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Subject-specific model-derived kinematics of the shoulder based on skin markers during arm abduction up to 180° -Assessment of 4 gleno-humeral joint models

Accuracy of shoulder kinematics predicted by multi-body kinematics optimisation depend on the joint models used. This study assesses the influence of four different subject-specific gleno-humeral joint models within multi-body kinematics optimisation: a 6-degree-of-freedom joint (i.e. single-body kinematics optimisation), a sphere-on-sphere joint (with two spheres of different radii) and a spherical joint with or without penalised translation. To drive these models, the 3D coordinates of 12 skin markers of 6 subjects performing static arm abduction poses up to 180° were used. The reference data was obtained using biplane X-rays from which 3D bone reconstructions were generated: scapula and humerus were 3D reconstructed by fitting a template model made of geometrical primitives on the two bones' X-rays. Without any motion capture system, the recording of the skin markers was performed at the very same time than the X-rays with radiopaque markers. The gleno-humeral displacements and angles, and scapula-thoracic angles were computed. The gleno-humeral sphere-on-sphere joint provided slightly better results than the spherical joint with or without penalised translation, but considerably better gleno-humeral displacements than the 6-DoF joint. Considering that it can easily be personalised from medical images, this sphere-on-sphere model seems promising for shoulder multi-body kinematics optimisation.

arm abduction up to 180° -Assessment of 4 gleno-humeral joint models

Introduction

Shoulder kinematics is generally collected using skin markers and a stereophotogrametric system [START_REF] Lempereur | Validity and reliability of 3D marker based scapular motion analysis: A systematic review[END_REF]. However, due to large soft tissue artefact (STA) [START_REF] Cereatti | Standardization proposal of soft tissue artefact description for data sharing in human motion measurements[END_REF], a compensation is required to obtain accurate gleno-humeral and scapulo-thoracic kinematics. This compensation relies on a kinematic model of the shoulder and on a multibody kinematics optimisation (MKO) [START_REF] Begon | Multibody Kinematics Optimization for the Estimation of Upper and Lower Limb Human Joint Kinematics: A Systematized Methodological Review[END_REF] which is sensitive to joint modelling and model parameters [START_REF] Michaud | Scapular kinematic reconstruction -segmental optimization, multibody optimization with open-loop or closed-loop chains: which one should be preferred?[END_REF][START_REF] Prinold | Musculoskeletal shoulder models: A technical review and proposals for research foci[END_REF]. Specifically, to enable gleno-humeral displacements, apart from a 6-degree-of-freedom (6-DoF) joint, the glenohumeral joint can be modelled with two spheres of different radii or with a spherical joint with penalised translation [START_REF] Duprey | Kinematic models of the upper limb joints for multibody kinematics optimisation: An overview[END_REF]. These options allow to build subject-specific models, which is key since personalisation improves models' prediction (El Habachi et al., 2013). Personalisation can be performed by functional estimation of the joint centres [START_REF] Begon | Multibody kinematics optimization with marker projection improves the accuracy of the humerus rotational kinematics[END_REF][START_REF] Michaud | Scapular kinematic reconstruction -segmental optimization, multibody optimization with open-loop or closed-loop chains: which one should be preferred?[END_REF] or by using 3D bone reconstructions from MRI [START_REF] Charbonnier | A patient-specific measurement technique to model shoulder joint kinematics[END_REF][START_REF] Sarshari | Feasibility of an alternative method to estimate glenohumeral joint center from videogrammetry measurements and CT/MRI of patients[END_REF].

