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Summary

Adult spinal deformity (ASD) comprises a wide range of three-dimensional (3D) malalignments
of the spinal column. Static two-dimensional (2D) radiographic image-based measurements
form the basis of current quantitative diagnosis, pre-operative planning and clinical
management in ASD. However, as perioperative complications for ASD patients remain
common, it is well-recognized that these 2D static assessments alone cannot objectively
quantify the full impact of spinal deformities and associated treatment on dynamic spine
function during daily life motor tasks. It is therefore mandatory to further investigate if an
improved understanding of 3D spinal kinematics in ASD patients has the potential to
complement current state-of-the-art diagnostics and clinical decision-making as they provide
an improved understanding of the dynamic spine function. Although several studies are
analyzing global posture during motion, there is still a need to get more detailed information
on the motion of the individual vertebral segments, i.e. spinal kinematics, during activities of
daily living in ASD.

To this end, the use of musculoskeletal (MS) computer models and multi-body simulations was
proposed to further advance our biomechanical understanding of the functional abilities of ASD
patients. While objective dynamic information originating from motion analysis has
revolutionized other orthopaedic fields, specific methodological issues are preventing a similar
evolution in ASD. Due to the combination of deformed vertebral geometry, spinal malalignment
and limited accessibility of sufficient vertebral anatomical landmarks, conventional methods
inherently fail to generate a computer model accurately representing a patient-specific spinal
deformity. Despite the expected potential of MS simulations in ASD, current models and
simulation techniques thus do not allow calculating intervertebral (IV) joint kinematics in
ASD, limiting biomechanical research and clinical advances. Therefore, the general objective of
this dissertation was to develop a modeling and evaluation platform facilitating the
measurement of spinal kinematics, and demonstrate its potential to improve our understanding

of pathological spinal kinematics during dynamic activities of ASD patients.

In chapter 1, we presented the first validated biplanar radiography-based method to generate
subject-specific MS models of ASD subjects. This method allowed the inclusion of subject-
specific bone geometries, the personalization of external skin marker locations and the
personalization of the 3D weight-bearing spinal alignment. The use of this new modeling

method enabled accurate IV kinematic measurements of ASD subjects, previously not possible.

In chapter 2 we quantified the reliability of spinal kinematics during a forward trunk flexion,
in terms of test-retest reliability and operator-dependent reliability. The results indicate that
operator-induced uncertainty has a limited impact on kinematic simulations of spine flexion,

while test-retest reliability has a much higher variability. Together with the performed
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validations of chapter 1, this chapter ensured the validity of the kinematic results, opening

perspectives for kinematic evaluation of ASD patients.

In chapter 3 we applied the developed workflow on a pilot population of fourteen ASD patients
and one control subject to measure IV joint kinematics during a maximal voluntary trunk
flexion motion. We then introduced novel metrics to comprehensively quantify effects of spinal
deformities on spinal kinematics during forward trunk flexion. These metrics were then used to
evaluate relations with routinely used, clinical spino-pelvic parameters, vertebral body
deformity, and self-reported health related quality of life (HRQoL). Our results indicated the
importance of motion strategies associated with static features of ASD as a prerequisite for
dynamic kinematic compensation. Furthermore, the complementary nature of the new dynamic
metrics to conventional measures was illustrated. Indeed, our pilot results agreed with the
growing awareness in literature that static alignment is not the sole driver of kinematic

compensation in ASD.

In chapter 4 we performed model-based evaluations of spinal kinematics during trunk flexion
before and after spinal fusion surgery in ASD, to evaluate changes in spinal kinematics. From
a methodological perspective, this first exploration of post-operative modeling and kinematic
simulations identified pitfalls regarding image-based modeling, skin marker protocols and model
assumptions. In addition we estimated, the effect of soft tissue artefact on skin marker-based
spinal kinematics. This chapter illustrated limitations and potential opportunities for the use
of subject-specific MS models in post-operative ASD patients for quantifying pre- to post-

operative spinal kinematic changes.

In conclusion, this doctoral thesis bridged an important methodological gap that previously
limited the use of MS models for the measurement of spinal kinematics in ASD. Furthermore,
the developments were used in pilot populations of ASD patients before and after spinal surgery
demonstrating their potential added value for evaluating dynamic features of the ASD
pathology. As such, on the long term, this project contributed to improving insight on
pathological spinal motion during activities of daily living and leads the way from the current
2D static patient assessment towards the integrated 3D functional evaluation of spinal

deformities.
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(zeneral introduction

“How will spine surgery impact my life? Will I still be able to put on my shoes, lift up my
grandchildren or work in the garden?’ After explaining the option of corrective spinal surgery
to the patient suffering from adult spinal deformity (ASD), orthopaedic spine surgeons are very
often confronted with these questions. While it is crucial to meet the patient’s concerns and to
clearly set their expectations, both the treating physician and patient struggle with the
complexity and uncertainty of predicting their post-operative functionality. Today’s advances
in medical imaging and computer technology have the potential to provide novel insights that
could lead to improved clinical assessment and even the prediction of the post-operative,
functional state of ASD patients using in silico techniques. This work aims to contribute to

that evolution.
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Anatomy and function of the spine

The spine or spinal column consists of a series of consecutively connected vertebrae. The
functional spinal unit (FSU, Figure 1) represents the mechanical unit between two consecutive
vertebrae. Articulation is enabled by the intervertebral disc (IVD), bi-lateral facet joints and
connective soft tissues (ligaments and muscles). However, to allow pain-free movement, the
spine must be balanced in both the sagittal and coronal plane (Kretzer, 2017). Besides the
protection of the spinal cord and nerve roots and provision of mobility, the spine also has an
important biomechanical role in maintaining postural stability. During normal daily activities,
the spine supports loads up to twice the body weight (500-1000N), during which spinal stability
must be maintained while transferring these loads to the pelvis. Although translational and
rotational movements in individual FSUs are limited, the summation of these movements along
the spine allows considerable range of motion (Boos and Aebi, 2008). This mobility is controlled
through complex interactions between passive (intervertebral joint stiffness and ligaments) and
active (muscles) stabilization of the vertebral segments. In this regard, the term kinematics
generally refers to the motion of objects. In the specific field of human biomechanics it is
typically used to describe a set of relative coordinates of body segments, representing the joint
angles, positions and velocities of (a portion of) the human body at a certain time instant. The
terms spinal or intervertebral (IV) joint kinematics are thus often used as collective nouns to
describe this relative motion at the FSUs of the thoracic and lumbar spine. Finally, the spine
also has an important role as center of mass balancer during non-spine specific movement, such
as stance or gait (Iorio et al., 2016; Schwab et al., 2006).

Superior
vertebra

Inferior end plate

FSU :;tervertebral
isc

Inferior
vertebra joint

Figure 1: Hlustration of a functional spinal unit (FSU). Although none of the vertebrae are geometrically identical,
they are grouped according to their location in the spine and show large anatomical similarities within these groups.
The upper seven vertebrae are called cervical, followed by twelve thoracic vertebrae to which the ribs attach. The
remaining five vertebrae are referred to as the lumbar vertebrae, connecting the sacrum to the thoracic spine. In a
FSU, the intervertebral disc (IVD) is positioned between the vertebral body endplates of consecutive vertebrae.
Together with the facet joints, formed through the articular processes, the IVD allows and constrains motion in the

FSU. (Image modified from Kushchayev et al. (2018) with permission.)
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Adult spinal deformity and its etiology

Adult spinal deformity (ASD) comprises a wide range of three-dimensional (3D) malalignments
of the spinal column, occurring in at least one anatomical plane or a combination of multiple
planes. They are typically associated with changes in both structure and function (Diebo et al.,
2019; Smith et al., 2013b).

Based on their etiology (Aebi, 2005), three major types of adult spinal deformities can be
defined: Type 1: primary/de-novo degenerative scoliosis (Figure 2), developing after skeletal
maturity; Type 2: adolescent idiopathic scoliosis (AIS, a spinal deformity in the coronal plane
presenting before the age of eighteen) that progressed in adulthood, Type 3: secondary
degenerative scoliosis (originating from other anatomical anomalies such as hip pathology, leg-
length discrepancy, metabolic disease or vertebral fractures; or having iatrogenic or
neuromuscular causes) (Ailon et al., 2015; Diebo et al., 2019; Kotwal et al., 2011). The majority
of the ASD patients suffer from degeneration of IV discs and facet joints (Ailon et al., 2015;
Youssef et al., 2013). De-novo scoliosis (Type 1), with a prevalence of 13% in adults aged <60
years and 36% in the >60 year group (McAviney et al., 2020), will be the topic of this

dissertation.

