STA errors against in vivo knee joint kinematics
measured by MRI during static and non-weight-bearing
knee poses, which does not represent dynamic activities
for which STA would be different (due to inertia effects,
muscle contractions, etc.). In the literature, two types of
technique are generally used as gold standard to evalu-
ate methods for STA compensation. The first type uses
strongly invasive metallic rods inserted directly into the
bone and instrumented with cluster of markers to derive
true bone movements, such as intra-cortical pins (Benoit
et al. 2006; Gasparutto et al. 2015; Richard et al. forth-
coming). The second type uses fluoroscopic acquisitions
(Stagni et al. 2005; Lin et al. 2016; Richard et al. 2016;
Richard et al. forthcoming) which has two main draw-
backs: firstly, the 3D movement is estimated from bipla-
nar radiographs and secondly the method uses ionizing
radiation. Conversely, MRI acquisitions are not invasive
and provides full 3D images of the joint with visualiza-
tion of the soft tissues, but the volumes of the knee need
to be acquired in static positions. Therefore, we consider
this technique more suitable for a study involving healthy
volunteers. Another limitation was that the parallel mech-
anisms used in MBO to compute model-based knee kine-
matics of the subjects were based on polynomial functions
built from the validation data obtained from the same
subjects, which represents a source of bias. Eventually,
instead of using a constant cartilage thickness in the
sphere-on-plane constraints, cartilages could have been
segmented on MRI to obtain subject-specific and accurate
thickness estimation of these structures, but this would
have required an invasive arthro-MRI (with injection of
contrast agent) to allow for a reliable segmentation of the
soft tissues.

Conclusion

The results of this study seem to confirm the findings of
Clément et al. (2015) and indicate that MBO combined
with subject-specific knee models can improve knee kin-
ematics estimation based on skin markers, in particular
for the determination of joint displacements. In addition,
this method seems to be more reliable over large ranges
of knee flexion angle, since it models more precisely the
physiological behavior of the knee joint. Although this
method should be further validated with large ROM dur-
ing dynamic movements, it provides promising results for
the study of pathologies or injuries related to sport activi-
ties requiring high knee flexion.
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Chapter 3

Conclusion

"Leonardo da Vinci, c. 1490. Male head in profile with proportions, Gallerie dell’ Accademia, Venice.
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3.1 Contributions

Our main research focus has been over the last six years the biomechanical modeling of human joints (hip,
knee and shoulder complex) using motion tracking and simulation techniques to explore the mechanisms
of motion-related disorders, such as femoroacetabular impingement in the prosthetic hip, knee ligaments
biomechanics, glenohumeral instability and impingement or rotator cuff hyperelongation. Research has also
been devoted to the improvement of the surgical planning, developing software solutions to better evaluate
the impact of hip and shoulder implants design on the mobility of the joint and to better plan the surgical
resection procedure in acromioplasty surgeries.

The originality of our research lies in the ability to fuse patient-specific 3D anatomical models and
computer-assisted techniques to track and simulate moving joint structures. Our research has involved
expertise in real time medical imaging, clinical image processing, segmentation and 3D reconstruction of
hard and soft tissues (bones, cartilages, ligaments and muscles), soft tissue deformation, computer-assisted
medical software and motion tracking based on different modalities: stereophotogrammetry and 3D-2D model
to image registration (MRI, fluoroscopy).

Unlike most of the biomechanics research labs or gait labs, we do not make use of any generic human
model scaled to the patient’s anthropometric measurements (e.g., OpenSim®) to infer clinical outcomes.
Contrariwise, we aim at modeling accurate patient-specific models from both an anatomical and kinematic
point of view. Starting from patient’s medical images, 3D joint models are generated using conventional
segmentation and reconstruction software. Patient’s movements are captured in a subsequent step and
applied to the reconstructed joint. Here, we have devoted significant research to the improvement of accuracy
and robustness in bone pose estimation when skin markers-based motion capture is considered, including
the elaboration of optimized markers protocol, calibration techniques and STA minimization algorithms. As
a result, the joint can be visualized in motion and in real time, allowing functional evaluation of soft tissues
(e.g., tendons, muscles, cartilages), measurements or planning of surgical treatment in 3D.

