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 Résumé   

La détermination précise de la cinématique 3D de la colonne lombaire est 

essentielle pour le diagnostic des restrictions de mouvements et de l’instabilité vertébrale, 

ainsi que pour l’élaboration de stratégies de réadaptation efficaces. Les modalités 

d’imagerie conventionnelles telles que la tomodensitométrie (CT) et l’imagerie par 

résonance magnétique (IRM) permettent une analyse anatomique et cinématique précise, 

mais présentent certaines limites, notamment l’exposition aux rayonnements ionisants, un 

coût élevé et une applicabilité restreinte pour les évaluations dynamiques in-vivo. À 

l’inverse, l’imagerie par ultrasons constitue une alternative non ionisante, plus économique 

et de plus en plus accessible, bien que son application à l’analyse cinématique rachidienne 

soit restée limitée en raison de défis techniques. 

Cette thèse examine le développement, la faisabilité et la validation d’une méthode 

basée sur l’échographie pour la reconstruction 3D et la mesure de la cinématique 

articulaire. Bien que développée principalement pour la colonne lombaire, la faisabilité de 

cette méthode a également été testée sur le complexe articulaire de l’épaule afin de 

démontrer son potentiel d’application à d’autres articulations. La thèse débute par (1) une 

revue systématique de la littérature, dans laquelle 183 articles ont été examinés et 

seulement 9 répondaient aux critères d’inclusion, chacun rapportant des résultats 

cinématiques partiels (flexion-extension, rotation axiale ou déplacements linéaires). Les 

études ne rapportaient pas d’évaluations cinématiques 3D ce qui a mis en évidence la 

nécessité de développements supplémentaires dans ce domaine. 

Pour combler cette lacune, (2) un nouvel algorithme de reconstruction 3D à partir 

d’images échographiques a été développé et validé sur six colonnes lombaires cadavériques 

(T12–S2) dont les tissus mous ont été conservés. Les reconstructions ont été comparées à 

des modèles cinématiques obtenues par CT-Scan, et la fidélité intra-opérateur a été évaluée 

en répétant l’ensemble du processus de segmentation et de reconstruction trois fois chez 

deux spécimens. Les résultats ont montré une excellente fidélité (ICC = 0,966 ± 0,014 pour 

le CT-Scan et ICC = 0,930 ± 0,012 pour l’échographie) et une faible erreur moyenne de 

reconstruction entre les spécimens (0.23 ± 0.17). Toutes les différences se situaient dans 

les limites d’accord (Bland & Altman). L’effet de l’épaisseur du paquet adipeux postérieur 



    

 

sur l’erreur de reconstruction a également été évalué et s’est avéré faible, indiquant la 

robustesse de la méthode face à la variabilité morphologique. 

Sur la base de ce cadre validé, (3) une seconde étude in-vitro a été menée afin 

d’évaluer la capacité de la méthode à mesurer la cinématique intervertébrale discrète. Sept 

colonnes lombaires cadavériques (T12–S2) ont été isolées. Des marqueurs techniques 

(TMs) ont été fixés sur chaque vertèbre, imagés par échographie et CT-Scan (Gold 

standard), puis soumis à dix positions discrètes, comprenant quatre positions de flexion-

extension, quatre positions d’inclinaison latérale (droite et gauche, en amplitudes partielle 

et complète), et deux positions de rotation axiale complète (droite et gauche). Des 

reconstructions 3D ont été générées et des systèmes de référence anatomiques (ARF) ont 

été définis pour calculer les amplitudes de mouvement intervertébrales à l’aide des angles 

d’Euler. La fidélité intra-opérateur est restée élevée (ICC 2,1 = 0,89 ± 0,01 pour 

l’échographie ; ICC = 0,91 ± 0,01 pour le CT) et la différence moyenne de ROM entre les 

modalités était de –0,23° ± 0,20° (p = 0,57), avec la majorité des valeurs dans les limites 

d’accord (95 %). 

La quatrième phase de la thèse (4) a porté sur l’application in-vivo de la méthode 

développée. Cinquante-six participants en bonne santé, âgés de 20 à 60 ans et sans 

antécédent de lombalgie, ont été recrutés. Une sonde échographique suivie a été utilisée 

pour acquérir des images du mur postérieur de la colonne lombaire lors de la flexion 

complète et en position de rectitude. Les murs postérieurs des vertèbres L4, L5 et la partie 

postérieure du sacrum jusqu’à S2 ont été segmentés à partir des images échographiques 

afin de reconstruire des modèles 3D. Des repères anatomiques ont été définis et les ROM 

intervertébrales 3D ont été déterminées. Une excellente fidélité intra-observateur 

journalière (ICC 2,1 = 0,91 ± 0,02) et inter-journalière (ICC 2,1 = 0,92 ± 0,01) a été 

observée. 

Des différences significatives liées à l’âge ont été relevées pour la flexion entre les 

groupes 20–30 et 40–50 ans (1,64 ± 2,12°, p = 0,02), 20–30 et 50–60 ans (2,17 ± 2,39°, p 

= 0,00), ainsi que 30–40 et 50–60 ans (1,70 ± 2,71°, p = 0,21). Pour la translation 

proximodistale, des différences significatives ont été observées entre les groupes 20–30 et 

40–50 ans (0,44 ± 0,57 mm, p = 0,03), 20–30 et 50–60 ans (0,58 ± 0,65 mm, p = 0,00), et 



    

 

30–40 et 50–60 ans (0,43 ± 0,78 mm, p = 0,04). Concernant la translation antéro-

postérieure, des différences significatives ont été relevées entre les groupes 20–30 et 50–

60 ans (0,92 ± 0,83 mm, p = 0,00) et 30–40 et 50–60 ans (0,66 ± 0,95 mm, p = 0,00). La 

flexion était fortement corrélée à la translation proximodistale (ρ = 0,86, p = 0,00) et à la 

translation antéro-postérieure (ρ = 0,61, p = 0,00). Aucune différence significative liée au 

sexe n’a été observée. 

Enfin, pour évaluer la transférabilité de la méthode développée, une étude de 

faisabilité a été réalisé pour déterminer la cinématique de l’articulation de l’épaule et 

comparer les valeurs de ROM obtenues avec celles issues de modèles CT. Pour cela, une 

épaule humaine cadavérique a été isolée. Des TMs ont été fixés sur les segments osseux. 

Les os et les TMs ont été segmentés à partir d’images CT et échographiques pour générer 

des modèles 3D. L’épaule a été soumise à des mouvements discrets, et les TMs ont été 

numérisés. Les ARF ont été définis à partir de repères anatomiques obtenus par palpation 

virtuelle. La cinématique articulaire a été calculée et les ROM ont été rapportées en angles 

d’Euler. Les modèles 3D et les valeurs de ROM ont été comparés entre l’échographie et le 

CT. Le modèle 3D échographique a montré une erreur moyenne de reconstruction de 0,66 

± 0,06 mm par rapport au CT, indiquant des volumes légèrement plus importants pour les 

modèles échographiques. Les ROM issues de l’échographie étaient également légèrement 

surestimées (0,43 ± 0,72°) par rapport au CT. L’analyse de Bland–Altman a confirmé 

l’accord entre les deux méthodes. Malgré une légère surestimation par l’échographie, un 

fort accord a été observé pour les mesures de ROM, indiquant la possibilité d’extraire des 

données morphologiques adéquates et démontrant la faisabilité de l’utilisation de données 

échographiques pour la détermination de la cinématique de l’épaule. 

En conclusion, cette thèse démontre que la reconstruction 3D basée sur 

l’échographie est une technique valide, fiable et pratique pour évaluer la cinématique 

intervertébrale lombaire et potentiellement celle d’autres articulations. La méthode 

développée a montré un fort accord avec les modèles par CT-Scan, une robustesse face aux 

variations des tissus mous et une applicabilité avérée en contexte cadavérique et in vivo. 

Avec l’intégration croissante de la segmentation basée sur l’intelligence artificielle, cette 



    

 

méthode présente un fort potentiel pour des applications cliniques et de futures recherches 

nécessitant une analyse des mouvements rachidiens en temps réel et non invasive. 

 

Mots-clés : Colonne lombaire, Cinématique intervertébrale, Reconstruction 3D, Imagerie 

par ultrasons, Validation in-vitro, Application in-vivo 
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 Abstract  

Accurate determination of lumbar spine 3D kinematics is essential for diagnosing 

motion restrictions and spinal instability, as well as for developing effective rehabilitation 

strategies. Conventional imaging modalities such as Computed Tomography (CT) and 

Magnetic Resonance Imaging (MRI) allow for precise anatomical and kinematic analysis 

but have limitations, including exposure to ionizing radiation, high cost, and restricted 

applicability for dynamic in-vivo assessments. In contrast, ultrasound imaging offers a non-

ionizing, cost-effective, and increasingly accessible alternative, though its application in 

spinal kinematics has remained limited due to technical challenges. 

This thesis investigates the development, validation and feasibility of an 

ultrasound-based method for 3D reconstruction and joint kinematic measurement. 

Although primarily developed for the lumbar spine, the method’s feasibility has also been 

tested on the shoulder joint to demonstrate its potential for application to other joints. The 

thesis begins with (1) a systematic literature review, where 183 articles were screened and 

only 9 met the inclusion criteria, each reporting partial kinematic outcomes (flexion-

extension, axial rotation, or linear displacements). None of the studies performed full 3D 

kinematic measurements, highlighting the need for further development in this field. To 

address this gap, (2) a novel ultrasound-based 3D reconstruction algorithm was developed 

and validated on six cadaveric lumbar spines (T12-S2) with preserved soft tissues. The 

reconstructions were compared to CT-derived models, and intra-operator reliability was 

evaluated by repeating the entire segmentation and reconstruction pipeline three times for 

two specimens. The results showed excellent reliability (ICC = 0.966 ± 0.014 for CT and 

ICC = 0.930 ± 0.012 for ultrasound) and low reconstruction errors across specimens (0.23 

± 0.17). All differences fell within the Bland–Altman limits of agreement. The effect of 

posterior fat pad thickness on reconstruction error was also evaluated and found to be weak, 

indicating the method’s robustness across varying body types. 

Building on this validated framework, (3) a second in-vitro study was conducted to 

evaluate the method's ability to measure discrete intervertebral kinematics. Seven cadaveric 

lumbar spines were isolated (T12-S2). Technical markers (TMs) were glued on each 
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vertebra, imaged with ultrasound and CT, and subjected to ten discrete movements 

including mid and full flexion, extension, right and left side bending and full right and left 

axial rotations. 3D reconstructions were generated, and anatomical reference frames (ARF) 

were defined to calculate intervertebral ROM using Euler angles. The intra-operator 

reliability remained high (ICC 2,1 = 0.89 ± 0.01 for ultrasound; ICC = 0.91 ± 0.01 for CT), 

and the mean ROM difference between modalities was –0.23° ± 0.20° (p = 0.57), with most 

values falling within the 95% limits of agreement, confirming measurement agreement. 

The fourth phase of the thesis (4) focused on in-vivo application of the developed 

method. Fifty-six healthy participants with no low back pain aged between 20 to 60 were 

recruited. A tracked ultrasound probe was used to acquire images of the posterior aspect of 

the lumbar spine during full lumbar flexion and standing posture. The L4 to S2 vertebrae 

were segmented from ultrasound images to reconstructed 3D models. Anatomical reference 

frames were defined, and 3D intervertebral ROM were measured. Excellent within-day 

(ICC 2,1 = 0.91 ± 0.02) and between-day (ICC 2,1 = 0.92 ± 0.01) reliability was observed. 

Significant age-related differences were found in flexion between the 20–30 vs 40–50 age 

groups (1.64 ± 2.12°, p = 0.02), 20–30 vs 50–60 groups (2.17 ± 2.39°, p = 0.001), and 30–

40 vs 50–60 groups (1.70 ± 2.71°, p = 0.21). Concerning proximodistal translation, 

significant differences were found between the 20–30 vs 40–50 groups (0.44 ± 0.57mm, p 

= 0.03), 20–30 vs 50–60 groups (0.58 ± 0.65mm, p<0.01, and 30–40 vs 50–60 groups (0.43 

± 0.78mm, p = 0.04). As for anteroposterior translation, significant differences were 

detected between the 20–30 vs 50–60 groups (0.92 ± 0.83mm, p<0.01 and between the 30–

40 vs 50–60 groups (0.66 ± 0.95mm, p < 0.01). Furthermore, flexion was strongly 

correlated with proximodistal (rs= 0.86, p<0.01) and anteroposterior (rs = 0.61, p = p<0.01) 

translations. No significant differences were observed between sexes in any motion 

variable. 

Finally, to evaluate the transferability of the developed method, a feasibility study 

was conducted to determine shoulder joint kinematics and compare the ROM values with 

those obtained using CT-based models. For this purpose, a shoulder was isolated from a 

human cadaver. TMs were affixed to the bony segments. Bones and TMs were segmented 

from CT and ultrasound images to generate 3D models. The shoulder underwent discrete 
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motions, and TMs were digitized. ARFs were defined from anatomical landmarks based 

on virtual palpation. Joint kinematics was calculated, and ROMs were reported as Euler 

angles. The 3D models and ROM values were compared between ultrasound and CT. The 

ultrasound 3D model showed a mean reconstruction error of 0.66±0.06 mm compared to 

the CT scan, indicating larger volumes for the ultrasound models. The ROMs from 

ultrasound were also slightly overestimated (0.43±0.72°) compared to CT-Scan. Bland-

Altman analysis confirmed agreement between the two methods. Regardless of the slight 

overestimation for ultrasound, high agreement was observed for the ROM measurements 

between the two imaging methods. This agreement indicates the possibility of adequate 

morphological data extraction and highlights the feasibility of using ultrasound-based data 

for shoulder kinematic determination. 

In conclusion, this thesis demonstrates that ultrasound-based 3D reconstruction is 

a valid, reliable, and practical technique for assessing intervertebral lumbar spine 

kinematics and may be for other joints. The developed method showed strong agreement 

in comparison to CT based model, was robust to soft tissue variations, and proved its 

applicability in both, cadaveric and in-vivo contexts. With the growing integration of 

artificial intelligence–based segmentation, this method holds strong potential for future 

clinical and research applications requiring real-time, non-invasive spine motion analysis. 

Keywords: Lumbar spine, Intervertebral kinematics, 3D reconstruction, 

Ultrasound imaging, In-vitro validation, In-vivo application 
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 Introduction 

The accurate assessment of lumbar spine kinematics is fundamental to 

understanding how mobility restrictions emerge and evolve, particularly with age or 

musculoskeletal dysfunctions. Segmental motion of the spine plays a critical role in daily 

movements such as bending, lifting, and walking, and alterations in intervertebral 

kinematics are often among the first biomechanical indicators of reduced functional 

capacity (Lin et al., 2020). Reliable and accessible methods for evaluating such motion are 

therefore essential for clinical diagnostics, rehabilitation planning, and biomechanical 

research (Breen & Breen, 2018). 

Several methods have been developed to assess spinal motion, ranging from manual 

clinical tests and motion capture systems to advanced imaging techniques. Manual 

assessments are commonly used in clinical practice but are limited by their subjective 

nature and inability to capture vertebral-level motion in three dimensions (3D) (Roach et 

al., 2013). Optical motion capture systems offer high precision in whole-body kinematics 

but rely on skin-mounted markers, which are prone to soft tissue artefacts (Heneghan & 

Balanos, 2010). To reduce these artefacts, some experimental studies have attached 

motion-capture markers to intracortical bone pins inserted directly into the vertebrae or 

adjacent bones, providing a more accurate representation of skeletal motion; however, the 

invasive nature of this approach renders it unsuitable for routine clinical or large-scale in-

vivo applications (Cuesta-Vargas, 2015). Surface-based methods such as 

rasterstereography estimate spinal posture and curvature from back-surface topography 

and provide radiation-free assessments of global spinal alignment (Mohokum et al., 2015).  

However, because the spine is reconstructed indirectly from surface geometry and model-

based assumptions, these techniques mainly describe overall posture and deformity and 

only approximate individual vertebral motion, offering limited access to true intervertebral 

kinematics (Betsch et al., 2013). In parallel, wearable systems using inertial measurement 

units or magneto-inertial sensors enable out-of-laboratory monitoring of trunk and spinal 

motion during daily activities, including walking and sports tasks (Papi et al., 2017). 

Nonetheless, their accuracy remains constrained by soft-tissue artefacts, sensor movement 
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relative to the underlying bone, magnetic disturbances and drift, and the difficulty of 

resolving motion at the level of individual vertebrae rather than larger trunk segments 

(Agostini et al., 2017). 

Medical imaging has long served as the standard method for evaluating 

intervertebral motion. Conventional radiographs and fluoroscopy allow for the capture of 

spinal movements but remain confined to two-dimensional (2D) evaluations and expose 

patients to ionizing radiation (Pearson et al., 2011). Computed tomography (CT) and 

magnetic resonance imaging (MRI) enable high-resolution 3D reconstruction of vertebral 

segments; however, CT also involves radiation exposure, and MRI is often costly, time-

consuming, and restricted to static, supine imaging (Daniel et al., 2023). More recently, 

biplanar radiography systems have offered a compromise, allowing a 3D measurement in 

standing posture (Melhem et al., 2016). Nonetheless, accessibility remains limited, and it 

still involves radiation exposure.  

Ultrasound imaging has emerged as a non-ionizing, cost-effective, and portable 

alternative. Its potential has already been demonstrated in various musculoskeletal 

contexts, including fracture assessment (Wu et al., 2021b), joint navigation (Mhaskar et 

al., 2023), and surgical guidance (Dixon et al., 2022). Beyond bone-focused applications, 

major developments have also concerned musculotendinous structures, where ultrasound 

is widely used to quantify muscle architecture (e.g., fascicle length, pennation angle) and 

tendon mechanical properties, including with elastography, thereby supporting diagnosis, 

monitoring, and biomechanical analysis of muscle–tendon function (Drakonaki, 2012; 

Leitner et al., 2019; Van Hooren et al., 2020). This imaging method has also been used for 

spine kinematics determination. However, all the applications so far have remained limited 

to 2D measurements and fail to capture the full complexity of intervertebral motion. The 

primary reason for this limitation is the lack of validated 3D reconstruction techniques 

tailored to the spine. 

Recent developments in ultrasound imaging, have made it possible to generate 3D 

bone models from sequential 2D images (Forbes et al., 2021). These approaches could 

provide a framework for establishing anatomical reference frames directly on vertebrae, 

thereby enabling 3D kinematic analysis. Despite these promising prospective, the 
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application of 3D ultrasound-based kinematic analysis of lumbar spine motion has not been 

previously documented in the literature. There remains a critical gap in both the 

methodological validation of ultrasound-based reconstruction and its application to real 

human movement. Addressing this gap could offer a non-ionizing, more accessible, and 

dynamic alternative to conventional imaging for spinal mobility evaluation, particularly 

valuable in contexts that require frequent or radiation-free monitoring. 

The overarching objective of this thesis was to develop, validate, and apply an 

ultrasound-based method for determining 3D intervertebral kinematics of the lumbar spine. 

Through a series of in-vitro and in-vivo studies, this work aimed to establish the feasibility, 

reliability, and clinical utility of ultrasound imaging for assessing spinal motion. 

This thesis has been structured around five main objectives: 

• (1) Systematic Review: Reviewing the literature on ultrasound-based spinal 

motion analysis to identify methodological gaps and evaluate the current 

limitations preventing clinical adoption. 

• (2) Development: Developing an algorithm for 3D reconstruction of ultrasound 

images and validating it against 3D reconstructions generated from CT images.   

• 3) In-vitro Validation: Applying the developed ultrasound-based 3D 

reconstruction technique to measure the 3D kinematics of the entire lumbar 

spine and validating the kinematic outputs against CT-based ground truth data. 

• (4) In-vivo Application: Applying the validated method in a human participant 

study to evaluate intervertebral range of motion (ROM) at L4–S1 during lumbar 

flexion, examining age-related changes and assessing measurement reliability. 

• (5) Transferability of the method: Assessing the feasibility of applying the 

developed approach to the shoulder joint complex to determine 3D kinematics 

and to compare these results with those obtained from CT scans. 

Based on these objectives, chapter 1 provides a comprehensive review of the 

relevant literature and introduces the general methodology applied throughout the thesis. 

It covers anatomical considerations, conventional and alternative imaging modalities, and 

the technical challenges in determining spine kinematics. 
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Chapter 2 reports the results of a systematic review that reveals the absence of 

validated 3D ultrasound methods for intervertebral motion analysis, highlighting the need 

for new imaging pipelines and reconstruction strategies. 

Chapter 3 describes the development of a in-vitro 3D ultrasound-based 

reconstruction algorithm. This includes imaging and manual segmentation and comparing 

the 3D models with the CT-derived models to assess accuracy in surface geometry. 

Chapter 4 presents in-vitro kinematic results under controlled motion conditions. 

Intervertebral ROM in flexion-extension, side bending, and axial rotation were quantified 

using ultrasound-based models and validated against CT. Agreement analyses, including 

Bland–Altman plots and intraclass correlation coefficients, were used to quantify the 

method’s validity and reliability, respectively. 

Chapter 5 shifts to the in-vivo application. Lumbar spine motion (L4–S1) was 

measured during voluntary lumbar flexion in a cohort of healthy adults aged 20 to 60 years. 

The data were used to analyze age-related and sex-related differences in intervertebral 

mobility and to evaluate within- and between days reliability. Additionally, correlations 

between primary and coupled motions were assessed to confirm biomechanical 

consistency. 

Finally, Chapter 6 presents a feasibility study on the transfer of the developed 

method to the shoulder joint complex. The kinematics of the entire shoulder complex were 

determined using both ultrasound and CT images. Reconstruction errors and agreement 

analyses between the two imaging modalities were conducted to evaluate the transferability 

of the kinematic measurement method to other joints.  

In summary, this thesis introduces a novel methodology for determining lumbar 

spine 3D intervertebral kinematics using ultrasound imaging. It validated a practical 

method for mobility assessment that could complement or eventually replace more invasive 

and expensive imaging systems in both clinical and research settings. 
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 Chapter 1 – Litterature review  

This literature review is divided into three sections. The first section discusses the 

available techniques and tools for measuring joint kinematics, as well as the mathematical 

approaches used to represent them. The second section focuses on the lumbar spine, 

detailing its anatomy, range of motion, and the significance of its kinematic assessment. 

The third section explores ultrasound imaging, highlighting its applications, advantages, 

and potential for kinematic measurement. Finally, the hypotheses and objectives of this 

thesis are presented in detail. 

1.1 Joint kinematic determination 

Kinematics, as a branch of mechanics, is the study of the motion of an object 

without considering the factor of force or physical properties. From the mathematical point 

of view, analyzing the motion of an object requires associating it with a reference frame 

(Vladimir, 1988). In joint motion assessment, one of the main approaches is to establish 

such reference frames based on anatomical landmarks on the joint components (Severijns 

et al., 2021). To this end, anatomical landmarks must be determined on the components, 

and once the reference frame is established, the motion is expressed using various 

mathematical methods (Wu & Cavanagh, 1995). However, identifying anatomical markers 

of a joint components is a challenging step in kinematic assessment due to the lack of direct 

physical or visual access.  In this regard, there are advanced techniques to identify 

anatomical landmarks and establish reference frames for precise kinematic analysis. These 

measurement methods can be categorized into two groups based on how the anatomical 

landmarks are defined, a process known as palpation. Physical palpation involves direct 

manual identification and placement of physical markers on the region of interest, while 

virtual palpation uses digital tools, to place virtual markers on the images. Accordingly, 

kinematic measurement methods are divided into two approaches: motion capture systems 

that rely on physical markers and medical imaging techniques that often use virtual markers 

for precise analysis. 



6 

 

1.1.1 Measurement methods  

Motion capture  

Motion capture systems are a widely used method in biomechanical studies to 

precisely track the motion of a moving object and represent it in three-dimensional space. 

In the application of motion capturing (Errabity et al., 2023), passive reflective markers or 

actively emitting LEDs are strategically attached to specific anatomical landmarks on the 

subject's body, often the skin overlying critical joints or bones. These markers are then 

tracked by a series of cameras (or signal receivers in non-optical methods) positioned 

around the area of study. These cameras capture the spatial position and movement of the 

markers in three dimensions, and specialized software processes this data to construct a 

dynamic model of the subject's movement. This setup allows for precise tracking and 

analysis of complex motions. These systems offer versatile applications across various 

types of biomechanical studies, from broad analyses to more specific investigations. 

More recently, markerless motion capture techniques have been developed as an 

alternative approach. Instead of relying on physical markers, these systems use advanced 

computer vision algorithms and machine learning to track body segments directly from 

video images (Wren et al., 2023). By extracting kinematic data from standard or depth 

cameras, markerless systems reduce setup time and would eliminate issues such as marker 

displacement, skin artifacts, or subject discomfort. This method has shown promising 

results for full gait kinematics applications (Steffensen et al., 2023). However, their 

performance remains inconsistent, as studies have reported modest-to-poor validity and 

reliability for joint kinematics, limiting their applicability in clinical settings (Ma et al., 

2019). 

Medical imaging  

Medical imaging serves as an invaluable tool in biomechanics, offering a method 

to visualize and analyze the structures and movements of the human body. This technology 

is particularly significant for kinematic determination, providing insights that cannot be 

achieved through direct observation or external measurement techniques. As quantitative 

benchmarks, dual-fluoroscopic/DBR systems validated with 2D–3D shape-matching 
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report mean accuracy < 0.35 mm in translation and repeatability < 0.43 mm and < 0.65° in 

vivo; quantitative fluoroscopy (QF) shows translation accuracy around 0.1–2.2 mm with 

moderate-to-substantial reliability (e.g., ICCs ~0.62–0.99 depending on parameter), and 

inter-/intra-subject repeatability has been demonstrated across L2–S1 (Kai & Qun, 2011). 

Based on the context of this research, medical imaging modalities can be classified 

into two main groups: 2D and 3D modalities. This classification is crucial because the 

number of anatomical landmarks that can be selected depends on the dimensionality of the 

images (Effatparvar & Sobczak, 2022). In other words, modalities that provide only 2D 

images do not supply sufficient morphological data for building reference frames, which 

are essential for the 3D determination of joint movement (Xu et al., 2024). In the 

application of medical imaging for kinematics, once visual access to the morphological 

data is established, anatomical landmarks can be virtually palpated, facilitated by image 

processing techniques (Dugailly et al., 2011). Understanding the distinctions between these 

modalities, along with their specific applications and limitations, is beneficial for a 

comprehensive grasp of their roles in kinematic studies.  

Radiography, a fundamental method utilizing X-ray technology, is effective in 

revealing the detailed geometries of bones, making it particularly useful for examining the 

spine. The radiographic process involves directing X-ray beams through the body in one 

direction, which provides a flat representation of the subject being imaged, showing only 

height and width dimensions (2D) (Raastad et al., 2015). Using this technique, discrete 

intervertebral displacements can be defined by capturing X-ray images of the region of 

interest and identifying two anatomical landmarks for recording angular or distance 

changes. Studies report substantial reliability for intervertebral rotation and finite centre of 

rotation (FCR) , with ICCs often in the moderate-to-substantial range and typical FCR 

precision of ~0.3–0.4 mm (fixed-centre conditions) (Breen & Breen, 2016).  

Fluoroscopy, another 2D medical imaging technique, employs X-rays to create 

real-time, continuous imaging, allowing for the observation of joint movements and 

functions. When used as DBR (two views with 2D–3D registration), vertebra-level 

accuracy on the lumbar spine reaches sub-millimetre translations and < 1° rotations, 
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providing a practical ground truth for validation despite radiation/logistical constraints (Kai 

& Qun, 2011).  

Both radiography and fluoroscopy are limited to 2D applications and pose 

significant concerns regarding exposure to ionizing radiation. Although the dose per 

second is generally lower for fluoroscopy compared to radiography, fluoroscopy can 

involve longer exposure times, especially during extended procedures (Mahesh, 2001). 

This cumulative exposure can increase the risk of radiation-induced effects for both 

patients and healthcare personnel (Stahl et al., 2016). Additionally, both radiography and 

fluoroscopy face challenges such as image distortion caused by the divergence of the 

radiographic beam (West et al., 2003). This distortion can impact measurement precision 

and requires careful correction during the data processing stage to ensure accuracy. 

Recent advancements in image processing techniques have led to the development 

of methods for creating 3D reconstructions from 2D imaging modalities (Maken & Gupta, 

2023), such as stereophotogrammetry (Valstar et al., 2001) and biplanar EOS imaging 

(Melhem et al., 2016). In both techniques, the third dimension is generated by 

superimposing images taken from different angles within the same coordinate system in 

space (Hosseinian & Arefi, 2015). Stereophotogrammetry involves capturing images from 

multiple perspectives, often requiring markers placed on anatomical landmarks. This 

method is mostly used in in-vitro studies due to the more precision in marker placement, 

allowing for accurate 3D reconstructions of skeletal structures (Leardini et al., 2005). 

Biplanar EOS imaging utilizes low-dose X-rays captured simultaneously in two orthogonal 

planes (sagittal and coronal) (Rousseau et al., 2011). By combining these two sets of 

images, a 3D model of the anatomy can be created. However, these developed methods are 

still based on the application of x-ray which is ionizing and pose safety risks for both the 

operator and the subject. EOS reports very good reproducibility for spinal parameters (e.g., 

differences ≤ 0.54 mm for lengths and ≤ 0.33° for angles in phantom/validation work), 

supporting its use for low-dose 3D shape with acknowledged radiation exposure (Melhem 

et al., 2016). 

Computed Tomography (CT), as a high-tech modality creates 3D reconstructed 

images of the skeletal system by taking series of X-ray images from different angles around 
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the body and then processing them by a computer to create cross-sectional images 

(Balasubramanya & Selvarajan, 2020). The ability of creating the cross-sectional images 

enable it to produce images in all three planes (axial, coronal, and sagittal). Despite its 

advanced imaging capabilities, CT does have limitations, particularly in spinal kinematic 

studies (Kim et al., 2020). For instance, scans are typically performed with the subject in a 

supine (lying down) position, which can be a limitation for studies requiring dynamic 

movements. Therefore, the application of the CT-scan in kinematics determination are 

limited to the discrete kinematics analysis by obtaining the images in different lying 

position, in-vivo studies (Song et al., 2021) or obtaining the images of the marker equipped 

specimen, in-vitro studies for visualization techniques (Dugailly et al., 2010). In addition, 

utilization of ionizing radiation is still a significant concern.  

Magnetic Resonance Imaging (MRI) is another highly advanced imaging 

technology, unlike X-ray based methods, uses strong magnetic fields and radio waves to 

produce detailed and 3D images. However, similar to CT scan, MRI is also limited to static 

imaging and does not typically capture movement or provide real-time kinematic data 

(Tavana et al., 2023). Although recent advancements have led to the development of 

dynamic MRI techniques which could provide significant  kinematics data (Michelini et 

al., 2018), MRI scanners are highly expensive and require specialized facilities, making 

them less accessible compared to other imaging modalities (Schultz et al., 2019).  