\ N

Figure 2: (A) Computed tomography (CT) 3D rendering of a female patient (75 years) suffering from a lumbar
primary degenerative scoliosis. Over time, asymmetric bone remodeling and vertebral loading, as can be clearly seen
in the (B) lumbar region, cause the spine to deviate from its normal alignment.

In type 1 ASD, (asymmetric) degeneration typically originates from the facet joints (facet
arthrosis) and IVD of one or more FSUs, which eventually leads to (asymmetric) changes in
its load-bearing function. These changes result in bone remodeling and instability of the affected

FSUs (Mc Donnell et al., 2007), which in turn even further increases the load-bearing changes,
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creating a vicious, progressive circle of further accelerated degeneration that also affects spinal
ligaments and paraspinal and trunk musculature, eventually inducing spinal instability!. This
bone remodeling will affect the shape of the vertebral body, which may ultimately lead to an
asymmetric collapse of the spine, or spondylolisthesis of the vertebral segments, causing a
progressive deviation from the healthy spinal curvature, initially at the level of the affected
vertebral segments (i.e. locally) but later at the level of the overall spinal curvature (i.e.
globally). In ASD, the degeneration of the IVD and facet arthrosis can cause a reduction in
IVD height, spondylolisthesis, rotatory dislocation, lateral listhesis and therethrough change
the global spine alignment resulting in reduced lumbar lordosis, increased thoracic kyphosis or

coronal scoliosis (Kotwal et al., 2011).

ASD is usually a progressive condition. It has different clinical presentations and may lead to
several impairments, such as axial back and leg pain due to lateral, central or foraminal stenosis
(Smith et al., 2009a), problems with maintenance of an upright posture (Barrey et al., 2011),
walking abnormalities (Gottipati et al., 2014) and postural compensation (Kretzer, 2017),
ultimately leading to decreased participation in daily life (Pellisé et al., 2014). Partly due to
this high variability of patient-specific deformities, a more detailed understanding of the impact
of ASD on the biomechanical function at a global level or at the local level of individual FSUs,
especially during dynamic motor tasks, is currently lacking in the literature. Nevertheless, it is
generally appreciated that, besides the anatomical changes in the local FSUs and their effect
on the global posture, ASD also considerably affects the spine’s dynamic behavior in terms of
spinal kinematics, kinetics (forces and moments at the joints) and muscle recruitment. As such,
these local changes can induce a secondary chain of compensations in the remainder of the

spine as well as in the lower limbs, pelvis or neck.

Pellisé et al. (2014) compared the overall impact of ASD in terms of physical functioning and
pain to other chronic disorders, such as osteoarthritis and congestive heart failure, and
concluded that the impact on quality of life (QOL) is much higher in the ASD population
(Pellisé et al., 2014). Reaching a prevalence of 36% in individuals aged above 60, ASD thus
poses a significant burden to healthcare systems globally. Due to an aging population and an
increased life expectancy, this prevalence is likely to increase even further (Ailon et al., 2015)
which makes ASD a significant health care issue and challenge. Several gaps in the assessment
and treatment of ASD, detailed below, are currently limiting an adequate addressing of this

health care issue.

Clinical assessment of adult spinal deformity and associated gaps

The diagnostic basis and routine clinical assessments throughout the care pathway for ASD,
consist of a physical and mental exam, including the assessment of the neurological system,

together with medical imaging; each further detailed below.

1 When a person’s spine loses the ability to maintain its pattern of displacement under normal loading conditions,
often associated with neurologic deficit, major deformity, and/or incapacitating pain, this is referred to as clinical
instability (Boos and Aebi, 2008; Reeves et al., 2007).
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Physical, neurological and mental health assessment

The physical exam typically includes a global deformity and balance assessment where the
main manifesting features of ASD, such as shoulder height differences, a rib hump, scoliotic or
abnormal lordotic or kyphotic curves, coronal or sagittal shifts in the trunk or pelvis, are
visually inspected. Additionally, an evaluation of possible neurological impairment is performed
to assess the sensory and motor neuron responses and reflexes. Besides the patient’s medical
history, their mental wellbeing is evaluated during anamnesis as ASD-induced functional
impairment is often associated with limitations in social function, appearance (e.g. hump back),
dissatisfactions, anxiety and depression (Verheyden et al., 2007). To better standardize this
assessment of physical and mental QOL, patient reported outcome measurements (PROMs)
are increasingly being used through standardized questionnaires, such as the Scoliosis Research
Society Outcome Questionnaire (SRS-22r) (Asher et al., 2003), Oswestry Disability Index
(ODI) (Fairbank and Pynsent, 2000), the Karnofsky Performance Scale (KPS) index (Mor et
al., 1984) and the Core Outcome Measures Index (COMI) (Mannion et al., 2016). Their primary
aim is to evaluate a range of aspects contributing to the patient’s self-reported, and therefore
subjective, health-related quality of life (HRQoL). However, besides these overall
subjective and qualitative exams, no objective and quantitative evaluation of the

functional abilities of the patient is performed (Clinical gap 1).

Medical imaging

Following the above-described qualitative functional assessment, the treating physician can use
medical imaging to confirm the diagnosis and, more importantly, quantify the type and severity
of the pathology. Medical imaging is indeed still considered the cornerstone for quantitative
clinical assessment in ASD (Diebo et al., 2019). More specifically, traditional radiographic (x-
ray) systems provide sagittal and/or coronal two-dimensional (2D) radiographic images and
are used to measure a set of parameters that quantify the spino-pelvic alignment, such as the
pelvic incidence (PI), lumbar lordosis (LL), pelvic tilt (PT) and sagittal vertical alignment
(SVA) (Figure 3) (Cho et al., 2014; Konieczny et al., 2013; Lafage et al., 2008; Smith et al.,
2013a). Today, these spino-pelvic parameters form the basis for ASD classification in terms of
the severity and type of structural spinal deformity and, based hereon, provide guidance in
clinical decision-making (Bess et al., 2013; Ilharreborde et al., 2008; King et al., 1983; Lawrence
G. Lenke et al., 2001). The SRS-Schwab classification (Schwab et al., 2013) is one of the most
established classification systems for ASD, providing an overview of the coronal description of

the curve in combination with specific sagittal measurements.
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Thoracic
Kyphosis

Sacral Slope

Figure 3: In the sagittal plane (A-D) the following spino-pelvic parameters are most often used to quantify the
spino-pelvic alignment of a patient: lumbar lordosis (LL), thoracic kyphosis (TK), sagittal vertical alignment (SVA),
pelvic incidence (PI), pelvic tilt (PT), sacral slope (SS), total pelvic angle (TPA), T1-spino-pelvic inclination angle
(T9-SPI variation also exists). In the coronal plane (E) a spinal malalignment is typically measured through Cobb
angles. (Images reused with permission. A-D from Buckland et al. (2016) and D from www.physio-pedia.com under

the Creative Commons Attribution 3.0 Unported license.)

Complementary to x-ray imaging, computed tomography (CT) can be used to provide more
detailed information on the structural deformity as well as a 3D visualization thereof. Besides
its use for diagnosis and pre-operative planning, CT can also be used per-operatively to navigate
and/or evaluate the placement of surgical instrumentation. Finally, magnetic resonance
imaging (MRI) allows analysis of soft tissue structures, including IVD space, adjacent muscles

and possible threats to the spinal cord (e.g. spinal stenosis) (M. Y. Wang et al., 2014).

While single-plane medical imaging, such as the traditional x-ray systems, indeed provide a
relatively low-cost, fast and often weight-bearing image of the patient, their 2D characteristics
inherently limit evaluating the 3D nature of the spinal malalignment in ASD. On the other
hand, the highly detailed 3D images from CT and MRI are expensive and subject the patient
to a high radiation dosage (CT). Additionally, the -typical- lying position alters the spinal
alignment compared to its more functionally relevant upright, weight-bearing, alignment and
can be experienced as painful over the duration of the acquisition (Salem et al., 2015; Smith et
al., 2017).