Over the years, we have developed simulation software that have proven to be effective in the analysis
of functional disorders in the native and prosthetic joints, and especially in the particular context of sports
medicine and rehabilitation. Our objective is to further develop this research and extend the work to other
pathologies or joints. The results of this research have been published in more than 70 peer-reviewed articles
in journals and international conferences, and been awarded 4 international prizes and awards in the field of

computer-assisted diagnosis and surgery.

3.2 Limitations

Despite the advances attributable to the presented research, we acknowledge some limitations that would be
worth devoting particular attention in future research. Here is a review of the limitations of our work and

potential new directions per topic.

80penSim, http://opensim.stanford.edu/, accessed March 2017
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3.2.1 Complexity of the methodology

Most of the studies presented in the previous chapter included a small number of tested volunteers or patients
due to the complexity of the analysis. Indeed, our methodology requires the subjects to undergo different
acquisitions: MRI/CT scan for diagnosis and 3D reconstruction, motion capture for kinematic estimation
and if required additional acquisitions for validation purposes (e.g., dynamic imaging). Except from the pre-
operative or pre-treatment scans, these extra analyses are nowadays not covered by the health insurance.
Moreover, the post-processing of the medical images and kinematic data, as well as the execution of the
computer simulations and motion analysis, are time consuming and thus involve additional costs (i.e., the
salaries of the engineers) with respect to standard patient care. All these costs must be for now covered
by research funds. This prevents us from testing more subjects and thus deriving more valuable clinical
outcomes. This also prevents us from implementing this methodology at a larger scale or as a standard of
care.

One solution to reduce the complexity of the analysis would be to develop automatic software tools
that allow to perform the maximum number of tasks without operator control. Typical tasks that could be
automated include, for instance, the creation of generic anatomical models from medical images adapted to
the patient’s anatomy which would automate the computation of morphological descriptors or biomechanical
parameters (e.g., joint center, AFs). In addition, to suppress the cost of the kinematic acquisition, the
patient’s joint could be at least simulated with a generic database of realistic movements (e.g., daily activities
and not idealized motions only).

We recently took one step forward into this direction by developing the “Arthroplanner” computer-
assisted planning solution for acromioplasty surgery |[CCPT 18| ILCP™18| that allows to perform standard
morphological bony measurements, as well as 3D simulations of the patient’s joint using a database of
everyday activities. The software perform the planning procedure based on successive automatic steps where
the results at each step are just validated by the engineer before continuing to the next. The time required
to execute the planning is drastically reduced (= 40 minutes for one planning including 3D reconstruction),
which renders the process cost-effective.

With such developments, our objective is to provide health care practitioners with new diagnostic
and treatment planning tools which do not remain at the research state, but are effectively implemented
in the clinical setting and used for the direct benefit of patients. We will hence dedicate further R&D in
this direction and develop partnerships with industrial partners for the commercialization and distribution

of such software.

3.2.2 Kinematic estimation

There are potential limitations to the accuracy of the kinematics computation from motion capture data.
Indeed, we have translational errors of up to 3.7 mm and rotational errors of up to 6°, which is comparable
to previously reported kinematic studies based on stereophotogrammetry. Here, a trade-off must be found:
since the measurements are external (i.e., no direct access to the joint), motion capture is generally subject
to greater errors than other techniques (e.g., dynamic MRI, fluoroscopy). However, this modality is not
harmful and allows the recording of large ranges of motion, as well as multiple joints at the same time. This

is also for now the unique solution to assess joint motion during sport activities. Possible improvements
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could be the following;:

e A possible extension could be investigated regarding our bone pose algorithms by introducing physically-
based constraints that model more realistically the joint mechanics. The idea would be to model the
soft tissues structures (ligaments, cartilages) and their mechanical properties, as well as to integrate
forces (loads) and velocities to find the joint equilibrium for each instant frame. Our method would no
longer be mathematically-based, but driven by a more advanced mechanical simulation able to model
the dynamic behavior of the articulation. However, loads should be available, which can be difficult to

measure according to the motor task (e.g., shoulder movements).

e The progress in 4D medical imaging could offer new opportunities to image in real time the joint in
motion and in 3D. If we can produce three-dimensional images of the joint structures with sufficient
quality without compromising acquisition speed, the use of motion capture becomes superfluous. Re-
search is thus needed to exceed the limits of the current means of acquisition and to achieve this

objective. However, we are still very far to be able to acquire sport movements in a scanner.