Ultrasound imaging is a non-ionizing, portable modality that enables real-time 

visualization of superficial bony contours as well as musculotendinous structures. In the 

context of spinal assessment, it has mainly been used in 2D to track vertebral landmarks or 

segmental motion, with promising but still methodologically limited results. Because 

ultrasound is the central modality of this thesis, its physical principles, acquisition 

protocols, and current applications to spinal kinematics are presented in greater detail in 

Section 1.3.  

1.1.2 Marker identification and reference frames  

In 3D kinematic analysis techniques, images acquired using any of the 

aforementioned or other imaging methods must be reconstructed into 3D volumes to enable 

anatomical landmark selection. To support this process, the International Society of 
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Biomechanics (ISB) has provided standardized recommendations for anatomical landmark 

identification and reference frame definition for the entire body (Wu & Cavanagh, 1995; 

Wu et al., 2002).  For instance, in a joint such as the shoulder, anatomical landmarks (ALs) 

for the scapula and humerus are typically identified through palpation or segmentation of 

prominent bony features, including the acromial angle, inferior angle, scapular spine, 

humeral head center, and the medial and lateral epicondyles of the humerus. Anatomical 

reference frames (ARFs) are then constructed following ISB guidelines. For the humerus, 

the Y-axis can be defined along the line connecting the medial and lateral epicondyles, the 

X-axis as perpendicular to the plane formed by the epicondyles and the humeral head 

center, and the Z-axis as the cross product of the X- and Y-axes. These anatomically based 

ARFs allow for a standardized description of joint kinematics in terms of relative rotations 

and translations.  

Beyond purely anatomical frames, several other families of axes have been 

proposed in biomechanics. Geometric or inertial frames can be constructed from fitted 

primitives (e.g. cylinders or spheres) or from the principal axes of inertia of a bone or 

segment, providing mathematically well-conditioned axes that are less dependent on 

individual landmark selection (Conconi et al., 2021). Functional frames define joint axes 

directly from measured motion, for example through finite or instantaneous helical axis 

analysis or functional joint-centre identification, and are widely used for various joints 

(Camomilla et al., 2017).  Finally, automatic and semi-automatic approaches have been 

developed to detect anatomical landmarks and construct reference frames directly from 3D 

medical images or statistical shape models, reducing manual palpation while preserving 

anatomical consistency (Brehler et al., 2019). In the present thesis, we rely primarily on 

anatomically defined ARFs, as they provide a direct link to clinical concepts and to existing 

ISB recommendations, while acknowledging that geometric, inertial, functional and 

automatic approaches constitute complementary frameworks with their own advantages 

and limitations. 

1.1.3 Mathematical methods for motion representation 

Theoretically, kinematics describes the geometry of motion through mathematical 

modeling of displacement, which defines the change in position of a point from its initial 
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to its final location, taking into account the direction of motion (Waldron & Schmiedeler, 

2016). In this context, the Cartesian coordinate system serves as a mathematical framework 

that provides a straightforward and intuitive way to describe, analyze, and visualize motion. 

Using this system, a point can be assigned specific coordinates within the global 

reference framework. The simplest form of displacement, translation in two dimensions, 

can be calculated by determining the differences between the coordinates of the final and 

initial positions (Wittenburg, 2016). To assess an object's motion, a specific point, such as 

the center of mass, should be used as a reference for calculating its translation within the 

Cartesian system (Alencastre-Miranda et al., 2006). However, an object's motion may be 

more complex than simple translation if it also involves rotation. In such cases, linear 

translation alone does not adequately capture the characteristics of the object's motion. 

Therefore, it becomes necessary to establish a new reference frame on the object to 

accurately interpret its rotational movements (Siciliano et al., 2009). From a mathematical 

perspective, determining the orientation of an object in space requires two reference frames 

to establish a common point of reference. The global reference frame is fixed in space, 

while the local reference frame is fixed to the object and moves with it (Waldron & 

Schmiedeler, 2016). 

In biomechanics, when analyzing motion within a joint and between its 

components, the same principles should be followed to describe the motion numerically 

(Kecskemethy, 2011). In this process, anatomical reference frames (local reference frames) 

are established based on the mentioned methods, and mathematical techniques are then 

used to determine the orientation of these frames, thereby representing the movement of 

the joint components (Robertson et al., 2013).  

Fundamentally, all mathematically and mechanically established methods for 

describing orientation can be applied to analyze the motion of anatomical reference frames 

(Flash et al., 2013) However, due to the complexity and specificity of motion within human 

joints, certain methods have been more widely adopted in this context which are as follows 

(Chèze, 2014):  

• Transformation Matrix 
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The establishment of a matrix to describe the motion of a reference frame is based 

on the relative motion of a local frame with respect to a global frame. This method allows 

the definition of both linear translation and rotation in a unified manner (Weisstein, 2003). 

To define this matrix, it is first described in a 2D reference frame. When a local frame 

rotates within the global frame by an angle θ, if the initial coordinates of the x and y axes 

were: 𝑥 = [
1
0

], and 𝑦 = [
0
1

], after rotation, the new coordination will be: 𝑥 = [
𝑐𝑜𝑠θ 
𝑠𝑖𝑛θ

], and 

𝑦 = [
−𝑠𝑖𝑛θ
𝑐𝑜𝑠θ

]. The combination of these two matrices yields the 2D rotation matrix:  [𝑅] =

[
𝑐𝑜𝑠θ −𝑠𝑖𝑛θ
𝑠𝑖𝑛θ 𝑐𝑜𝑠θ

]. This rotation matrix can be extended to describe any other types of 

rotations (Evans, 2001).   

 

Figure 1. A 2D rotation of a local frame (red) around the global frame 

If this frame also undergoes linear displacement by amounts u and v relative to its 

initial position, the resulting translation will be: [
X
Y

] + [
u
v

] (Weisstein, 2003).  
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Figure 2. A 2D translation of a local frame (red) from the global frame 

By combining these two types of motion into a single matrix, a transformation 

matrix can be established as: T= [
𝑐𝑜𝑠θ −𝑠𝑖𝑛θ 𝑢
𝑠𝑖𝑛θ 𝑐𝑜𝑠θ 𝑣

0 0 1
] [

𝑥
𝑦
1

]. The third row in this matrix is 

added to maintain a square format for easier computations. However, since anatomical 

segments move in 3D, a third dimension must be incorporated into the matrix (Zagrevskiy 

& Zagrevskiy, 2016). This addition does not alter the fundamental concept of the system. 

In this method, if in Figure 8, O-XYZ represents the global coordinate system and o-xyz 

represents the local coordinate system, the local frame can move freely relative to the 

global frame. As previously explained, the motion of the local frame is described by both 

rotation and translation relative to the global frame (Gruber, 2000).  

Regarding rotation, if the local frame rotates relative to the global frame without 

any translation, the axes of the local frame will form angles with the axes of the global 

frame (Evans, 2001). By considering a vector along each axis of the local frame, the cosine 

of these angles can be found by dividing the projection of the local axes on the global axes 

by the length of the vector (the axis of the local frame). For example, in Figure 1, the cosine 

of the angle between the Y-axis and the x-vector (x-axis) will be: 
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                                𝐶𝑜𝑠 𝑌𝑥 = 𝑌/𝑥    (1) 

And the coordinates of the x-vector on the Y-axis of the global frame will be: 

                                 𝑌 = 𝑥𝐶𝑜𝑠𝑌𝑥                                (2)                                     

 

Figure 3. A 3D rotation of the local frame around the global frame 

Additionally, since the angles between the axes of the local and global frames 

change with the amount of rotation of the local frame, equations (1) and (2) can be defined 

for all axes. By organizing these equations, they can be arranged into a matrix of (Evans, 

2001):  

                                             [
𝑋
𝑌
𝑍

] = [

𝑐𝑜𝑠𝑋𝑥 𝑐𝑜𝑠𝑋𝑦 𝑐𝑜𝑠𝑋𝑧
𝑐𝑜𝑠𝑌𝑥 𝑐𝑜𝑠𝑌𝑦 𝑐𝑜𝑠𝑌𝑧
𝑐𝑜𝑠𝑍𝑥 𝑐𝑜𝑠𝑍𝑦 𝐶𝑜𝑠𝑍𝑧

] [
𝑥
𝑦
𝑧

]                                (3) 

In this equation, the matrix of cosines is referred to as the direction cosine matrix 

or the rotation matrix. Using this equation, the rotation of any local frame can be 

determined. 

On the other hand, regarding translation, if the local frame translates relative to the 

global frame without any rotation, the vector LG indicates the amount of translation and 

provides the coordinates of the local system within the global system as LX, LY, and LZ 

(Zatsiorsky, 2002).  



15 

 

 

Figure 4. The location of a local frame in the global reference system 

after the translation 

As mentioned previously, expressing the displacement of a local frame requires a 

combination of rotation and translation. In this context, the translation elements can be 

integrated into the rotation matrix to form a new 3×4 matrix. However, for mathematical 

convenience and to maintain a square matrix, a row (1,0,0,0) can be added to create a new 

translation-rotation matrix as shown in equation (4). This matrix is referred to as the 

position matrix or transformation matrix (Chèze, 2014).  

                   [𝑇] = [

1 0 0 0
𝐿𝑥 𝑐𝑜𝑠𝑋𝑥 𝑐𝑜𝑠𝑋𝑦 𝑐𝑜𝑠𝑋𝑧
𝐿𝑦 𝑐𝑜𝑠𝑌𝑥 𝑐𝑜𝑠𝑌𝑦 𝑐𝑜𝑠𝑌𝑧
𝐿𝑧 𝑐𝑜𝑠𝑍𝑥 𝑐𝑜𝑠𝑍𝑦 𝑐𝑜𝑠𝑍𝑧

]                      (4) 

Therefore, by rewriting equation (3) to include the translation, the spatial 

displacement of a local frame can be defined by equation (5): 

[

1
𝑋
𝑌
𝑍

] = [

1 0 0 0
𝐿𝑥 𝑐𝑜𝑠𝑋𝑥 𝑐𝑜𝑠𝑋𝑦 𝑐𝑜𝑠𝑋𝑧
𝐿𝑦 𝑐𝑜𝑠𝑌𝑥 𝑐𝑜𝑠𝑌𝑦 𝑐𝑜𝑠𝑌𝑧
𝐿𝑧 𝑐𝑜𝑠𝑍𝑥 𝑐𝑜𝑠𝑍𝑦 𝑐𝑜𝑠𝑍𝑧

] [

1
𝑥
𝑦
𝑧

]                     (5) 

The application of the matrix method in joint motion, known as the orientation 

vector position, measures the displacement of an object from position 1 to position 2. For 
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example, in analyzing the shoulder joint, the simple displacement of the arm from the first 

position to the second can be quantified using the orientation position vector, which is 

essential for measuring the range of motion. In this context, if the global reference system 

is defined in the trunk and a local reference system is defined in the arm, with the initial 

position of the arm represented by a 4×4 matrix T1 and the final position by T2, the 

displacement between these two local frames is:  

[T2] = [D12] [T1] 

[D12] = [T1] [T2] -1 

• The Euler angles 

Another way to describe the change in orientation of a local reference frame in 

space is by using a set of three angles, known as Euler angles, which represent its rotation 

around the global reference frame (Weisstein, 2009). In this method, the rotation of a local 

frame within the global system is determined by the magnitude and sequence of rotations 

around each axis of the global frame. The sequence of rotation alters the arrangement of 

the axes in the reference system, such as XYZ or XZY, resulting in different 

representations of the rotation matrix (Teu et al., 2005). The significance of the rotation 

sequence lies in its ability to indicate the arrangement of movement in an object or joint. 

 

 

Figure 5. The rotation of a local frame relative to the global frame 

Using the Euler method, only one attitude is defined, and it does not combine the 

translation and rotation, so they should be obtained separately. In this regard, still, using a 
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3×3 rotation matrix, the Euler angles could be arrayed and defined as a combination of 

rotations around each axis, as equation (6) (Slabaugh, 1999):  

                                          [R]=[RZ][RY][RX]                                           

Therefore, the equation (6) could be rewritten as:  

𝑅 = 𝑅𝑧(𝛾)𝑅𝑦(𝛽)𝑅𝑥(𝛼)

=  [
𝑐𝑜𝑠 𝛾 −𝑠𝑖𝑛 𝛾 0
𝑠𝑖𝑛 𝛾 𝑐𝑜𝑠 𝛾 0

0 0 1
 ] [

𝑐𝑜𝑠 𝛽 0 𝑠𝑖𝑛 𝛽
0 1 0

−𝑠𝑖𝑛 𝛽 0 𝑐𝑜𝑠 𝛽
 ] [

1 0 0
0 cos 𝛼 −𝑠𝑖𝑛 𝛼
0 𝑠𝑖𝑛 𝛼 cos 𝛼

 ]

=  [

𝑐𝑜𝑠 𝛽 𝑐𝑜𝑠 𝛾 𝑠𝑖𝑛 𝛼 𝑠𝑖𝑛 𝛽 𝑐𝑜𝑠 𝛾 − 𝑐𝑜𝑠 𝛼 𝑠𝑖𝑛 𝛾 𝑐𝑜𝑠 𝛼 𝑠𝑖𝑛 𝛽 𝑐𝑜𝑠 𝛾 + 𝑠𝑖𝑛 𝛼 𝑠𝑖𝑛 𝛾
𝑐𝑜𝑠 𝛽 𝑠𝑖𝑛 𝛾 𝑠𝑖𝑛 𝛼 𝑠𝑖𝑛 𝛽 𝑠𝑖𝑛 𝛾 + 𝑐𝑜𝑠 𝛼 𝑐𝑜𝑠 𝛾 𝑐𝑜𝑠 𝛼 𝑠𝑖𝑛 𝛽 𝑠𝑖𝑛 𝛾 − 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛾

−𝑠𝑖𝑛 𝛽 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛽 cos 𝛼 𝑐𝑜𝑠 𝛽
 ] 

This equation simply could be replaced in the transformation matrix and be used 

for the spatial displacement of a local reference frame (Chèze, 2014).  

• The screw (Helical) method 

The screw method is another alternative to describe the spatial orientation of a joint 

by measuring the amount of rotation around and translation along the joint instantaneous 

axis of rotation (helical axis) (Chèze, 2014). In this method of displacement measurement, 

if an object moves from the position i to i+1 because of rotation (𝜑) and translation (L, 

magnitude of the translation along the helical axis), the displacement could be determined 

as (Ancillao, 2022):  

d = L + dR. 
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Figure 6. A schematic of screw method to describe rotation and translation 

In this method, if the coordination of the helical axis is nx, ny, and nz, the rotation 

matrix of the helical axis and the amount of 𝜑 is (Ancillao, 2022):  

𝑅ℎ𝑒𝑙𝑖𝑐𝑎𝑙 = [

𝑒0
2 + 𝑒1

2 − 𝑒2
2 − 𝑒3

2 2(𝑒1𝑒2 + 𝑒0𝑒3) 2(𝑒1𝑒3 − 𝑒0𝑒2)

2(𝑒1𝑒2 − 𝑒0𝑒3) 𝑒0
2 − 𝑒1

2 + 𝑒2
2 − 𝑒3

2 2(𝑒2𝑒3 + 𝑒0𝑒1)

2(𝑒1𝑒3 + 𝑒0𝑒2) 2(𝑒2𝑒3 − 𝑒0𝑒1) 𝑒0
2 − 𝑒1

2 − 𝑒2
2 + 𝑒3

2

]  

Where:  

𝑒0 = cos (
𝜑

2
) , 𝑒1 = 𝑛𝑥 sin (

𝜑

2
) , 𝑒2 = 𝑛𝑦 sin (

𝜑

2
) , 𝑒3 = 𝑛𝑧 sin (

𝜑

2
)  

And if: 

𝑅ℎ𝑒𝑙𝑖𝑐𝑎𝑙 = [

𝑟11 𝑟12 𝑟13

𝑟21 𝑟22 𝑟23

𝑟31 𝑟32 𝑟33

] 

𝜑 = 𝑠𝑖𝑛−1(√(𝑟32 − 𝑟23)2 +  (𝑟13 − 𝑟31)2 +  (𝑟21 − 𝑟12)2/2) 
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• Grood and Suntay (Joint coordinate system) 

The Joint Coordinate System (JCS) is a method for representing joint motion 

introduced by Grood and Suntay in 1983 (Grood & Suntay, 1983). This method is widely 

regarded in joint analysis, and a standard for its use has been recommended by the 

International Society of Biomechanics (Wu et al., 2002). In the JCS approach, in addition 

to the Cartesian coordinate system typically used for general motion analysis, a unique 

joint coordinate system must also be defined for each joint. When two objects form a joint, 

the JCS is represented by three vectors of e1 (a fixed vector aligned with the axis of rotation 

of the first object), e3 (a fixed vector aligned with the axis of rotation of the second object), 

and e2 (a floating vector in space, perpendicular to both e1 and e3) (Grood & Suntay, 

1983).  

For a joint like the knee, once the local coordinate systems are defined for each 

bone, the origins of these coordinate systems can be used to form the translation vector. 

Additionally, two of the axes from these local coordinate systems can serve as the joint 

coordinate system vectors (Grood & Suntay, 1983).  

1.2 Lumbar spine  

The lumbar spine encompasses the lower segment of the spinal column (lower 

back), extending from the last thoracic vertebra (T12) to the initial sacral vertebra (S1), 

and serves essential functions within the human body including (Bogduk, 2016; Ebraheim 

et al., 2004; Sassack & Carrier, 2023):  

• supporting upper body by absorbing axial forces originating from the head, neck, 

upper limbs and trunk, aided by the larger lumbar vertebrae. 

• protecting the spinal cord and nerves as safeguarding passageway promoting the 

transmission of information between the central nervous system and the lower 

extremities. 

• facilitating a broad spectrum of trunk motions such as flexion, extension, rotation, 

and lateral bending. 

• distributing upper body mass over the pelvis to support efficient bipedal motion by 

a concave curvature, known as lumbar lordosis. 
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This region consists of a combination of five vertebrae (L1-L5), intervertebral 

discs, ligaments, and muscles, with each of these components playing an important role in 

both the structure and function of the lumbar spine.  

 

Figure 7. Human lumbar spine from posterior view 

1.2.1 Vertebrae and articular surface geometry  

Lumbar vertebrae possess the largest vertebral bodies among all spinal segments, 

increasing in size from L1 to L5. This size gradient reflects the lumbar spine’s primary 

biomechanical role in supporting the upper body’s weight and withstanding substantial 

axial and shear loads during various daily activities (DeSai et al., 2018; Mahadevan, 2018). 

A typical lumbar vertebra consists of a large vertebral body, a vertebral arch, 

bilateral pedicles and laminae, lateral costiform (transverse) processes, and a relatively 

short, posteriorly projecting spinous process. Each vertebra also contains two superior and 

two inferior articular processes, which articulate to form the facet (zygapophyseal) joints. 

These joints serve to maintain vertebral alignment, limit excessive motion, and contribute 

to load sharing, particularly during flexion-extension and weight-bearing postures 

(Bogduk, 2016).   
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The articular surfaces of the lumbar facet joints exhibit specific geometric 

characteristics that guide intervertebral motion. In the upper lumbar spine (L1–L3), the 

facet joints are generally oriented in a sagittal plane, whereas in the lower lumbar spine 

(L4–L5), they adopt a more coronal orientation (Bogduk, 2016; Masharawi et al., 2004). 

These surfaces are typically trochoid in nature, cylindrical, allowing constrained rotational 

movement. This morphology facilitates predominantly flexion-extension, while limiting 

axial rotation and lateral bending (Adams & Dolan, 2005). 

The shape and orientation of these joints directly influence the instantaneous axis 

of rotation, ROM, and overall spinal stability. Understanding these structural features is 

fundamental to biomechanical modeling and image-based kinematic analysis of the lumbar 

spine (Panjabi & White III, 1980). 

The spinous processes project posteriorly and slightly downward from the vertebral 

arch and may overlap with adjacent levels depending on the segment. On each side, the 

costiform processes extend laterally and serve as attachment sites for various ligaments 

and muscles involved in spinal stability and movement (Mahadevan, 2018). 

 

 

Figure 8. A typical lumbar vertebra  

from three different views: posterior (A), superior (B), and lateral view (C) 
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1.2.2 Anatomical motions within the lumbar region 

The lumbar spine is characterized by its capacity for various anatomical motions, 

including flexion, extension, lateral bending, and axial rotation (McGregor et al., 1995). 

Flexion involves the forward bending of the spine and rotation within the sagittal plane, 

reducing the angle between the vertebrae anteriorly (Ebraheim et al., 2004; Pope, 1989). 

Extension is the opposite motion, increasing that angle and straightening the back, which 

is essential for standing upright and returning to a neutral position after flexion (Ebraheim 

et al., 2004; Pope, 1989). 

Lateral bending, rotation within the coronal plane, enables the spine to bend to the 

sides, facilitating movements such as reaching to the sides or twisting the torso to the sides. 

This motion allows for greater mobility and flexibility of the trunk (Pope, 1989). Axial 

rotation, within the frontal plane, refers to the twisting motion of the lumbar vertebrae 

around the vertical axis, which is crucial for activities requiring torso rotation (Ebraheim 

et al., 2004; Panjabi & White III, 1980; Pope, 1989).  

 

Figure 9. Demonstration of the lumbar rotations 

From left to right: axial rotation, side bending and flexion, adopted from (Vincent et al., 2012) 

Each of these movements is governed by a complex interplay of anatomical 

structures, particularly between the vertebrae. Known as intervertebral motion, it occurs in 

three planes, leading to sagittal, coronal and frontal rotation. However, the translation 
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between the vertebrae also contributes to the overall motion of the region across all three 

planes, creating six degrees of freedom for each vertebra in the spine (Panjabi & White III, 

1980). When studying the kinematics between the vertebrae, it is essential to consider not 

only the angular movements but also how the vertebrae slide or translate relative to one 

another. This combined motion allows for a greater range of movement while maintaining 

stability and distributing loads evenly across the spinal column.  

 

Figure 10. Intervertebral motion kinematics 

including three planar rotations and translations 

The range of intervertebral motion in the lumbar spine has been measured using 

various techniques by multiple researchers (Littlewood & May, 2007). These studies have 

examined different conditions, such as low back pain, spinal degeneration, and other 

factors that influence spinal kinematics (Errabity et al., 2023). However, the measured 

range of motion can vary depending on the nature of the primary movement being tested. 

For example, when flexion-extension is the primary motion, it typically exhibits the 
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greatest range, with any accompanying lateral bending or axial rotation being secondary 

and smaller in magnitude. Conversely, when lateral bending is the primary motion, it 

becomes the dominant component, and flexion-extension is minimized. In this context, 

several studies have reported intervertebral ranges of motion for healthy individuals as 

summarized in Table 1. 

 

Table 1. Mean (SD) of segmental range of motion reported from in-vitro and in-vivo 

studies. Rotational motions are in degree and translational motions are in mm  

References Condition Flexion-Extension 

  L1-L2 L2-L3 L3-L4 L4-L5 L5-S1 

(Panjabi & White III, 

1980) 
in-vitro 12 14 15 17 20 

(Pearcy et al., 1984) in-vivo 13 13 13 16 14 

(Yamamoto et al., 1989) in-vitro 10.1 10.8 11.2 14.5 17.8 

(Wong et al., 2004) in-vivo 10.65(2.25) 9.9(1.65) 9.4(1.4) 7.25(1.75) 4.3(1.6) 

(Kanayama et al., 1996) in-vivo   9.8(3.5) 15.3(1.6) 12.5(1.9) 

(Rozumalski et al., 2008) in-vivo 14.38(6.09) 16.72(6.29) 17.72(5.12) 16.87(4.74) 14.33(6.64) 

  Lateral Bending 

(Panjabi & White III, 

1980) 
in-vitro 6 6 8 6 3 

(Pearcy et al., 1984) in-vivo 5 5.5 5 3 1.5 

(Yamamoto et al., 1989) in-vitro 4.9 7 5.7 5.7 5.5 

(Rozumalski et al., 2008) in-vivo 10.97(3.85) 14.60(4.86) 14.32(4.63) 10.57(4.57) 7.91(3.47) 

  Axial Rotation  

(Panjabi & White III, 

1980) 
in-vitro 2 2 2 2 5 

(Pearcy et al., 1984) in-vivo 1 1 1.5 1.5 1 

(Yamamoto et al., 1989) in-vitro 2.1 2.6 2.6 2.2 1.3 

(Li et al., 2009) in-vivo  2.5(2.3) 2.4(2.6) 2.9(2.1) 2.6(1.2) 

  Proximodistal Translation 

(Pearcy et al., 1984) in-vivo 1(1) 1(1) 0(1) 0(1) 1(1) 

(Aiyangar et al., 2014) in-vivo  0.76(0.46) 0.72(0.34) 0.25(0.94) 0.94(0.44) 

(Byrne et al., 2018) In-vitro  5.92 6.34 6.59 3.48 

 
 Anteroposterior Translation 

(Pearcy et al., 1984) in-vivo 4(1) 3(1) 3(1) 3(1) 2(1) 

(Aiyangar et al., 2014) in-vivo  4.94(2.24) 5.44(2.39) 5.78(2.55) 3.93(2.71) 

(Byrne et al., 2018) In-vitro  0.19 0.30 0.44 0.41 

 
 Mediolateral Translation 
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(Pearcy et al., 1984) in-vivo 1(1) 1(1) 2(1) 0(1) 1(1) 

(Aiyangar et al., 2014) in-vivo  0.87(0.44) 0.72(0.32) 0.76(0.24) 0.89(0.32) 

(Byrne et al., 2018) In-vitro  0.68 0.73 1.45 1.63 

 

 

 

1.2.3 The importance of kinematic assessment 

Measuring the kinematic of the lumbar spine is necessary for understanding 

normal and abnormal movement patterns (Triantafyllou et al., 2023). This establishes what 

constitutes normal movement patterns and helps in identifying abnormalities that may 

indicate underlying issues such as low back pain, instability (hypo-hyper mobility) or 

degenerative conditions (Widmer et al., 2019).  

Low back pain (LBP), as the most important lumbar issues, is a prevalent health 

issue with estimates suggesting that up to 80% of the population will experience at least 

one episode during their lives (Rubin, 2007). LBP is primarily associated with non-specific 

conditions with about 90% of cases (Van Tulder et al., 2006). Importantly, the relationship 

between LBP and lumbar spine kinematics is crucial for understanding the underlying 

mechanisms of pain. Research has demonstrated significant differences in lumbar spine 

kinematics between individuals with and without LBP during various functional activities 

(Errabity et al., 2023). For instance, a systematic review indicated notable discrepancies in 

kinematic characteristics during sit-to-stand movements, highlighting how individuals with 

LBP exhibit altered movement patterns (Sedrez et al., 2019). Furthermore, studies have 

shown differences in range of motion in the lumbar region related to factors such as age 

and sex, emphasizing the complexity of LBP and its association with spinal movement 

(Arshad et al., 2019). These variations in spinal biomechanics may contribute to the onset 

and persistence of pain, suggesting that a deeper understanding of lumbar spine kinematics 

is essential for developing effective diagnostic and therapeutic strategies for managing 

LBP. 
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Instability of the lumbar spine is a significant factor that can exacerbate LBP, 

often linked to abnormal intervertebral motion. The concept of instability is often defined 

as a lack of resistance to forces while the spine is near its neutral position (Panjabi, 1992). 

Despite the variety of the definitions of spinal instability among specialists, it is generally 

accepted that abnormal intervertebral motion plays a critical role in the development of 

instability (Cook et al., 2006; Leone et al., 2007). 

In addition to the abnormality diagnosis, lumbar spine kinematics could help in 

developing and evaluation treatment strategies (Haynes, 2003). Understanding the specific 

kinematic alterations in an individual can guide the development of personalized 

rehabilitation strategies. For instance, if a patient has reduced range of motion in a 

particular direction, targeted exercises can be designed to restore normal kinematics 

(Bayartai et al., 2023).  

In addition, kinematic measurements contribute to the development of advanced 

diagnostic tools and technologies, such as motion capture systems (Hindle et al., 2021) and 

wearable devices (García-Jaén et al., 2024), which can continuously monitor spinal motion 

in real-time. In biomechanical modeling, accurate kinematic data is essential for creating 

detailed biomechanical models of the spine, which are used in research to simulate different 

conditions, predict outcomes of surgical interventions (Shapiro, 2020), and understand the 

effects of various treatments. 

1.2.4 Lumbar spine kinematics determination  

As previously explained regarding the general principles of joint kinematic 

analysis, the determination of intervertebral motion in the lumbar spine follows a similar 

approach. To measure intervertebral kinematics, ARFs are constructed based on the 

recommendations of the ISB (Wu et al., 2002). These frames are defined using ALs 

identified on each vertebra. Specifically, two landmarks are placed on the most distal ends 

of the costiform processes and one on the top of the most posterior end of the spinous 

process. For the sacral vertebra (S1), ALs are located on the top of the most posterior ends 

of the median crests and on the most prominent surfaces of the lateral crests. 
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From these landmarks, the ARFs are constructed as follows: the Z-axis (Blue axis 

in the figure 11 B) is defined between the left and right costiform process landmarks; the 

X-axis (Red axis in the figure 11 C) is orthogonal to the Z-axis and passes through the 

landmark on the spinous process; and the Y-axis (green axis in the figure 11 B and C) is 

then calculated as the cross product of the X- and Z-axes, ensuring orthogonality (Figure 

11). 

 

Figure 11. (A) Representation of anatomical landmarks  

localized on two vertebral levels (B) Anterior (B) and lateral (C) view of the anatomical reference 

frames established based on the anatomical landmarks. The anatomical references includes Z-

axis, which is defined between the left and right costiform process landmarks, the X-axis, which 

is orthogonal to the Z-axis and passes through the landmark on the spinous process, and the Y-

axis, which is then calculated as the cross product of the X- and Z-axes  

However, identifying the ALs remains challenging and requires access to detailed 

morphological data. As a result, traditional clinical methods rely on non-invasive and 

accessible tools like tape measures (Lemos et al., 2014), goniometers (Pakeloğlu et al., 

2023), and inclinometers (Fraeulin et al., 2020) to measure general spinal motion rather 

than specific intervertebral kinematics. For example, the Schober test uses a tape measure 

to assess changes in the lumbar spine’s range of motion (ROM), while inclinometers and 

goniometers measure angular motion and alignment during flexion, extension, lateral 

bending, and rotation. Although these tools are non-invasive and useful in assessing overall 

lumbar mobility, they offer limited accuracy in detecting detailed intervertebral movement 

(Fritz et al., 2005; Roach et al., 2013). Tousignant et al. (Tousignant et al., 2005) reported 

a moderate validity (r = 0.67) for the Schober test when compared to X-ray imaging, with 
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a minimal detectable change (MDC) of 1 cm. This suggests that changes smaller than 1 cm 

may not be clinically meaningful due to inherent measurement variability. In a separate 

study, Tojima et al. (Tojima et al., 2013) noted a higher standard error of measurement 

(SEM) for lumbar spine movements using a goniometer, reporting a SEM of 1.26 ± 0.48°, 

which was larger compared to results obtained using an optical measurement system, 

indicating less precision with the goniometer for spinal assessments.  