Few assessments of model-derived shoulder kinematics have been reported: the existing comparative analyses are based on intra-cortical pins [START_REF] Begon | Multibody kinematics optimization with marker projection improves the accuracy of the humerus rotational kinematics[END_REF][START_REF] Naaim | Effect of various upper limb multibody models on soft tissue artefact correction: A case study[END_REF] and mono-plane fluoroscopy [START_REF] Charbonnier | A patient-specific measurement technique to model shoulder joint kinematics[END_REF]. The errors on the gleno-humeral displacements were between 2mm and 4mm when considering penalised translation vs fluoroscopy [START_REF] Charbonnier | A patient-specific measurement technique to model shoulder joint kinematics[END_REF]. The errors on the gleno-humeral and scapulo-thoracic angles were between 2° and 10° [START_REF] Begon | Multibody kinematics optimization with marker projection improves the accuracy of the humerus rotational kinematics[END_REF][START_REF] Charbonnier | A patient-specific measurement technique to model shoulder joint kinematics[END_REF][START_REF] Naaim | Effect of various upper limb multibody models on soft tissue artefact correction: A case study[END_REF]. However, no study has evaluated gleno-humeral displacements with a sphere-onsphere joint model and no study reported accuracy for arm abduction reaching 180°.

Thus, the main objective of this study is to compare the accuracy of 4 models in terms of glenohumeral and scapulo-thoracic kinematics prediction when using MKO for arm elevation postures up to 180°.

Material and Methods

Arm abduction data

Data from [START_REF] Duprey | Three-Dimensional Rotations of the Scapula During Arm Abduction: Evaluation of the Acromion Marker Cluster Method in Comparison With a Model-Based Approach Using Biplanar Radiograph Images[END_REF] was used: biplane X-rays (EOS system) from 6 healthy male participants (30.8±8.5 years, 1.76±0.08m, 69±7.5kg) performing arm abductions at 0°, 45°, 120°, 150°, and 180°. The participants were equipped with 12 radiopaque skin markers enabling to extract their 3D coordinates for each arm abduction within the EOS cabin (were optoelectronic cameras could not fit). One posture (90°) was excluded because all humerus skin markers weren't visible. At the other arm postures, some skin markers were eventually non visible but could be interpolated from the other postures. The 3D geometries of the humerus and scapula were reconstructed from the 0°-posture (anatomical posture) by using a template model made of geometrical primitives and making the primitives fit the bones on the images (for instance, a sphere for the glenoid cavity and the humeral head, a cylinder for the lateral scapula border… [START_REF] Duprey | Three-Dimensional Rotations of the Scapula During Arm Abduction: Evaluation of the Acromion Marker Cluster Method in Comparison With a Model-Based Approach Using Biplanar Radiograph Images[END_REF]). Then, bone models were then matched on the images at higher arm elevations using only rigid translations and rotations [START_REF] Lagacé | Analysis of humeral head displacements from sequences of biplanar X-rays: repeatability study and preliminary results in healthy subjects[END_REF] (Figure 1). Skin markers 3D coordinates and 3D bone reconstructions were recorded simultaneously since they derived from the same images, thus avoiding errors that could be due to calibration of different measurement systems or posture repeatability.

Reference kinematics

The reference kinematics is the gleno-humeral displacements and angles, and scapulathoracic angles directly extracted from the 3D bone reconstructions. Segment coordinate systems (CS) were defined following the ISB recommendations (Wu et al., 2005) and using bony anatomical landmarks except for the thorax, whose CS was defined using skin markers.

The accuracy of the 3D bone reconstruction was estimated at 2.6° for the scapula orientations.

The humeral epicondyles weren't always visible, thus the gleno-humeral internal/external rotation hasn't been used.

The reference kinematics (Supplementary Figure 1) was comparable to the literature for arm abduction movement [START_REF] Dal Maso | Coupling between 3D displacements and rotations at the glenohumeral joint during dynamic tasks in healthy participants[END_REF][START_REF] Giphart | Effect of Plane of Arm Elevation on Glenohumeral Kinematics: A Normative Biplane Fluoroscopy Study[END_REF][START_REF] Ludewig | Motion of the Shoulder Complex During Multiplanar Humeral Elevation[END_REF], but advantageously reports results up to 180°.

Comparative assessment

Model-derived kinematics was computed by MKO (Appendix) and compared to reference kinematics. Bland & Altman tests on the 6 subjects and 4 postures were used to compute bias (b, i.e. the mean difference) and the 95% limits of agreement (LoA, i.e. mean difference ± 1.96 standard deviation of the difference). Negative and positive bias respectively indicate under and over estimations. Coefficients of determination (R 2 ) and root mean square errors (RMSE) were also computed.