3.2.3 Nature of the simulation

Our proposed simulation techniques (contact and conflict analysis, elongation analysis) are non-physical
and irrespective of many loads. As already explained in Section physically-based simulations (e.g.,
finite element models, mass-spring models) could be more advanced and realistic methods accounting for
the dynamics and physical properties of the joint tissues. However, to our knowledge, no physical model
allowing simulation of the chondrolabral structures compression and ligaments/muscles elongation during
complex motion exists. Indeed, current physically-based methods are difficult to set up and are limited to
simple ROM simulation where loads can be estimated. Moreover, they require accurate tissue segmentation
on medical images, which remains a complicated task with respect to muscles and ligaments. Contrariwise,
although our simulation techniques are non-physical approaches, they are generalizable to different joints
and allow real time simulation of osteoarticular structures during complex motion. Nevertheless, future work

should investigate and push the boundaries of physically-based simulation to achieve the desired results.

3.3 Perspectives

Patient care starts with an accurate diagnosis of the disease, followed by treatment planning, actual treatment
of the disease and finally rehabilitation to recover an acceptable health state. Over the past six years, our
research has been mainly focused on two aspects of this process: the diagnosis by improving understanding
of human joint structures and the surgical planning for the treatment of musculoskeletal disorders. Some
work has also been devoted to the evaluation of the rehabilitation program. We believe that we can bring
more in the future, notably in three specific areas (surgery, education/training and rehabilitation), thanks
to our expertise in augmented reality (AR) and virtual reality (VR).

Recent advances in VR and AR headsets allow, respectively, users to either be immersed in computer-
generated simulation or environment where they have the feeling to experience the virtual reality first-hand or
to have access to digitally-created enhancements overlaid on the existing reality to make it more meaningful.

VR/AR technologies are earning a lot of media attention and are considered as a new technological revolution,
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as Internet and mobile were in the past. In medicine, these disruptive technologies can offer added value
over traditional education, assessment and interventional approaches.

Artanim’s group has specialized in the development of VR/AR applications with a focus on real time
interaction and using cutting edge motion capture. The lab has gained over the years a strong knowledge
in this field and is recognized both at the national® and international levels, in particular for its work
on immersive and collaborative VR. By combining Artanim’s expertise in motion capture, 3D anatomical
modelling and VR/AR technologies, new solutions can be proposed to improve medical treatment. More
specifically, we are already developing research projects that aim at creating VR applications to improve the
rehabilitation program using gamification scenarios, as well as an innovative system based on AR technology
for use in surgery and sports medicine to visualize and analyze patient’s anatomy in real time and in motion.

These perspectives are developed in the next sections.

3.3.1 Perspectives offered by virtual reality

VR technology can be used effectively to improve performance and participation for patients receiving
rehabilitation programs. For instance, combining motion capture with interactive audiovisual feedback can
support rehabilitation training with rewarding mechanisms (gamification) and reliable monitoring of patient’s
progress. In this perspective, VR rehabilitation platforms can be developed integrating customized VR
software with low-cost commercially available devices such as HTC Vive!? (Figure to offer rehabilitation

training approaches for hospital, clinic and home.

Figure 3.1: A) User equipped with HTC Vive showing the headset and the hand controllers. B) Example of a
VR game that could be adapted for upper arm rehabilitation training: the game is a puzzle in which players
construct machines from building materials to meet challenges. Image courtesy of Fantastic Contraption.

HTC Vive provides a VR headset to be immersed in the virtual world, two wireless hand controllers

to interact with virtual objects and two optical cameras that track the position and orientation in space of

9 Artanim is for instance at the initiative of the National Thematic Network on immersive technologies Virtual Switzerland
funded by the Commission for Technology and Innovation, period 2017-2020, http://virtualswitzerland.org/, accessed March

2017
OHTC Vive, https://www.vive.com/eu/, accessed March 2017
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the head and controllers. The system allows to walk around freely in a 3 x 3 meters play area. The setup is
thus ideal for the creation of dedicated rehabilitation games which guide patients in their training program
by using gamified goal-oriented tasks. The idea here is to transport the patient into a fun environment
while re-educating him/her. Moreover, it is possible to monitor the patient’s progress over the different
training sessions by adding extra Vive trackers on the limb segments or by combining the HTC Vive with
other motion capture devices (e.g., inertial sensors, Microsoft Kinect!'!) to capture comprehensive patient’s
movements. Using this technology, we plan in the next future to develop such rehabilitation programs in
close collaboration with physiotherapists, sports medicine physicians and orthopedists.