Advances in bi-planar? radiographic imaging, and more specifically the EOS Imaging System
(EOS, Paris, France), however, have recently allowed for the simultaneous acquisition of full-
body sagittal and coronal images (Figure 4A-B). Compared to traditional x-ray systems, its

slot-scanning collimators eliminate supero-inferior geometric magnification as the x-ray beams

2 Biplanar imaging is a form of stereoradiography (based on the principles of stereoscopy) where the two images are

taken perpendicular to each other (i.e. at an angle of 90°).
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move cranially to caudally in tandem with the detectors (Figure 4C). Importantly, the spatially
calibrated images allow to generate a 3D reconstruction of the spine (Glaser et al., 2012), thus
enabling conceptual extensions to the conventional 2D radiographic parameters (Kadoury et
al., 2007; Moke et al., 2020; Pasha et al., 2016; Pasha and Flynn, 2018). Furthermore, these
novel systems come with the additional advantage of a significantly reduced radiation dose.
This state-of-the-art imaging system is thus particularly useful to assess global spinal alignment
in ASD patients in a static, standing position, and to routinely follow-up on the treatment

effect of the patient’s posture.

Although the static images from these technologies allow to quantify anatomical
changes in the spine, they are not fully representative for the impairment an ASD
patient may experience during more dynamic activities of daily living. In summary,
the anatomical (i.e. static) aspects of ASD can nowadays be adequately objectified
in clinical practice, as opposed to the functional (i.e. dynamic) aspects that remain

undocumented (Clinical gap 2).

Figure 4: (A) The EOS Imaging system (EOS, Paris, France) is a novel biplanar radiographic imaging system. (B)
Tlustration of the imaging acquisition process. The two collimated, beams (purple) simultaneously move down in
tandem with the detectors. (C) Conventional radiography system (left) with a stationary point source and detector
results in geometric magnification, whereas the EOS Imaging System (right) has x-ray sources and detectors that
move in tandem, eliminating geometric magnification in the vertical direction. (Images with courtesy of EOS Imaging

and reused from Illes et al. (2012) with copyright permission from Elsevier.)

Clinical treatment and associated gaps

Treatment of ASD includes conservative and surgical interventions, both primarily aiming at
pain and disability reduction. Conservative treatment typically consists of physiotherapy
focusing on physical conditioning programs to reduce pain and improve function and quality
of life in ASD patients. While conservative alignment correction using braces is often considered
to correct the spinal curve for children and young adolescents (AIS), it is no longer a viable
option for adult patients due to skeletal maturity. Once conservative physiotherapy has been
exhausted, surgical techniques, such as decompression, spinal osteotomies, alignment correction
using instrumentation and fusion, are typically considered. In patients with de-novo
degenerative spinal deformity, i.e. the type 1 ASD that this thesis focuses on, surgical treatment

usually aims at correcting the sagittal plane deformity, and if possible correcting the scoliotic
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curve to prevent curve progression and reduce back pain, induce neural decompression and
optimize stabilization (Cho et al., 2014; Kretzer, 2017). Using surgical instrumentation such as
screws, rods (Figure 5) or cages, possibly in combination with vertebral osteotomies, bony
fusion of the vertebrae in the instrumented region is aimed for. Thus, following spinal fusion
surgery in ASD, the surgical fixation and the associated bony fusion, will prevent motion

between the fused vertebral segments.

Recently, large discrepancies have been documented between patient expectations and
outcomes observed post-operatively. Specifically, the pain reduction and functional
improvement after fusion surgery was anticipated to be much higher by the patient than he or
she experienced post-operatively (Ryu et al., 2021; Yoo et al., 2019). Although operative
treatments were reported to have satisfying effects on pain, disability, spinal alignment and
quality of life (Hassanzadeh et al., 2012; Smith et al., 2009b, 2009a; Turner et al., 2015), post-
operative complications and revision surgery remain common: 69.8% of surgically treated ASD
patients are affected by complications. More than half of these are major complications (55.9%)
that can occur either perioperative (<6 weeks: 47.7%) or delayed (>6 weeks: 52.3%) (Smith et
al., 2016). Revision rates after surgical correction of spinal deformity are also high, ranging
from 9% up to 35.6% (Ha et al., 2013; Pichelmann et al., 2010; Sanchez-Mariscal et al., 2014;
Scheer et al., 2013; Soroceanu et al., 2015).

Also, a large variation in surgical treatment planning exists, even between experienced surgeons
(Aubin et al., 2007; Majdouline et al., 2007; Robitaille et al., 2007). This is presumably due to
the complexity in decision-making for surgical planning. Associated herewith, and even more
importantly, also surgical outcomes demonstrate a large variability in terms of functional
performance and HRQoL (Faraj et al., 2017; Ryu et al., 2021).

Decision-making for surgical planning is typically based on multiple factors, such as age, type
of spinal deformity, risk of progression and the presence of pain, to try to account for the large
inter-subject variability in clinical presentation (Boos and Aebi, 2008). An individualized
surgical treatment plan is then established by determining the surgical approach, fusion levels
(i.e. the upper and lower instrumented vertebra), and choice of instrumentation and technique.
However, these decisions as well as the associated patient-specific realignment targets currently
rely on the expertise of the surgeon and the interpretation of basic biomechanical algorithms
derived from radiograph-based classification systems (Diebo et al., 2019). Strangely, although
a multi-level spinal fusion surgery impacts the effective mobility and thus the functionality of
the patient, these dynamic aspects are currently not taken into account in the decision-making.
Indeed, there is currently no clear consensus on an objective decision-making tree
nor on the treatment associated with optimal outcome (Orina and Berven, 2017).
Enhanced metrics for dynamic spine function, complementing current static
evaluations, could optimize surgical outcome and thereby decrease the currently

high complication and revision rates (Clinical gap 3).
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Figure 5: Coronal full-body
radiographic images of an ASD
patient (A) before and (B) after

spinal fusion surgery.
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Conclusion

As described above, current concepts for clinical assessment and treatment of patients with
degenerative spinal deformities structurally lack objective assessment of dynamic function.
Indeed, they are either based on dynamic but subjective (Clinical gap 1), or objective but
static assessments (Clinical gap 2). Although both are useful, most pain and discomfort for
ASD patients does arise during dynamic activities of daily living. This lack of objective dynamic
measures is believed to be closely related to the high complication rate of ASD surgery, and
more specific the lack of knowledge about how ASD and its treatment impacts the entire
locomotor function (Le Huec et al., 2014; L. G Lenke et al., 2001; Paul et al., 2015). This creates
a large discrepancy between, on one hand, the current mainly static determinants of treatment
and outcome assessments used by the treating physician, and on the other hand, the patient’s
outcome expectations regarding improvement in function and pain. In light of the currently
high complication and revision rates (Clinical gap 3), objective factors associated with
successful and unsuccessful outcomes should be identified to further improve surgical treatment,
(Diebo et al., 2014). Indeed, with regards to the functional aspects of the patient-
perceived quality of life, clinicians lack quantitative outcome measures that reflect

3D spine function that could complement insights from subjective PROMs.

While alterations in gait patterns have been investigating, reporting altered knee, hip an ankle
angles compared to healthy subjects and as well as changes before and after spinal surgery
(Kawkabani et al., 2021; Severijns et al., 2017; Yagi et al., 2017), these kinematic evaluations
are typically not including the affected spine. However, degenerative spinal conditions, such as
ASD, are known to be associated with aberrant kinematic behavior compared to healthy spines
(Hemming et al., 2018; Quint and Wilke, 2008; Widmer et al., 2019). It is therefore mandatory
to further investigate if an improved understanding of 3D spinal kinematics in ASD patients
can complement current 2D state-of-the-art diagnostics and clinical decision-making (Diebo et
al., 2018; Widmer et al., 2019) as they have the potential to enhance the understanding of

dynamic spine function.

In conclusion, quantifying 3D spinal kinematics in ASD during activities of daily living has
potential to enhance clinical decision-making and report treatment outcomes objectively
(MacWilliams et al., 2013). Advanced quantitative analyses of spinal kinematics in ASD could
then be used as a means to complement the quantification of the static spinal radiographic and
therefore 2D alignment by reflecting the dynamic impairment during activities of daily living
(Diebo et al., 2018). The following section will therefore provide an overview of the most

important techniques to measure spinal kinematics available today.
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Measuring spinal kinematics

Spinal kinematics are either evaluated in vivo, where voluntary movement is generated by the
subject’s muscle coordination, or in vitro, where external forces and conditions are applied to
a specimen (Oda et al., 2002; Panjabi et al., 1976). Within the category of in wvivo spinal
research, spinal kinematics have been measured both invasively and non-invasively, as further
detailed below.