Beyond these clinical approaches, motion capture methods have also been 

employed for intervertebral motion measurement (Pourahmadi et al., 2018). However, due 

to the small scale of intervertebral movements, motion capture systems face significant 

limitations (Benoit et al., 2006). The primary issue arises from attaching markers to the 

skin, which can move independently of the underlying bony structures. This phenomenon, 

known as soft tissue artefact, introduces measurement errors, typically ranging from 0.8 to 

1.5 mm, thereby reducing the accuracy of the recorded kinematic data (Heneghan & 

Balanos, 2010). Direct comparisons against medical imaging confirm this limitation: using 

open/upright MRI, back-marker measures showed posture-dependent STA on the order of 

~10 mm and only moderate correspondence with vertebra-based curvature (lumbar 𝑅2 ≈

0.55), indicating uncertainty in absolute values (Zemp et al., 2014). Similarly, dual-plane 

radiography (biplanar/fluoroscopy) studies report level- and plane-dependent 

discrepancies between skin-marker–derived intervertebral angles and imaging-derived 

“intrinsic” motion, including overestimation at some lumbar levels during flexion–

extension (Xi et al., 2022).  

One potential solution to mitigate this problem is to attach markers directly to the 

bone using intracortical bone pins (Lund et al., 2002). This approach would eliminate the 

influence of skin movement, resulting in more accurate measurements of intervertebral 

kinematics (Dickey et al., 2002; Rozumalski et al., 2008). However, it is essential to note 

that attaching markers to intracortical bone pins is an invasive procedure which is 

specifically used in cadaveric studies or carries inherent risks, including the potential for 

infection and tissue damage.  
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Meanwhile, the use of medical imaging modalities offers a high potential for 3D 

kinematic analysis. For example, dynamic biplane radiography systems validated against 

radiostereometric analysis can achieve sub-millimeter and ~1° accuracy at the lumbar 

spine, though at the cost of radiation exposure and specialized workflows. However, each 

imaging method capable of 3D vertebral reconstruction presents certain limitations, as 

previously discussed—for instance, in the case of CT scanning. In contrast, ultrasound 

imaging presents a promising alternative that can be used for this purpose.  

1.3 Ultrasound imaging 

Ultrasound imaging, as a medical imaging modality, is distinguished by its 

versatility, safety, and accessibility. Unlike x-ray-based techniques, which expose patients 

to ionizing radiation, ultrasound utilizes high-frequency sound waves to create real-time 

images. This non-invasive method allows for dynamic assessment, making it highly 

valuable in various clinical applications, including cardiology, obstetrics, and 

musculoskeletal imaging. 

In ultrasound technology, sound waves are transmitted from an ultrasound probe, 

also known as a transducer, which serves as both the source and receiver of the sound 

waves used to generate images. The probe contains piezoelectric crystals, which possess 

the unique property of changing shape when subjected to electrical currents. When an 

electric current is applied, these crystals vibrate, emitting high-frequency sound waves that 

penetrate the body. 

As the sound waves travel through tissues, they encounter boundaries between 

different tissue types, such as muscle and bone. At each boundary, a portion of the sound 

waves is reflected back to the probe, while the remainder continues to travel deeper. The 

probe detects these returning echoes, which vary in intensity depending on the density and 

composition of the tissues. These data is then converted into a digital signal, producing the 

grayscale images seen on the ultrasound display. 

Ultrasound probes come in various designs tailored to specific imaging needs, 

including: 

• Linear probes for superficial applications, such as in musculoskeletal imaging. 
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• Convex probes that provide a wider field of view, making them suitable for 

abdominal and obstetric imaging. 

• Phased array probes, commonly used in cardiac imaging due to their narrow, 

focused beam for deeper structures. 

In recent years, ultrasound applications in musculoskeletal imaging have advanced 

significantly, with specific attention to bone sonography, such as in fracture detection 

(Moran & Myers, 2022), fracture reduction (Wu et al., 2021a), and guidance during joint 

arthroscopic surgeries (Mhaskar et al., 2023). Additionally, ultrasound has been applied in 

analyzing spine kinematics and been validated with other standard methods, providing 

insights into the intervertebral motion. For instance, Chleboun et al. (2012) compared 

ultrasound and MRI measurements of intervertebral linear distances for flexion/extension 

determination, reporting an error margin of 1.3 mm and similar coefficient variations 

(ultrasound: 12%, MRI: 9%) (Chleboun et al., 2012). Van den Hoorn et al. (2016) 

introduced ultrasound-based techniques to measure L5–S1 flexion/extension, achieving 

explained variances of 93.8–95% compared to fluoroscopy, with absolute errors of 1.7–

2.1° (van den Hoorn et al., 2016). Cuesta-Vargas (2015) combined ultrasound with 

electromagnetic sensors to measure L4–L5 flexion, showing excellent reliability (ICC: 

0.995–0.999) and low variation (4.18%) (Cuesta-Vargas, 2015). 

For axial rotation, McKinnon et al. (2019) demonstrated a strong correlation (r > 

0.9) between ultrasound and optical tracking systems for measuring in-vitro cervical 

vertebrae rotation, with minimal system errors (< 0.05°) (McKinnon & Callaghan, 2019). 

Heneghan et al. (2009), in an in-vivo study, used ultrasound with motion tracking to 

measure C7 rotation during maximal upper-body movements, achieving high reliability 

(ICC: 0.72–0.98) (Heneghan et al., 2009). Additionally, McKinnon et al. (2021), in an in-

vivo study, assessed lumbar segmental rotation in thoracopelvic movements, reporting 

gradual increases in rotation angles across the range of motion, with L1–L5 showing the 

highest contributions (McKinnon & Callaghan, 2021).  

 However, all the applications of the ultrasound imaging for intervertebral 

kinematics have been limited to the 2D measurements (Effatparvar & Sobczak, 2022). This 

limitation stems from the lack of 3D reconstruction and the restriction of virtual palpation 
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to a maximum of two ALs within a single anatomical plane, such as in measuring lumbar 

flexion-extension by assessing changes in interspinous distance and angle using two ALs 

per vertebra (Chleboun et al., 2012; van den Hoorn et al., 2016).  

Recent innovations in 3D reconstruction methods for ultrasound imaging have been 

developed and validated against established 3D reconstruction techniques. These 

approaches generally fall into two categories of Freehand imaging, tracking the probe's 

spatial position using external sensors, and Sensorless methods, utilizing computer 

algorithms to control the probe's speed, direction, and position. 

Despite these advancements, no 3D reconstruction methods have been applied to 

determine lumbar spine intervertebral kinematics, creating a significant gap in the field. 

This gap has become the focus of our work, and we have outlined several steps to develop 

and validate a new method against CT scan imaging. Achieving this objective could unlock 

new possibilities for dynamic and comprehensive assessments of spinal motion, offering 

improved insights into the biomechanics of the lumbar spine. 

1.4 Objectives, Research questions and Hypotheses  

Although the principal objective of this thesis was to determine lumbar spine 

intervertebral kinematics using ultrasound images, it has been divided into five distinct 

sections, with five phases defined to address the research questions derived from these 

objectives. 

Phase 1) Application of ultrasound in spine kinematic determination: A systematic 

review. (Effatparvar, M. R., & Sobczak, S. (2022). Application of ultrasound in spine 

kinematic determination: A systemic review. Journal of Medical Ultrasound, 30(1), 6-10.) 

Objectives: To systematically review the literature across multiple research databases to 

evaluate the current use of ultrasound in spine kinematics analysis, assess the 

implementation of 3D intervertebral measurements using ultrasound images, and 

determine whether existing methods and findings support clinical applications. 

Research questions: Has ultrasound been used for spine kinematics analysis? Have there 

been any 3D intervertebral measurements using ultrasound images? Have existing studies 
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and advances been sufficient to make this method practical for in-vivo applications? 

Hypothesis: Ultrasound has been used in certain contexts for spine kinematics analysis; 

however, the application of 3D intervertebral measurements remains limited. Current 

advancements in ultrasound technology and methodology may not yet be sufficient for 

widespread clinical adoption, indicating a significant gap in the field. 

Phase 2) Assessment and improvement of a novel ultrasound-based 3D 

reconstruction method: Registered for lumbar spine. (Effatparvar, M. R., Pierre, M. O. 

S., & Sobczak, S. (2022). Assessment and improvement of a novel ultrasound-based 3D 

reconstruction method: Registered for lumbar spine. Journal of Medical and Biological 

Engineering, 42(6), 790-799.) 

Objectives: To enhance an existing algorithm for 3D ultrasound image reconstruction with 

the goal of accurately modeling the full lumbar spine (T12–S1), including soft tissues and 

a range of fat pad thicknesses, while accounting for body mass indices (BMI) from 15 to 

30. To validate the reconstructed models through comparison with CT imaging and assess 

their reliability across multiple cadaveric specimens. 

Research question: Can the algorithm for 3D reconstruction of ultrasound images be 

improved to accurately reconstruct the entire lumbar spine (T12–S1), including soft tissues 

and variable fat pad thicknesses? Is this method reliable for lumbar spine reconstruction? 

Hypothesis: The improved 3D reconstruction algorithm enables accurate and reliable 

modeling of the lumbar spine (T12–S1) in cadavers with BMI values between 15 and 30, 

with validity comparable to CT-based reconstructions. 

Phase 3) Application of Musculoskeletal Ultrasound in Lumbar Spine 3D 

Kinematics Visualization and Determination: An In-Vitro Study.  (Effatparvar, M. R., St-

Pierre, M. O., Lavoie, F. A., & Sobczak, S. (2025). Application of Musculoskeletal 

Ultrasound in Lumbar Spine 3D Kinematics Visualization and Determination: An In-Vitro 

Study. Journal of Medical and Biological Engineering, 45(2), 230-239.) 

Objectives: To evaluate the reliability of MSU-based 3D reconstructions in determining 

intervertebral range of motion (ROM) during discrete motions, including flexion-
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extension, lateral bending, and axial rotation. To assess the validity of these reconstructions 

by comparing the results with those obtained from CT imaging. 

Research question: Is the 3D reconstruction of musculoskeletal ultrasound (MSU) 

sufficiently accurate and precise to determine lumbar intervertebral kinematics during 

discrete motions such as flexion-extension, lateral bending, and axial rotation? Are the 

results valid and reliable? Hypothesis: MSU 3D reconstructions are reliable for measuring 

intervertebral ROM during standard motions and yield valid results that are consistent with 

CT-based measurements, showing minimal deviations across all motion types. 

Phase 4) Lumbar spine 3D kinematics determination using ultrasound imaging: an 

in-vivo approach to define normative ranges of motion. (submitted to the journal of Journal 

of Applied Biomechanics in August 2025)  

Objectives: To determine the reliability of MSU 3D reconstructions in assessing 

intervertebral ROM during lumbar flexion in live participants, and to quantify the 

normative flexion range at L4–S1 in individuals aged 20 to 60, comparing the findings with 

published reference values. 

Research question: How reliable is 3D reconstruction of MSU images for measuring 

lumbar intervertebral flexion range of motion in live participants? What is the normative 

flexion range for vertebral levels L4–S1 in participants aged 20 to 60 based on ultrasound-

based measurements, and how do these values compare with those previously reported in 

the literature? 

Hypothesis: MSU 3D reconstructions can be reliably used to measure lumbar spine range 

of motion in-vivo, providing accurate and reproducible values. Furthermore, the normative 

flexion ranges measured at L4–S1 in participants aged 20 to 60 using ultrasound-based 

methods are consistent with those previously reported in the literature. 

Phase 5) Feasibility of Ultrasound Imaging for Determining Shoulder 3D 

Kinematics: A Pilot Study. (submitted to the Journal of Ultrasound in July 2025) 

Objectives: To quantify the reconstruction error of 3D models generated from ultrasound 

imaging when applied to the entire shoulder complex in an in-vitro setting. To evaluate the 
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level of agreement between ultrasound-based and CT-based measurements of shoulder 

kinematics. 

Research question: Is the developed 3D kinematic measurement method using ultrasound 

imaging transferable to other joints of the body? Specifically, how feasible is its application 

for measuring shoulder joint kinematics? 

Hypothesis: Provided that a joint is accessible via ultrasound imaging, the 3D 

reconstruction method enables accurate determination of joint kinematics. Consequently, 

the kinematics derived from ultrasound-based models will demonstrate high agreement 

with those obtained from CT-based models.  
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 Chapter 2 – Application of Ultrasound in Spine 

Kinematics Determination: A Systematic Review 

2.1 Original Contribution of the Student and Co-authors  

This second chapter of the thesis presents the first published article entitled 

Application of Ultrasound in Spine Kinematics Determination: A Systematic Review. This 

article, co-authored by Mohammad Reza Effatparvar and Stéphane Sobczak, was published 

in 2022 in the Journal of Medical Ultrasound (Vol. 30: 6–10). 

 

Effatparvar, M. R., & Sobczak, S. (2022). Application of ultrasound in spine 

kinematic determination: A systemic review. Journal of Medical Ultrasound, 30(1), 6-10. 
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Application of ultrasound in spine kinematics determination: 

A systematic review 

 

Mohammad Reza Effatparvar1,2*, Stéphane Sobczak1,2,3 

1- Chaire de recherche en anatomie fonctionnelle, Université du Québec à Trois-

Rivières, Trois-Rivières, Québec, Canada.  

2- Département d’anatomie, Université du Québec à Trois-Rivières, Trois-Rivières, 

Québec, Canada.  

3- Groupe de Recherche sur les affections neuromusculosquelettiques, Université du 

Québec à Trois-Rivières, Trois-Rivières, Québec, Canada. 
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2.2 Abstract  

Spine kinematic determination is required to diagnose or rehabilitate back pain due 

to spinal instability. Ultrasound imaging, as a less harmful and cost‑effective method, has 

been recently applied to kinematic analysis. This study reviews all available published 

articles to see how much progress has been made in spine kinematic measurement by 

ultrasound. In this regard, we searched PubMed, Scopus, and Google Scholar among all 

available studies until 2021, using keywords such as ultrasound, spine, kinematics, 

rotation, twist, flexion, and bending. Finally, after identifying and scanning 183 articles, 

only nine articles were included, which analyzed spine kinematics by ultrasound. Among 

these nine articles, three reported axial displacements, three reported flexion/extension, and 

three reported axial rotation. Although ultrasound is a suitable alternative to other 

kinematic measurement methods, very little research and progress have been made in this 

area. Today, this method is still not used practically for spine kinematic measurement 

because the bone scans via ultrasound imaging are challenging to understand, and no 

three‑dimensional kinematic measurement technique has been reported. However, recent 

advances in converting ultrasound images into three‑dimensional images can pave the way 

for further improvements. 

Keywords: Back pain, flexion, intervertebral kinematic, rotation, spine kinematics, 

ultrasound 
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2.3 Résumé  

La détermination de la cinématique de la colonne vertébrale est essentielle pour 

diagnostiquer ou réhabiliter les lombalgies dues à une instabilité vertébrale. L’imagerie par 

échographie, en tant que méthode moins nocive et plus rentable, a récemment été appliquée 

à l’analyse cinématique. Cette étude passe en revue tous les articles publiés disponibles 

pour évaluer les progrès réalisés dans la mesure de la cinématique de la colonne vertébrale 

par échographie. À cette fin, nous avons recherché dans PubMed, Scopus et Google 

Scholar toutes les études disponibles jusqu’en 2021, en utilisant des mots-clés tels 

qu’échographie, colonne vertébrale, cinématique, rotation, torsion, flexion et inclinaison. 

Enfin, après avoir identifié et examiné 183 articles, seul neuf ont été inclus, car ils 

analysaient la cinématique de la colonne vertébrale par échographie. Parmi ces neuf 

articles, trois rapportaient des déplacements axiaux, trois des mouvements de 

flexion/extension et trois des rotations axiales. Bien que l’échographie soit une alternative 

intéressante aux autres méthodes de mesure cinématique, très peu de recherches et de 

progrès ont été réalisés dans ce domaine. Aujourd’hui, cette méthode n’est toujours pas 

utilisée de manière pratique pour mesurer la cinématique de la colonne vertébrale, car les 

analyses osseuses via l’imagerie échographique sont difficiles à interpréter, et aucune 

technique de mesure cinématique en trois dimensions n’a été rapportée. Cependant, les 

avancées récentes dans la conversion des images échographiques en images 

tridimensionnelles peuvent ouvrir la voie à de futures améliorations. 

Mots-clés : Lombalgie, flexion, cinématique intervertébrale, rotation, cinématique 

de la colonne vertébrale, échographie. 
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2.4 Introduction 

Spinal instability is one of the most practical reasons for severe back pain, more 

prevalent among the elderly. [1‑3] An accurate understanding of spine kinematics is 

beneficial in diagnosing and rehabilitating spinal instability. Today, several methods are 

employed for kinematic determination, including X‑ray imaging, [4,5] magnetic resonance 

imaging (MRI), [6] and optical tracking systems. [7,8] However, there are apparent obstacles 

through the introduced methods. For example, X‑ray imaging is ionizing and deleterious 

for the tissue, MRI is expensive and imposes a high cost on the health system, and optical 

tracking devices based on external markers lead to measurement error due to soft tissue 

movements. [9] Although internal fixation of markers into the bone minimizes errors, it is 

not welcomed because of invasiveness. However, ultrasound is a less-harmful method, 

[10,11] which recently has been applied as a practical musculoskeletal imaging modality. 

[12,13] In this regard, ultrasound imaging has had several applications in the spine, such as 

facilitating spinal anesthesia, [14] identifying deformities, [15‑18] and spine kinematics 

determination. This study intends to analyze the results and methods of spine kinematic 

measurement via ultrasound to see: How much progress has been made? Where does this 

method stand now? Have the existing studies and advances been enough to make this 

method practical in medical centers? 

2.5 Methods 

2.5.1 Protocol of the study 

The study was performed according to the Preferred Reporting Items for Systematic 

Reviews and Meta‑Analyses program. [19] Moreover, a recently printed systemic review 

paper [20] was used as a sample format.  

2.5.2 Studies search and selection 

The sources in this study are published articles in English and were selected from 

PubMed, Scopus, Google Scholar, and references list of the cited articles. The keywords 

including spine, ultrasound, kinematics, rotation, twist, flexion, and bending were used [the 

search strategy of keywords combination in each database has been provided in 
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Supplementary Material] regardless of the type of article and from 2000. The search period 

for this study was August 2021. 

2.5.3 Inclusion and exclusion criteria 

Studies were included if they (1) analyzed any in-vivo and/or in-vitro study of spine 

kinematics and (2) applied a two‑dimensional (2D) ultrasound imaging device as the 

primary method of kinematic measurement. On the other hand, the following studies were 

excluded: (1) analyzing anatomy of the spine; (2) determination of spine deformity; and 

(3) applying ultrasound tracking systems instead of imaging. 

2.5.4 Quality assessment 

Joanna Briggs Institute checklists [21] were used to evaluate the studies’ quality. It 

provides robust checklists for the appraisal and assessment of most types of studies. 

2.5.5 Data extraction 

One author did the data extraction from studies, and another author verified all 

exclusion. The articles were thoroughly analyzed, and all the data obtained from them were 

carefully recorded, including the ultrasound machine, statistical, comparing, and validation 

methods. 

2.6 Results 

After all identification, the abstracts of 183 articles [Figure 1] were reviewed. Then, 

39 articles were included for scrutiny. However, 30 articles were removed from the final 

list due to lack of spinal examination, experimental results, and kinematic study. Finally, 

nine articles were eligible. The diagram of the inclusion is shaped in Figure 1. 
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Figure 1: Preferred Reporting Items for Systematic Reviews and Meta‑Analyses 2020 

flow diagram for new systematic review 

Among the final list, three articles [22‑24] examined kinematic in vertical 

displacements such as standing position (in-vivo) or axial traction and compression (in-

vitro), three articles studied flexion/extension movements, [25‑27] and three articles 

investigated axial rotation. [28‑30] Information about the type of studies is summarized in 

Table 1. In addition, detailed data about the type of ultrasound machine, transducer, 

frequency, and the number of samples are provided in Table 2. 
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Table 1: The method of studies in included records 

Study name Conditions for 

kinematic test 

Type of study Sample size 

Zheng et al. [22]  Vertical 

displacement 

In vitro (human) 5 

Zheng et al. [23]  Vertical 

displacement 

In vitro (human) 

In vivo (human) 

4 

5 

Zheng et al. [24]  Vertical 

displacement 

In vivo (human) 9 

Van Den Hoorn et al. 

[25]  

Flexion/extension In vitro (human) 

In vivo (pig) 

1 

1 

Cuesta-Vargas [26]  Flexion/extension In vivo (human) 5 

Chleboun et al. [27]  Flexion/extension In vivo (human) 6 

Mckinnon et al. [29]  Axial rotation In vitro (pig) 12 

Heneghan et al. [28]  Axial rotation In vivo (human) 24 

Mckinnon et al. [30]  Axial rotation In vivo (human) 16 

    

Table 2: The types of the employed ultrasound machine 

Study name Ultrasound 

machine 

Transducer Frequency 

range (MHz) 

Zheng et al. [22]  Treason T3000 - - 

Zheng et al. [24]  Treason T3200 Linear array - 

Zheng et al. [24]  Treason T3200 Linear array 4-15 MHz 

Van Den Hoorn et al. 

[25]  

Logiq 9 

Acuson SC2000 

Linear array 7-10 MHz 

 

Cuesta-Vargas [26]  M-turbo Linear array 6-13 MHz 

Chleboun et al. [27]  My lab 25 Curvilinear array 6 MHz 

Mckinnon et al. [29]  M-turbo Linear array 6-13 MHz 

Heneghan et al. [28]  Sono 5500 Linear array 3-11 MHz 

Mckinnon et al. [30]  M-turbo Linear array 6-13 MHz 
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2.6.1 Data report 

The final reports are divided into three categories according to the types of 

experiments.  

Vertical displacement 

To date, only three intervertebral vertical displacement measurements have been 

reported by Zheng et al. [22‑24] In the in-vitro studies, they applied 1 mm frequency motions 

of 1–8 Hz in the C4–C5 and first compared the one‑transducer ultrasound results with 

optical tracking methods and showed an accuracy of ±0.148 mm at frequencies <6 HZ, 

then compared the dual‑transducer ultrasound results with linear voltage differential 

transformers, and showed 90% accuracy in frequencies <6 HZ. Moreover, in the in-vivo 

studies, they designed a jumping test for participants and measured intervertebral 

compression using one transducer and dual transducer. Not enough numerical results have 

been reported in their studies, and only the high accuracy of ultrasound has been declared. 

Flexion/extension 

Chleboun et al. [27] measured the axial distance between the spinous processes of 

L1–L5 in the neutral supine, lumbar flexion, and lumbar extension postures via ultrasound 

and MRI. In the 1–6 mm range of spinous processes distances, the average MRI results 

were 1.3 mm higher than the ultrasound. Besides, the coefficient variation of MRI was 9%, 

and the coefficient variation of ultrasound was 12%. Next, van den Hoorn et al. [25] first in 

an in-vitro study introduced two measurement techniques (direct angle measuring, indirect 

angle measuring) for flexion/extension of L5–S1 via ultrasound and then compared the 

results with a digital camcorder. The mean errors between ultrasound and digital camera 

were about 0.715° in 20%–100% of range of motion (RoM, 2.8°–14.1°). Furthermore, the 

explained variances between the ultrasound and digital camera results were 97% and 77% 

in two different measurement techniques. Then, in an in-vivo study, they replaced the 

digital camera with a fluoroscope. The explained variance between the ultrasound and 

fluoroscopy in the first technique was 93.8% and for the second technique was 95%. Plus, 

for the first technique, the corresponding linear regression was 0.995, with an absolute 

prediction error of 2.1°. Concerning the second technique, the corresponding linear 
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regression was 0.997, with an absolute prediction error of 1.7°. In the third article, 

Cuesta‑Vargas [26] combined ultrasound and electromagnetic sensors to measure the mean 

composite range of L4–L5 during the full flexion, which was 15.5° ± 2.04°, the standard 

error of the mean was 0.54°, and the coefficient of variation was 4.18% in a single trial. 

Moreover, reliability was excellent for both within days (0.995–0.999) and between days 

(0.996–0.999). 

Axial rotation 

In an in-vitro study,[29] the rotations of several C3–C4 and C5–C6 were measured 

via ultrasound and optical tracking system in three positions of neutral, flexion (5.58° ± 

1.18°), and extension (2.37° ± 1.72°). The maximum rotation was 3.5° in flexion and about 

3.2° for neural and extension. Therefore, the correlation between the two systems was 

higher than 0.903, and the absolute system error across all flexion/extension was 0.01° ± 

0.05°. Moreover, Heneghan et al. [28] combined ultrasound and motion tracking sensors to 

measure the C7 rotation in maximal upper body rotations of participants. The mean range 

of axial rotation was 85.15°. The intraclass coefficient correlation was “excellent” for 

within days (0.89–0.98) and “good/excellent” for between days (0.72–0.94). Finally, 

McKinnon et al. [30] investigated the effect of maximum external thoracopelvic angle (41.1° 

± 6.8°) on the lumbar segmental axial rotation angle. The results in 25% of RoM were L1 

= 3° ± 2.4°, L2 = 2.6° ± 2.6°, L3 = 1.4° ± 1.9°, L4 = 1.2° ± 2.0°, L5 = 1.1° ± 1.4°, S1 = 

−0.2° ± 1.1°; in 50% of RoM were L1 = 7.4° ± 2.3°, L2 = 6.9° ± 2.9°, L3 = 4.7° ± 2.8°, L4 

= 4° ± 3.2°, L5 = 3.8° ± 2.3°, S1 = 1.8° ± 2.8°; and in 75% of RoM were L1 = 12.4° ± 4°, 

L2 = 11.7° ± 3.3°, L3 = 8.4° ± 2.5°, L4 = 7.9° ± 2.7°, L5 = 6.9° ± 3.4°, S1 = 6.9° ± 3.4°.  

A summary of the strengths and weaknesses of different methodologies is 

summarized in Table 3. 
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Table 3: Assessment of applied methodology 

 Strengths Weaknesses 

Heneghan 

et al. [28] 

First spine kinematics measurement in a 

RoM study  

Designing the novel method of 

combination of ultrasound with motion 

tracking sensors  

No image processing  

No coordinate transform system 

No compare with other methods 

Chleboun 

et al. [27] 

First intervertebral study 

Comparing the results with MRI 

The method was only for supine 

position 

Small sample size  

applied for only discrete 

kinematic  

Zheng et 

al. [22] 

Kinematic measurement in a dynamic 

movement 

Comparing ultrasound results with 

optical tracking motion 

Both in-vivo and in-vitro tests  

Only vertical intervertebral 

motion analysis.  

No ability to be developed for 

other kinematic measurements 

Probability of probe movement 

in dynamic studies.                     

Small sample size 

Zheng et 

al. [23] 

Kinematic measurement in a dynamic 

movement  

Applying a novel dual-ultrasound 

technique as a more accurate method 

Comparing results with linear voltage 

differential transformers 

Only vertical intervertebral 

motion analysis 

Employing a similar test 

procedure to the last study 

 

Zheng et 

al. [24] 

Kinematic measurement in a dynamic 

movement  

Applying the dual-ultrasound method 

for an in-vivo study 

 

Only vertical intervertebral 

motion analysis 

 

Employing a similar test 

procedure to the last studies 

No comparing with other 

methods  

Probability of probes instability 

while dynamic movement   

Small sample size 

 

Cuesta-

Vargas 

[26] 

Develop the method of combining 

ultrasound and motion tracking sensors  

Employing coordinate transform system  

Employing a novel image processing 

method  

Small sample size  

No compare with other methods 

Applied for Only limited 

postures 

Van Den 

Hoorn et 

al. [25] 

Introduced a novel method of indirect 

angle measurement 

 

Obscurity of landmarks 

Complexity of movement 

Not applicable for shorter RoM 
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Mckinnon 

et al. [29] 

Evaluating the transducer measurement 

angle  

Comparing with a motion capture 

system 

Employing coordinate transform system 

 

Mckinnon 

et al. [30] 

Develop the previous methods for RoM 

measurement  

Limitation in the experimental 

setup 

Applying only passive motions 

 

2.7 Discussion  

Diagnosing spinal instability and the related rehabilitation requires accurate 

kinematic determination. Accordingly, it needs extensive research to facilitate the 

measurement process. Today, several methods have been applied, while they are associated 

with various drawbacks. At the same time, ultrasound as a convenient system may help 

compensate for the shortcoming. Still, the image quality of bone scans via ultrasound has 

led to less attention being paid to spinal kinematics. However, nine articles have analyzed 

spine kinematics and are included in this study. Regarding the years of publication, 

Heneghan et al. [28] are the first group that analyzed spine kinematics using ultrasound in 

2009. They combined ultrasound and electromagnetic sensors to measure C7-T1 axial 

rotation (85.15°), which their results were very similar to earlier declared reports (85°). [31] 

Three years later, in 2012, Chleboun et al. [27] recorded lumbar spine intervertebral flexion/ 

extension based on the axial distance between spinous processes and reported significantly 

similar results compared to MRI. Next, in 2013 and 2014, Zheng et al. [22‑24] applied 

intervertebral vertical frequent motions to compare the measurement accuracy of 

oneultrasound with optical tracking systems and dual ultrasound with linear voltage 

differential transformers. They showed about 90% accuracy in low‑frequency motion.  

After that, in 2015, Cuesta‑Vargas [26] developed the previously introduced 

technique of combined ultrasound and electromagnetic sensors to measure the mean 

composite range of L4–L5 (15.5° ± 2.04°) during the full flexion and reported the similar 

results of earlier published direct pin‑based records (16.87° ± 4.74°). [32]  

Then, in 2016, Zheng et al. [21] used the dual‑ultrasound method again in an in-vivo 

jump test and showed high accuracy in intervertebral vertical displacement. No more 
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numerical results have been provided in their studies. Moreover, in the same year, van den 

Hoorn et al. [25] used two different ultrasound imaging techniques to measure intervertebral 

flexion/extension and showed high accuracy and reliability compared to digital cameras 

and fluoroscopes.  

Finally, in the most recent studies, in 2019 and 2021, Mckinnon et al. [29,30] first 

showed a high correlation between ultrasound results and optical tracking systems 

measuring cervical axial rotation. As well, the reported error (0.1° in 3° RoM) was lower 

in comparison to the results obtained in the older record (2.1° in 14° RoM). Second, they 

measured lumbar segmental vertebrae axial rotations and showed significant similarity to 

earlier publications. [32] 

A review of existing articles shows that very few studies have applied ultrasound 

in spine kinematic determination; therefore, much progress has not been made yet. 