VR technology has the potential to offer many more opportunities in different medical sectors, such
as in neuroscience to understand specific brain mechanisms where VR can be used as an effective tool to fool
the brain, in social phobias treatment to confront patients to their fear while being in secure conditions or
for medical education to train surgeons at complex procedures or medical students at the complex anatomy

of the human body.

3.3.2 Perspectives offered by augmented reality

In neurosurgery or orthopedic surgery, we are already planning surgical interventions in 3D using navigation
tools. Surgical navigation systems have proven to be beneficial and cost-effective by offering real time
feedback of the surgical field, enabling surgeons to adjust the surgical technique to improve post-operative
outcomes and decrease intra-operative errors. However, the difficult hand-eye coordination required if the
computer screen is in different orientation than the surgical field is the main limiting factor. To overcome this
issue, the use of AR headset, such as the glasses proposed by Microsoft HoloLens'2, could greatly improve
the accuracy and safety of the surgical gesture when using navigation systems, since patient’s anatomy (3D
models, images, other visual information) can be directly projected in agreement with the surgeon’s visual
system.

Microsoft HoloLens is made up of specialized components that together enable to visualize and inter-
act with high definition holograms. Moreover, the system understands user gestures, gaze and speech, which
is ideal for the use in the operating room environment. Despite the AR headset works with advanced sensors
for position and orientation tracking, they are not accurate and robust enough for surgical interventions.
Therefore, the solution is to combine the AR headset tracking with a commercial navigation system to allow
precise superposition of 3D pre-operative planning information or medical images over the patient — a solu-
tion that we have called “HoloMed” and that we have undertaken to develop recently. Such a solution would
provide surgeons with computer guidance to precisely execute the surgical planning or to avoid damaging
critical anatomical structures.

To test the feasibility of the system, Artanim’s group has developed a first prototype in the laboratory
using the optical motion capture system instead of the navigation system. With the HoloLens glasses, the
user can see and analyze the 3D reconstructed anatomical joint structures overlaid on the patient during the
motion capture session (Figure — like if the user has an “X-ray vision”. Based on our existing algorithms,
the software compute in real time the patient’s joint kinematics from the markers positions, and the resulting

bone poses are then streamed to the HoloLens and projected according to the user’s point of view. This work

HMicrosoft Kinect, https://developer.microsoft.com/en-us/windows/kinect, accessed March 2017
12Microsoft HoloLens, https://www.microsoft.com/microsoft-hololens/, accessed March 2017
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is a first step toward the combination of AR headset with surgical navigation system, providing a real time
monitoring and visualization tool of the anatomy in movement for sports medicine and rehabilitation. The
next step is to effectively integrate the HoloLens with the navigation and to extensively test the developed

solution, as small overlapping errors can compromise the foundation of the entire system. We believe that

in a few years, it will not be possible to dissociate surgery from these AR technologies.

Figure 3.2: A) Motion capture session using the HoloLens headset. B) Superposition of the anatomical
structures on top of the patient, as seen through the HoloLens. The projection follows the movement of the
patient.
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Appendix A

Acronyms

Acronyms used throughout the text and their definition:
AC: Acromioclavicular

ACL: Anterior Cruciate Ligament
AF': Anatomical Frame

AL: Anatomical Landmark

AR: Augmented Reality

CSA: Critical Shoulder Angle

CT: Computed Tomography

DoF': Degrees of Freedom

EMG: Electromyography

GH: Glenohumeral

ISB: International Society of Biomechanics
LCL: Lateral Collateral Ligament
MRI: Magnetic Resonance Imaging
MBO: Multi-Body Optimization
MCL: Medial Collateral Ligament
OA: Osteoarthritis

PCL: Posterior Cruciate Ligament
RMSE: Root Mean Square Errors
ROM: Range Of Motion

RSA: Shoulder Reverse Arthroplasty
SC: Sternoclavicular

STA: Soft Tissue Artifact

THA: Total Hip Arthroplasty

VR: Virtual Reality
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