A first in vivo and invasive technique studies spinal motion using bone-indwelling pins with
markers that are rigidly connected to the vertebrae of interest through their surgical insertion
(Figure 6A). Due to the invasiveness, only a limited number of studies have been performed.
They primarily focused on lumbar vertebral motion during spine flexion-extension, axial
rotation, lateroflexion and gait, and this in both healthy subjects and patients suffering from
chronic low-back pain (Dickey et al., 2002; MacWilliams et al., 2013; Steffen et al., 1997).
However, no studies to date documented spinal kinematics in ASD patients. Although this
approach is considered a gold standard for in wvivo 3D motion capture of individual spinal
segments, the ethical considerations and the risk of neurological complications make it typically

a very complex approach, unfeasible for use in larger cohorts.

As a second in vivo and less invasive alternative, dynamic radiographic imaging has been used
for evaluating spinal motion. Such studies have primarily focused on healthy subjects or
patients with low-back pain, while performing for example spinal flexion-extension, axial
rotation, lateroflexion or weight-lifting tasks (Figure 6B) (Breen et al., 2019; Li et al., 2009;
Wong et al., 2006; Wu et al., 2014; Zanjani-Pour et al., 2018). Although no percutaneous bone
pins are required, studies using dynamic (dual) fluoroscopy can also be considered invasive due
to the use of (harmful) radiation. Due to the high detail in radiographic imaging, these
techniques are also considered as gold standard for in vivo 3D motion capture of individual
spinal segments. However, due to the limited field of view of fluoroscopic systems, typically
only a small region of the (typically lumbar) spine is investigated. Additionally, the exposure
to radiation limits the use of (video)fluoroscopy for large study cohorts (MacWilliams et al.,
2013).
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Figure 6: Illustration of in vivo measurements making use of (A) indwelling bone pins (MacWilliams et al., 2013)
and (B) biplanar dynamic fluoroscopy (Wu et al., 2014) to measure accurate lumbar motion during movement.

(Images adapted with Copyright permission from Wolters Kluwer Health and Springer Nature, respectively.)

Non-invasive in vivo spinal measurements typically rely on skin-mounted sensor systems and
have been performed using, for example, inclinometers (Mayer et al., 1984), goniometers
(Mannion et al., 2004), surface topography (Degenhardt et al., 2020) and raster stereography
(Schroeder et al., 2015). However, they are limited to measuring global spinal alignment and
have not been able to measure detailed IV kinematics. Also, non-invasive medical imaging such
as MRI has been employed for measuring IV kinematics (Fujii et al., 2007). However, this
method is very costly and impractical and only allows for semi-dynamic evaluations (i.e.

separate acquisitions at discrete trunk positions).

Alternatively, in vivo spinal kinematics can also be measured non-invasively using marker-

based motion analysis (or optoelectronic motion analysis) (Boos and Aebi, 2008). In research
settings, marker-based motion analysis has emerged as a standard and routinely applicable tool
to quantitatively describe functional motion with the potential to gain new insights on the
dynamic aspects of the human locomotor system. One of its important advantages compared
to the invasive techniques is its feasibility to allow routine, non-ionizing, measurements of the
human locomotor system. When using marker-based motion analysis, the subject’s movement
is recorded using an optical motion capture system tracking the 3D trajectories of retro-
reflective (passive) or LED (active) markers placed on the skin surface at specific locations
overlying specific anatomical bony landmarks of a given body segment (Leardini et al., 2005;
Lenke et al., 2001). The collection of the individual 3D marker trajectories throughout the
motion task is often referred to as motion capture (MOCAP) data. Several mathematical
approaches have been published to extract specific global spino-pelvic parameters (as previously
illustrated in Figure 3) from MOCAP data, such as rigid body rotations (Mousavi et al., 2018),
circle fitting (Schmid et al., 2016, 2015) or cubic polynomial fitting (Ignasiak et al., 2017), or
combinations thereof (Figure 7D). They have been validated for the assessment of global spinal

alignment in healthy and AIS subjects.
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Figure 7: (A) The marker protocol (which is a combination of the plug-in gait full body and an enhanced trunk
marker set (marker set from List et al. (2013)) using single markers placed on the spinous process (SP) of the spine.
(B, C) MOCAP data from which global spinal alignment changes during gait in AIS patients were estimated in
terms of spino-pelvic parameters (as defined in Figure 3), such as the thoracic kyphosis (TK) and lumbar lordosis
(LL) in the sagittal plane; and the thoracic (TC) and thoracolumbar (TLC) curvature in the coronal plane. (Figures
A-C modified from Schmid et al. (2016)). (D) Ilustration of three approaches to process MOCAP data into global
spino-pelvic parameters. The circle fitting approach separately fits circles to thoracic and lumbar segments, and
then calculates thoracic kyphosis (TK between T1-L1) and lumbar lordosis (LL between L1 — Sacrum) angles. The
polynomial fit uses a cubic polynomial curve to fit the markers, after which the angles between the normal to the
curve were calculated for TK and LL. Lastly, rigid body rotations consider the T1, T4, T5, T8, T9, T12 and L1
segments as separate objects each having their own reference system. (Images reused with copyright permission of
Elsevier. A-C from Schmid et al. (2016) and D from supplementary data of Mousavi et al. (2018).)
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Although global spinal alignment can be measured using these methods, the reason they have
thus far not been used to measure the 3D IV joint motions in ASD patients (as required in

response to Clinical gap 2), is twofold.

First, intervertebral movements typically present multi-directional rotations and translations.
However, to unambiguously determine the 3D position and orientation of a free-floating object
in space (i.e. having six degrees of freedom (DOFs) with a ground reference frame), at least
three non-collinear markers are required for the system to be fully determined. Additional
(sometimes referred to as ‘technical’) markers can be placed, to increase the number of markers
per segment in case of obscured visibility or generally to improve tracking accuracy. If a system
has more DOFs than can be traced, it is underdetermined and marker tracing cannot
unambiguously determine the position and orientation of the instrumented object.
Unfortunately, marker-based spinal motion analysis suffers from space restrictions on the back
as well as limited availability of palpable vertebral landmarks to which markers can be attached
on the skin. Typically, only the posterior part of the vertebra’s spinous process (processus
spinosus) can be easily palpated through the skin. Based on this anatomical vertebral landmark,
several full spine single-marker configurations or protocols have been developed (Figure 8). In
the context of this work, the term ‘full-spine’ refers to the sacrum, the five lumbar (L1-L5) and
twelve thoracic vertebrae (T1-T12), i.e. excluding the cervical region (C1-C7). For example,
the protocol illustrated in Figure 8A was applied in AIS subjects to estimate global spinal
curvature in static conditions (Leroux et al., 2000). Good accuracy and reliability with
intraclass correlation coefficient between marker-based curvature estimates and radiographic
images being 0.94 for kyphosis and 0.91 for lordosis angles were obtained. Alternatively, rigid
multi-marker clusters have been used to reduce the amount of undetermined DOFs in the
system (Figure 9). Indeed, by placing such clusters on the spinous processes, three markers can
be attached to one vertebra thereby defining its orientation and position. Although the use of
such marker clusters may seem -at least theoretically- a good solution to track the position of
individual vertebrae, its use on multiple adjacent vertebrae is less practical as these clusters
may physically contact each other during movement, thereby increasing movement artefacts
that interfere with the assumed fixed relation between the marker cluster and the underlying

anatomy.
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Figure 8: Illustration of previously developed marker protocols only using individual markers. (A) This protocol
was applied in AIS to estimate spinal curvature in static conditions (Leroux et al., 2000). (B) Schmid et al. (2015)
selected markers from a previously developed trunk marker set (marker set of List et al. (2013)), placed on the
spinous processes of C7, T3, T5, T7, T9, T11 as well as L1-L5. (C) Rather than placing markers on specific
anatomical landmarks, Rast et al. (2016) placed ten single markers equidistantly (each at 11% of the spinal length
between sacrum and C7) in a line connecting all spinal processes. (Images reused with copyright permission of
Wolters Kluwer Health and Elsevier. A from Leroux et al. (2000), B from List et al. (2013) and C from Rast et al.
(2016).)
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Figure 9: Examples of the use of marker clusters. (A,B) Three marker triads were used to capture spinal motion
during gait in healthy subjects (Konz et al., 2006; Needham et al., 2016). (C) Marker protocol used by Mousavi et
al. (2018) and Burkhart et al. (2020) consisting of rigid clusters with four markers each, attached over the palpated
T1, T4, T5, T8, T9, T12 and L1 spinous processes. (D) Papi et al. (2019) defined an upper and lower thoracic as
well as upper and lower lumbar region separated by three-marker clusters positioned horizontally over specific
landmarks. (Images reused with copyright permission of Wolters Kluwer Health, Open Access of the International
Society for Prosthetics and Orthotics 2016 and Elsevier. A from Konz et al. (2006), B from Needham et al. (2016),
C from Mousavi et al. (2018) and D from Papi et al. (2019).)