Although available examinations have reported high accuracy and reliability of ultrasound 

results, all have been limited to 2D measurements, and no practical technique for 3D 

measurement has been introduced. As a result, this method is currently not clinically used 

by therapists. If enough advancement is made in this field, the advantages of ultrasound 

will place it as an ideal alternative. It seems that recently developed spine 3D modeling via 

ultrasound images [33] can help future studies record spine kinematics in 3D models. This 

method converts 2D ultrasound images to 3D ones, thanks to the image processing 

techniques. As a result, the location of the bony landmarks gets more visible. Then, the 

displacement of these landmarks in any direction on three anatomical plates could be 

accurately recorded. By improving this technique, the real‑time intervertebral 3D 

kinematics is measurable. 

2.8 Conclusion 

Studies showed that spine kinematic measurement via ultrasound is still a toddler 

who needs much upbringing. High‑accuracy 2D spine kinematic determination via 

ultrasound has been reported to date, while they are not enough because spine kinematics 

need to be analyzed 3D. The recently developed 3D spine modeling helps further progress 

of ultrasound to compete with other imaging methods such as CT scans and MRI. By 
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producing accurate 3D data, other benefits of ultrasound, such as portability and being 

real‑time, which is functional for in-vivo studies, make it superior to different systems. 
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 Chapter 3 – Assessment and Improvement of a 

Novel Ultrasound-Based 3D Reconstruction 

Method: Registered for Lumbar Spine 

   

3.1 Original Contribution of the Student and Co-authors  

This third chapter of the thesis presents the second published article entitled 

Assessment and Improvement of a Novel Ultrasound-Based 3D Reconstruction Method: 

Registered for Lumbar Spine. This article, co-authored by Mohammad Reza Effatparvar, 

Marc-Olivier St-Pierre, and Stéphane Sobczak, was published in 2022 in the Journal of 

Medical and Biological Engineering (Vol. 42: 790–799). 

 

Effatparvar, M. R., Pierre, M. O. S., & Sobczak, S. (2022). Assessment and 

improvement of a novel ultrasound-based 3D reconstruction method: Registered for 

lumbar spine. Journal of Medical and Biological Engineering, 42(6), 790-799. 
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3.2 Abstract 

Purpose Bone three-dimensional (3D) modelling using imaging techniques is 

applied for 3D kinematic measurement. Ultrasound has been recently introduced for 3D 

bone modelling. This study intends to assess and improve an ultrasound-based 3D 

modelling algorithm to a soft tissue-compatible version. 

Methods Six lumbar spines with attached soft tissues were dissected from human 

cadavers with different body mass indexes (BMIs). Ultrasound and computed tomography 

(CT) scan imaging were performed, and the images were reconstructed three dimensionally 

using image processing techniques. Regarding reliability, an operator repeated the 

reconstruction processes of two specimens three times. Regarding validity, 3D models 

were directly compared; then, volumes were calculated, and limits of agreement were 

obtained. Finally, the fat pad thickness of all spinous processes was measured to calculate 

the effect of different BMIs on reconstruction errors. 

Results The reliability analysis using intraclass correlation coefficients [95% CI] 

showed high intra-operator reliability in the CT-scan- (0.966 ± 0.014) and ultrasound-based 

(0.930 ± 0.012) models. The low mean mean reconstruction errors (mm) (0.18 ± 0.04, 0.24 

± 0.11, 0.06 ± 0.15, 0.04 ± 0.36, 0.44 ± 0.24, and 0.42 ± 0.27, respectively from specimen 

1 to 6), And also the inclusion of all differences within the limit of agreement verified the 

validity of ultrasound-based models compared to CT-scan-based models. Moreover, the 

linear regression showed a weak correlation (R = 0.33) between the reconstruction error 

and fat pad thickness. 

Conclusion This study showed that the 3D reconstruction of the lumbar spine 

obtained from ultrasound images is highly similar to those obtained from CT scan images 

and is not significantly affected by the posterior fat pad, which makes it appropriate for 

kinematic studies. 

Keywords Lumbar spine · Ultrasound · CT scan · Kinematic · 3D spine modelling 
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3.3 Résumé 

Objectif : La modélisation tridimensionnelle (3D) des os à l’aide de techniques 

d’imagerie est utilisée pour la mesure cinématique en 3D. L’échographie a été récemment 

introduite pour la modélisation osseuse en 3D. Cette étude vise à évaluer et améliorer un 

algorithme de modélisation 3D basé sur l’échographie afin de le rendre compatible avec 

les tissus mous. 

Méthodes : Six colonnes lombaires avec tissus mous attachés ont été prélevées sur 

des cadavres humains ayant des indices de masse corporelle (IMC) variés. Des 

échographies et des tomodensitométries (CT scan) ont été réalisées, et les images ont été 

reconstruites en 3D à l’aide de techniques de traitement d’images. Concernant la fiabilité, 

un opérateur a répété les processus de reconstruction de deux spécimens à trois reprises. 

Concernant la validité, les modèles 3D ont été directement comparés, les volumes ont été 

calculés, et les limites d’accord ont été déterminées. Enfin, l’épaisseur de la couche 

graisseuse de tous les processus épineux a été mesurée pour évaluer l’effet des différents 

IMC sur les erreurs de reconstruction. 

Résultats : L’analyse de la fiabilité, basée sur les coefficients de corrélation intra-

classes [IC à 95 %], a montré une grande fiabilité intra-opérateur pour les modèles basés 

sur le CT scan (0,966 ± 0,014) et sur l’échographie (0,930 ± 0,012). Les faibles erreurs 

moyennes de reconstruction (mm) (0,18 ± 0,04, 0,24 ± 0,11, 0,06 ± 0,15, 0,04 ± 0,36, 0,44 

± 0,24, et 0,42 ± 0,27, respectivement pour les spécimens 1 à 6) ainsi que l’inclusion de 

toutes les différences dans les limites d’accord ont confirmé la validité des modèles basés 

sur l’échographie par rapport à ceux basés sur le CT scan. Par ailleurs, la régression linéaire 

a montré une faible corrélation (R = 0,33) entre l’erreur de reconstruction et l’épaisseur de 

la couche graisseuse. 

Conclusion : Cette étude a démontré que la reconstruction 3D de la colonne 

lombaire obtenue à partir d’images échographiques est très similaire à celle obtenue à partir 

de CT scan et n’est pas significativement affectée par la couche graisseuse postérieure, ce 

qui la rend appropriée pour des études cinématiques.  
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Mots-clés : Colonne lombaire · Échographie · CT scan · Cinématique · 

Modélisation 3D de la colonne 

3.4 Introduction 

Three-dimensional (3D) bone reconstruction using medical imaging as one of the 

most effective modelling methods is used for different purposes such as mechanical tests, 

surgical preplanning, and kinematic study. Magnetic resonance imaging (MRI) [1] and 

computed tomography (CT) scan [2] are the leading imaging systems for creating 3D 

models. However, the introduced approaches have many disadvantages; X-ray imaging is 

ionizing and deleterious for the body tissue. MRI is very expensive and imposes a high 

cost on the health system. Hence, employing an alternative imaging method with lesser 

drawbacks is crucial. 

Meanwhile, ultrasound imaging as an affordable, portable, and non-ionizing 

modality can fill the available gap. Although in the opinion of many researchers, this 

imaging method still faces many limitations, validation results of the ultrasound images 

compared to other methods like comparison with CT scan in aortic aneurysm diameter 

measurements with a measurement error of 0.11 ± 4.26 mm [3], comparison with MRI-CT 

images of a beating heart phantom with a measurement error of 1.7 ± 0.4 mm [4], 

comparison with a caliper in spine height measurement with a measurement error of 5.5 ± 

1.5% [5], and recent innovative developments have made it replaceable with other imaging 

systems in certain situations. As an example, several intra-operative applications like 

fracture reduction [6], arthroscopic surgeries [7], screw insertion, anatomical bone 

landmark determination, tumour border delineation [8], and point-of-care applications like 

bone fractures identification [9–11], spinal cord injuries diagnosis [12] could be mentioned. 

In addition, ultrasound images have been recently used for bone 3D reconstruction 

to make the less intelligible images highly acceptable. Newly, many applications of 

ultrasound-based bone 3D modelling have been reported, such as the modelling of the knee 

joint for robotic knee arthroplasty [13], co-applying of the ultrasound imaging system and 

the electromagnetic tracker for the knee 3D reconstruction [14], and co-registering the 

ultrasound with CT scan images to model cow femur [15]. Moreover, various methods of 
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spine 3D modelling have been applied in order to measure spinal rotation, scoliosis, and 

other deformities using a 3D ultrasound machine [16–19]. 

Nevertheless, among the ultrasound applications, less attention has been paid to the 

issue of spine kinematics measurement, and the existing studies have been limited to two-

dimensional measurements [20]. While spine kinematics, as an essential criterion in 

movement limitation examination, should be analysed three-dimensionally. On the other 

hand, since the spine 3D models could be used to localize bone landmarks to determine 

spine kinematics, we decided to study the possibility of 3D reconstruction of the lumbar 

spine through ultrasound images. In this regard, we aimed to assess and develop an 

available algorithm of one dry lumbar spine 3D reconstruction [21] to a more substantial 

version by reconstructing complete lumbar spines (T12-S1) with soft tissues and different 

fat pad thicknesses, so linked to the body mass indexes (BMIs). Thanks to valid 3D bone 

models from ultrasound, we will be able to determine in-vivo lumbar spine kinematics in 

the near future. 

3.5 Materials and Methods 

3.5.1 Specimen 

After attaining approval from the Université du Québec à Trois-Rivières 

Institutional Review Board (SCELERA 21 − 13), Six human cadavers with different BMIs 

ranged from 18 to 26 (Mean: 21.8, SD: ± 3.3) and ages from 62 to 89 years (Mean: 76.3 

SD: ± 10) were dissected to extract the lumbar spines from T12 to S2. During the 

dissections process, First, palpating the spinous processes, two longitudinal incisions were 

made 15 to 20 cm laterally away from the spinous processes to leave an adequate amount 

of soft tissue covering the lumbar spine posteriorly. Then, dissections were continued 

obliquely up to the anterior side of the vertebral body to keep all the attached lateral soft 

tissues intact. Next, the edges of the skins were sutured to get a cylindrical form, and two 

orthopaedic Schanz screws were inserted through all vertebral bodies to avoid inter 

vertebral displacement (Fig. 1a). Then, the Schanz screws were fixed on a threaded rod 

using external fixation clamps. Following, each specimen was installed in the centre of a 
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home-made cylinder plastic frame (D = 165 mm), and the frame was filled up with porcine 

gelatine (Gelatine, Type A, Pork Skin, mi. Bloom 225) (Fig. 1b). 

 

Fig. 1 (a) a dissected lumbar spine after suture. (b) a specimen fixed in the gelatine after hardening 

3.5.2 CT scan 

After gelatine hardening, a CT scan device (GE Healthcare, Revolution EVO) was 

used to collect the images of the specimens. In this regard, after setting up the CT scan 

machine (convolution Kernel = standard, filter type = body filter, window centre = 50, 

window width = 500, focal spot = 1.2 mm) the DICOM format images (reconstruction slice 

thickness = 0.5 mm, inter-slice spacing = 0.625 mm, each image size = 514 KB) were 

obtained. 

3.5.3 Ultrasound 

After CT scan imaging, the specimens were stabilized into a computer-assisted 

mechanical frame (CAM) [21], facilitating whole-length ultrasonography. The CAM (Fig. 

2) provides a graduated circular mobile plate that moves upward and downward at the 

desired speed, controlled by a step motor. Moreover, this mobile plate contains a holder 
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for the ultrasound transducer, which could be set to the desired degree. Through these 

facilities, ultrasound collects the images from down to up at each upward movement of the 

mobile plate. Then, the transducer holder is moved in the circular path to the next position, 

and the imaging is repeated; this process is continued until finishing imaging all around the 

spine. For this study, the imaging processes were performed using a linear transducer of an 

ultrasound machine (NextGen LOGIQ e Ultrasound, GE Healthcare, USA - Mode = 

Musculoskeletal, Frequency = 8.0 MHz, Distance = 8 cm, Gain = 76). Furthermore, the 

CAM setup was at 0.5 mm/s of linear velocity (upward downward) and every 30 to 40 

degrees (circular path). These degrees were calculated using the Eq. (1) and depending on 

the circumferences of the specimens; to be fully covered in the images with the fewest 

overlap, preventing shadows. 

𝜃 ≈
360𝑇

2𝜋𝑟
 

 

Fig. 2 The procedure of ultrasound imaging using CAM. 

In this equation, “θ” is the degree setup of the mobile plate, “T” is the transducer 

width and “2πr” is the circumference of the specimen. 
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3.5.4 Image Processing and 3D Reconstruction 

After finishing the ultrasound imaging process, 9 to 12 (360/θ) sets of ultrasound 

files, including 400 DICOM format images (each image size = 22.2 KB), were obtained. 

Then, using a homemade MATLAB software (MathWorks, R2021 a) script, the sets of 

images were merged to produce one series of 360-degree DICOM format images (image 

amount = 400). Next, to simplify the reconstruction process, the quality of images was 

enhanced using intensity transform, Laplacian spatial filter, high pass filter, and colour 

thresholds (Fig. 3). 

 

Fig. 3 (a) one of the obtained images from ultrasound. (b) a 360-degree image after the merging 

process. (c) a quality enhanced image after image processing. (d) intensity boundaries changed CT 

scan image of the same level 

In the following step, using the segmentation tool of Amira software (5.2.2®, 

Germany), the images obtained from the ultrasound and the CT scan (gold standard) were 

separately segmented to create 3D models (Fig. 4). 
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Fig. 4 The lateral view (a1) and the posterior view (a2) of a CT-scan-based 3D model. the lateral 

view (b1) and the posterior view (b2) of an ultrasound-based 3D model from one specimen 

3.5.5 Comparison and Measurement 

Reliability Procedure 

The segmentation processes of the ultrasound images and CT scan images 

belonging to the first and second specimens were each repeated three times by the same 

operator. Then, using CloudCompare software (v2.12 Beta, France) all vertebrae were 

separated, the volumes were determined and compared to measure the intra-operator 

reliability of 3D reconstruction. To separate the vertebrae, since the articular processes 

were not easily separable between two vertebrae in ultrasound-based 3D models because 

of the limitations, first, CT-scan-based and ultrasound-based 3D models were aligned by 

picking equivalent point pairs. Then, the vertebrae in the ultrasound-based models were 

separated using the pattern created through the CT-scan-based models. After separating the 

vertebrae, the volume of each were determined. 

Validation Process 

After reconstructions, two validation steps were applied. Concerning the first step, 

using CloudCompare [22], ultrasound-based models were directly compared to the CT-

scan-based models as the gold standard; in this step, all vertebrae were separated and 
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compared one by one. In this comparison, the distances are computed based on the nearest 

neighbour distance technique. It means that the software selects a point on the reference 

model (CT scan), then searches for the nearest point on the compared model (ultrasound), 

measures the direct distance (mm), and finally reports the mean of all point-to-point (mesh-

to-mesh) distances as the reconstruction error. In addition, colour maps were provided in 

the comparison images to highlight the differences between the two models graphically.  

Then, in the second step, using the same software, the volume of each vertebra was 

computed, the mean volumes of vertebrae were compared and the agreement between the 

two modelling techniques were analysed. 

Correlation Measurement 

Since posterior elements are the most important part of 3D reconstructions to be 

used in kinematic studies, the thickness of the fad pad between the skin and spinous process 

was considered a criterion and was measured using CT scan images. For this measurement, 

the image slides in which spinous processes were in the maximum length were used. Then, 

the correlation of the fat pad with reconstruction errors was calculated to see the effect of 

the fat pad on ultrasound-based 3D reconstructions. 

3.5.6 Statistical Analysis 

In order to assess the intra-operator reliability, intraclass correlations coefficient 

(ICC – 2.1 Two-Way random) on volumes measured on CT-scan- and ultrasound-based 

3D bone reconstructions with 95% CI were calculated. Regarding the second step of 

validation, since the specimens are considered as whole samples, the limits of agreement 

between CT-scan- and ultrasound-based models were calculated and Bland-Altman plots 

were reported. Finally, the linear regression was graphed to calculate the correlation 

between reconstruction error and fat pad thickness. All statistical analysis was performed 

using SPSS software (SPSS Statistics 236 for Windows, version 28.0; IBM Corp., Armonk, 

NY, 237 USA). 
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3.6 Results 

Concerning the intra-operator reliability, the intraclass correlations coefficients 

[95% CI] between different times of reconstructions were calculated (Table 1), and the 

mean intra-operator reliabilities for the CT-scan-based and the ultrasound-based models 

were 0.966 ± 0.014 and 0.930 ± 0.012, respectively.  

Table 1 Intra-operator intraclass correlation coefficient [95% CI] 

 Intra-operator  

CT-scan-based model Ultrasound-based model 

Specimen 1 0.977 [0.898-0.997] 0.939 [0.408-0.994] 

Specimen 2 0.956 [0.803-0.995] 0.922 [0.584-0.991] 

Mean 0.966 0.930 

SD 0.014 0.012 

 

Concerning the verification of the validity of the ultrasound- based 3D models, first, 

they were directly compared with the CT-scan-based 3D models as a gold standard. In this 

comparison, the mean mean reconstruction errors (mm) by specimen were: 0.18 ± 0.04 for 

specimen 1, 0.24 ± 0.11 for specimen 2, 0.06 ± 0.15 for specimen 3, 0.04 ± 0.36 for 

specimen 4, 0.44 ± 0.24 for specimen 5 and 0.42 ± 0.27 for specimen 6. Moreover, the 

mean mean reconstruction errors (mm) by vertebra were: 0.23 ± 0.12 for L1, 0.15 ± 0.39 

for L2, 0.3 ± 0.31 for L3, 0.31 ± 0.29 for L4 and 0.15 ± 0.05 for L5. The reconstruction 

errors of each specimen and vertebra are reported in Table 2. 
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Table 2 Reconstruction errors (mm) between the ultrasound-based and the CT-scan-based 

models. In this table, SP stands for specimen and L stands for Lumbar vertebra. The negative 

errors mean the compared models (ultrasound) have lower values.  

 
SP1 Mean 

error 

(BMI≈18) 

SP2 Mean 

error 

(BMI≈19) 

SP3 Mean 

error 

(BMI≈20) 

SP4 Mean 

error 

(BMI≈23) 

SP5Mean 

error 

(BMI≈25) 

SP6 Mean 

Error 

(BMI≈26) 

Mean 

mean 

error 

L1 0.1±0.6 0.4±1.2 0.1±0.7 0.2±1.1 0.3±0.4 0.3±0.8 0.23±0.12 

L2 0.2±0.5 0.2±0.7 0.2±0.5 -0.6±0.4 0.6±0.6 0.3±0.7 0.15±0.39 

L3 0.2±0.6 0.1±0.9 -0.1±0.4 0.3±0.2 0.5±0.6 0.8±0.4 0.3±0.31 

L4 0.2±0.5 0.3±0.8 -0.1±0.5 0.2±0.3 0.7±0.5 0.6±0.3 0.31±0.29 

L5 0.2±0.5 0.2±0.9 0.2±0.6 0.1±0.3 0.1±0.8 0.1±0.6 0.15±0.05 

Mean 

mean 

error 

0.18±0.04 0.24±0.11 0.06±0.15 0.04±0.36 0.44±0.24 0.42±0.27 

 

 

Also, the graphical models indicating colormaps in the range of − 1 to 1 mm were 

extracted to demonstrate the comparisons (Fig. 5). one specimen’s figures are presented 

here due to space limitations. 
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Fig. 5. Lateral views of 3D reconstructions comparative images from one specimen 

In addition, as the second validation step, the volume of each vertebra was 

calculated in two methods separately; the mean mean volume of all vertebrae for the CT-

scan-based 3D models was 55788.8 ± 1942.32 mm3 with a coefficient of variation of 

3.48% and standard error of 868.63 mm3 and for the ultrasound-based 3D models was 

56790.5 ± 2100.71 mm3 with a coefficient of variation of 3.69% and standard error of 

939.46 mm3. The mean values are presented in Table 3. Then, considering specimens as 

whole samples, limits of agreement (95% ± 1.96 Sd) (Table 4) and the Bland-Altman plot 

(Fig. 6) between the two reconstruction techniques were obtained. The mean mean 

difference was 1001.7 ± 683.16 mm3. 
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Table 3 Mean volume, standard deviation (SD), coefficient of variation (%), and standard error 

(SE) of the mean of all lumbar vertebrae (L) among all specimens. All values are in mm3. 

 
Mean volumes from the 

CT-scan-based models 
Mean volumes from the 

ultrasound-based models 

L1 53040.05 54043.43 

L2 55048.93 55880.85 

L3 57810.2 58827.56 

L4 57477.68 58981.78 

L5 55567.13 56218.86 

Mean 55788.8 56790.5 

SD 1942.32 2100.71 

CV (%) 3.48% 3.69% 

SE 868.63 939.46 

 

Table 4 Mean differences (MD), upper and lower limits of agreements (95%±1.96 Sd) for all specimens 

with overall vertebrae. All values are in mm3. 

  
MD Limits of agreement 

  

    Upper Lower 

Specimen 1 966.23 2421.74 489.22 

Specimen 2 1058.84 1682.58 435.09 

Specimen 3 326.62 2220.91 -1567.68 

Specimen 4 145.6 2682.73 -489.22 

Specimen 5 1780.34 3844.19 -283.51 

Specimen 6 1732.54 3860.61 -215.53 

Mean 1001.7     

SD 683.16    
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Fig. 6. Bland and Altman plots: comparisons between ultrasound-based 3D models and CT-scan-

based 3D models. Dotted lines represent the mean differences and continuous lines represent the 

upper and lower limits of agreement. Values are reported in Table 3. 

Concerning the correlation between the reconstruction error and the fat pad 

thickness (Table 5), the linear regression (Fig. 7) showed a correlation of R = 0.33. 
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Table 5. Fat pad thickness between spinous process and skin. These values were measured in the 

image slides in which spinous processes were in the maximum length. The letters L stand for 

Lumbar vertebrae. All values are in mm. 

  specimen 1 specimen 2 specimen 3 specimen 4 specimen 5 specimen 6 

L1 0.8 1.8 2.9 6.3 8.5 9.7 

L2 0.9 1.7 2.8 6.2 8.6 9.6 

L3 0.8 1.8 2.7 6.2 8.4 9.5 

L4 0.8 1.9 2.9 6.5 8.4 9.7 

L5 0.8 2.4 3.3 7.3 8.9 11.6 

 

 

Fig. 7. Linear regression of reconstruction error and spinous process fat pad thickness  

3.7 Discussion  

Measuring spine kinematics is essential to analyse and diagnose the spine’s 

movement abnormalities, such as hypermobility or hypo-mobility. Today, several methods 

are used to measure spine kinematics; meanwhile, clinically, it has been limited to a 

physical examination. Still, for 3D measurement, the method of localizing bone landmarks 

on the spine 3D model has been developed recently. Concerning obtaining 3D models of 
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the spine, two imaging modalities are mostly used: CT scan and MRI. Yet, these modalities 

have disadvantages as previously mentioned. 

In the meantime, the ultrasound machine could act as an alternative. Therefore, the 

primary purpose of this study was to improve an algorithm for imaging the spine using 

ultrasound and converting the obtained images into 3D models. For this purpose, since an 

innovative technique for 3D reconstruction of a dry vertebra has been recently introduced 

with significant accuracy and precision [21], in this study, we tried to assess and improve 

this technique in the 3D reconstruction of six lumbar spines with different BMIs and fat 

pad thicknesses. So, in this regard, the imaging operations were experimentally performed 

in certain degrees, definable by Eq. (1), to cover the entire specimen and reduce the 

shadow. Then, since the vertebrae were covered with soft tissue, the image processing 

techniques were applied to enhance the quality of images and facilitate the segmentation 

process (Fig. 3). 

After finishing the 3D reconstruction processes, two steps were introduced to verify 

the validity of the ultrasound- based 3D models compared to the CT-scan-based 3D models 

(gold standard). In the first step, using Cloud- Compare, all the vertebrae of each specimen 

were separated and compared one by one. In this regard, the mean mean reconstruction 

errors reported in Table 2 show that, globally, there is a slight overestimation for the 

ultrasound-based 3D models compared to the CT-scan-based 3D models. However, 

although there are overestimations for the ultrasound-based models, low variations 

between the reconstructions regarding the vertebrae sizes demonstrate the high validity of 

the models obtained from ultrasound. Moreover, the overestimated results in this research, 

in addition to being similar to the previous study [21] which was 0.44 ± 0.63 mm, have 

also been observed in other ultrasound-Ct scan comparative studies, like in measuring 

kidney stone size with an average overestimation of 3.8 ± 2.4 mm [23], and measuring 

aortic aneurysm diameter with an average overestimation of 0.11 ± 4.26 mm [3]. 

In addition, the graphical models (Fig. 5) with the related colour map in the range 

of − 1 to 1 mm were extracted to show the differences between the two methods of 

reconstructions. Since in these graphical models, the vertebrae were coloured in white, and 
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the errors in each area were changed from white at zero to black at − 1 and 1 mm, the slight 

colour change in the comparative image indicates the high accuracy of ultrasound models. 

Concerning the second validation step, the volumes of all vertebrae in the 

ultrasound- and CT-scan-based 3D models were computed and compared. Since the first 

validation step showed overestimations in linear distance between ultrasound-and CT-

scan-based 3D models, larger volumes for ultrasound-based 3D models are expected. 

Therefore, based on the reported values in Table 3, the vertebrae of the ultrasound-based 

3D models have higher volumes than the CT-scan-based 3D models, although the 

differences are insignificant considering the amounts of volumes. Also, the CVs of mean 

volumes coming from the same table showed the low variability of measurement for both 

ultrasound-based and CT-scan-based methods. In addition, considering all specimens as 

whole samples, the limits of agreement were calculated and plotted using the Bland-Altman 

method. As observed in Fig. 6, all differences were included within the limit of agreement, 

which indicates that the results obtained from ultrasound compared to CT scan are valid. 

Concerning the intra-operator reliability, a high degree of reliability was observed 

between the different reconstruction times of CT-scan (0.966 ± 0.014) and ultrasound 

images (0.930 ± 0.012). These reliability results are similar to the previous studies [5, 21, 

24–26] and showed a high consistency for the current reconstruction algorithm. 

On the other hand, one of the main objectives of this study was to investigate the 

effect of the soft tissue of the lumbar spine on the results of reconstructions. Therefore, the 

soft tissue in the posterior part of the lumbar spine remained intact. Since fat tissue has the 

most significant effect on ultrasound, in this study, the amount of fat pad between the 

spinous processes and the skin was considered a criterion for examining the correlation 

between the fat pad thickness and reconstruction error. Based on the linear regression 

diagram results in Fig. 6, there is a weak correlation (r = 0.33) between reconstruction error 

and the fat pad thickness. Although there have been slightly higher errors for some of the 

vertebrae, the weak correlation shows that the posterior soft tissues would not significantly 

affect the reconstructions. Since the posterior elements are the most functional anatomical 

parts for the kinematic study to locate the landmarks, only posterior soft tissues were kept 
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intact. Otherwise, if the abdominal fat tissue in the anterior part was kept, it could make 

difficulties in imaging. 

Regardless of all numerical data, the delicate appearance of the spinous and 

costiform processes in the ultrasound-based 3D models would indicate an acceptable 

ability of this method to be used for kinematic studies and locate bones landmarks. 

As limitations of this study, as previously mentioned, the CT-scan-based 3D 

models were used as a pattern to separate the facet joints of vertebrae in ultrasound-based 

models. Although this method covers the reconstruction errors in the ultrasound-based 

models, the limitations are negligible since the articular processes are not considered to be 

used for kinematic study. The second limitation of this study was the 3D reconstruction of 

all around the vertebrae, which is not applicable for in-vivo kinematic study because of the 

abdominal fat pad and viscera. Still, since the precise localization of three landmarks is 

required to introduce a coordinate system and accurately measure the kinematic, the 

complete lumbar spines were used for this in-vitro study. 

Regarding the feasibility of this method in clinical measurements, as mentioned in 

the limitation, although it is not practicable in the current format, the improvement of 

ultrasound imaging methods and 3D reconstruction of the posterior elements of the lumbar 

spine will make this method easily achievable for clinical measurement. 

In conclusion, this study’s results showed that the 3D reconstruction of the lumbar 

spine obtained from ultrasound images is highly similar to those obtained from CT scan 

images and is not significantly affected by the posterior fat pad, which makes it appropriate 

for kinematic studies. 
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 Chapter 4 – Application of Musculoskeletal 

Ultrasound in Lumbar Spine 3D Kinematics 

Visualization and Determination: An In-Vitro 

Study 

4.1 Original Contribution of the Student and Co-authors  

This fourth chapter of the thesis presents the third published article entitled 

Application of Musculoskeletal Ultrasound in Lumbar Spine 3D Kinematics Visualization 

and Determination: An In-Vitro Study. This article, co-authored by Mohammad Reza 

Effatparvar, Marc-Olivier St-Pierre, Felix-Antoine Lavoie, and Stéphane Sobczak, was 

published in 2025 in the Journal of Medical and Biological Engineering (Vol. 45: 230–

239). 

 

Effatparvar, M. R., St-Pierre, M. O., Lavoie, F. A., & Sobczak, S. (2025). 

Application of Musculoskeletal Ultrasound in Lumbar Spine 3D Kinematics Visualization 

and Determination: An In-Vitro Study. Journal of Medical and Biological 

Engineering, 45(2), 230-239. 
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4.2 Abstract 

Purpose: Determining lumbar spine 3D kinematics requires the reconstruction of 

medical images. Current imaging modalities, such as Computed Tomography (CT) scans 

and Magnetic Resonance Imaging (MRI), have limitations, including ionizing radiation 

and high costs. Musculoskeletal ultrasound (MSU) presents a promising alternative; 

however, its application in 3D kinematic analysis has not yet been reported. The aim of 

this study is to assess the reliability and validity of MSU-based 3D reconstruction for 

determining intervertebral kinematics. 

Methods: Seven lumbar spines were dissected, and technical markers (TMs) were 

attached to the vertebrae. MSU and CT images were captured, and 3D reconstructed. 

Discrete motions were applied to the specimens, and the TMs were digitized. The motions 

were visualized on the 3D reconstructions using a visualization technique. Anatomical 

landmarks were identified, and reference frames were established. Intervertebral range of 

motion (ROM) was measured using Euler angles. Reliability was assessed through 

repeated measurements, and validity was evaluated by comparing the ROM results 

between the MSU and CT scans. 

Results: The intra-operator reliability showed good (ICC = 0.89 ± 0.01) and 

excellent (ICC = 0.91 ± 0.01) reliability for the MSU and CT scan, respectively, with slight 

differences in mean detectable changes (3.23% ± 1.52% for MSU, 2.65% ± 0.75% for CT). 