Subject-specific model parameters

For the driving constraints used in MKO (Appendix), the position of the skin markers with respect to the bones was defined in the 0°-posture. For the thorax, the skin markers positions in the thorax CS was directly used.

For the kinematic and rigid body constraints used in MKO (Appendix), both radii of the humeral head and glenoid and the scapula length (between acromioclavicular and glenoid centres) were derived from bone reconstructions using virtual palpation (i.e. landmarks detection on the 3D bone reconstructions) and sphere fitting. Clavicle length and humerus length were based on both bone reconstructions (acromioclavicular joint and humeral head centres) and skin markers. Thorax length was based on skin markers only.

Results

Overall, the sphere-on-sphere gleno-humeral joint showed slightly better results than the spherical joint with or without penalised translation, while the 6-DoF joint resulted in apparent dislocations with large displacement errors (Table 1). Results from the 4 gleno-humeral models are in Supplementary Figure 2.

Model-derived gleno-humeral displacements

The accuracy of the predicted gleno-humeral displacements was relatively good with bias about ~2mm and RMSE about 3mm, except for the 6-DoF joint. The bias was negative for each model for the lateral/medial displacement, indicating that this displacement was always systematically underestimated. Considering all goodness-of-fit parameters, single-body kinematics optimisation (6-DoF joint) provided less accurate results (RMSE up to 26mm) for the gleno-humeral displacements than the 3 other studied models.

.

Model-derived gleno-humeral angles

The bias was about -10° for all joint models, indicating a general underestimation of the flexion/extension and adduction/abduction angles. The RMSE was about 16°.

Overall, considering all goodness-of-fit parameters, all of the 3 models used in the MKO and the single-body kinematics optimisation (6-DoF joint) provided comparable results for the gleno-humeral angles.

Model-derived scapulo-thoracic angles

Overall, the scapulothoracic angles deriving from the 4 different models provided closed goodness-of-fit parameters. The bias was about 8° for all joint models for the downward/upward rotation angles. Bias was negative for the posterior/anterior tilt angle (~-3°) indicating a systematic underestimation. The bias was about 3° for the internal/external rotation angle. RMSE were about 10° for each angle and each model.

Considering all goodness-of-fit parameters, single-body kinematics optimisation (6-DoF joint) provided slightly better results for scapulo-thoracic angles.

Discussion

The objective of the present study was to evaluate the accuracy of the gleno-humeral and scapulo-thoracic kinematics obtained by MKO using four subject-specific models during arm abduction up to 180°.

Overall, the gleno-humeral sphere-on-sphere joint provided slightly better results than the spherical joint with or without penalised translation, but considerably better results than the 6-DoF joint (i.e. single-body kinematics optimisation) which resulted in apparent dislocations.

Concerning the gleno-humeral displacement, the discrepancies from the reference values seem comparable with the ones deriving from the study of [START_REF] Charbonnier | A patient-specific measurement technique to model shoulder joint kinematics[END_REF] with a model with penalised translation (RMSE~3mm). This level of errors still appears important relative to the range of motion (< 10mm) and the coefficient of determination was found weak (R 2 =0.16 at best for the sphere-on-sphere joint). To the authors' knowledge, the present study and the one of [START_REF] Charbonnier | A patient-specific measurement technique to model shoulder joint kinematics[END_REF] are the only ones reporting errors on gleno-humeral displacements and the present study is the first one to quantify the apparent joint dislocation with single-body optimisation (RMSE of 16.0mm to 41.4mm), confirming the interest of multibody versus single-body kinematics optimisation to predict gleno-humeral displacements.

Concerning the gleno-humeral angles, the level of errors were found higher than previously reported for arm flexion reaching 100° (RMSE<4° with a spherical joint with penalised translation [START_REF] Charbonnier | A patient-specific measurement technique to model shoulder joint kinematics[END_REF]) and for different analytical and daily life movements (RMSE=6.1° with a spherical joint and RMSE=10.5° with a 6-DoF joint [START_REF] Begon | Multibody kinematics optimization with marker projection improves the accuracy of the humerus rotational kinematics[END_REF]). The level of errors were also found higher than previously reported for the scapulo-thoracic angles [START_REF] Chu | Validation of a video-based motion analysis technique in 3-D dynamic scapular kinematic measurements[END_REF][START_REF] Karduna | Dynamic Measurements of Three-Dimensional Scapular Kinematics: A Validation Study[END_REF][START_REF] Konda | Directional bias of soft-tissue artifacts on the acromion during recording of 3D scapular kinematics[END_REF]. This may be explained by the fact that larger errors must occur at higher arm elevation (i.e. 150° and 180°).