Second, soft tissue presence over palpable spinal landmarks hinders accurate and standardized
placement. Single markers -and even more marker clusters- require to be accurately placed -
and in case of marker cluster- oriented on the skin overlying the anatomical landmarks
according to an agreed marker protocol to obtain accurate kinematic data. However,
problematic palpation of anatomical landmarks and consequent marker misplacement has
already been reported by Schmid et al. (2015) in AIS subjects. Given the typically more severe

alteration in vertebral anatomies, we expect anatomical landmarks to be even more difficult to
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palpate in ASD subjects, thereby further amplifying the risk of erroneous marker positioning

with respect to the underlying anatomy.

In summary, it is practically infeasible to define an accurate marker protocol in ASD patients
that fully and accurately determines the position of each individual vertebra, i.e. having at
least three non-collinear markers that can be assumed accurately positioned with respect to
the underlying anatomy thereby creating a fully determined system. When this condition is
not met, i.e. there are more DOFs than can be traced with the applied set of markers, the

system is said to be underdetermined.
In silico

Using only marker-based motion capture, it is thus currently impossible to directly measure
3D spinal kinematics at the IV joint level in ASD subjects. However, as will be explained in
this section, in silico analyses allow to integrate a priori information of the ASD subject that
could enable measuring IV spinal kinematics. In silico herein refers to the use of computer
models driven by experimentally determined input to measure often difficult to obtain
information. A priori information could for example refer to the specification of kinematic
constraints that mathematically reduce the DOF's of the system and thus prevent unrealistic
intervertebral motions (Alemi et al., 2021). The most frequently used types of in silico models
in biomechanical research are Finite Element Models (FEMs) and Multi-Body Models (MBMs)
(Jalalian et al., 2013).

In spinal research, finite element (FE) studies describe musculoskeletal structures as deformable
objects aiming to evaluate stress-displacement and shear distributions of bone and soft tissues
with a high spatial and temporal resolution (W. Wang et al., 2014). The typical
computationally expensive computer simulations associated with the use of these models require
well-defined loading and boundary conditions to calculate spine kinematics and the associated
bony deformations. In spinal research, FE models typically study only a limited region of the
spine and have for example been used for in-depth analyses of vertebral stresses (Fagan et al.,
2002) and vibrational characteristics (Xu et al., 2017). Another important application relates
to the assessment of loads on surgical instrumentation that are otherwise difficult to measure.
Therethrough, instrumentation failures such as fractures (Wui et al., 2020) or screw loosening
(Guvenc et al., 2019) can be investigated in ASD. Additionally, FEMs have also been applied
for pre-operative spinal surgery planning (Roth et al., 2021). Nonetheless, they are not preferred
for analysis of large musculoskeletal systems (as used in for example lower limb gait analysis
or in this case a large amount of consecutive vertebral segments) due to limitations concerning
the significant computational burden (Ghezelbash et al., 2017), numerical instabilities (Zhang
et al., 2019) and the requirements for well-defined loading and boundary conditions. To in vivo
evaluate larger regions of or the full-body locomotor system during activities of daily living

such as gait, staircase walking, sit-to-stance, etc., MBMs are recommended over FEMs.

MBM or rigid body modeling indeed allows to describe the motion of and load on the non-
deformable (i.e. rigid) segments using recorded MOCAP data as input. Belonging to the MBM

class, a musculoskeletal (MS) model is a mathematical representation of the skeletal and
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muscular anatomy of a person. Herein, each body segment? is represented by a mass, a center
of mass, inertial and dimensional (scaling) properties and a 3D geometry. In a chain-like
structure, each body segment is connected to one or more adjacent segments through a joint
that describes the kinematics of the associated DOFs. As suggested by the term MS model,
these models can also contain a definition of the muscular geometry and force generating
capacity, however this is outside the scope of this dissertation. In this dissertation, we will use
the term ‘model’ to refer to computer models representing the anatomy of a person. When a
computer model is used to perform an in vivo measurement, it is often also referred to as an in

silico measurement.

It’s imperative that the appropriate MS model is selected and that its complexity is in
agreement with the demands of a specific research question (Hicks et al., 2015). To that end,
a large set of generic MS models have been made available. For example, the SImTK repository
(simtk.org) of the OpenSim simulation software (S. L. Delp et al., 2007), an open-source
platform for multi-body analyses of biomechanics, and the repository of the AnyBody System
(AnyBody Technology A/S, Aalborg, Denmark) (Damsgaard et al., 2006) contain a number of
available models. These models are typically build upon previous versions of a model or are

based on combinations with other available models (Favier et al., 2021).

The largest portion of available MS models are developed for lower limb research and therefor
simplify the spine as one rigid segment without IV joints (e.g. Gait2392 (Figure 10A) (S. L.
Delp et al., 2007)). Hence, they do not allow estimating IV joint motion. Alternatively, the
spine has also been represented as a chain of vertebrae (de Zee et al., 2007; Han et al., 2012;
Christophy et al., 2012; Bruno et al., 2015, Vasavada et al., 2018), where individual vertebrae
are modeled as rigid bodies connected cranially and caudally by a joint (Jalalian et al., 2013),
thereby constraining the system and allowing more detailed and physiological analyses of spine

motion.

Focusing first on the generic spine models available in OpenSim, the ‘constrained lumbar
models’ are a set of detailed spine models, developed by Christophy et al. (2012). Three
implementations of this model exist (Lumbar4, Lumbar210 and Lumbar238 model), with the
number indicating their increasing number of muscles (Figure 10B). In these three models, the
IV joints at the lumbar region are defined as spherical joints thus allowing three rotational
DOFs (flexion-extension (FE), lateroflexion (LF) and axial rotation (AR)). A distribution of
motion over all lumbar segments is assured through the integration of kinematic constraints
that ensure the linear distribution of the overall (or global) lumbar spine motion over the
individual five lumbar vertebrae based on ratios previously reported by Christophy et al.
(2012). The kinematic constraints thus eliminate the DOFs at each local IV joint, giving the
lumbar spine a total of three effective DOFs for global motion. Unfortunately, the thoracic

spine and the ribcage are modeled as one rigid body attached to a single vertebra, limiting its

3 The term ‘body segment’ is used rather than ‘bone’ as multiple bones can be grouped together in a rigid ‘body
segment’ to reduce model complexity when motion between the individual bones is not relevant for the research

question.
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use for full spine motion analysis. The ‘enhanced’ model of Senteler et al. (2015) combined the
above model with a neck model (Vasavada et al., 1998) and upper extremities (Holzbaur et al.,
2005) (Figure 10C). Furthermore, the joint constraints are replaced with linear, 6-DOF bushing
elements representing stiffness at the IV joint levels to allow relating forces and moment to
displacements and rotations at the IV joint. The ‘constrained lumbar models’, more specifically
the Lumbar238 model, was also extended into a fully articulated ‘thoracolumbar spine model’
(Bruno et al., 2015), where all IV joints (T1 to sacrum) are also modeled as spherical joints,
thus allowing three rotational DOFs: FE, LF and AR between consecutive vertebrae (Figure
10D). The model thus contains 54 DOF's for the pelvis, spine and neck with head. Also, 72
DOFs are included for the ribs, 6 DOFs for the sternum and 14 DOFs for the shoulder and
arms. This makes a total of 140 DOF's for the entire model. This model incorporates the cervical
spine (C1 to C7) and skull as one rigid object and therefor does not allow motion between the
individual cervical vertebrae and the skull. Several additional variations of these models have
been introduced in the literature, for example by combining spine models with lower-limb
models or modifying joint definitions (Actis et al., 2018; Kim and Zhang, 2017; Raabe and
Chaudhari, 2016). Beaucage-Gauvreau et al. (2019) modified the spinal range of motion and
the muscle parameters of the latter model, and validated this new model for estimating spinal
loading during lifting tasks in patients with low back pain. Very recently, a new full-body MS
model including a detailed implementation of the lower limbs and lumbar spine was developed
and validated for estimating muscle activations during a range of lifting tasks in healthy
individuals (Favier et al., 2021).
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Figure 10: An overview of the most important publicly available generic OpenSim models, relevant in the context
of this work. Intermediate developments or small variations on existing models (e.g. changes in muscle parameters
or constraint definitions) are not shown here. (Images reused with copyright permission. (A) from S. Delp et al.
(2007) through open access of IEEE, (B) from Christophy et al. (2012) through open access of Springer, (C) from
Senteler et al. (2015) with permission from Taylor & Francis (D) from Bruno et al. (2015) (image created in
OpenSim) and (E) from Raabe and Chaudhari (2016) with permission from Elsevier.)