Regarding validity, no significant mean difference was observed (− 0.23° ± 0.20°, p = 0.57) 

between the mean ROMs, and good agreement was found, with a mean difference of 0.22° 

± 0.07° and most data points falling within limits of agreement. 

Conclusion: This study confirms the accuracy and precision of 3D MSU in 

measuring lumbar spine range of motion, validating its use for 3D kinematic analysis and 

paves the way for in-vivo analysis. 

Keywords: Ultrasound · Kinematics · Lumbar spine · Range of motion · CT-scan 
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4.3 Résumé  

Objectif : La détermination de la cinématique 3D de la colonne lombaire nécessite 

la reconstruction d'images médicales. Les modalités d'imagerie actuelles, telles que la 

tomodensitométrie (CT) et l'imagerie par résonance magnétique (IRM), présentent des 

limites, notamment une exposition aux radiations ionisantes et des coûts élevés. 

L’échographie musculosquelettique (MSU) constitue une alternative prometteuse ; 

cependant, son application dans l'analyse cinématique 3D n'a pas encore été rapportée. 

Cette étude vise à évaluer la fiabilité et la validité de la reconstruction 3D basée sur la MSU 

pour la détermination de la cinématique intervertébrale. 

Méthodes : Sept colonnes lombaires ont été disséquées et des marqueurs techniques 

(MTs) ont été fixés aux vertèbres. Des images MSU et CT ont été acquises et reconstruites 

en 3D. Des mouvements discrets ont été appliqués aux spécimens et les MTs ont été 

numérisés. La visualisation des mouvements sur les reconstructions 3D a été réalisée à 

l’aide d’une technique spécifique. Les repères anatomiques ont été identifiés et des 

référentiels anatomiques établis. L’amplitude de mouvement intervertébrale (ROM) a été 

mesurée à l’aide des angles d’Euler. La fiabilité a été évaluée par des mesures répétées et 

la validité par la comparaison des résultats de ROM entre MSU et CT. 

Résultats : La fiabilité intra-opérateur était bonne (ICC = 0,89 ± 0,01) pour la MSU 

et excellente (ICC = 0,91 ± 0,01) pour le CT, avec de légères différences dans les 

changements détectables moyens (3,23 % ± 1,52 % pour la MSU et 2,65 % ± 0,75 % pour 

le CT). Concernant la validité, aucune différence significative n’a été observée entre les 

ROMs moyens (−0,23° ± 0,20°, p = 0,57), avec une bonne concordance (différence 

moyenne de 0,22° ± 0,07°) et la plupart des points de données situés dans les limites 

d’accord. 

Conclusion : Cette étude confirme la précision et l’exactitude de la MSU 3D pour 

la mesure de l’amplitude de mouvement de la colonne lombaire, validant son utilisation 

pour l'analyse cinématique 3D et ouvrant la voie à une application in-vivo. 

Mots-clés : Échographie · Cinématique · Colonne lombaire · Amplitude de 

mouvement · Tomodensitométrie 
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4.4 Introduction 

Determining lumbar spine intervertebral three-dimensional (3D) kinematics 

requires associating 3D anatomical reference frames (ARF), local reference frames, with 

the vertebrae. These frames are fixed to the vertebrae and move accordingly [1]. 

Mathematical methods [2] are then used to measure the displacement of the anatomical 

reference frames (ARF), representing the motion of each vertebra [3]. Establishing these 

ARFs can be challenging, because it requires identifying at least three anatomical 

landmarks (ALs) [4, 5]. Accuracy in this process is crucial as errors in landmark 

localization can lead to the misorientation of ARFs, resulting in altered joint displacement 

and increase in angular (rotation) and linear (translation) displacements [6–8]. 

Medical imaging is the primary method for identifying ALs because it provides 

sufficient morphological data. Landmark selection in this method is achieved through 

image processing techniques, known as virtual palpation (mouse click). However, 3D 

image reconstruction is necessary to identify at least three ALs. Consequently, 2D 

modalities like radiography and fluoroscopy, despite their ability to capture discrete or 

continuous motions in various positions, are limited to 2D kinematic determinations [9, 

10]. Recent advancements like roentgen stereophotogrammetry [11] and biplanar 

radiography (EOS) [12] address these issues but involve the use of X-rays, leading to 

radiation exposure. Computed Tomography (CT) scan [13] and Magnetic resonance 

imaging (MRI) [14], as the leading 3D imaging modalities, offer high quality 3D 

reconstructions. Nonetheless, CT scan also involves radiation exposure, MRI is expensive, 

and both are generally limited to static imaging in the supine position [4]. 

Musculoskeletal ultrasound (MSU) stands out among imaging modalities as an 

important alternative due to its affordability, accessibility, and minimal harmful effects 

[15]. Recently, many innovative applications of MSU have been introduced, such as 

fracture determination [16], fracture reduction [17], arthroscopic surgeries [18] and tumor 

border delineation [19]. MSU has also been used in lumbar spine kinematics determination, 

but this application has so far been limited to 2D measurements [20]. This limitation arises 

from the lack of 3D reconstruction and the restriction of virtual palpation to a maximum of 

two ALs within a single anatomical plane, such as in measuring lumbar flexion– extension 
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by assessing changes in interspinous distance and angle using two ALs per vertebra [21, 

22]. Although novel 3D ultrasound reconstruction methods, employing either manual or 

AI-based segmentation, have recently been introduced [23–25], their validity for accurately 

identifying ALs in kinematic assessments has not yet been verified, highlighting a gap in 

the field. 

To address this gap, a newly introduced in-vitro MSU 3D reconstruction technique 

[26], developed and validated against CT scan 3D reconstruction with an overestimation 

error of 0.44 ± 0.24 mm for ultrasound [27], was applied in this study. The two main 

objectives are: (1) to verify the reliability of the MSU 3D reconstructions in determining 

the intervertebral range of motion (ROM), and (2) to assess the validity of the MSU 3D 

reconstructions in determining intervertebral ROM compared to those from CT scan. 

4.5 Materials and Methods 

4.5.1 Specimen Preparation 

Seven lumbar spines (T12-S2) were isolated from thawed human cadavers, aged 

between 64 to 83 years (Mean = 75.28, SD = 6.62). Following the initial specimen 

preparation as previously described [27], small incisions were made on the skin, and semi-

spherical holes were created in the spinous processes and distal end of the costiform 

processes of L1 to L5, as well as in the spinous process and adjacent to the protruding 

surface of the lateral crests of S1. The bony surfaces were cleaned with acetone and three 

spherical technical polypropylene markers (TMs), each with a diameter of 4.5 mm, were 

glued using cyanoacrylate glue. These TMs were necessary for creating a link between 

imaging and motion, a technique known as motion visualization, which allows for the 

visualization of recorded passive motions on the 3D reconstructions coming from medical 

images [28]. 

4.5.2 Pre‑Imaging Specimen Preparation 

Two orthopedic Schanz screws were inserted through all vertebral bodies in the 

specimens’ anatomical position to prevent intervertebral displacement. The specimens 

were placed inside a plastic cylinder frame (diameter = 165 mm), and the frame was filled 

with porcine gelatin (Gelatine, Type A, Pork Skin, min. Bloom 225). The setup was stored 
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in a refrigerator to allow the gelatin to harden. After the gelatin set, the specimens were 

securely fixed within a Computer Assisted Mechanical (CAM) frame [26], specifically 

designed to facilitate ultrasound imaging and kinematic analysis. 

4.5.3 MSU Imaging 

MSU imaging was performed with a linear probe (General Electric, 12L-RS) of an 

ultrasound machine (Next- Gen LOGIQ e Ultrasound, General Electric Healthcare, USA—

Mode = Musculoskeletal, Frequency = 8.0 MHz, Distance = 8 cm, Gain = 76). The probe 

was mounted on the mobile plate inside CAM, which moved up and down along the 

specimen at a velocity of 0.5 mm/s. This plate was driven by a stepper motor and was 

manually rotated at intervals of 30–40 degrees [27]. 

4.5.4 CT Scan Imaging 

CT scan images were acquired (GE Healthcare, Revolution EVO; reconstruction 

parameters: Slice thickness = 0.5 mm, inter-slice spacing = 0.625 mm; image format: 

DICOM), with the specimens kept within the CAM and positioned identically to the MSU 

imaging. 

4.5.5 Image Processing and Segmentation 

The collected MSU and CT scan images of the specimens in their anatomical 

positions were reconstructed in 3D. For the MSU images, the previously mentioned 

algorithm was applied, and the images were fused into a 360-degree series using MATLAB 

[27]. Then, the MSU and CT scan images were separately segmented using Amira software 

(5.2.2®, Germany) (Fig. 1). For the MSU images, despite the possibility of full 

segmentation [27], only the posterior key elements of the lumbar spine, crucial for virtual 

palpation and defining ARFs, were manually segmented. This approach improves 

efficiency and reduces time consumption. 

During the segmentations, along with the bone surfaces, the TMs were also 

segmented separately. After completing the 3D reconstructions, Blender Software (Version 

3.3, Netherlands) was used to determine the coordinates of the TMs. centroids in the 3D 

reconstructions for both the MSU and CT scan. 
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Fig. 1 Segmentation process for MSU and CT scan images of the same cross-section. A, B, C 

show an MSU image before segmentation, with bone and TM segmentation highlighted, 

respectively. D, E, F show a CT scan image before segmentation, with bone and TM 

segmentation highlighted, respectively 

4.5.6 Applying Discrete Motions 

After imaging, the gelatin and primary Schanz screws were removed. Then, a 

vertical threaded rod connected to T12 within the CAM was used to apply a series of 

motions, including maximum and mid-range flexion/extension, maximum and mid-range 

right and left side bending, and maximum right and left axial rotations. 

To standardize these motions across all cadavers, the maximum ROM for the first 

cadaver was manually reached and marked in flexion/extension, side bending, and axial 

rotation. A sandbag loading system was subsequently employed to determine the weights 

needed to replicate these maximum positions: 800 g for full flexion, 680 g for full 

extension, 750 g for side bending, and 350 g for axial rotation. Half of these weights were 

used to achieve mid-maximum ROMs, and the same weights were consistently applied to 

all cadavers. 
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Once each specimen was positioned as intended, it was locked in place, and the 

centroids of the TMs were digitized using a 3D digitizer (Hexagon Absolute Arm, with a 

measurement error of 0.008 mm) (Fig. 2). 

 

Fig. 2 A A specimen positioned in the CAM frame during discrete motion application. B The 3D 

digitizer mounted on a table in front of the specimen for centroid digitization 

4.5.7 Motion Visualization by Registration Procedure 

The digitization of the TMs provided their centroid coordinates within the digitizer 

coordinate system, which was used to establish local reference frames for each vertebra. 

These local frames are referred to here as technical reference frames (TRFs). 

Transformation matrices of the TRFs were calculated to represent the applied motions on 

the specimens. 

Additionally, segmentation of the TMs provided their centroid coordinates within 

the MSU and CT scan coordinate systems, enabling TRFs to be established on the 3D 

reconstructions as well.  

By applying the calculated transformation matrices to the TRFs of the 3D 

reconstructions, the actual motions were visualized on the 3D reconstructions. This 
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approach, known as motion visualization by registration of transformation matrices, was 

implemented in LhpFusionBox software [29] (ULB, Belgium), a tool specifically 

developed for kinematic studies. 

4.5.8 Definition of Anatomical Reference Frames 

After visualizing the motions on the 3D reconstructions, ALs were selected by 

clicking on the target surface using the landmark detection feature in LhpFusionBox (Fig. 

3). For vertebrae L1 to L5, ALs were defined at the most distal ends of the costiform 

processes and the superior, posterior ends of the spinous processes. For S1, ALs were 

placed at the posterior ends of the median crests and the most protruding points of the 

lateral crests. The ARFs were then established in accordance with the guidelines of the 

International Society of Biomechanics (ISB) [30]. The Z-axis was oriented between the 

ALs on the right and left costiform processes, while the X-axis was set as an orthogonal 

axis to the Z-axis, intersecting the AL on the spinous process. The Y-axis was defined as 

the third axis, perpendicular to both the X- and Z-axes (Fig. 3). 
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Fig. 3 ARFs established on vertebrae in CT scan (A, B) and MSU (C, D) models. (A, C) show 

the specimen in full extension; (B, D) show it in full right bending. The reference frame for L1 is 

hidden in (B, D) to magnify an AL on the costiform process 

4.5.9 ROM Measurement 

The intervertebral ROMs were measured by extracting the Euler angles between 

the ARFs, using the Euler sequences recommended by ISB. The anatomical motion 
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components, including the flexion–extension, side bending and axial rotation, were defined 

around the Z, X and Y-axes, respectively. 

4.5.10 Reliability and Validity 

For intra-operator reliability, all procedures, from applying the discrete motions to 

measuring the ROMs, were repeated three times for two specimens. A reliability test was 

then performed on the intervertebral ROM results obtained from both the MSU and CT 

scan. Additionally, using reliability data, the minimal detectable changes (MDCs) were 

calculated. 

To assess the validity of the ROMs from MSU, their mean values, limits of 

agreement, and motion patterns were compared with the ones from CT scan (gold 

standard). 

4.5.11 Orientation Error 

The determination of intervertebral kinematics is highly sensitive to the initial 

orientation of the ARFs. To calculate the orientation error in the MSU, the initial 

orientation differences between the ARFs of the MSU and CT scan were computed and 

compared. To evaluate the impact of these orientation errors on ROM measurements, a 

correlation analysis was conducted between the mean orientation errors and the mean ROM 

differences. Because negative values represent directional differences within the 

coordinate system rather than error magnitude, absolute values were used (mean of |x|, |y|, 

and |z|) to prevent underestimation of the mean error. 

4.5.12 Statistical Analysis 

The intra-operator reliability was tested using the Intraclass Correlation Coefficient 

(ICC–2,1). For the validity assessment, after confirming normality with the Kolmogorov– 

Smirnov test, the t-test (for equality of variance using Levene’s test) and Bland–Altman 

plots were employed to compare the means and the limits of agreement between MSU and 

CT scan, with each vertebral level considered as a distinct sample (Fig. 4). Polynomial 

trendlines were used to graph the motion patterns based on the mean ROMs (Fig. 5). The 

Pearson correlation test was applied to evaluate the correlation between orientation errors 
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and mean ROM differences. All statistical analyses were conducted using SPSS software 

(SPSS Statistics 236 for Windows, version 28.0; IBM Corp., Armonk, NY, USA). 

4.6 Results 

Concerning the reliability, the mean intra-operator reliability (95% CI) of specimen 

1 (0.90 [0.78–0.99]) and specimen 2 (0.88 [0.81–0.96]) was 0.89 ± 0.01 for MSU, and the 

mean intra-operator reliability of specimen 1 (0.92 [0.84–0.96]) and specimen 2 (0.90 

[0.86–0.97]) was 0.91 ± 0.01 for CT scan. Based on the results from the reliability test, the 

mean MDC % of specimen 1 (2.16% ± 1.63%) and specimen 2 (4.31% ± 3.79%) was 

3.23% ± 1.52% for MSU, and the mean MDC of specimen 1 (2.12% ± 1.39%) and 

specimen 2 (3.19% ± 3.03%) was 2.65% ± 0.75% for CT-scan. 

Concerning the validity, the mean ROM (Table 1) across all motions for all 

specimens was 4.14° ± 0.72° for MSU and 3.91° ± 0.70° for CT scan, resulting in a mean 

difference of − 0.23° ± 0.20° (p = 0.57) (Table 2). According to the Bland–Altman plots, 

most of the ROM values fell within the limits of agreement (95% CI, ± 1.96 SD), with an 

overall mean difference of − 0.22° ± 0.07° between the two methods (Fig. 4). Additionally, 

the polynomial graph showed similar trendlines for motion patterns between the MSU and 

CT scan methods (Fig. 5). 

 

 

 

 

 

 

 

 

 



89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T
a
b

le
 1

 R
O

M
s 

o
f 

ea
ch

 v
er

te
b

ra
l 

le
v

el
. 

S
P

 s
ta

n
d
s 

fo
r 

sp
ec

im
en

 

 
 

L
1

-L
2
 

L
2

-L
3
 

L
3

-L
4
 

L
4

-L
5
 

L
5

-S
1
 

M
ea

n
 ±

 S
D

 

 
 

C
T

 
M

S
U

 
C

T
 

M
S

U
 

C
T

 
M

S
U

 
C

T
 

M
S

U
 

C
T

 
M

S
U

 
C

T
 

M
S

U
 

S
P

1
 F

le
x

-E
x

t 
1

.0
7
 

0
.9

7
 

2
.7

7
 

2
.6

 
4

.4
8
 

5
.0

3
 

7
.5

7
 

8
.4

1
 

7
.3

8
 

8
.1

5
 

4
.6

5
±

2
.8

4
 

5
.0

3
±

3
.3

0
 

 
S

id
e 

b
en

d
 

2
.0

4
 

2
.2

6
 

4
.8

3
 

5
.3

3
 

7
.7

4
 

8
.5

2
 

8
.0

8
 

8
.8

4
 

4
.5

 
5

.0
8
 

5
.4

4
±

2
.5

0
 

6
.0

1
±

2
.7

2
 

 
A

x
ia

l 
ro

t 
0

.9
 

0
.7

9
 

2
.4

9
 

2
.8

2
 

3
.1

 
3

.7
7
 

3
.7

6
 

3
.9

8
 

1
.8

9
 

2
.1

3
 

2
.4

3
±

1
.1

0
 

2
.7

0
±

1
.3

0
 

S
P

2
 F

le
x

-E
x

t 
2

.2
2
 

2
.8

6
 

0
.8

7
 

0
.9

7
 

3
.4

6
 

3
.7

4
 

3
.1

4
 

3
.7

6
 

3
.6

 
3

.9
6
 

2
.6

6
±

1
.1

3
 

3
.0

6
±

1
.2

4
 

 
S

id
e 

b
en

d
 

1
.4

7
 

1
.9

4
 

0
.6

1
 

0
.7

 
4

.6
5
 

4
.9

3
 

7
.0

1
 

7
.9

1
 

6
.1

7
 

6
.5

5
 

3
.9

8
±

2
.8

3
 

4
.4

1
±

3
.0

4
 

 
A

x
ia

l 
ro

t 
2

.1
 

2
.5

4
 

0
.5

8
 

0
.7

7
 

3
.2

1
 

3
.7

8
 

4
.4

4
 

4
.3

4
 

3
.4

4
 

3
.8

4
 

2
.7

5
±

1
.4

7
 

3
.0

5
±

1
.4

4
 

S
P

3
 F

le
x

-E
x

t 
5

.4
2
 

5
.1

9
 

4
.5

8
 

4
.4

5
 

5
 

5
.1

7
 

9
.9

2
 

9
.0

3
 

1
.6

3
 

1
.8

8
 

5
.3

1
±

2
.9

8
 

5
.1

4
±

2
.5

6
 

 
S

id
e 

b
en

d
 

3
.9

4
 

3
.5

8
 

5
.8

2
 

5
.9

4
 

8
.1

4
 

8
.2

5
 

7
.8

4
 

7
.1

9
 

3
.9

9
 

3
.6

7
 

5
.9

5
±

2
.0

2
 

5
.7

3
±

2
.0

9
 

 
A

x
ia

l 
ro

t 
1

.5
9
 

1
.4

9
 

0
.4

8
 

0
.4

8
 

2
.6

6
 

2
.4

9
 

4
.4

9
 

4
.2

5
 

0
.3

9
 

0
.4

2
 

1
.9

2
±

1
.7

1
 

1
.8

3
±

1
.6

0
 

S
P

4
 F

le
x

-E
x

t 
3

.0
2
 

3
.9

9
 

3
.4

6
 

3
.8

8
 

3
.2

4
 

3
.9

6
 

7
.1

2
 

7
.9

 
7

.7
6
 

7
.0

8
 

4
.9

2
±

2
.3

2
 

5
.3

6
±

1
.9

6
 

 
S

id
e 

b
en

d
 

4
.6

7
 

4
.5

 
5

.4
7
 

5
.5

6
 

6
.9

1
 

6
.1

4
 

6
.4

3
 

6
.3

3
 

3
.1

2
 

2
.9

 
5

.3
2

±
1

.5
0

 
5

.0
9

±
1

.4
1

 

 
A

x
ia

l 
ro

t 
3

.8
7
 

4
.1

1
 

3
.6

5
 

3
.8

7
 

4
.1

5
 

4
.8

6
 

4
.0

3
 

4
.6

9
 

1
.4

3
 

1
.5

4
 

3
.4

3
±

1
.1

3
 

3
.8

1
±

1
.3

3
 

S
P

5
 F

le
x

-E
x

t 
7

.6
6
 

7
.3

9
 

5
.0

1
 

5
.1

3
 

8
.7

3
 

8
.3

1
 

6
.5

5
 

6
.6

8
 

0
.5

1
 

0
.2

4
 

5
.6

9
±

3
.2

1
 

5
.5

5
±

3
.1

9
 

 
S

id
e 

b
en

d
 

1
.4

8
 

2
.6

6
 

4
.7

6
 

5
 

7
.2

5
 

7
.8

6
 

7
.1

1
 

7
.9

1
 

0
.4

7
 

0
.5

3
 

4
.2

1
±

3
.1

4
 

4
.7

9
±

3
.2

4
 

 
A

x
ia

l 
ro

t 
0

.3
2
 

0
.5

5
 

0
.9

8
 

1
.5

6
 

1
.3

9
 

1
.9

6
 

1
.2

3
 

1
.9

4
 

0
.6

1
 

0
.8

7
 

0
.9

1
±

0
.4

4
 

1
.3

8
±

0
.6

4
 

S
P

6
 F

le
x

-E
x

t 
2

.4
3
 

1
.7

8
 

4
.8

3
 

4
.5

9
 

5
.9

5
 

5
.4

1
 

5
.7

7
 

5
.8

5
 

5
.5

5
 

5
.4

5
 

4
.9

1
±

1
.4

5
 

4
.6

2
±

1
.6

5
 

 
S

id
e 

b
en

d
 

2
.3

3
 

2
.7

6
 

3
.2

 
3

.5
7
 

1
.0

3
 

1
.5

5
 

4
.5

6
 

4
.8

2
 

5
.3

8
 

5
.7

3
 

3
.3

0
±

1
.7

3
 

3
.6

9
±

1
.6

5
 

 
A

x
ia

l 
ro

t 
0

.4
1
 

0
.6

6
 

0
.6

5
 

0
.7

2
 

0
.4

9
 

0
.5

3
 

0
.4

5
 

0
.8

3
 

0
.8

 
1

.1
6
 

0
.5

6
±

0
.1

6
 

0
.7

8
±

0
.2

4
 

S
P

7
 F

le
x

-E
x

t 
6

.1
8
 

6
.6

2
 

4
.5

5
 

4
.9

3
 

5
.3

 
5

.8
3
 

6
.4

1
 

6
.7

6
 

7
.1

1
 

7
.7

4
 

5
.9

1
±

1
.0

0
 

6
.3

8
±

1
.0

6
 

S
id

e 
b

en
d
 

3
.7

8
 

3
.9

3
 

6
.1

7
 

6
.7

4
 

5
.5

2
 

5
.3

8
 

4
.0

6
 

4
.6

2
 

4
.3

8
 

4
.7

6
 

4
.7

8
±

1
.0

2
 

5
.0

9
±

1
.0

6
 

A
x

ia
l 

ro
t 

3
.6

5
 

3
.9

4
 

2
.6

5
 

2
.6

1
 

3
.1

3
 

3
.8

2
 

2
.9

6
 

3
.9

1
 

4
.7

5
 

4
.5

6
 

3
.4

3
±

0
.8

2
 

3
.7

7
±

0
.7

1
 

Mean ± 

SD F
le

x
-E

x
t 

4
.0

0
±

2
.4

3
 4

.1
1

±
2

.4
2

 3
.7

2
±

1
.5

0
 3

.7
9

±
1

.5
0

 5
.1

7
±

1
.8

5
 5

.3
5

±
1

.5
1

 6
.6

4
±

2
.0

4
 6

.9
1

±
1

.7
7

 4
.7

9
±

2
.9

2
 4

.9
3

±
3

.0
4

  
 

S
id

e 
b

en
d
 2

.8
2

±
1

.3
0

 3
.0

9
±

0
.9

3
 4

.4
1

±
1

.9
3

 4
.6

9
±

2
.0

1
 5

.8
9

±
2

.4
7

 6
.0

9
±

2
.4

6
 6

.4
4

±
1

.5
6

 6
.8

0
±

1
.6

2
 4

.0
0

±
1

.8
4

 4
.1

7
±

2
.0

2
  

 

A
x

ia
l 

ro
t 

1
.8

3
±

1
.4

6
 2

.0
1

±
1

.5
3

 1
.6

4
±

1
.2

7
 1

.8
3

±
1

.2
9

 2
.5

9
±

1
.2

4
 3

.0
3

±
1

.4
6

 3
.0

5
±

1
.6

1
 3

.4
2

±
1

.4
5

 1
.9

0
±

1
.6

3
 2

.0
7

±
1

.5
6

  
 

 



90 

 

Table 2 The Mean difference between MSU and CT scan results. The negative mean difference 

indicates a higher value for the MSU. SP stands for specimen. All values are in degree. 

 CT MSU t-Test  

 Mean SD Mean SD   Mean difference 

SP1 4.17 2.48 4.57 2.78 0.67 -0.40 

SP2 3.13 1.91 3.50 2.02 0.60 -0.37 

SP3 4.39 2.80 4.23 2.64 0.87 0.16 

SP4 4.55 1.80 4.75 1.63 0.75 -0.20 

SP5 3.60 3.17 3.90 3.08 0.79 -0.30 

SP6 2.92 2.21 3.02 2.10 0.89 -0.10 

SP7 4.70 1.37 5.07 1.41 0.47 -0.37 

Mean 3.91 0.70 4.14 0.72  * 

*Mean mean difference = -0.23 ± 0.20 (p = 0.57) 

 

 

Fig4 Bland-Altman plots showing the limits of agreement between the MSU and CT scan. Mean 

differences are represented by dotted lines, and upper and lower limits of agreement by solid 

lines. A table in the bottom right corner presents the mean differences (MD), upper and lower 

limits of agreement (95% CI, ±1.96 SD) for the ROMs at all vertebral levels across all specimens. 

All values are in degrees. 



91 

 

 

Fig5 Motion patterns based on the mean ROM of all specimens, featuring a fourth-order 

polynomial trendline for flexion-extension (FE) and side bending (SB), and a second-order 

polynomial trendline for axial rotation (AR). For flexion-extension and side bending, markers 

indicate the neutral, maximum, and mid positions; for axial rotation, markers indicate only the 

neutral and maximum positions. Dotted lines with circular markers represent the results from CT 

scans model, while dashed lines with triangular markers represent the results from MSU model. 

All values are in degrees. 

Concerning the orientation error, the mean difference of the initial orientation of 

the ARFs between the MSU and CT scan was − 0.49 ± 0.26°, 0.92 ± 0.23°, and − 0.92 ± 

0.17°, for the X, Y, and Z respectively (Table 3). Additionally, the Pearson correlation test 

showed a correlation of r = − 0.85 between the mean orientation errors and the mean ROM 

differences. 
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Table 3 Orientation errors for the ARFs. The negative mean differences indicate a higher value for 

the MSU. SP stands for specimens. All values are in degree. 

 Mean difference 

 X Y Z 

SP1 -0.65 0.99 -1.15 

SP2 -0.69 1.19 -1.00 

SP3 -0.17 0.69 -0.74 

SP4 -0.35 0.80 -0.85 

SP5 -0.42 0.91 -0.86 

SP6 -0.25 0.64 -0.74 

SP7 -0.87 1.22 -1.11 

Mean -0.49 0.92 -0.92 

SD 0.26 0.23 0.17 

 

4.7 Discussion 

3D reconstruction of medical images is essential for establishing 3D ARFs in 

kinematic analysis [31]. Conventional imaging modalities such as radiography, 

fluoroscopy, CT scans, and MRI have limitations for this purpose, including radiation 

exposure, high costs, and the requirement for patients to be in supine positions [4]. In 

contrast, MSU imaging as a viable alternative with fewer drawbacks has recently been 

applied for 3D reconstruction using various techniques. While the validity of these 

reconstructions has been verified for different objectives [24, 32], their precision and 

accuracy in determining lumbar spine kinematics have not yet been confirmed [20]. This 

study aimed to assess the reliability and validity of 3D reconstructions of MSU images for 

determining lumbar intervertebral kinematics, providing insights into the clinical potential 

of MSU for kinematic analysis. 

The intra-operator reliability results showed a good and excellent consistency for 

MSU (0.89 ± 0.01) and CT scan (0.91 ± 0.01), respectively, supporting MSU’s reliability 

as a measurement tool for lumbar spine motion. These values are comparable to previous 

studies involving the reconstruction of single vertebrae (ICC = 0.97 ± 0.03 [26] and 

complete lumbar spines (ICC = 0.93 ± 0.01) [27], indicating that MSU offers similar 

precision for intervertebral ROM measurement. The mean MDC [33] for both MSU and 

CT scans were also in agreement, which further underscores the high precision of MSU 
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measurements. The relatively low MDC values demonstrate that MSU can reliably capture 

intervertebral ROM with minimal measurement error, comparable to CT scans. Despite 

some variability at specific vertebral levels, such as L2-L3 in specimen two, the low MDC 

results indicate that MSU is a viable and precise tool for assessing intervertebral ROM. 

This is particularly important for clinical applications requiring accurate diagnoses and 

informed treatment planning for patients with lumbar spine issues [34]. 

Regarding the validity of the ROM results from MSU, the t-test indicated no 

significant difference (p = 0.57 > 0.05) compared to CT scan results. However, the ROMs 

from MSU showed a slight overestimation (− 0.23° ± 0.20°), likely due to the previously 

noted overestimation in 3D MSU reconstructions relative to CT scan [27]. Similarly, the 

matching motion patterns across vertebral levels (Fig. 5) support the correspondence 

between the two methods. Additionally, Bland–Altman plots demonstrated good 

agreement, with mean differences near zero and most data points within narrow limits of 

agreement.  

Additionally, the Pearson correlation (r = − 0.85) between orientation errors and 

ROM differences highlights the role of accurate AL identification in the precision of 3D 

reconstructions. While orientation errors slightly impacted the results, they did not 

significantly affect the overall kinematic measurements (p > 0.05). This finding 

underscores that, despite minor technical challenges, MSU could provide clinically 

meaningful data comparable to CT scans for lumbar spine kinematics [35]. 