When looking at the inter-model differences, the same tendencies were revealed for openloop shoulder models [START_REF] Naaim | Effect of various upper limb multibody models on soft tissue artefact correction: A case study[END_REF]: RMSEs were found comparable between sphereon-sphere and spherical joints (7.1° to 9.6° for internal/external rotation and posterior/anterior tilt angles) and maximised with sphere-on-sphere and spherical joints compared to 6-DoF joint (1.7° to 2.1°). Interestingly, these errors appeared mitigated (2.3° to 4.1°) with a close-loop shoulder model [START_REF] Naaim | Effect of various upper limb multibody models on soft tissue artefact correction: A case study[END_REF].

As for limitations, first, the assessment of the model-derived kinematics was performed on only 6 subjects performing only 4 static postures, due to the difficulty of obtaining reference data (X-rays) for numerous subjects. Furthermore, gleno-humeral internal/external rotation wasn't considered reliable. However, the same concern can be raised with mono-plane fluoroscopy as used by [START_REF] Charbonnier | A patient-specific measurement technique to model shoulder joint kinematics[END_REF], the perk of bi-plane X-rays being to be minimally invasive. Second, the model-derived kinematics was based on a specific set of skin markers (two clusters of 4 markers placed on the proximal-lateral humerus and on the posterior-lateral acromion) which may maximise the STA. Note that errors in the modelderived kinematics were due to both STA and interpolation of the markers position, especially in postures 120° and 150° where more markers weren't visible. Third, the MKO was based on some, not all, subject-specific model parameters and don't include scapulo-thoracic constraints. Thus, the goodness-of-fit parameters with a complete subject-specific close-loop model of the shoulder remains unknown. Four, the implementation of the spherical joint with penalised translation corresponded to an arbitrary choice of the relative weights between the terms of the objective function. The rationale for this choice was based on the mean amplitude of the gleno-humeral joint displacements (about 1mm to 2mm [START_REF] Dal Maso | Coupling between 3D displacements and rotations at the glenohumeral joint during dynamic tasks in healthy participants[END_REF][START_REF] Giphart | Effect of Plane of Arm Elevation on Glenohumeral Kinematics: A Normative Biplane Fluoroscopy Study[END_REF]) with respect to the STA (10mm to 20mm [START_REF] Cereatti | Standardization proposal of soft tissue artefact description for data sharing in human motion measurements[END_REF]). The weights aren't reported in [START_REF] Charbonnier | A patient-specific measurement technique to model shoulder joint kinematics[END_REF] but the authors stated they were chosen to allow displacements of the same order of magnitude as reported in the literature. Five, the biofidelity of the subject-specific kinematic model wasn't evaluated separately from the STA as recommended [START_REF] Begon | Multibody Kinematics Optimization for the Estimation of Upper and Lower Limb Human Joint Kinematics: A Systematized Methodological Review[END_REF] to test the capacity of the model to replicate errorless skeletal kinematics as performed, for example, for the scapulo-thoracic angles [START_REF] Naaim | Comparison and validation of five scapulothoracic models for correcting soft tissue artefact through multibody optimisation[END_REF][START_REF] Seth | A Biomechanical Model of the Scapulothoracic Joint to Accurately Capture Scapular Kinematics during Shoulder Movements[END_REF].