Also within the AnyBody platform several spine models have been developed. In 2007, de Zee
et al. created a lumbar spine model, comprising of a pelvis/sacrum, five lumbar vertebrae and
a rigid thorax interconnected using three-DOF spherical joints (Figure 11A). This lumbar spine
model was the basis for further developments, such as the enhanced spine model of Han et al.
(2012). Compared to the model of de Zee et al., this model contains an improved definition of
muscles, ligaments, IV disc stiffness and intra-abdominal pressure. The thoracolumbar spine
model developed by Ignasiak et al. (2016) was modified to allow articulation in the thoracic
region, while the full-body model by Bassani et al. (2017) additionally added the extremities
(Figure 11B-D).
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Figure 11: Examples of the spine models in the AnyBody repository. The model by (A) de Zee et al. (2007) served
as a base model for the development of the models by (B) Han et al. (2012), (C) Ignasiak et al. (2016) and (D)

Bassani et al. (2017b). (Images reused with copyright permission from Elsevier.)

Independent of the modeling platform, MS models have been used to assess biomechanical
characteristics of the healthy spine up to the level of muscle and contact forces (Actis et al.,
2018; Bruno et al., 2017; Burkhart et al., 2017; Connolly et al., 2021; Raabe and Chaudhari,
2016; Rupp et al., 2015; Schmid et al., 2020a). Although such objective dynamic and functional
assessments could also provide a wealth of data to investigate locomotor function in ASD, these
techniques have, to the best of our knowledge, not yet been used to evaluate dynamic motion
in ASD. The use of dynamic movement analysis based on generic MS models for

investigating spinal kinematics in ASD patients is thus still unexplored.

Challenges for use of musculoskeletal models and simulation in adult spinal deformity

In general, MS models have been frequently used to evaluate (pathological) kinematics of the
upper and lower limbs (Anderson and Pandy, 2001; Borbély and Szolgay, 2017; Delp et al.,
1990; Kainz et al., 2016). This dissertation will focus on the ASD spine as this, generally
unexplored, field within MS modeling and simulation is faced with several new challenges,
described hereafter.

MS modeling and simulation have clear potential to provide information on the functional
ability of ASD patients (Briggs et al., 2007, 2006; Harrison et al., 2005) and thus may help
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responding to the above-defined Clinical gap 2. Indeed, as described before, the use of MS
models allows to integrate kinematic constraints interconnecting the articulating segments of
the spine. This allows to make estimations on IV joint motion (Alemi et al., 2021), not possible
through direct use of MOCAP (as described on p. 28). However, the use of generic MS models
in an ASD population poses an additional issue related to the representativeness of the model
to the subject.

Indeed, to ensure that estimations of IV joint kinematics are sufficiently accurate, MS models
should reflect the subject’s anatomy as closely as possible, especially in the case of pathology
(Scheys et al., 2008; Wesseling et al., 2016). Applied to ASD, the model should thus be
representative of the patient-specific spino-pelvic skeletal deformity. Therefore, the MS model

does not require musculature or inertial properties to estimate joint kinematics.

Generic models are commonly first scaled to the subject’s anthropometry using marker-based
ratios derived from a static pose recorded in the motion lab or a priori known scaling factors
(for example determined from measurements on medical images). Such marker-based scaling is
then achieved by calculating ratios between actual or experimental marker pairs and
corresponding virtual or model marker pairs (Figure 12) which are then applied to scale the
corresponding bone geometries. The real or experimental markers are the markers which are
attached to the subject’s skin, typically at standardized locations above anatomical landmarks.
The virtual or model markers are placed at the corresponding locations on the computer model.
During the scaling, the joint angles and positions are also accommodated to the recorded static
motion capture data to obtain a scaled model matching the recorded static pose. This step is

referred to as the scaling and initialization of the generic model.
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Figure 12: Tllustration of the marker-based scaling of a femur. (A) A generic model containing virtual markers
(pink). (B) A subject wearing actual (experimental) markers (white). (C) The femur segment is scaled using the
ratio of marker-distances determined in A and B. (Open use of images under the CC BY-SA license of Wikipedia.)
Thereafter, inverse kinematics estimates joint kinematics based on this scaled model and the
marker trajectories recorded during the motion. For example, in Lu and O’Connor (1999), an
optimization algorithm minimizes the difference between the experimental marker positions
(recorded as MOCAP data) and corresponding virtual model markers at each time frame. This
allows to obtain kinematic information on the relative joint orientations that is generally
difficult or not accessible in non-invasive in-vivo research. Although out of the scope of this
dissertation, subsequent to inverse kinematics, additional analyses can be performed based on
the MS model to obtain estimations of the kinetics and even muscle forces and consequent joint

loading underlying the recorded motion.

In healthy subjects, subject-specificity of generic models can indeed be achieved through scaling
of the spine and has been demonstrated to provide excellent reliability (Burkhart et al., 2020)
and posture estimates (Mousavi et al., 2018). However, as will be explained below, marker-
based scaling of generic models fails to correctly represent the spino-pelvic deformities of ASD

patients.

As mentioned, marker-based scaling requires the definition of marker pairs between which
scaling factors are determined. The markers from which the ratios are defined, should however

represent different anatomical landmarks, yet not span multiple joints. However, no marker
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model is currently available with multiple anatomical landmarks on each vertebra. This
prevents marker pairs to be defined without spanning more than one IV joint and consequently
individual vertebrae cannot be scaled. Secondly, the initialization of the ASD model in a semi-
static pose, represented by a set of joint angles and positions, cannot be reached unambiguously
in an underdetermined system (i.e. having more DOF than constraints). Alternatively, a
determined system, through the implementation of kinematic constraints, still fails to reach a
representative solution because (1) the generically defined constraints do not allow representing
pathological curves and (2) the optimization often suffers from the inaccurate marker placement

(described on p. 29) to correctly initiate the model.

‘ Insufficient amount of non-colinear, palpable, vertebral landmarks for the attachment of single markers on the skin

The use of marker clusters

‘ Unfeasable for every vertebra ‘

Placing marker clusters on selected vertebrae

||

‘ Underdetermined system ‘ | Inaccurate placement of markers

||

Using a MS model to add a priori information, thereby
constraining joints and creating a determined system

¥

Methodological gap: Generic MS models require to be scaled to the subject. However, marker-based scaling and
initialization fails, thereby creating an unrepresentative model of the ASD subject not usable for motion analysis

Figure 13: Schematic overview summarizing the different components leading up to the methodologic gap of this
dissertation.

In conclusion, the above two reasons invalidate the use of marker-based scaling of
generic models to accurately represent an ASD subject’s spinopelvic deformity and
therefor impede accurate in vivo measurement of IV kinematics (Methodological
gap) (Figure 13). Figure 14 illustrates the failing of the marker-based scaling and initialization

algorithm to create a representative model for an ASD patient.
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A: Marker protocol and MOCAP C: Initialized model D: Radiographic ground truth and SS model

B: Generic model with virtual markers

Figure 14: Failing use of a generic model in ASD subjects. (A) An ASD subject was instrumented with a
representative state-of-the-art spine-specific marker protocol (white dots in the picture) whose 3D position was
recorded using motion capture (MOCAP in blue). (B) Corresponding virtual markers were attached to the generic
spine model of Bruno et al. (2015a) as described in the marker protocol (pink). (C) Using OpenSim’s initialization
algorithm, the determined initial pose strongly diverges from (D) the patient’s actual spinal alignment in the

radiograph and the subject-specific (SS) 3D reconstruction.