The originality of this study and the absence of identical methodologies limit the 

possibility of direct comparisons of our results with those of previous studies. However, 

reports on 2D lumbar spine kinematics determination using ultrasound imaging have 

demonstrated its high validity and accuracy. For instance, ultrasound has shown mean 

absolute differences ranging from 0.67 to 2.1° when compared with a digital camcorder 

and fluoroscopy [22]. Additionally, it has exhibited an extremely low absolute error of 

0.01° in comparison with optical tracking [36], and a measurement error of only 1.3 mm 

when compared to MRI [21]. In contrast, traditional methods such as fluoroscopy and 

radiography are often limited by their 2D nature and the risks associated with ionizing 

radiation. Fluoroscopy, while enabling real-time imaging, only captures limited 
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movements within the sagittal and coronal planes and may lead to increased radiation 

exposure during extended procedures [37]. MRI, although offering superior soft tissue 

contrast and 3D imaging capabilities, is typically limited to static imaging and requires 

expensive equipment, making it less accessible for kinematic studies [14]. Ultrasound, on 

the other hand, offers a non-invasive, radiation-free alternative that not only provides 

comparable accuracy but also has the advantage of real-time assessment of intervertebral 

motion. These comparisons underscore the potential of ultrasound as a more accessible and 

safer tool for evaluating lumbar spine kinematics, with the added benefit of offering high 

precision without the drawbacks of other imaging methods. Regarding the kinematic 

results measured in this study, all specimens were from elderly individuals, and no pre-

screening limitations were applied to evaluate the cadavers beforehand, as the primary 

objective was to compare MSU and CT scan methodologies. Nonetheless, the mean results 

align closely with previously reported kinematics in older populations [38, 39]. 

The main limitation of this study involves the MSU image collection technique, 

which requires rotation around the specimens. However, as the primary focus of this study 

was to verify the capacity of MSU 3D reconstruction in providing precise and accurate 

ALs for kinematic determinations, the in-vitro imaging method was considered appropriate 

for the intended purpose. Future studies should aim to refine the image acquisition process 

for in-vivo applications, enhancing its clinical applicability. 

In summary, this study demonstrated the reliability and validity of the kinematic 

determination using the 3D reconstruction of MSU images. The potential development of 

MSU 3D reconstructions for in-vivo applications, along with its other advantages, could 

significantly improve assessment procedures. This positions MSU as an ideal alternative 

for regular monitoring in the diagnosis and rehabilitation of movement-related lower back 

pain. 
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 Chapter 5- Lumbar Spine 3D Kinematics 

Determination Using Ultrasound Imaging: An In-

Vivo Approach to Define Normative Range of 

Motion  

5.1 Original Contribution of the Student and Co-authors  

This fifth chapter of the thesis presents an article entitled Lumbar spine 3D 

kinematics determination using ultrasound imaging: an in-vivo approach to define 

normative ranges of motion. This article, co-authored by Mohammad Reza Effatparvar, 

Hugo Lacombe, and Stéphane Sobczak, was submitted to the Journal of Applied 

Biomechanics in August 2025.  
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5.2 Abstract 

The determination of 3D lumbar spine kinematics is essential for diagnosing and 

rehabilitating movement restrictions. 3D reconstruction from CT and MRI images is 

commonly used for this purpose, but these techniques have certain limitations. Ultrasound 

offers a validated, non-ionizing alternative. This study aimed to apply an ultrasound 

technique, validate it in-vitro, and then use it to determine the ROM at the L4–L5 and L5–

S1 levels in standing and full-flexion positions. Two cadaveric lumbar specimens were 

imaged using CT and ultrasound. 3D models were generated, and intervertebral ROM was 

determined and compared. Subsequently, 56 healthy participants aged 20 to 60 years with 

no history of low back problems were recruited. ROM was calculated from 3D ultrasound 

reconstructions. Reliability was tested in two participants. The mean ROM difference 

between ultrasound and CT was 0.61° ± 0.17°, with ultrasound overestimating by 13.6%. 

Bland–Altman plots confirmed agreement between the two methods. Within-day and 

between-days ICCs were 0.91 ± 0.02 and 0.92 ± 0.01, respectively. Significant age-related 

differences were observed for flexion, proximodistal and anteroposterior translations, 

indicating a decrease in kinematics with age. For flexion, significant differences were 

found between the 20–30 and 40–50 age groups (1.64° ± 2.12°, p = 0.02), 20–30 and 50–

60 (2.17° ± 2.39°, p < 0.01), and 30–40 and 50–60 (1.70° ± 2.71°, p = 0.02). For 

proximodistal translation, significant differences were observed between 20–30 and 40–50 

(0.44 ± 0.57 mm, p = 0.03), 20–30 and 50–60 (0.58 ± 0.65 mm, p < 0.01), and 30–40 and 

50–60 (0.43 ± 0.78 mm, p = 0.04). Regarding anteroposterior translation, significant 

differences were found between 20–30 and 50–60 (0.92 ± 0.83 mm, p < 0.01), and between 

30–40 and 50–60 (0.66 ± 0.95 mm, p < 0.01). These last two variables were also correlated 

with flexion (ρ = 0.86 and 0.61, p < 0.05). No sex-related differences were observed. The 

method demonstrated high reliability and strong agreement with CT, supporting its 

potential for practical and clinical application, particularly with future advances in AI-

based segmentation.  

Keywords: motion analysis, freehand ultrasound, 3D reconstrcution 
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5.3 Résumé  

La détermination de la cinématique 3D de la colonne lombaire est essentielle pour 

le diagnostic et la réadaptation des restrictions de mouvements. La reconstruction 3D à 

partir de CT et d’IRM est courante, mais ces techniques ont des limites. L’échographie 

représente une alternative et non ionisante. Cette étude visait à appliquer une technique 

d’échographie, à la valider in-vitro, et ensuite à l’utiliser pour déterminer les amplitudes de 

mouvements des niveaux L4-L5 et à L5-S1 en position debout et lors de la flexion. Deux 

spécimens lombaires ont été imagés par CT-Scan et par échographie. Des modèles 3D ont 

été générés et les ROM intervertébrales ont été déterminées et comparées. Ensuite, 56 

participants en santé âgés de 20 à 60 ans sans problème lombaire ont été recrutés. Les ROM 

ont été calculées à partir de reconstructions échographiques 3D. La fidélité a été testée chez 

deux participants. L’écart moyen de ROM entre l’échographie et le CT était de 0,61° ± 

0,17°, avec une surestimation pour l’échographie de 13.6%. Les diagrammes de Bland–

Altman ont confirmé l’accord entre les deux méthodes. Les ICC intra-journaliers et inter-

journaliers étaient respectivement de 0,91 ± 0,02 et 0,92 ± 0.01. Des différences 

significatives liées à l’âge ont été observées pour la flexion, ainsi que pour les translations 

proximodistale et antéro-postérieure, indiquant une diminution de la cinématique avec 

l’âge. Pour la flexion, des différences significatives ont été observées entre les groupes 

d’âge 20–30 et 40–50 ans (1,64 ± 2,12°, p = 0,026), 20–30 et 50–60 ans (2,17 ± 2,39°, p = 

0,001), ainsi qu’entre 30–40 et 50–60 ans (1,70 ± 2,71°, p = 0,21). 

Pour la translation proximodistale, des différences significatives ont été relevées entre les 

groupes 20–30 et 40–50 ans (0,44 ± 0,57 mm, p = 0,033), 20–30 et 50–60 ans (0,58 ± 0,65 

mm, p = 0,001), et 30–40 et 50–60 ans (0,43 ± 0,78 mm, p = 0,043). 

Concernant la translation antéro-postérieure, des différences significatives ont été 

observées entre les groupes 20–30 et 50–60 ans (0,92 ± 0,83 mm, p < 0,001), ainsi qu’entre 

30–40 et 50–60 ans (0,66 ± 0,95 mm, p = 0,003). Ces deux dernières variables étaient 

corrélées à la flexion (ρ = 0,86 et 0,61, p < 0,05). Aucune différence liée au sexe n’a été 

observée. La méthode a montré une fidélité et une concordance avec le CT, soutenant son 

potentiel d’application pratique et clinique, notamment avec les avancées en segmentation 

basée sur l’intelligence artificielle.  

Mots-clés : analyse du mouvement, échographie libre, reconstruction 3D 
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5.4 Introduction 

Assessment of lumbar spine kinematics is essential for both diagnosing mobility 

restrictions and monitoring rehabilitation progress. Various methods are available for 

evaluating spinal motion, including manual measurements, motion capture systems, and 

medical imaging techniques. Manual methods are the most commonly used in clinical 

practice, but they lack three-dimensional (3D) capabilities and often have low accuracy 1. 

Motion capture systems provide high accuracy and 3D analysis. However, when using 

skin-attached markers, they are unsuitable for assessing intervertebral kinematics due to 

soft tissue artifacts, which can introduce measurement errors of 0.8–1.5 mm 2. This 

limitation can be addressed by using intracortical pins, but such procedures are highly 

invasive and impractical for routine clinical assessments 3.  

Medical imaging is the only approach in determining intervertebral kinematics by 

providing detailed morphological data. However, conventional radiography 4 and 

fluoroscopy 5 are limited to two-dimensional (2D) imaging and involve exposure to 

ionizing radiation. While Computed tomography (CT) scans 6 and magnetic resonance 

imaging (MRI) 7 provide high-quality 3D images, the former involves ionizing radiation, 

the latter is expensive, and both are typically limited to static and supine imaging. More 

recently, the biplanar radiography imaging system 8 has been developed to enable 

kinematic assessment in the standing position with improved accessibility, though it still 

relies on ionizing radiation. 

Ultrasound imaging is a non-ionizing and affordable alternative with high potential 

for various musculoskeletal applications 9. Among these applications, it has also been 

applied to assess lumbar spine kinematics, such as estimating intervertebral flexion-

extension by measuring interspinous distances 10, and axial rotation by tracking changes in 

the position of spinous processes 11. However, a recent review study indicated that existing 

methods have been limited to 2D measurements 12 due to the absence of the application of 

3D reconstruction techniques. Meanwhile, several techniques such as tracked and 

sensorless methods, have demonstrated strong potential for 3D reconstruction from 2D 

ultrasound imaging. In the context of lumbar spine imaging, high validity has been reported 

for 3D ultrasound reconstructions when compared to CT-based models, with a mean error 
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of 0.44 ± 0.24 mm 13. Furthermore, this in-vitro approach has also been validated for 

determining 3D lumbar kinematics, with a slight overestimation of 0.23° ± 0.20° in the 

measured range of motion (ROM) compared to CT-derived results 14.  

Despite recent advances, no in-vivo study has yet determined 3D lumbar spine 

kinematics using ultrasound imaging. To address this gap, we designed the present study 

with three main objectives: first, to assess the validity of the current method by comparing 

it with CT imaging in an in-vitro setting; second, to verify the reliability of the method 

when applied in an in-vivo context; and finally, to define detailed normative ROM values 

on L4-L5 and L5–S1 kinematics during full flexion in a population aged between 20 to 60 

years.  

5.5 Methods 

5.5.1 In-vitro validation  

Specimens preparation: Two thawed human cadavers (79.5 ± 3.5 years old) were 

dissected to isolate the entire lumbar spine (T12–S1) while preserving the posterior 

structures intact. Orthopedic Schanz screws, each equipped with a cluster of four reflective 

markers (⌀ = 5 mm), were inserted anteriorly into the vertebral bodies. The specimens were 

fixed within a computer-assisted mechanical (CAM) frame using external fixation tools 

(Figure 1A). 

CT scan imaging: A CT scanner (Revolution EVO, GE Healthcare, USA) was used 

to acquire DICOM images of the specimens in their neutral position, with a reconstruction 

slice thickness of 0.5 mm and an inter-slice spacing of 0.625 mm. The vertebrae and 

reflective markers were segmented using 3D Slicer software (www.slicer.org) to generate 

3D models from the CT images.  

Applying motion: Discrete motions, including maximum flexion-extension, 

maximum right and left lateral bending, and maximum right and left axial rotation, were 

applied to the specimens within the CAM frame. At each position, the specimens were 

locked in place, and the coordinates of the reflective markers were recorded using an 

optoelectronic tracking system (PrimeX22, OptiTrack, NaturalPoint Inc., Corvallis, OR, 

USA). 

http://www.slicer.org/
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Ultrasound imaging: A linear ultrasound probe (SonoSite ST, FUJIFILM, USA; 

probe: L15-4; mode: musculoskeletal; frequency: 8.0 MHz; depth: 6 cm; frame rate: 30 

fps), equipped with a cluster of four reflective markers, was used for ultrasound imaging 

and tracked by the same optoelectronic system. In order to match the ultrasound images 

with the tracking data and place them in the correct position in 3D space for reconstruction, 

the following calibration steps were performed:  

Temporal calibration was carried out to synchronize the timing between ultrasound 

image acquisition and the tracking system, ensuring that the positional data from the tracker 

corresponded to the correct ultrasound frames. For this step, the temporal offset between 

the two hardware systems was calculated in the FCal software and applied in the image 

acquisition configuration code 14 (Fig 1).    

 

Fig 1. Temporal calibration of the tracking and ultrasound devices. In this method, the 

ultrasound pixel data and the tracking data were converted into two separately normalized signals, 

and the time offset was obtained from the X-values (time in seconds) of the signal peaks. The Y-

axis represents the normalized signal amplitude. The upper graph shows the latency between the 
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signals before calibration, and the lower graph shows the signal positions after calibration. The 

dashed lines indicate the positions on the time axis used for latency calculation.  

Pivot calibration was used to determine the spatial position of the tip of a tracked 

tool (a specifically designed stylus) relative to its tracking markers. The stylus was pivoted 

around its fixed tip while recording the position and orientation of the markers. These data 

were then used to calculate the coordinates of the tip within the tracking system’s 

coordinate frame. The result was a fixed transformation matrix, referred to as 

StylusTipToStylus (Fig. 2), which was later used to calculate the ultrasound image position 

15.  

 

Fig 2. A calibration stylus with the definition of the local reference frame and a 

transformation matrix between them (StylusTipToStylus) from the pivot calibration.  

Spatial calibration was performed to determine the spatial relationship between the 

ultrasound probe’s image plane and its attached tracking sensor. Using the stylus, its tip 

was placed at various positions within the probe’s field of view. The coordinates of these 

positions were recorded both in the ultrasound image space (pixel coordinates) and in the 

tracking system space (3D coordinates). A transformation matrix was then computed to 

map the image-space coordinates to the global coordinate system defined by the tracking 

sensor. This matrix integrated the probe-to-tracker transformation and the stylus tip 

localization based on its known geometry and tracked coordinates. The result of this 

calibration step was a fixed transformation matrix, referred to as ImageToProbe 15.  
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Fig 3. The procedure of calculation of ImageToProbe transformation 

matrix using a spatial calibration technique 

After calibration, at each position, tracked ultrasound imaging was performed on 

the posterior aspect of the specimens (Figure 4B). The images and the trajectory data were 

synchronously merged and streamed through the PLUS Toolkit (www.PlusToolkit.org) 

and the SlicerIGT module 15 within the 3D Slicer software, with each position recorded as 

a separate sequence. The entire calibration procedures were repeated before any 

acquisition. 

 

http://www.plustoolkit.org/


110 

 

Fig 4. (A) Lateral view of one of the specimens installed within the CAM frame. (B) Process of 

recording ultrasound images, along with the collection of motion data from vertebrae-fixed and 

probe-fixed markers for motion analysis and tracked imaging. 

To create the 3D model of each position, recorded ultrasound images were 

manually segmented using the ultrasound module of 3D slicer. For this purpose, only the 

hyperechoic regions above the acoustic shadow were segmented to generate posterior view 

of the vertebrae (Figure 5).  

 

 

Fig 5. Manual segmentations performed on ultrasound images. The top row shows the raw 

images, and the bottom row shows the corresponding segmented regions. From A to D, the 

segmented structures include a portion of a facet joint, two spinous processes, a costiform 

process, and part of the sacrum, respectively 

Motion visualization: To visualize the discrete motions on the CT-derived 3D 

models, the transformation matrices of the marker clusters’ reference frames, recorded for 

each vertebra using the OptiTrack system, were registered onto the local reference frames 

defined by the segmented markers on each vertebra in the 3D models 17. This procedure, 

known as motion representation, was implemented using the LhpFusionBox software 

(ULB, Belgium). 

Intervertebral kinematics: A custom Python-based interface was developed to 

determine the 3D intervertebral kinematics. In this method, the 3D models were virtually 
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palpated to localize anatomical landmarks 18. For vertebrae L1 to L5, ALs were defined at 

the most distal ends of the costiform processes and the superior, posterior ends of the 

spinous processes. For S1, ALs were placed at the posterior ends of the median crests and 

the most protruding points of the lateral crests. The anatomical reference frames were then 

established in accordance with the guidelines of the International Society of Biomechanics 

(ISB) 18. The Z-axis was oriented between the ALs on the right and left costiform processes, 

while the X-axis was set as an orthogonal axis to the Z-axis, intersecting the AL on the 

spinous process. The Y-axis was defined as the third axis, perpendicular to both the X- and 

Z-axes (Figure 6).  
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Fig 6. 3D models of one of the specimens reconstructed from ultrasound (A1: Posterior and A2: 

postero-lateral view) and CT images (B1: posterior and B2: postero-lateral view). Anatomical 

reference frames were established on each vertebra and used for ROM measurements 

Validity: To confirm the validity of the ultrasound-based kinematics 

determinations, mean ROMs were compared to those obtained from the CT scan, and the 
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limits of agreement were calculated between the two methods, with the CT scan serving as 

the gold standard. 

5.5.2 In-vivo protocol 

Participants: After receiving approval from the Institutional Research Ethics 

Committee of the Université du Québec à Trois-Rivières (CER-24-315-07.05), a total of 

56 individuals were recruited through a locally published advertisement circulated via 

collaborator research groups and the university’s staff and student community from 

January 2025 to April 2025. Through the recruitment process, equal representation across 

four predefined age groups (20–30, 31–40, 41–50, and 51–60 years) and both sexes was 

ensured, with each group comprising 14 participants (7 females and 7 males). The mean ± 

SD ages for the respective groups were 24.07 ± 2.36, 33.85 ± 2.93, 46.07 ± 2.84, and 

56.92 ± 2.64 years. 

Inclusion criteria required participants to have no history of low back issues and a 

body mass index (BMI) below 25. The mean ± SD BMI values for the four age groups (20–

30, 31–40, 41–50, and 51–60 years) were 21.43 ± 1.75, 21.61 ± 2.53, 23.34 ± 1.35, and 

22.73 ± 2.17 kg/m², respectively. Exclusion criteria included any history of lumbar surgery 

or medical conditions that could affect the study outcomes, such as ankylosing spondylitis, 

rheumatoid arthritis, spondyloarthritis, or other forms of arthropathy. 

All potential participants completed a consent and detailed questionnaire covering 

their medical history, current health status, and any prior surgical or non-surgical 

interventions related to the lower back.  

Ultrasound imaging: Tracked ultrasound imaging was performed to scan the L4–

S1 vertebrae of all participants in both standing and full-flexion positions using the same 

ultrasound probe as in the in-vitro step. Ultrasound gel was applied to ensure proper 

acoustic coupling. The probe position was tracked using five OptiTrack cameras. To 

facilitate the scanning process, minimize participant motion and standardized the 

acquisition procedure, a custom-built frame was specifically designed for this study (Figure 

7A). The frame restricted lower limb movements, provided hand support for upper body 

comfort, and enabled participants to achieve full flexion without requiring additional 
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movements. An adjustable-height chest support was also integrated, allowing participants 

to lean forward comfortably while in the flexed position. 

All participants were scanned barefoot and wore loose shorts to allow proper access 

to the lumbar region. After exposing the scanning area, the L4 spinous process was 

manually palpated by the same evaluator for all participants, using the line connecting the 

superior iliac crests as a reference to approximate the L4 level, and this point was marked 

on the skin. From this mark, the ultrasound scan was initiated approximately 5 cm cranial 

to L4 and then continued caudally, in longitudinal sweeps, to ensure full coverage of the 

costiform processes, with the probe held vertically in a sagittal orientation. 

The approximate S2 level was also identified by manual palpation, using the line 

connecting the posterior superior iliac spines (PSIS) and the sacral midline as references, 

and marked on the skin. The scanning was then extended beyond the S2 mark in the caudal 

direction so that the S1 level was clearly visualized, with horizontal sweeps performed 

while maintaining sufficient image overlap and covering both PSIS. For final verification 

and optimal visualization of the spinous processes, a vertical sweep from top to bottom was 

performed directly along the midline. Throughout the entire scanning process, the primary 

focus was on visualizing the bony elements. When necessary, the procedure was repeated, 

or the probe orientation was adjusted to ensure the best possible depiction of bone contours. 

Regarding the flexion test, it was performed immediately after the standing test 

without changing or moving the participant’s body position as much as possible. 

Participants were asked and encouraged to reach their maximum flexion position while still 

feeling comfortable. Since the scanning procedure lasted approximately 2–3 minutes, 

measures were taken to ensure stability throughout the test. To assist in achieving 

maximum flexion, the knees were kept straight using an aluminum bar placed in front of 

the femurs to restrict forward movement. An additional aluminum bar was positioned 

behind the buttocks and locked onto the frame to prevent backward motion. Once in the 

desired flexed posture, the hinged hand supports were adjusted to match the participant’s 

preferred arm position for comfort. The height-adjustable chest support was also positioned 

according to the participant’s chest level, allowing them to lean on it during the scan. The 
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same imaging procedure used for the standing posture was repeated for the flexion scan 

(Figure 7B). 

 

Fig 7. Imaging procedure of one of the participants in standing (A) and full flexion (B) positions. 

Reliability: To verify the reliability of the procedure, the first two participants took 

part in within-day and between-days reliability testing. Over the course of three 

consecutive days, each participant performed the test three times per day, with 30-minute 

intervals between trials. All sessions were started at the same time of day (10:00 AM) to 

control for diurnal variations. To ensure consistent flexion across all sessions, both the 

angle of the frame and the height of the chest support were fixed to the same settings for 

every trial. All scans were conducted by a single operator to eliminate inter-operator 
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variability. Participants were asked not to engage in any strenuous or potentially influential 

exercise prior to testing. 

3D modeling and kinematic determination: Following the same method described 

for the in-vitro validation, the series of tracked ultrasound images for both standing and 

flexion positions were manually segmented. 3D models of the vertebrae were then 

generated, anatomical markers were virtually palpated, reference frames were constructed, 

and the intervertebral ROMs, including three planar rotations and linear translations, were 

measured using the custom-made Python interface (Figure 8).  

 

Fig 8. 3D models of the standing and flexion positions generated from ultrasound images, with 

anatomical reference frames established on the vertebrae. (A) Posterior view of the standing 

position; (B) posterior view of the flexion position; (C) postero-lateral view of both models 

registered  

Data analysis and statistical test: To assess the agreement between ultrasound and 

CT measurements from the validation step, mean differences (MD) and standard deviations 

(SD) were calculated for each motion. The limits of agreement between the two methods 

were then assessed using Bland–Altman plots. 

For the reliability test, the intraclass correlation coefficient (ICC 2,1; 95% CI) was 

calculated to evaluate the consistency of repeated ROM measurements. Within-day ICC 

values were computed separately for each day and each participant, and a between-day ICC 

was calculated using the mean ROM values across days. To provide an overall estimate of 

reliability, mean ± SD ICC values across sessions were also reported. Based on these ICCs 

and the corresponding standard deviations, the standard error of measurement (SEM) and 



117 

 

the minimal detectable change at 95% confidence (MDC) were derived for rotational and 

translational variables to quantify the smallest change exceeding measurement error. The 

ROM values from both participants were pooled and treated as a single data group for the 

reliability analysis. 

For the participant-derived kinematic results, mean and SD values were calculated 

and compared by age group and sex. Absolute values were imported into the calculations 

to remove the effect of right and left motions on the mean values. Box plots were generated 

to visualize the results for each sex and age group at both vertebral levels. The normality 

of the data distributions was assessed using the Shapiro–Wilk test. Differences between 

age groups for each motion were assessed using the Kruskal–Wallis test (as the distribution 

was not normal). When significant differences were found, pairwise post-hoc comparisons 

were performed using Dunn’s test with Bonferroni-adjusted p-values. The Mann–Whitney 

U test was also used to compare the results between female and male participants. 

Additionally, Spearman Correlation Coefficients (SCC) analysis was conducted to evaluate 

the strength of correlation between sagittal rotation and other motions. All statistical 

analyses were conducted using custom Python scripts. 

5.6 Results 

In-vitro validation 

The mean ROM differences between ultrasound and CT across all vertebral levels (Table 

1) were 0.65° ± 0.13° for flexion-extension, 0.76° ± 0.14° for lateral bending, and 0.41° ± 

0.24° for axial rotation. Overall, the average difference across motions indicated an 

overestimation by ultrasound, with a global mean difference of 0.61° ± 0.17° compared to 

CT. Bland–Altman plots (Figure 9) showed that all individual differences fell within the 

95% limits of agreement: 0.39° to 0.91° for flexion-extension, 0.49° to 1.03° for lateral 

bending, and –0.06° to 0.88° for axial rotation. 
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Table 1 ROMs from two specimens, Mean ± SD 

 Flexion-Extension Lateral Bending Axial Rotation 

 US CT US CT US CT 

L1-L2 4.76±1.63 4.12±1.51 4.3±1.40 3.58±1.41 1.98±0.41 1.78±0.41 

L2-L3 4.52±1.67 3.79±1.61 4.12±1.46 3.28±1.53 2.29±0.47 2.00±0.41 

L3-L4 6.00±1.53 5.53±1.43 6.21±1.34 5.44±1.48 2.86±0.35 2.63±0.48 

L4-L5 6.49±1.79 5.88±1.46 6.61±1.51 6.07±1.32 2.88±0.52 2.12±0.39 

L5-S 3.96±1.49 3.13±1.62 4.13±1.43 3.2±1.38 1.66±0.44 1.07±0.30 

MD 0.65±0.13 0.76±0.14 0.41±0.24 

Mean MD 0.61±0.17 

All values are in degree. Positive mean differences (MD) indicate higher values for 

ultrasound. 

 

Fig 9. Bland–Altman plots showing the limits of agreement between the ultrasound and CT scan. 

Mean differences are represented by dotted lines, and upper and lower limits of agreement by 

solid lines. All values are in degrees 

In-vivo measurement 

Regarding the reliability test results, within-day reliability showed ICC values of 

0.88 [0.77, 0.99] on Day 1, 0.92 [0.81, 1.00] on Day 2, and 0.93 [0.83, 1.00] on Day 3, 

resulting in an overall mean ICC of 0.91 ± 0.02. Between-day reliability, based on the mean 

ROM values for each day and for two participants, showed an ICC of 0.92 ± 0.01. Based 

on these ICC values and the corresponding standard deviations of the repeated ROM 

measurements, the SEM and the MDC were calculated. When pooled across the three 
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rotational variables, the mean MDC for rotations was 0.51 ± 0.59°, whereas for the three 

translational variables, the pooled mean MDC was 0.31 ± 0.21 mm. 

Concerning the mean ROM for L4–L5 and L5–S1 across each motion type, age 

group, and sex, the values have been reported in Table 2 and visualized using box plots in 

Figure 10. As the primary motion was flexion, the mean flexion values were as follows: 

for females aged 20–30, 10.84 ± 1.77°, for males aged 20–30, 9.68 ± 2.09°, for females 

aged 30–40, 10.14 ± 1.92°, for males aged 30–40, 9.28 ± 2.35°, for females aged 40–50, 

8.17 ± 1.85°, for males aged 40–50, 8.69 ± 1.44°, for females aged 50–60, 7.86 ± 2.03°, 

and for males aged 50–60, 8.46 ± 1.89°.  

  Table 2 ROMs of the participants, Mean ± SD 

   
20-30 30-40 40-50 50-60 

   Female Male Female Male Female Male Female Male 

L
4

-L
5
 R
o

ta
ti

o
n

 

Fx 10.84±1.77 9.68±2.09 10.14±1.92 9.28±2.35 8.17±1.85 8.69±1.44 7.86±2.03 8.46±1.89 

LB 0.79±0.21 0.86±0.18 0.91±0.33 0.77±0.49 1.17±0.50 0.54±0.44 1.17±0.27 0.68±0.42 

AR 1.88±0.19 1.73±0.43 1.51±0.44 1.22±0.39 1.74±0.67 1.71±0.78 1.90±0.41 1.50±0.85 

T
ra

n
sl

at
io

n
 

PD 3.22±0.74 3.30±0.46 3.33±0.66 3.05±0.61 2.76±0.56 2.80±0.52 2.66±0.65 2.86±0.49 

ML 0.36±0.22 0.82±0.57 0.66±0.45 0.74±0.48 0.84±0.76 0.39±0.33 0.78±0.39 0.85±0.62 

AP 4.29±0.79 4.02±0.78 3.93±0.78 3.74±0.64 3.49±0.63 3.72±0.79 2.96±0.95 3.30±0.57 

L
5

-S
1
 R
o

ta
ti

o
n

 

Fx 8.21±1.82 7.94±1.37 7.85±1.78 7.12±1.65 6.41±1.21 6.96±1.29 5.80±1.76 6.00±1.03 

LB 0.61±0.10 0.78±0.27 0.89±0.38 0.76±0.38 0.83±0.19 1.45±0.76 0.47±0.31 0.82±0.54 

AR 1.54±0.93 1.04±0.46 1.80±0.80 1.68±0.63 1.74±0.63 1.44±0.47 1.12±0.82 1.60±0.57 

T
ra

n
sl

at
io

n
 

PD 2.94±0.52 2.74±0.37 2.67±0.49 2.53±0.47 2.32±0.39 2.58±0.53 2.13±0.49 2.21±0.66 

ML 0.82±0.34 0.84±0.41 1.00±0.39 0.91±0.41 0.89±0.71 0.76±0.37 0.83±0.76 0.48±0.40 

AP 3.23±0.57 3.41±0.68 3.34±0.68 2.84±0.78 2.91±0.59 3.00±0.49 2.52±0.48 2.44±0.64 

  

Mean values for rotations and translations in three anatomical planes related to the L4-L5 and L5-S1 

vertebral levels. Fx stands for flexion, LB stands for lateral bending, AR stands for axial rotation, PD 

stands for Proximodistal translation, ML stands for mediolateral translation, and AP stands for 

anteroposterior translation. Rotations are in degree and translations are in mm.    
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Fig 10. Box plots of lumbar range of motion (ROM) across age groups. Only conditions with 

statistically significant differences between age groups are shown. Horizontal lines indicate 

significant pairwise differences between age groups, with single and double asterisks denoting 

stronger differences. Rotational (R) values are expressed in degrees and translational (T) values in 

millimetres. 

Regarding sex-related differences, the mean difference in flexion between female and male 

participants was 0.78 ± 2.33° for the 20–29 age group, 0.72 ± 2.59° for 30–40, –

0.53 ± 2.09° for 40–50, and –0.39 ± 2.03° for 50–60. However, the Mann–Whitney U test 

revealed no statistically significant differences between males and females in any age 

group or for any motion variable.  