To conclude, the sphere-on-sphere joint can be considered as a relevant modelling choice for a gleno-humeral joint with displacements. What is more, the model parameters (radii of humeral head and of glenoid) can be personalised from medical imaging and no arbitrary weighting needs to be defined.
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where the driving constraints , kinematic constraints , and rigid body constraints

m Φ k Φ r Φ
were defined according to the 3D bone reconstructions performed in the anatomical standing posture (see section below). The driving constraints corresponded to skin markers coordinates. In the optimisation, all marker weights were set to 1 (W is identity matrix). The shoulder model was an open loop without scapulo-thoracic constraints. The kinematic constraints corresponded to a constant clavicle length between sterno-clavicular and acromio-clavicular joints and to (i) a sphere-on-sphere joint with two spheres of different radii, (ii) a spherical joint, (iii) a spherical joint with penalised translation, or (iv) a 6-DoF joint. In the last case, the constant clavicle length was also released leading to a special case of MKO:

single-body kinematics optimisation where humerus, scapula, and thorax were processed separately. In case of penalised translation, the gleno-humeral displacements were all weighted 5 so that the penalty terms (sum of squared displacements ) vs the marker 1 k Φ tracking term was about 1 vs 200:
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The rigid body constraints corresponded to constant angles and lengths dealing with the two points positions and two axes orientations as defined in the natural coordinates Q (El Habachi et al. 2015).

Model-derived kinematics was computed from the optimised coordinates Q*. The glenohumeral displacements were expressed about scapula axes. The gleno-humeral angles were computed using a XZY sequence of rotations [START_REF] Senk | Rotation sequence as an important factor in shoulder kinematics[END_REF] and the scapulo-thoracic angles using a YXZ sequence (Wu et al. 2005). 
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Figure 1 :

 1 Figure 1: Experimental set-up at 120° of arm posture (left) and 3D data for all arm postures (right):

  

Table 1 :

 1 Goodness-of-fit parameters (b, LoA, R 2 , and RMSE) for model-derived gleno-humeral and scapulo-thoracic kinematics FIG. 1.

	Table 1					
			Sphere-on-Sphere	Spherical	Penalised translation	6 DoF
	Gleno-humeral anterior/posterior displacement	b LoA R 2 RMSE	2.8 7.2 0.00 4.5	0.8 6.0 N/A 3.1	1.7 5.7 0.10 3.3	5.5 23.0 0.02 12.6
	Gleno-humeral proximal/distal displacement	b LoA R 2 RMSE	0.6 7.2 0.12 3.6	2.6 5.0 N/A 3.6	1.3 5.9 0.01 3.2	-1.4 27.8 0.15 13.9
	Gleno-humeral lateral/medial displacement	b LoA R2 RMSE	-1.9 6.5 0.15 3.7	-1.4 3.6 N/A 2.3	-1.5 3.5 0.08 2.3	-4.8 52.3 0.04 26.4
		b	-11.0	-11.6	-10.1	-12.1
	Gleno-humeral	LoA	27.7	24.8	27.9	44.4
	adduction/abduction	R 2	0.86	0.89	0.85	0.67
		RMSE	17.6	16.9	17.1	25.1
		b	-7.1	-8.0	-8.3	-6.3
	Gleno-humeral	LoA	23.9	23.3	23.9	22.4
	flexion/extension	R 2	0.56	0.58	0.59	0.64
		RMSE	13.8	14.0	14.5	12.8
	Scapulo-thoracic internal/external rotation	b LoA R 2 RMSE	3.3 14.8 0.13 8.1	5.9 15.1 0.16 9.5	2.1 18.6 0.02 9.5	3.1 17.6 0.14 9.3
	Scapulo-thoracic downward/upward rotation	b LoA R 2 RMSE	9.1 15.3 0.84 11.9	9.9 15.3 0.84 12.4	8.7 15.5 0.84 11.6	6.8 14.9 0.84 10.0
		b	-3.9	-4.7	-1.4	-4.3
	Scapulo-thoracic	LoA	15.4	14.4	20.0	12.9
	posterior/anterior tilt	R 2	0.48	0.50	0.37	0.61
		RMSE	8.6	8.6	10.0	7.7

Appendix

The positions of the humerus, scapula, and thorax were estimated from the skin markers using a MKO based on natural coordinates Q (El [START_REF] Habachi | Global sensitivity analysis of the kinematics obtained with a multi-body optimisation using a parallel mechanism of the shoulder[END_REF]) : ,     *