Very recent work targeted a similar methodological gap for modeling in the AIS population.
Rather than making use of marker-based scaling approaches, radiographic imaging was used to
integrate the subject-specific alignment in generic MS models (Barba et al., 2021; Schmid et
al., 2020b; Shayestehpour et al., 2021). More specifically, the spinal malalignment of AIS
patients was transferred to a model using input parameters such as TK and Cobb angles (Barba
et al., 2021; Shayestehpour et al., 2021) or vertebral tilt angles and IV disc distances (Schmid
et al., 2020b) measured from biplanar radiographs (Figure 15). These models were then used
to evaluate trunk muscle strength and activity, and compressive forces (Barba et al., 2021;
Schmid et al., 2020b) or to perform simulations of deformation patterns aiming to evaluate its
evolution and pathomechanism (Shayestehpour et al., 2021). Even the effect of surgical
interventions on posture and spinal loading in static conditions has been investigated through
such models (Ignasiak et al., 2018a; Ignasiak, 2020; Kuai et al., 2019). However, the created
models have only been limited to theoretical simulations, referring to the use of prescribed
motion to the spine instead of using experimental data collected in the laboratory. To the
author’s knowledge, no work has been performed where subject-specific modeling was combined

with marker-based motion analysis in ASD.
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Figure 15: Illustration of recent work in subject-specific modeling in AIS through parameterization of the global
alignment of (A,B) Shayestehpour et al. (2021) and (C, D) Barba et al. (2021). (E) Ilustration of an anatomical
landmark-based measurement of the position and orientation of individual vertebrae in AIS patients (Schmid et al.,
2020b), building further on Bassani et al. (2017a). (Images reused with copyright permission from Springer Nature,

Elsevier and open access of Frontiers in Bioengineering and Biotechnology.)
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Conclusion

Clinical assessment (Clinical gap 1 and Clinical gap 2), surgical decision-making and outcome
evaluation (Clinical gap 3) in ASD are currently dominated by their overall subjective and/or
static character. While objective dynamic information originating from motion analysis has
revolutionized other orthopaedic fields, specific issues (Methodological gap) are preventing a
similar evolution in ASD. In summary, due to the combination of deformed vertebral geometry,
spinal malalignment and difficult accessibility (Gonnella et al., 1982) of sufficient vertebral
anatomical landmarks, marker-based scaling methods inherently fail to generate a model
accurately representing a patient-specific spinal deformity. In addition, palpation errors result
in inaccurate spinal kinematic simulations (Schmid et al., 2015). These inaccuracies are
expected to increase with the more aberrant anatomy associated with ASD causing further
complicating palpation of typically-used anatomical landmarks. As a result, generic models
combined with marker-based scaling and initialization are likely not representative for the
evaluation of spinal motion in ASD patients. In conclusion, despite the potential of
musculoskeletal simulations in ASD, current models and simulation techniques do
not allow calculating spinal kinematics in ASD, limiting biomechanical research

and clinical advances.
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Objectives

As described previously, the complication and revision rates of surgical treatment in ASD are
high. A possible cause is the limited insight in and inclusion of dynamic aspects in the clinical
evaluation, decision-making and outcome assessment (Clinical gap 3). Although several
studies are analyzing global posture during motion, there is still a need to get more
detailed information on the motion of the individual vertebral segments, i.e. spinal

kinematics, during activities of daily living.

To this end, the overarching hypothesis of this work is that MS computer models and multi-
body simulations allow to reliably measure spinal kinematics in ASD. Therefore, the general
objective of this dissertation is to develop a modeling and evaluation platform and illustrate
its potential to improve our understanding of pathological spine kinematics during dynamic
activities of ASD patients. As such, on the long term, this project aims at improving insight
on pathological spinal function during dynamic activities and lead the way from the current

2D static, towards integrated 3D, functional evaluation of spinal deformities.

As described previously, non-invasive, in silico, spinal kinematic measurements in ASD patients
using generic musculoskeletal models are currently not possible. Therefore, the aim of Chapter
1 is to (1) develop a patient-specific MS modeling method and associated marker protocol to
estimate IV joint kinematics; and, (2) validate the accuracy of this modeling method and the

accuracy of marker-based tracking.

Following the developments made in Chapter 1, the aim of Chapter 2 is to quantify how

reliable spinal kinematics can be assessed in ASD patients with the developed modeling method.

Chapter 3 aims to (1) introduce novel methods to comprehensively quantify effects of spinal
deformities on spinal kinematics during forward trunk flexion and (2) evaluate relations with
routinely used, clinical spino-pelvic parameters, vertebral body deformity, and self-reported

HRQoL in a pilot population.

Chapter 4 (Exploratory study) aims to evaluate the modeling and evaluation platform to
measure spine kinematics during trunk flexion before and after spinal fusion surgery in ASD,
focusing on (1) the changes in global spinal motion during maximal voluntary trunk flexion,

pre- and post-operatively, as well as (2) the vertebral (or local) motion of the unfused vertebrae.
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Abstract

Quantitative dynamic evaluation of spino-pelvic motion in subjects with spinal deformity using
optical motion analysis is currently lacking. The aim of this study was to develop and validate
subject-specific, thoracolumbar spine multi-body skeletal models for evaluating spino-pelvic

kinematics in a spinal deformity population.

A new workflow for creating subject-specific spino-pelvic models in a weight-bearing position
through computed tomography (CT) and biplanar radiography is described. As part of a two-
step validation process the creation of such a model was first validated against a ground truth
CT reconstruction of a plastinated cadaver. Secondly, biplanar radiographic images of one
healthy and 12 adult spinal deformity subjects were obtained in two standing positions: upright
and bent. Two subject-specific models for each of these subjects were then created to represent
both standing positions. The result of inverse kinematics solutions, simulating the specific
bending motion using the upright models, are compared with the models created in bent

position, quantifying the marker-based spino-pelvic tracking accuracy.

The workflow created spinal deformity models with mean accuracies between 0.71-1.59 mm
and 1.25-2.27° for vertebral positions and orientations, respectively. In addition, the mean
marker-based spino-pelvic tracking accuracies were between 3.1-5.0 mm and 2.9-5.6° for

vertebral positions and rotations, respectively.

This study presented the first validated biplanar radiography-based method to generate
subject-specific spino-pelvic, MS models that allows the inclusion of subject-specific bone
geometries, the personalization of the 3D weight-bearing spinal alignment with accuracy
comparable to clinically used software for 3D reconstruction, and the localization of external
markers in spinal deformity subjects. This work will allow new concepts of dynamic

functionality evaluation of patients with spinal deformity.
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Introduction

Static and two dimensional (2D) imaging-based measurements are the basis of current
quantitative diagnosis, pre-operative planning and clinical management in adult spinal
deformity (ASD) (Terran et al., 2013). Although operative treatments have satisfying effects
on pain, disability, spinal alignment, and quality of life (Hassanzadeh et al., 2012; Smith et al.,
2009b, 2009a; Turner et al., 2015), post-operative complications and revision surgery remain
common: a recent multicenter study indicated that 52.2% of the ASD patients suffered from
perioperative complications and 42.6% were affected by post-operative complications (Smith et
al., 2016). Revision rates after surgical correction of spinal deformity range from 9% to 35.6%
(Ha et al., 2013; Pichelmann et al., 2010; Sanchez-Mariscal et al., 2014; Scheer et al., 2013;

Soroceanu et al., 2015).

These high rates are believed to be partly due to the inherent failure of capturing the complete
spine functionality using 2D static radiographic evaluation measures (Moke, 2018). Similarly
to lower limb research (Scheys et al., 2011a; Wren et al., 2011), instrumented motion analysis
can complement current radiographic evaluations of the deformed spine to provide information
on functional biomechanical parameters, such as spino-pelvic kinematics and kinetics during
functional activities of daily living (Diebo et al., 2018), thus potentially improving its

treatment.