Regarding kinematic differences between age groups, the Kruskal–Wallis test 

revealed significant differences (p < 0.05) in proximodistal translation, anteroposterior 

translation, and flexion at both vertebral levels. Post-hoc analysis indicated that for flexion, 

significant differences were observed between the 20–30 vs 40–50 age groups (1.64 ± 

2.12°, p = 0.02), 20–30 vs 50–60 groups (2.17 ± 2.39°, p<0.01), and 30–40 vs 50–60 groups 

(1.70 ± 2.71°, p = 0.21). For proximodistal translation, significant differences were found 

between the 20–30 vs 40–50 groups (0.44 ± 0.57mm, p = 0.03), 20–30 vs 50–60 groups 

(0.58 ± 0.65mm, p<0.01), and 30–40 vs 50–60 groups (0.43 ± 0.78mm, p = 0.04). As for 

anteroposterior translation, significant differences were detected between the 20–30 vs 50–

60 groups (0.92 ± 0.83mm, p<0.01) and between the 30–40 vs 50–60 groups (0.66 ± 

0.95mm, p<0.01). 

Regarding the correlation (SCC) between motion variables, flexion showed a 

correlation of –0.07 (p = 0.46) with lateral bending, 0.11 (p = 0.26) with axial rotation, –
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0.08 (p = 0.39) with mediolateral translation, 0.86 (p<0.01) with proximodistal translation, 

and 0.61 (p<0.01) with anteroposterior translation. 

5.7 Discussion 

The 3D reconstruction of medical images is essential for determining intervertebral 

3D kinematics. Ultrasound imaging, being a non-ionizing, portable, and cost-effective 

modality, offers a promising possibility for this purpose. In this study, a tracked ultrasound 

imaging and 3D segmentation technique was employed to evaluate the validity of this 

approach by comparing it with CT scan data. The method was then applied to measure the 

intervertebral ROM of the lumbar spine (L4-S1) in human participants. Additionally, the 

reliability of the method was assessed to further demonstrate its potential for both clinical 

and research applications, including the estimation of the SEM and mean MDC. 

Concerning validity, the ROMs (Table 1) measured using 3D models generated 

from ultrasound were overestimated by a mean value of 0.61±0.17° compared to those 

obtained from CT. A similar overestimation was reported in a previous in-vitro study on 

intervertebral kinematic measurement using ultrasound-based 3D reconstruction, with a 

mean difference of 0.23±0.20° 14. This overestimation is likely due to the system’s 

tendency to produce bone boundaries with greater thickness 19, leading to segmentation 

errors and an extended reconstructed volume. In previous comparisons with CT, mean 

reconstruction errors of 0.44 ± 0.63 mm 20 and 0.44 ± 0.24 mm 13 were reported for lumbar 

vertebrae. Despite this slight overestimation, Bland–Altman plots (Figure 9) showed a 

good agreement between the two imaging techniques, with all differences falling within 

the limits of agreement for flexion–extension, lateral bending, and axial rotation. 

Following the in-vitro validation, kinematic tests were conducted on participants. 

As for the reliability analysis, this test demonstrated excellent consistency in both within-

day (0.91 ± 0.02) and between-days (0.92 ± 0.01) assessments. Based on these ICC values 

and the variability of the repeated ROM measurements, the mean MDC for rotations was 

0.51 ± 0.59°, whereas the mean MDC for translations was 0.31 ± 0.21 mm. These values 

indicate that changes smaller than about 0.51° in rotation or 0.31 mm in translation at a 

given segment are likely attributable to measurement error rather than true changes in 
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mobility, whereas changes exceeding these thresholds can be interpreted with greater 

confidence as reflecting real biomechanical differences. In ROM measurements, reliability 

is inherently influenced by several external factors, such as recent physical activity, time 

of day, or even participants’ natural tendency toward greater or lesser flexion. To minimize 

such variability, we ensured that the setup remained fixed in the same configuration for 

each session, conducted tests at the same time of day, and used the same operator 

throughout. This approach was specifically designed to isolate and assess the reliability of 

the measurement method itself. 

Regarding differences between age groups, no significant differences were 

observed for lateral bending and axial rotations, as well as for mediolateral translation 

(p > 0.05 for all comparisons). However, the impact of age was evident in the range of 

flexion. The 20–30 age group demonstrated greater flexion compared to both the 40–50 

and 50–60 groups, with MD of 1.64 ± 2.12° and 2.17 ± 2.39°, respectively. Similarly, the 

30–40 group showed greater flexion than the 50–60 group, with a mean difference of 

1.70 ± 2.71°. For proximodistal translation, the 20–30 group also demonstrated higher 

values compared to both the 40–50 and 50–60 groups, with MD of 0.44 ± 0.57mm and 

0.58 ± 0.65mm, respectively. Likewise, the 30–40 group showed greater values than the 

50–60 group, with a mean difference of 0.43 ± 0.78mm. In terms of anteroposterior 

translation, both the 20–30 and 30–40 groups exhibited higher values compared to the 50–

60 group, with mean differences of 0.92 ± 0.83mm and 0.66 ± 0.95mm, respectively. When 

interpreted relative to the MDC thresholds, these age-related differences in flexion and in 

proximodistal and anteroposterior translations are several times larger than the 

corresponding MDC values, supporting the conclusion that the observed decline in 

segmental mobility with age reflects true biomechanical changes rather than measurement 

noise. 

The decline in lumbar flexion with increasing age has been well documented in 

several in vivo studies using various motion measurement techniques. Russell et al. (1993) 

measured lumbar spine range of motion in standing participants using radiographic analysis 

and reported no significant difference between the 20–29 and 30–39 age groups but 

observed a significant reduction of 3.5° in the 40–49 group compared to the youngest group 
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21. Similarly, McGregor et al. (1995), using an electromagnetic tracking system during 

upright flexion tasks, found a decrease of 5.9° in flexion for the 40–49 group and 6.2° for 

the 50–59 group when compared to the 30–39 reference group 22. Dvorák et al. (1995), in 

an in vivo radiographic study conducted during active flexion-extension, also confirmed 

an age-dependent decrease in motion 23. Van Herp et al. (2000) analyzed three-dimensional 

lumbar kinematics in 100 healthy subjects using a motion capture system during 

standardized trunk movements. Their findings indicated a reduction of 7.0° in flexion in 

the 50–59 age group compared to the 20–29 group, and reductions of 3.1° and 5.1° for the 

40–49 and 50–59 groups, respectively, relative to the 30–39 group 24. Milosavljevic et al. 

(2005), using an inclinometer in an occupational setting, confirmed similar age-related 

reductions in lumbar sagittal motion 25. Troke et al. (2005) compiled a normative database 

using dual inclinometer and reported progressive declines across age groups during 

controlled forward bending tests in standing posture 26. These consistent findings across 

studies using different methods and testing protocols demonstrate a clear and progressive 

reduction in lumbar flexion with advancing age. 

To further analyze the significant and non-significant differences between age 

groups, correlations were assessed between flexion, the primary motion, and the other 

motion directions. The results showed that, consistent with the group comparisons, there 

were no significant correlations between flexion and lateral bending (rs = –0.07, p = 0.46), 

axial rotation (rs = 0.11, p = 0.26), or mediolateral translation (rs = –0.08, p = 0.39). On the 

other hand, proximodistal and anteroposterior translations demonstrated strong (rs = 0.86, 

p<0.01) and moderate-to-strong (rs = 0.61, p<0.01) correlations with flexion, respectively. 

Altogether, these findings, consistent with previous studies on lumbar coupled motions 

27,28, confirm that the observed inter-motion correlations are not dependent on age. 

Concerning the differences between female and male participants, no statistically 

significant differences were observed in ROMs, either overall or within any specific motion 

plane. Nonetheless, a slight overestimation of flexion was noted in younger females (20–

40 years) compared to males, with mean differences of 0.78 ± 2.33° for the 20–30 group 

and 0.72 ± 2.59° for the 30–40 group. In contrast, in older participants, flexion was slightly 

overestimated in males compared to females, with mean differences of 0.53 ± 2.09° for the 
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40–50 group and 0.39 ± 2.03° for the 50–60 group. Given that these sex-related differences 

in flexion are small and mostly close to the rotational MDC, and none reached statistical 

significance, they are unlikely to represent clinically meaningful differences in segmental 

lumbar mobility at the individual level. 

Reports from the literature on sex-related differences in lumbar ROM vary 

considerably and lack consistency. Some in-vivo studies using radiographic or motion 

tracking techniques have reported no significant differences between male and female 

participants. For example, Dvorák et al. (1995), using lateral radiographs during controlled 

flexion-extension tasks in standing posture, found no significant sex-based differences in 

lumbar mobility across age groups 23. Similarly, Wong et al. (2004), who assessed 100 

healthy volunteers using surface markers and motion capture during upright forward 

bending, reported similar lumbar flexion between sexes 29. In contrast, other in-vivo studies 

have reported higher lumbar range of motion (ROM) in males. Dreischarf et al. (2014) 

analyzed upright spinal postures and movements using biplanar X-ray imaging in 

asymptomatic adults and observed greater lumbar mobility in males compared to females, 

particularly in younger age groups 30. Egwu et al. (2012), employing dual inclinometer 

during standing trunk flexion, also reported higher average ROM values for males 31. 

Conversely, some studies have found greater lumbar flexion in females. Cook et al. (2015) 

conducted an in-vitro study on cadaveric lumbar spine segments under standardized 

loading and reported greater flexion range in female specimens 32. Apti et al. (2023), using 

a goniometric assessment in healthy young adults during active flexion in standing, also 

observed significantly greater lumbar ROM in females 33. These discrepancies may stem 

from variations in sample characteristics, measurement techniques, or the definition of 

flexion endpoints across studies. 

Multiple in-vivo studies have reported high reliability (intraclass correlation 

coefficient, ICC > 0.90) for both within-day and between-days spinal ROM assessments 

using various standardized measurement techniques. For example, Hani et al. (2022) used 

a wearable inertial measurement unit (IMU) system to assess dynamic lumbar spine motion 

in a clinical setting and reported excellent reliability for repeated measurements over 

multiple sessions 34. Similarly, Matheve et al. (2018) evaluated lumbopelvic flexion 
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kinematics during functional control tasks in healthy adults using optical motion capture 

and found strong within- and between-session reliability of segmental motion patterns 35. 

In addition to these motion capture studies; the reliability of ultrasound-based 3D 

reconstruction methods has also been demonstrated. For instance, one study reported an 

ICC (2,1) of 0.97 ± 0.03 for repeated reconstructions of a single lumbar vertebra using 

tracked ultrasound in-vitro 20. Another in-vitro study by our group showed an ICC (2,1) of 

0.93 ± 0.01 for repeated full-lumbar spine reconstructions using the same protocol 13. 

Furthermore, a related study reported an ICC of 0.92 for full spinal reconstructions using 

freehand 3D ultrasound with electromagnetic tracking 37. Together, these findings support 

the feasibility of achieving consistent and reproducible spinal kinematic measurements 

when using well-calibrated, standardized imaging or motion tracking setups. 

The main limitations of this study are methodological. Despite the implementation 

of temporal calibration, a residual time offset between the imaging and tracking systems 

may still have affected the accuracy of the reconstructed motion. In addition, the 

segmentation process relied on manual input, which is time-consuming and susceptible to 

variability across observers, both during image acquisition and segmentation. Future 

studies should therefore include inter-observer reliability assessments to enhance the 

reproducibility of the method. Furthermore, this study focused exclusively on flexion 

movements and analyzed only two vertebral levels (L4–S1). The applicability of the 

proposed method to other types of motion, such as lateral bending and axial rotation, 

remains to be validated. These movements involve more complex vertebral coupling 

patterns and may introduce additional challenges in image acquisition, tracking accuracy, 

and 3D model reconstruction. 

In conclusion, this study demonstrates that ultrasound imaging combined with 

motion tracking can determine 3D lumbar spine kinematics and provides normative 

measurements of segmental range of motion and translations across age and sex under a 

standardized protocol. Together with the geometric validation of the 3D ultrasound models 

and the high repeatability of the kinematic outputs, these results support the clinical use of 

this non-ionizing, portable approach for lumbar kinematic assessment. The accompanying 
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image dataset and manual bone labels also enable development of automated segmentation, 

which can further streamline clinical workflows. 
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 Chapter 6 – Feasibility of Ultrasound Imaging for 

Determining Shoulder 3D Kinematics: A Pilot 

Study 

6.1 Original Contribution of the Student and Co-authors  

The sixth chapter of the thesis presents an article entitled Feasibility of Ultrasound 

Imaging for Determining Shoulder 3D Kinematics: A Pilot Study. This article, co-authored 

by Mohammad Reza Effatparvar, Mickaël Begon, Nicola Hagemeister, and Stéphane 

Sobczak, was submitted to the Journal of Ultrasound in July 2025.  
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6.2 Abstract  

Purpose: Shoulder kinematics is essential for diagnosing and rehabilitating various 

disorders. Motion capture with skin-attached markers is a common but inaccurate 

measurement method due to soft tissue artefact. Personalized models using ionizing or 

costly imaging methods (CT or MRI) increase kinematic accuracy. Ultrasound imaging 

offers a non-ionizing, cost-effective alternative and has recently been used for accurate 3D 

modeling. This study evaluates its feasibility for 3D shoulder kinematics. 

Methods: A shoulder was isolated from a human cadaver. Technical markers (TMs) 

were affixed to the bony segments. Bones and TMs were segmented from CT and 

ultrasound images to generate 3D models. The shoulder underwent discrete motions, 

during which the TMs were digitized. Discrete motions were visualized on 3D models by 

linking digitized and segmented TMs. Anatomical reference frames were defined from 

anatomical landmarks based on virtual palpation. Joint kinematics was calculated, and 

range of motions (ROM) were reported as Euler angles. The 3D models and ROM values 

were compared between ultrasound and CT.   

Results: The ultrasound 3D model showed a mean reconstruction error of 0.66±0.06 

mm compared to the CT scan, indicating larger volumes for the ultrasound models. The 

ROMs from ultrasound were also slightly overestimated (0.43±0.72°) compared to CT. 

Bland-Altman analysis confirmed agreement between the two methods.  

Conclusion: Regardless of the slight overestimation for ultrasound, high agreement 

was observed for the ROM measurements between the two imaging methods. This 

agreement indicates the possibility of adequate morphological data extraction and 

highlights the feasibility of using ultrasound-based data for personalized shoulder 

kinematic determination. 

Keywords: ultrasound, shoulder, kinematics, range of motion 
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6.3 Résumé 

Objectif : La cinématique de l’épaule est essentielle pour le diagnostic et la 

rééducation de divers troubles. La capture du mouvement à l’aide de marqueurs cutanés 

est une méthode courante, mais inexacte en raison des artefacts causés par les tissus mous. 

Les modèles personnalisés utilisant des méthodes d’imagerie ionisantes ou coûteuses (CT 

ou IRM) permettent d’augmenter la précision cinématique. L’imagerie par ultrasons, non 

ionisante et économique, a récemment été utilisée pour la modélisation 3D précise. Cette 

étude évalue sa faisabilité pour l’analyse cinématique 3D de l’épaule. 

Méthodes : Une épaule humaine a été isolée d’un cadavre. Des marqueurs 

techniques (MT) ont été fixés aux segments osseux. Les os et les MT ont été segmentés à 

partir d’images CT et échographiques pour générer des modèles 3D. L’épaule a subi des 

mouvements discrets pendant lesquels les MT ont été numérisés. Les mouvements ont été 

visualisés sur les modèles 3D en associant les MT numérisés aux MT segmentés. Des 

repères anatomiques ont été utilisés pour définir des référentiels anatomiques par palpation 

virtuelle. La cinématique articulaire a été calculée et les amplitudes de mouvement (ROM) 

ont été exprimées sous forme d’angles d’Euler. Les modèles 3D et les ROM ont été 

comparés entre les images échographiques et CT. 

Résultats : Le modèle 3D échographique a montré une erreur moyenne de 

reconstruction de 0,66±0,06 mm par rapport au CT, indiquant un volume légèrement 

supérieur pour les modèles échographiques. Les ROM dérivées des échographies ont 

également été légèrement surestimées (0,43±0,72°) par rapport au CT. L’analyse de Bland-

Altman a confirmé l’accord entre les deux méthodes. 

Conclusion : Malgré une légère surestimation liée aux ultrasons, un fort accord a 

été observé pour les mesures des ROM entre les deux modalités d’imagerie. Cet accord 

confirme la possibilité d’extraire des données morphologiques adéquates et souligne la 

faisabilité de l’utilisation des données échographiques pour la détermination personnalisée 

de la cinématique de l’épaule. 

Mots-clés : échographie, épaule, cinématique, amplitude de mouvement 
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6.4 Introduction 

The shoulder allows a large range of motion while maintaining strength. However, 

this versatility also makes it prone to various disorders, such as rotator cuff tears and 

osteoarthritis [1]. Accurately diagnosing these conditions and developing effective 

rehabilitation protocols require a comprehensive understanding of shoulder kinematics. 

Current noninvasive methods for analyzing shoulder kinematics primarily rely on motion 

capture systems with skin-attached markers [2]. However, due to the shoulder’s complex 

motion and the limited accessibility of underlying structures, multibody kinematic models 

are needed to complement motion-tracking methods and ensure marker trajectories align 

with joint components [3]. These models, however, are sensitive to geometric parameters 

and joint representation [4]. Although numerous generic kinematic models exist and are 

commonly used, studies show that incorporating personalized information (e.g., humeral 

head and glenoid radii, clavicle length, gliding plane) into kinematic models can greatly 

increase the accuracy of the estimation [5]. 

Personalized 3D models can be generated using medical imaging modalities such 

as computed tomography (CT) [6] and magnetic resonance imaging (MRI) [7]. While these 

methods provide high-resolution morphological data, CT involves ionizing radiation, and 

MRI is limited by high costs and limited availability. As an alternative, ultrasound imaging 

offers a non-ionizing, low-cost, and portable solution [8]. In musculoskeletal applications, 

ultrasound is primarily used for diagnosing soft tissue disorders, with limited application 

in bone imaging due to challenges such as acoustic shadowing and lower bone contrast [9]. 

However, advancements in image processing and 3D reconstruction techniques have 

improved its viability for generating 3D bone models [10]. Despite this progress, no 

ultrasound-based 3D shoulder model has yet to be utilized for kinematic analysis. 

This study aimed to evaluate the feasibility of ultrasound imaging for generating 

3D shoulder models and the potential applications of US-generated models in kinematic 

analysis. To achieve this, a pilot study was conducted in which a complete 3D shoulder 

bone model was reconstructed from ultrasound images and compared to the model 

reconstructed from CT. The comparison was performed using two approaches: direct 3D 

model comparisons to quantify reconstruction error and range of motion (ROM) 
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measurements derived from kinematic analysis. Through this evaluation, the study offers 

insights into the potential of ultrasound imaging for personalized shoulder kinematic 

analysis. 

6.5 Material and Methods  

6.5.1 Specimen preparation  

A thawed human cadaver (female, 83 years old) was dissected to isolate the right 

shoulder complex. To preserve structural integrity between the sternum and the vertebrae, 

T1 and T2, along with the first rib, were retained. T1 was fixed to the sternum, and all 

structures above were removed. The humerus was sectioned at its proximal one-third, and 

the scapula was cut accordingly. 

To prevent any motion in the joints during imaging, the scapula was secured to the 

vertebrae using two orthopedic screws. Additionally, a Schanz screw was inserted through 

the humeral canal to fix the humerus to the scapula, maintaining it in a 90° abduction 

position. This position was chosen to accommodate the specimen within the ultrasound 

imaging frame. 

Semi-spherical holes were drilled on the anatomical segments, and technical 

markers (TMs) (7.14 mm metallic spheres) were affixed using cyanoacrylate glue. For 

subcutaneous sites, incisions were made before marker placement. The markers were 

distributed as follows: three on the sternum, three on the clavicle, four on the scapula, and 

four on the humerus, ensuring enough coverage essential for accurate 3D motion tracking. 

6.5.2 Imaging  

The specimen was placed inside a plastic cylinder frame (⌀ 160 mm), which was 

filled with porcine gelatin (Gelatine, Type A, Pork Skin, min. Bloom 225). The setup was 

refrigerated to allow the gelatin to harden. Once set, DICOM images were acquired using 

a CT scanner (GE Healthcare, Revolution EVO) with a reconstruction slice thickness of 

0.5 mm and an inter-slice spacing of 0.625 mm. 

Next, the specimen was positioned and secured at the center of a Computer-

Assisted Mechanical (CAM) frame (Fig. 1-A). Ultrasound imaging was performed using a 
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linear probe (NextGen LOGIQ e, GE Healthcare, USA) set to musculoskeletal mode 

(Frequency = 8 MHz, Depth = 8 cm, Gain = 60). The probe was mounted on a mobile plate 

inside the CAM, which moved along the specimen at a velocity of 0.5 mm/s using a stepper 

motor. This low speed was chosen to minimize inter-image gaps. After each longitudinal 

(up-down) scan, the plate was manually rotated at 30-degree intervals to ensure complete 

rotational coverage of the specimen [10].  

 

Fig.1 a The specimen embedded in gelatin and fixed within the CAM frame, which facilitates the 

ultrasound imaging procedure. b The probe, fixed on the probe holder, moving upward while 
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scanning the specimen. c The specimen and digitizer mounted and fixed on a table for digitizing 

the TMs. d A closer view of the specimen positioned in front of the digitizer 

6.5.3 Applying discrete motions  

After imaging, the gelatin, the Schanz screw in the humerus, and the screws 

securing the scapula were removed. The specimen was mounted, with the vertebrae 

stabilized on an aluminum extrusion. A Schanz screw was perpendicularly inserted into the 

humerus to help maintain the arm in various positions. Once the specimen was stabilized, 

it was subjected to six discrete positions, including neutral, 45 and 90° abduction, 45 and 

90° flexion, and maximum elevation. At each position, the joint was immobilized using 

external fixation clamps, and TMs were digitized using a 3D digitizer (Hexagon Absolute 

Arm, measurement error: 0.008 mm) (Fig. 1-B).  

6.5.4 Image processing and segmentation  

Ultrasound images were first merged and converted into a 3D DICOM series using 

a custom MATLAB (MathWorks, R2021a) script [11]. In this process, the known position 

and orientation of the probe, provided by the CAM frame, allowed the 3D spatial 

positioning of each captured image, enabling the creation of a 3D DICOM series. 

Subsequently, both ultrasound and CT images were independently manually segmented 

(Fig. 2) using Amira software (5.2.2®, Germany) to generate 3D models (Fig. 3). In both 

ultrasound and CT images, the bone surfaces and TMs were segmented separately.  
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Fig.2 The segmentation of the ultrasound and CT images related to the same cross-section. a, b, 

and c show a CT image before segmentation, after bone and a TM segmentation highlighted. d, e, 

f show an ultrasound image before segmentation, after bone and a TM segmentation highlighted. 
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Fig.3 3D reconstructed models from CT scan (up) and ultrasound (down).  

6.5.5 Motion representation  

TMs digitization provided their centroid coordinates in each position to establish 

local reference frames and calculate rotation matrices representing the motions. These 

frames are referred to as technical reference frames (TRFs). Additionally, segmenting the 

markers from the images allowed for the calculation of their centroid coordinates within 

each imaging coordinate system, enabling the establishment of TRFs on the 3D models. 

The real discrete motions were represented on 3D models after applying the transformation 

matrices to the TRFs of the 3D models. The entire procedure was implemented in 

LhpFusionBox software (ULB, Belgium) [29].  

6.5.6 Definition of anatomical reference frames 

After motion representation, anatomical landmarks (ALs) were digitally palpated, 

in line with the recommendations of the International Society of Biomechanics (ISB) (Wu 
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et al., 2002) and anatomical reference frames (ARFs) were established for each component 

within LhpFusionBox software (Fig. 4).  

The defined landmarks included: 

• Thorax (3 landmarks): End of the corner of the sternum, most ventral point 

on the sternocostal joint of the first rib, and the spinous process of T1. 

• Clavicle (2 landmarks): Most ventral point on the sternoclavicular joint and 

most dorsal point on the acromioclavicular joint. 

• Scapula (4 landmarks): Midpoint of the triangular surface on the medial 

border of the scapula in line with the scapular spine (Trigonum Spinae 

Scapulae), most caudal point of the scapula (Angulus Inferior), most 

laterodorsal point of the scapula (Angulus Acromialis), and most ventral point 

of the processus coracoideus. 

• Humerus (3 landmarks): Glenohumeral rotation center, most caudal point 

on the lateral side of the shaft, and most caudal point on the medial side of the 

shaft. 
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Fig.4 Applied discrete motions and their corresponding representation on the CT scan and 

ultrasound 3D models. The left column shows the positions, the middle column shows the motion 

representation on the CT models, and the right column the ultrasound models. From the first to 

the fourth row, the represented positions are neutral, abduction, flexion, and elevation, 

respectively. The TMs were removed from the models after motion representation. Markers on 

the segments indicate anatomical ALs. In the ARFs, the red, green, blue vectors represent the X-, 

Y-, and Z-axes, respectively. 

6.5.7 Joint Kinematics, 3D models comparison and statistical analysis 

The joint kinematics was determined, and the ROMs were measured from Euler 

angles for the sternoclavicular (SC), acromioclavicular (AC), and glenohumeral (GH) 

joints according to the ISB recommendations. Concerning the reconstruction errors, each 

anatomical 3D segment from ultrasound was compared with the corresponding segment 

from CT scan [10]. Briefly, after automatic registration of the 3D models in CloudCompare 
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software (v2.12 Beta, France), the mesh-to-mesh distances between the ultrasound and CT 

scan models were calculated and considered as the reconstruction error.  

Mean reconstruction errors, mean differences (MD), standard deviation (SD) and 

Bland-Altman plots were used to compare the means and the limits of agreement between 

ultrasound and CT scan using MATLAB software. 

6.6 Results  

The computed reconstruction errors for each anatomical segment were 0.57±0.35 

mm for the humerus, 0.68±0.52 mm for the scapula, 0.71±0.41 mm for the thorax, and 

0.69±0.24 mm for the clavicle. The errors were normally distributed (Fig. 5) and indicate 

a general overestimation of ultrasound-derived 3D models, with a mean error of 0.66±0.06 

mm.  

 

Fig.5 Distribution of data points (frequency) for ultrasound 3D models compared to CT. Colors 

range from green to red, indicating higher reconstruction errors, and from green to blue, 

indicating lower reconstruction errors. Most of data points fall on the positive side, suggesting 
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that ultrasound 3D models overestimate volumes compared to CT. Dashed vertical lines represent 

mean values.   

A similar trend was observed for joint kinematics, where ROM values derived from 

ultrasound images were slightly higher (0.43±0.72°) (Table 1). The Bland-Altman analysis 

(Fig. 6) confirmed the agreement between the two methods, as most of the ROM 

differences remained within the limits of agreement (95% CI, ±1.96 SD). 

Table 1. The ROMs values from ultrasound and CT related to the primary motion of each 

joint. SC stands for the sternoclavicular joint, AC stands for the acromioclavicular joint, 

and GH stands for the glenohumeral joint. 

Applied motion to the arm   Joint  Measured Motion  CT Ultrasound 

  SC Elevation 1.12° 1.19° 

Half abduction AC Upward rotation  0.83° 0.96° 

  GH Abduction 31.29° 32.28° 

  SC Elevation  2.16° 2.20° 

Abduction AC Upward rotation  1.50° 1.65° 

  GH Abduction  63.47° 65.77° 

  SC Elevation  5.63° 5.85° 

Half flexion AC Upward rotation  4.06° 4.47° 

  GH Flexion   49.50° 50.99° 

  SC Elevation  10.20° 10.56° 

Flexion AC Upward rotation  7.32° 8.04° 

  GH Flexion   78.25° 78.65° 

  SC Elevation 12.22° 12.14° 

Elevation AC Elevation 20.76° 20.70° 

  GH Elevation 6.59° 5.86° 

Mean   19.66° 20.08° 

SD   24.81° 25.28° 

Mean difference    0.43° ± 0.72° 
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Fig.6 Bland-Altman plot showing the limits of agreement between ultrasound and CT. MD stands 

for mean differences and equals 0.43°, UL stands for upper limit and equals 1.84° and LL stands 

for lower limit and equals -0.99°. All values are in degrees. 

6.7 Discussion 

Incorporating personalized bone geometry (e.g., humeral head and glenoid radii, 

clavicle length, gliding plane) into kinematic models can greatly improve estimation 

accuracy [5]. Possibility of generating 3D models from ultrasound images facilitates the 

extraction of personalized morphological data for kinematic analysis. In this pilot study, 

the feasibility of this application was analyzed by comparing 3D reconstructed models 

from ultrasound and CT images. 

CT model was considered as the reference to assess the differences between the 3D 

models, (Fig. 5). The ultrasound images generated slightly larger volumes 0.66±0.06 mm. 

This overestimation can be attributed to thicker bone boundaries in ultrasound images, 

which may lead to manual segmentation errors [12]. Larger 3D volumes from ultrasound 

images compared to CT scans have been reported in several studies across different 

applications, including the spine [10], kidney [13], and tumor [14].  

Concerning the measured joint kinematics, joint angles were slightly overestimated 

by ultrasound (0.43 ± 0.72°). Nonetheless, Bland-Altman analysis showed that these 

differences remained within the limits of agreement between the two imaging methods, 



147 

 

confirming the accuracy of ultrasound-based reconstructions for identifying anatomical 

landmarks and computing joint angles. This level of precision underscores the advantage 

of using subject-specific morphological data for kinematic analysis. In contrast, generic or 

scaled models often lack anatomical fidelity, leading to larger errors in joint kinematics. 

For instance, Lavail et al. reported angular errors ranging from 3.2° to 5.4° when using a 

scaled-generic shoulder model compared to MRI-based personalized geometry [15]. 

Similarly, Charbonnier et al. found 2–4° of orientation error in motion capture–based 

shoulder models [6]. In translational kinematics, Menze et al. showed that using a 

musculoskeletal model (AnyBody ShoulderArm) yielded median inferior–superior 

translation errors of 1.8 mm, reduced from 2.8 mm when compared to biplanar fluoroscopy 

[16]. Hammond et al. also observed an average linear positioning error of 2.8 mm when 

comparing generic OpenSim bone geometries to subject-specific models [17]. 

Compared to these values, the angular error in our ultrasound-based personalized 

model (0.43 ± 0.72°) is significantly lower, highlighting the importance of anatomical 

specificity in achieving accurate 3D kinematic measurements. Although no prior studies 

have applied ultrasound imaging for 3D shoulder kinematics, this approach has been 

validated in the lumbar spine with a similarly low error (0.23 ± 0.20° compared to CT [18], 

reinforcing the broader applicability of personalized ultrasound-based modeling in 

musculoskeletal research. 

These preliminary results pave the way for advancing the application of ultrasound 

imaging in shoulder 3D modeling, with potential for use in personalized kinematic models 

for more accurate measurements. The use of ultrasound images in in-vivo cases, combined 

with new artificial intelligence-based auto-reconstruction, will enable real-time 3D 

modeling and make the extraction of the necessary morphological data highly accessible. 

However, it's important to acknowledge the inherent challenges of accurately visualizing 

bone contours in vivo with ultrasound, particularly in complex anatomical regions like the 

shoulder due to overlying soft tissues and the varying bone curvatures. In conclusion, the 

ultrasound-based shoulder model shows strong potential for enabling accurate in-vivo 

kinematic reconstruction with an angular precision of approximately 1°, making it a viable 

tool for clinical and research applications. 
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 Chapter 7 - General discussion  

Low back pain (LBP) is among the leading cause of disability worldwide and one 

of the most common reasons for seeking rehabilitation care (Gianola et al., 2019). In most 

cases, no single structural lesion can be identified and the pain is classified as non-specific 

or mechanical, arising from the vertebrae, intervertebral discs, and surrounding soft tissues 

(Will et al., 2018). Among the many contributing factors, altered lumbar spine kinematics, 

such as segmental hyper- or hypomobility, aberrant coupling, and impaired load sharing, 

has been repeatedly associated with subgroups of patients with LBP and may help explain 

why individuals with similar static imaging findings can present very different symptoms 

and clinical courses (Abd Rahman et al., 2023). Accurately determining lumbar spine 

kinematics is therefore crucial for understanding spinal biomechanics, identifying motion-

related dysfunctions, and developing targeted rehabilitation strategies. 

Currently Imaging modalities such as computed tomography (CT) (Vania et al., 

2019), magnetic resonance imaging (MRI) (Li et al., 2009), and biplanar radiographies 

(Melhem et al., 2016) are the gold standards for 3D kinematics assessments. However, 

their drawbacks, including ionizing radiation, high costs, and being limited to supine 

position, have prompted researchers to seek alternative methods. Among these, ultrasound 

has emerged as a promising solution due to its affordability, portability, and safety. The 

primary objective of this thesis was to advance the application of ultrasound in lumbar 

spine kinematic analysis through a series of studies that progressively addressed gaps in 

existing literature and finally verify its feasibility when being transferred to the shoulder 

joint complex.  

As a preliminary step in this thesis, we systematically reviewed and critically 

evaluated the existing literature concerning the application of ultrasound imaging for spinal 

kinematic measurements. The review addressed two specific objectives: (1) identify 

methodological gaps in ultrasound-based spinal kinematics; and (2) determine whether 

current evidence supports moving from 2D surrogates to fully 3D assessments. The review 

was structured along the imaging pipeline with predefined outcomes (reliability, validity, 

standard method, anatomical references). The primary aim was to identify methodological 

gaps and outline the limitations that hinder clinical translation. Its role within the thesis is 
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to justify the development and validation of a 3D ultrasound pipeline and to define the 

specifications that the experimental chapters address. 

The review first revealed that all existing studies remain restricted to 2D 

measurements, typically focusing on changes in interspinous distances (Chleboun et al., 

2012) or the linear displacement of superficial landmarks (McKinnon & Callaghan, 2019). 

While these approaches are accessible, they are inherently limited in capturing the full 

complexity of 3D kinematics. The importance of 3D assessment lies in the fact that lumbar 

intervertebral motion often includes subtle but clinically relevant components of other 

motions (Panjabi et al., 1994; Pearcy et al., 1984). 

Moreover, several studies lacked standardization in image acquisition protocols 

(Zheng et al., 2013), tracking techniques (Zheng et al., 2016), and motion analysis 

algorithms (Heneghan et al., 2009). This methodological variability contributes to 

inconsistent reliability and validity outcomes across the literature. For instance, 

discrepancies in the anatomical landmarks used as reference points significantly affect 

reproducibility and comparisons between studies. Plus, only a limited number of 

investigations attempted to validate ultrasound-derived measurements against gold-

standard imaging modalities (Chleboun et al., 2012), and none employed 3D reconstruction 

techniques.  

Building upon the findings of the systematic review, the second objective of this 

thesis was to validate a method for 3D reconstruction of the lumbar spine using ultrasound 

imaging. As 3D reconstruction is a fundamental prerequisite for determining spinal 

kinematics in three dimensions, developing a robust and accurate technique was essential. 

Such a method allows for high accessibility to key morphological structures and facilitates 

the identification of anatomical landmarks necessary for motion tracking. 

To achieve this, a motorized rotational scanning protocol was implemented on 

complete lumbar specimens. In this system, analogous to how CT acquires images, the 

ultrasound probe was rotated around the specimen and, at each angular position, translated 

longitudinally along it. For the longitudinal sweeps, the starting point, translation speed, 

and travel distance were kept constant, allowing the interslice distance to be calculated 

from the number of acquired images. This distance was then used as the third (z) 
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dimension, in addition to the in-plane x and y dimensions (image width and height), which 

enabled each image to be positioned in 3D space. This technique produced a 360° series of 

images with known x, y, and z coordinates for each slice. Following image fusion and 

manual segmentation, 3D models were reconstructed. 

The core validation strategy consisted of comparing the ultrasound-based models 

with those generated from CT scans, considered the clinical gold standard. For this 

purpose, three anatomical landmarks were defined on each vertebra to enable an initial 

coarse alignment of the models. Fine registration was then performed automatically in 

CloudCompare (Paris, France). These anatomical landmarks were used exclusively for 

alignment, and their potential impact on motion measurements was reserved for later 

studies, as it requires a more comprehensive analysis. This method, in addition to 

registering the models, also enabled the registration of their associated coordinate systems. 

Geometric congruency between the models was then quantitatively assessed using the 

Iterative Closest Point (ICP) algorithm. 

Overall, the ultrasound-based reconstructions showed a slight overestimation in 

surface distance, with a maximum mean error of 0.44 ± 0.24 mm compared to CT models. 

This overestimation is primarily attributed to the intrinsic characteristics of ultrasound 

imaging, in which highly reflective structures such as the bony cortex appear several 

millimeters thick. Similar findings have been reported in the literature, such as an error of 

0.44 ± 0.63 mm for dry vertebra reconstructions (Forbes et al., 2021) and 3.8 ± 2.4 mm for 

kidney stone surface modeling (Dai et al., 2018).  

Agreement between modalities was further supported by Bland-Altman analysis, with all 

differences falling within the calculated limits of agreement. To evaluate the method’s 

reliability, repeated reconstructions were performed, demonstrating excellent consistency 

with an ICC of 0.93 ± 0.01. 

In addition to quantitative metrics, visual comparisons between ultrasound and CT-

based models revealed strong morphological similarity. The ultrasound-based 

reconstructions clearly identified key posterior bony elements, including the spinous and 

costiform processes, which are critical for vertebral motion analysis as they serve as the 

primary anatomical landmarks for kinematic tracking. 
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Another important aspect of this study was the evaluation of soft tissue effects on 

reconstruction accuracy. A linear regression analysis was conducted to examine the 

relationship between posterior fat pad thickness and reconstruction error at posterior 

landmarks. For the full dataset (n = 30), the regression yielded a slope of 0.0252 error/mm, 

an intercept of 0.1008, and a correlation coefficient of r = 0.33, indicating a weak 

association. After removing a single extreme observation near ~6 mm (negative error), the 

results remained similar (n = 29; slope = 0.0279, intercept = 0.1169, r = 0.37). These 

findings suggest that posterior soft tissues do not substantially affect reconstruction 

accuracy for posterior landmarks; even when accounting for the outlier, any effect, if 

present, appears small. 

Together, these findings confirmed that ultrasound imaging can reliably generate 

3D models of lumbar vertebrae with high anatomical fidelity. The ability to visualize and 

localize key posterior landmarks, even in the presence of soft tissue, supported the 

feasibility of this method for future motion analysis applications. Accordingly, the logical 

next step in this thesis was to investigate whether these models could effectively capture 

intervertebral motion. The purpose here was to test kinematic outputs under controlled 

conditions by comparing motions computed from ultrasound-derived geometry with those 

from CT-derived geometry rigidly attached to the same specimens; in principle, motions 

should match, and discrepancies isolate geometric/landmark sources of error. 

This step was crucial for determining the feasibility of extending ultrasound-based 

kinematic measurements to in-vivo settings. The study was designed so that a series of 

identical motions were imposed on the specimens, and the same motions were then 

quantified using both ultrasound- and CT-based models, thereby enabling an evaluation of 

measurement accuracy. Since reconstruction and segmentation had already been validated 

in the previous step, the primary focus here was on the definition of anatomical landmarks, 

the establishment of anatomical reference frames, and the computation of motion. Because 

the only varying element between the two models was the localization of these anatomical 

landmarks, this step essentially evaluated the ability of ultrasound-based models to provide 

reliable anatomical markers for kinematic analysis. The in-vitro comparison with CT-based 

measurements provided a controlled and rigorous context for this validation. 
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Regarding the reliability, good reliability (ICC = 0.89 ± 0.01) and low MDC (3.23% 

± 1.52%) values underscored the method’s precision, aligning well with previous work in 

ultrasound-based vertebral modeling (Forbes et al., 2021). These low MDC values 

indicated that ultrasound could reliably measure intervertebral ROM with minimal error, 

supporting its value in clinical diagnosis and treatment planning. 

The strong agreement with CT-derived kinematics, as shown by t-tests and Bland–

Altman analyses (−0.23° ± 0.20°, p = 0.57), further supported the validity of the ultrasound 

approach. Importantly, the study demonstrated that the positional and orientational 

accuracy of anatomical landmarks, rather than image resolution alone, was a key 

determinant of kinematic fidelity. The observed correlation between AL orientation errors 

and ROM differences (r = −0.85) emphasized the need for robust and consistent landmark 

identification protocols. It worth to mention that normality of specimen-level paired 

differences (Shapiro–Wilk) was assessed prior to t-tests and Pearson correlations; given n 

= 7 independent specimens, distribution-free confirmatory analyses and effect sizes with 

confidence intervals are encouraged for future work.  

Direct comparisons with previous studies were limited by methodological 

differences, as most prior work relied on 2D techniques. In contrast, this study employed a 

3D approach, enabling a more comprehensive measurement of vertebral motion. This 

distinction is particularly relevant for the lumbar spine, where movements often include 

subtle but clinically significant coupled motions. By capturing motion across all three 

planes, the method used here provided a clearer picture of these complex patterns than 

conventional 2D techniques.  

Overall, this study demonstrated that musculoskeletal ultrasound, when combined 

with 3D reconstruction, could reliably quantify intervertebral motion in the lumbar spine. 

The method yielded accurate results compared to CT imaging and effectively captured 

coupled kinematic behavior across vertebral levels. By validating both the reliability and 

accuracy of this technique in an in-vitro setting, the next phase of the thesis focused on 

evaluating the method in in-vivo conditions, where physiological loading and tissue 

variability introduce new challenges for ultrasound-based motion analysis. 
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To this end, a tracked ultrasound acquisition protocol was first implemented, and 

the necessary calibrations, temporal, pivot, and spatial, were performed. For the temporal 

calibration (Moult et al., 2017), the pixel intensities of the ultrasound images and the 

tracking data were independently normalized and converted into separate signals. The time 

points corresponding to the peaks of each signal (x-values) were then identified, and the 

differences between them were taken as the latency between the two systems (0.311 ± 3.81 

ms). This latency was subsequently added as a delay to the imaging frames in the 

acquisition configuration code. In addition, pivot and spatial calibrations were carried out 

to define the transformation matrix between the ultrasound image and the center of the 

reflective-marker cluster attached to the probe.   

For the main test, two isolated human lumbar spines were imaged, and 3D models 

were reconstructed and used for ROM measurements. The resulting intervertebral ROM 

measurements were then validated against CT-based reference values. On average, 

ultrasound-derived ROMs were slightly overestimated by 0.61 ± 0.17°. This 

overestimation is likely due to segmentation inaccuracies introduced by the high 

echogenicity of bone boundaries, which can result in thicker-than-actual representations of 

cortical structures. 

Despite this minor discrepancy, Bland–Altman analyses confirmed good agreement 

between modalities across all motion planes (flexion–extension, side bending, and axial 

rotation), supporting the validity of ultrasound-based kinematic assessments in-vivo. 

After the initial validation, the study continued with applying the imaging in an in-

vivo setting and with healthy participants aging from 20–60-year-old. Age-related 

comparisons revealed a clear decline in lumbar flexion with increasing age, particularly 

between the youngest (20–30 years) and oldest (50–60 years) participant groups. The most 

notable differences occurred in flexion and proximodistal translation, with statistically 

significant reductions in motion seen in older participants. These findings align with 

existing literature, which consistently reports age-associated declines in lumbar mobility. 

Furthermore, correlation analyses demonstrated strong relationships between 

flexion and coupled translations, especially proximodistal (ρ = 0.86) and anteroposterior 

(ρ = 0.61), highlighting the value of 3D measurement for capturing complex lumbar spine 
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kinematics. Notably, these correlations were not significantly influenced by age, 

suggesting that the observed inter-motion dependencies reflect fundamental biomechanical 

behavior rather than demographic variability. 

Sex-based comparisons revealed no statistically significant differences in ROMs 

across motion planes, although minor variations were observed between age subgroups. 

These results contribute to ongoing discussions in the literature, where findings remain 

inconsistent due to differences in sample size, motion capture methods, and operational 

definitions of movement endpoints. 

As for the reliability analysis, this test demonstrated excellent consistency, with 

within-day reliability of 0.91 ± 0.02 and between-day reliability of 0.92 ± 0.01. As specific 

considerations were taken into account to minimize variability related to external factors, 

these reliability results demonstrate the precision of the measurement technique. Observed 

between-group differences exceeded the previously established MDC from the in-vitro 

validation, indicating that the effects were larger than pipeline noise and supporting the 

substantive interpretation of the in-vivo findings.  

Beyond absolute ROM values, an important contribution of the 3D approach is to 

allow us to describe how flexion is accompanied by proximodistal and anteroposterior 

translations, how individual motion segments contribute to the global lumbar motion, and 

how these coupled behaviours remain relatively consistent across ages in healthy adults. 

Such pattern-level information is clinically relevant because patients with low back pain 

are often distinguished less by the magnitude of their ROM than by aberrant or asymmetric 

motion patterns (e.g., hinge behaviour at a single segment, altered coupling, or disrupted 

contribution of specific levels). The normative patterns reported here therefore provide a 

reference framework for future studies aiming to detect pathological movement patterns in 

LBP populations. 

The study successfully demonstrated that ultrasound imaging, when coupled with 

an appropriate tracking strategy, is a valid and reliable method for assessing 3D lumbar 

intervertebral kinematics in-vivo. This represents a significant step toward establishing 

musculoskeletal ultrasound as a viable alternative to CT or MRI for motion analysis in both 

clinical and research settings. 
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7.1 Toward Practical Applications 

7.1.1 Clinical Relevance for Low Back Pain 

Low back pain remains one of the most prevalent musculoskeletal disorders 

worldwide and is often associated with altered or reduced segmental mobility. A major 

challenge in current clinical practice is the difficulty of assessing vertebral-level motion 

non-invasively, which limits the ability to identify whether movement restrictions or 

instabilities are localized to specific segments. The method developed in this thesis 

provides an opportunity to bridge this gap by offering a radiation-free, segmental 

assessment of lumbar kinematics. 

From a rehabilitation perspective, such detailed evaluation alongside other 

dimensions of a comprehensive assessment could help distinguish whether a patient would 

benefit more from a hands-on intervention (e.g., manual therapy techniques targeting 

specific vertebrae) or from a hands-off approach (e.g., exercise-based programs focused on 

global stability). By quantifying intervertebral motion with high precision, the technique 

could ultimately support a more individualized rehabilitation strategy, ensuring that 

therapeutic choices are guided by objective biomechanical evidence. In addition, future 

clinical protocols will need to account for the practical constraints of low back pain 

management, particularly the difficulty some patients may have in maintaining static 

postures. Optimizing acquisition duration, selecting clinically relevant postures, and, 

where possible, incorporating functional tasks will be essential to maximize both patient 

comfort and clinical relevance. 

7.1.2 Transferability of the Method to Other Joints 

The transition from laboratory-based research to practical application requires 

demonstrating that the developed method is adaptable to other anatomical regions. In this 

context, Chapter 6 was dedicated to assessing the feasibility of applying the ultrasound-

based 3D reconstruction technique to the shoulder joint. Although the 3D models 

reconstructed from ultrasound images showed a slight overestimation of bone volume 

(0.66 ± 0.06 mm), the joint kinematics demonstrated strong agreement with CT-based 

measurements, with an angular error of 0.43 ± 0.72°, remaining within the limits of 
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agreement in the Bland-Altman analysis. The quality of the 3D models and the level of 

precision highlight the method’s potential for use in other joints. Moreover, the integration 

of tracked ultrasound acquisition can further enhance the method’s applicability by 

facilitating imaging in in-vivo scenarios.  

Beyond joint-specific transferability, the question of continuous movement is 

context-dependent. In an in-vitro setting, it is feasible to record continuous motion and 

register it onto an existing 3D model, enabling time-resolved kinematic analysis. In an in-

vivo setting, however, continuous acquisition is not supported within the present workflow 

because accurate 3D model generation requires the region of interest to remain stable 

during scanning; thus, quasi-static postures are used for model creation, after which 

kinematics is derived. Consequently, the current method provides discrete intervertebral 

ROM values between selected postures rather than full time-resolved kinematic 

trajectories, which limits its direct use for clinicians who wish to analyze continuous 

movement cycles (e.g., gait or repeated lifting tasks). 

7.1.3 Segmentation Challenges 

Regardless of the successful experimental results, such as the demonstrated validity 

and reliability of the technique, one major challenge remains when applying tracked 

ultrasound imaging (Cai et al., 2023); a large number of ultrasound images must be 

acquired during scanning to minimize inter-image gaps and improve the quality of the 

reconstructed 3D model (Orlando et al., 2022). These numerous images then require 

manual segmentation to enable accurate 3D reconstruction. While manual segmentation 

can yield highly precise results (results of the chapter 5), it is time-consuming and operator-

dependent, thereby limiting the method’s scalability and potential for clinical adoption. 

This limitation is particularly pronounced as the number of frames grows during 

continuous acquisitions. 

To overcome this limitation, recent advances in artificial intelligence (Biswas & 

Banik, 2022), particularly in medical image segmentation, offer promising avenues for 

automation. Among these, U-Net (Ronneberger et al., 2015), a convolutional neural 

network architecture specifically designed for biomedical image segmentation, has 

emerged as a leading solution. U-Net uses a symmetric encoder-decoder structure that 
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captures both spatial and contextual features, making it highly effective for segmenting 

structures with varying shapes (Li et al., 2022), such as vertebrae in ultrasound images. 

As the final component of this thesis, we are currently developing an automatic 

segmentation pipeline for lumbar spine ultrasound images using a U-Net architecture 

implemented with Tensorflow Keras library. After manually segmenting all the collected 

images, we have built a large labeled dataset that serves as the foundation for training the 

U-Net model. For training and evaluation, 70% of the participant data is being used for 

training, 10% for validation, and the remaining 20% is reserved for testing (Karimi et al., 

2021). Notably, our testing procedure goes beyond traditional model evaluation: in addition 

to computing standard segmentation metrics (e.g., Dice coefficient) (Seghier, 2024), the 

segmented test images will be used to generate full 3D models from the recorded 

ultrasound sequences. These automatically reconstructed 3D models will then be compared 

with those generated from the manually segmented ground truth in order to assess both 

reconstruction fidelity and joint kinematics accuracy. The full workflow of this process is 

illustrated in Figure 16, which outlines the sequence recording, segmentation pipeline, 

model training, and the final evaluation steps involving 3D reconstruction and comparison. 
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Figure 12. Workflow illustrating how the acquired images are used for training 

and fully automatic 3D model generation. In this procedure, 70% of the segmented images 

obtained from participants in Chapter 5 will be used to train a U-Net–based auto-segmentation 

model. This trained model is then will be applied to a separate set of previously unseen images to 

generate 3D models automatically. These automatically reconstructed models will be 

subsequently compared with corresponding models generated using manual segmentation. 

It is important to emphasize that these auto-segmentation developments represent 

a methodological extension initiated at the end of the thesis, rather than a primary objective 

of the experimental chapters. The current results are therefore exploratory and mainly serve 

to demonstrate feasibility and to prepare more comprehensive future studies. Regarding 

these developments, the initial training has already been done, and a U-Net model with 

promising visual results has been obtained; its trained weights, inference code, and 

quantitative segmentation metrics, as well as its full integration into 3D reconstructions 

and subsequent kinematic evaluations, are explicitly defined as future work. Thus, the main 
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deliverables associated with auto-segmentation—complete pipeline integration, systematic 

assessment of kinematic accuracy, and testing in pathological cohorts—are deliberately 

positioned as perspectives rather than core outcomes of the present thesis. In addition, after 

the integration of automatic segmentation, the surface quality will be addressed explicitly: 

any smoothing will be quantified by measuring landmark displacement and reporting ROM 

sensitivity with and without smoothing.  

7.2.3 Importance of 3D Model Quality 

The quality of the 3D models used throughout this study has been crucial in 

achieving high accuracy and precision in both validity and reliability assessments. A key 

factor influencing model quality is the number of ultrasound images used during the 

reconstruction process. Increasing the number of images helps minimize inter-slice gaps, 

leading to smoother and more anatomically accurate reconstructions (Orlando et al., 2022). 

While such image volume can become overwhelming for manual segmentation, due to time 

and user dependency, it poses no difficulty for automated methods. The use of automatic 

segmentation techniques enables processing a larger volume of images efficiently, thus 

enhancing model quality without compromising scalability. Additionally, surface 

smoothing requires caution: smoothing may bias cortical edges and shift anatomical 

landmarks. Therefore, when smoothing is applied, landmark placement should be 

performed on unsmoothed models or after constrained/low-bias smoothing, and the effect 

of smoothing on landmark location should be quantified (e.g., report landmark shift 

with/without smoothing). 

High-quality 3D models are particularly essential in the context of kinematic 

analysis. They directly affect the accuracy of AL identification and marker placement, both 

of which influence the definition of ARFs (Gunderson et al., 2025). Errors in marker 

selection or anatomical mapping can significantly distort the computed kinematics (Adhia 

et al., 2013). Therefore, generating precise and detailed 3D models is not only beneficial 

for visualization but also foundational for producing accurate and reliable kinematic 

measurements. 

Beyond purely anatomical landmarks, geometric approaches for marker 

localization, such as fitting simple primitives (e.g., spheres or cylinders) or using principal 
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axes of inertia, offer an alternative way to define bony reference frames from the 3D models 

(Conconi et al., 2021). These geometric methods can reduce the influence of local 

segmentation noise and provide mathematically well-conditioned axes, which may 

improve the robustness of marker localization. In this thesis, we primarily relied on 

anatomically defined ALs and ARFs, but future developments should systematically 

compare anatomical and geometric frames to determine the most reliable strategy for 

clinical use. 

7.2.4 Kinematic Measurement Challenges 

In addition to the progress made in ultrasound-based 3D reconstruction, the process 

of kinematic measurement was a major challenge. In line with the overarching goal of this 

thesis to develop a clinically applicable solution, a Python-based interface was created to 

streamline spine kinematics measurement. 

Traditional kinematic software is often time-consuming and technically complex, 

involving manual reference frame definition and data extraction. In contrast, the developed 

interface simplifies the entire process. As illustrated in Figure 17, the user imports two 3D 

models (e.g., standing and flexion positions), selects the desired vertebral level, and 

performs marker selection. The system then automatically constructs local reference 

frames based on the ISB recommendations and computes the flexion-extension, lateral 

bending, and axial rotation, using Euler angles. This approach significantly reduces the 

time and complexity associated with kinematic calculations. 
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Figure 13. The newly developed kinematic measurement interface 

(A) the 3D models are imported; (B) ALs are selected; (C) ARFs are automatically constructed; 

and (D) the 3D intervertebral ROMs are computed and reported. 

Looking ahead, one of the primary future developments will be the integration of 

tracked ultrasound imaging, starting from calibration through to image acquisition, within 

the same interface. Combined with the ongoing implementation of automatic segmentation 

using deep learning, this will enable full 3D model generation and kinematic computation 

within a unified platform. Such integration has the potential to greatly enhance usability 

and bring this technique closer to practical deployment in clinical environments. 

7.2.5 Operator Effect on Measurement Consistency 

Ultrasound is as an operator-dependent imaging modality (Ohrndorf et al., 2010), 

as both the acquisition and interpretation of images can require substantial experience. 

However, in this study, the entire imaging protocol was highly standardized and partially 

automated from the initial steps, which significantly minimized operator variability. All 

imaging was performed by the same operator using a consistent scanning protocol, 

ensuring uniformity in image acquisition and reducing the need for inter-observer 

assessment at this stage. This standardization contributed to the consistency and quality of 



165 

 

the resulting images, making the segmentation and 3D reconstruction process more 

reliable. Inter-observer evaluation was not performed in the in-vivo study because 

standardization and single-operator acquisition were prioritized to minimize confounds in 

the first validation; a dedicated inter-operator reliability study is outlined in “Future Work.” 

In future work, although the application of automatic segmentation will reduce 

operator dependency (Renard et al., 2020), it would still be valuable to assess inter-operator 

reliability by allowing different clinicians to perform the ultrasound scans. The trained 

segmentation model could then be used to generate 3D reconstructions and compute 

kinematic measurements. Such an evaluation would help determine the robustness and 

clinical readiness of the proposed method under variable real-world conditions. 

7.2.6 General limitations 

Despite the methodological advances and promising results, several limitations of 

this thesis must be acknowledged. First, the initial reconstruction method was validated in 

vitro on isolated lumbar specimens, and its direct use in-vivo required adapting the 

workflow to a tracked ultrasound protocol. This limitation was addressed within the thesis 

by implementing and validating the tracked method in both in-vitro and in-vivo contexts, 

thereby demonstrating that the reconstruction and kinematic pipeline can operate under 

realistic measurement conditions.  

Second, the calibration procedures (temporal, pivot, spatial) are relatively long and 

complex, relying on multiple software tools and careful experimental setup. This 

complexity increases the risk of user error and may limit adoption in routine clinical 

environments. In this thesis, these issues were mitigated by strict standardization and by 

having all acquisitions performed by a single, trained operator. However, from a 

translational perspective, these calibration steps need to be simplified and integrated into a 

unified software environment.  

Third, segmentation procedure was a major bottleneck. High-quality 3D 

reconstructions currently depend on manual segmentation of numerous ultrasound images, 

which is time-consuming and operator-dependent. This limitation restricts scalability and 

makes large clinical studies difficult. The ongoing development of an automatic 
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segmentation pipeline based on U-Net is specifically aimed at addressing this issue by 

drastically reducing manual workload and improving consistency.  

Fourth, the entire workflow is operator-dependent, and this thesis did not include a 

inter-operator reliability study. While single-operator acquisition was a deliberate choice 

to minimize variability in this first validation, it also means that robustness to different 

users has not yet been demonstrated. A logical next step is to have multiple clinicians 

perform the scans using the same protocol and to use the automated segmentation and 

kinematic pipeline to assess inter-operator reproducibility. This will be essential before the 

method can be considered ready for broad clinical deployment. 

Finally, the range of motions and spinal levels investigated was limited. Flexion 

was studied as the primary motion, and only two vertebral levels (L4–S1) were analyzed 

in detail. Other motion directions (lateral bending, axial rotation as primary tasks) and 

additional levels of the lumbar spine remain to be assessed. Addressing these limitations 

will help to fully exploit the potential of ultrasound-based 3D kinematic analysis for 

characterizing both the magnitude and the pattern of lumbar spine motion in clinical 

populations. 

7.2.7 Future Work and Research Directions 

While this thesis has demonstrated the feasibility and validity of ultrasound-based 

3D reconstruction for lumbar spine kinematics, several avenues remain for future 

development before the method can achieve widespread clinical adoption. 

First, although imaging protocols were standardized and performed by a single 

operator, future studies should evaluate inter-operator reliability. This step is essential to 

determine whether different clinicians can produce consistent reconstructions and 

kinematic measurements when using the same workflow. For example, intra- and inter-

rater reliability studies in ultrasound-based spinal imaging have been reported (Tozawa et 

al., 2022), but no work has yet addressed these aspects in the context of 3D segmentation 

and kinematic reconstruction. 

Second, to enhance clinical usability, the current system should evolve into a fully 

integrated platform that combines tracked ultrasound acquisition, automatic segmentation, 
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3D model reconstruction, and kinematic computation within a single interface. The 

software developed during this thesis provides a foundation, but additional improvements 

are needed to ensure real-time processing, intuitive design, and compatibility with clinical 

workflows. Comparable integration efforts exist, such as the PLUS toolkit (Lasso et al., 

2014), which provides an open-source framework for tracked ultrasound imaging and data 

acquisition, though it is not yet tailored for spine kinematic. 

Third, the application of deep learning for automatic segmentation should be 

extended and validated across larger, more diverse populations, including patients with 

spinal pathologies. This will allow testing whether pathological conditions (e.g., 

degenerative changes, scoliosis) affect segmentation quality and kinematic accuracy. 

Public datasets such as LUMINOUS (Belasso et al., 2020), which contains ultrasound 

images of the lumbar multifidus, have enabled algorithm development in healthy 

populations, but equivalent resources for pathological cohorts remain absent. 

Fourth, beyond the lumbar spine, further investigations should test the 

transferability of this method to other joints (e.g., cervical spine, shoulder, hip). Such work 

will help establish the broader clinical value of ultrasound-based kinematic analysis in 

musculoskeletal health. For instance, exploratory applications of tracked ultrasound have 

been reported for knee joint kinematics (Niu et al., 2024), suggesting feasibility of adapting 

the method to other regions. 

Finally, from a clinical translation perspective, prospective in-vivo studies are 

required to demonstrate the added value of this technique in patient assessment and 

rehabilitation. Such studies could determine whether segmental kinematic profiles derived 

from ultrasound can improve diagnosis, personalize treatment decisions, and monitor 

therapeutic outcomes in low back pain management. At present, no prospective in-vivo 

clinical study has tested this approach for the lumbar spine. 

Together, these directions outline a roadmap for transforming the method 

developed in this thesis from a validated experimental technique into a robust, user-friendly 

clinical tool. 
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7.3 Conclusion  

This thesis presented the development and validation of a novel ultrasound-based 

approach for analyzing 3D lumbar spine kinematics. The proposed method enabled the 

reconstruction of accurate 3D vertebral models from ultrasound images and supported 

precise measurement of intervertebral motion across all planes. 

To enhance clinical applicability, the workflow incorporated standardized imaging 

protocols, a custom Python interface for kinematic analysis, and is training a U-Net–based 

automatic segmentation pipeline. The method demonstrated strong validity and reliability 

in both in-vitro and in-vivo settings, captured age-related differences in spinal mobility, 

and showed good agreement with CT-based reference values. Furthermore, the approach 

was successfully extended to the shoulder joint, demonstrating its adaptability to other 

anatomical regions. Overall, this work established musculoskeletal ultrasound, combined 

with automation and tracking technologies, as a promising alternative for 3D motion 

analysis in clinical and research contexts. 
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