When using instrumented motion analysis, the movement of a subject is recorded using optical
motion capture systems tracking the three dimensional (3D) trajectories of reflective markers
placed on the skin surface overlying specific anatomical bony landmarks of a rigid body (in this
case individual vertebrae). A generic model, composed of multiple rigid bone geometries
connected by joints (S. L. Delp et al., 2007), is then scaled to the subject’s anthropometry
using a static pose. Thereafter, inverse kinematics (Lu and O’Connor, 1999), an optimization
algorithm minimizing the difference between the experimental marker positions and
corresponding virtual model markers at each time frame, provides the joint angles in the scaled
model. The trunk is often modeled as one single rigid body by current musculoskeletal models
(e.g. Gait2392_ Simbody (S. L. Delp et al., 2007)), thus limiting analysis of motion of individual
spinal segments. Alternatively, the spine has also been represented as a chain of vertebrae (de
Zee et al., 2007; Han et al., 2012; Christophy et al., 2012; Bruno et al., 2015), where individual
vertebrae are modeled as rigid bodies connected cranially and caudally by a joint (also referred
to as a functional spinal unit (FSU)) (Jalalian et al., 2013). Notably, a trunk model with a
detailed lumbar spine (Christophy et al., 2012) was developed in OpenSim, an open-source
platform for multi-body analyses of biomechanics. That model was further extended into a fully
articulated thoracolumbar spine model (Bruno et al., 2015), where the intervertebral (IV) joints
(T1 to S1) are modeled as spherical joints, thus allowing three rotational degrees of freedom
(DOFs): flexion/extension (FE), lateroflexion (LF) and axial rotation (AR) between adjacent
vertebrae. However, to the best of the authors’ knowledge, all currently available generic
models represent healthy, non-deformed spines and consequently these models have mainly

been used to estimate spino-pelvic kinematics, loading and muscle activation of healthy subjects
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(Bruno et al., 2015; Rupp et al., 2015; Wada et al., 2014; Xia et al., 2010; Bassani et al., 2019;
Ghezelbash et al., 2016).

Musculoskeletal models should be an optimal representation of the subject’s anatomy before
being used for instrumented motion analysis, especially in the case of pathology (Scheys et al.,
2008; Wesseling et al., 2016). Consequently, using generic models in a spinal deformity
population is currently problematic. In order to allow marker-based scaling, at least three
markers need to be placed accurately on predefined non-collinear anatomical landmarks on
each vertebra. However, due to the combination of deformed vertebral geometry, spinal
malalignment and difficult accessibility (Gonnella et al., 1982) of at least three vertebral
anatomical landmarks, marker-based scaling methods inherently fail to obtain sufficient
information to generate a model accurately representing a specific spinal deformity from a
healthy generic model. In addition, palpation errors result in inverse kinematics inaccuracies
for spinal motion simulations (Schmid et al., 2015) that are expected to increase with the
presence of spinal deformities due to the more difficult palpation of typically-used anatomical

landmarks in deformed vertebrae.

In contrast to the accepted image-based modeling workflows for lower extremities (Scheys et
al., 2008), image-based methods to develop de novo subject-specific models of subjects with
spinal deformities have not yet been reported in the literature. The increased use of low-dose
biplanar radiography (EOS Imaging System, Paris, France (Luo et al., 2015)) in spinal
deformities offers new opportunities to overcome the challenges associated with scaling of
generic models. The EOS Imaging System provides detailed three-dimensional (3D) information
on (aberrant) weight-bearing spines (Illes et al., 2012; Melhem et al., 2016) of subjects in an
upright standing position. As such, the imaged spino-pelvic alignment (i.e. the sacral, lumbar
and thoracic vertebrae’s relative positions and orientations) is more representative than with
the supine imaging modalities commonly used for subject-specific modelling such as magnetic
resonance imaging (MRI) or computed tomography (CT) (Brink et al., 2017). Additionally,
previous research has indicated the potential of biplanar radiographic imaging for the definition
of joints as well as the registration of external optical motion capture markers in relation to
the underlying rigid bones (Pillet et al., 2014). Therefore, the objective of this study was to
develop and validate a workflow for the construction of subject-specific models of subjects with
spinal deformities using biplanar radiography, and to evaluate the spino-pelvic kinematic

tracking accuracy of these models.
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Materials and methods

The generic thoracolumbar musculoskeletal model with spherical IV joints by Bruno et al.
(2015) was used in this study with the simulation software OpenSim 3.3 (Stanford University,
USA). To allow the use of a generic model for inverse kinematics analysis in an adult spinal
deformity subject, a personalization workflow, schematically represented in Figure 16, was
developed to obtain a model with subject-specific spino-pelvic bone geometries (from CT) and
alignment (from biplanar radiography).
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Figure 16: Workflow for creating a subject-specific spino-pelvic model. (1) The generic thoracolumbar (TL) model
by Bruno et al. (2015) is first modified by adding kinematic coupling constraints to accommodate for the marker
placement protocol. (2) Standard of care (SoC) CT segmented bone geometries are used to replace the generic bones
in the modified TL generic model. (3) These subject-specific (SS) bone geometries are manually positioned and
rotated, as to obtain the alignment presented in the biplanar radiographic images. From these images, the position
of the markers is also extracted. (4) The intervertebral (IV) joints are defined using a vertebral endplate mesh-
based method (further elaborated in Appendix 2).

Modified generic model

A new spinal marker placement protocol taking into consideration space limitations on the
vertebrae and subject comfort during functional task was developed based on a combination of
the marker protocols used in Needham et al. (2016) and Leroux et al. (2000). The resulting
marker protocol consists of six asymmetrical, 3D-printed marker clusters positioned on the
spinous processes of four thoracic (T1, T3, T7, T11) and two lumbar (L2 and L4) vertebrae.
In addition, single reflective markers are placed on the left and right, anterior and posterior,

superior iliac spine, on the sacrum and on T5, T9, T12 and L3 (Figure 17).
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Figure 17: (A) Marker placement protocol with zoom on the design of the 3D-printed marker cluster (circle). (B)
Posterior view of a subject-specific OpenSim-compatible skeletal model with placement of virtual markers (pink).
(C) Anterior view of the model where green vertebrae have a marker cluster, orange vertebrae have a regular marker

linked and red vertebrae are marker-free.

Linear kinematic coupling constraints were added to the generic thoracolumbar model (Bruno
et al., 2015) to estimate individual IV joint motion as applied in the lumbar spine models of
Christophy et al. (2012) and Beaucage-Gauvreau et al. (2019) and the cervical models of
Vasavada et al. (1998) and Cazzola et al. (2017). After 33 kinematic coupling constraints were
imposed, spine motion for the model was reduced to 24 DOFs. The kinematic coupling
constraint values (Table 1) are described in detail in Appendix 1. The original thoracolumbar
model by Bruno et al. (2015) combined with the described linear kinematic coupling constraints
is further referred to as the modified generic thoracolumbar model (available on SimTK

repository).
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Table 1: Parameters for each degree of freedom (DOF) used for the kinematic coupling constraints per functional
spinal unit (FSU). The kinematic coupling constraint values for the T1-T3, T3-T7 and T7-T11 groups (separated
with double lines) were based on monosegmental ranges of motion (ROM) reported by Wilke et al. (2017), assuming
linear relations. Kinematic coupling constraint values for the T11-L2 group were extracted from McDonnell et al.
(2016). Values for the L2-L4 and L4-Sacrum groups were based on Christophy et al. (2012) and Fujii et al. (2007).
(For more information see Appendix 1.) (Vertebrae in bold green indicate the presence of a marker cluster.)

FSU Flexion /extension Lateroflexion Axial rotation
T1/T2 0.629 0.544 0.553
T2/T3 0.372 0.456 0.447
T3/T4 0.257 0.269 0.258
T4/T5 0.225 0.242 0.230
T5/T6 0.260 0.243 0.252
T6/T7 0.258 0.246 0.261
T7/T8 0.222 0.231 0.253
T8/T9 0.253 0.240 0.259
T9/T10 0.280 0.279 0.272
T10/T11 |0.244 0.249 0.215
T11/T12 ]0.250 0.242 0.299
T12/L1 0.353 0.312 0.281
L1/L2 0.397 0.446 0.420
L2/L3 0.531 0.505 0.452
L3/L4 0.469 0.495 0.548
L4/L5 0.597 0.572 0.515
L5/Sacrum | 0.403 0.428 0.485

Personalization of spino-pelvic bone geometries

Although the biplanar radiographic imaging system comes with proprietary software (sterEOS,
EOS Imaging) allowing 3D reconstruction of pelvic and vertebral geometries, those 3D
reconstructions were not available for export and could therefore not be integrated in the
modified generic model. As alternative, for each subject, the pelvis, sacrum and individual
lumbar and thoracic vertebrae are segmented from standard-of-care full spine CT images
(BrightSpeed by GE Healthcare, at an inter-slice distance of 1.25 mm and a pixel size of
0.39x0.39 mm) using intensity thresholding, after which a surface wrapping algorithm is
applied, filling small defects (Mimics 19.0, Materialise NV, Belgium). Every low-resolution
generic body of the generic thoracolumbar model (Bruno et al., 2015) is then replaced with its
corresponding higher resolution subject-specific surface mesh through an iterative closest point-
based (ICP) registration procedure implemented in Meshlab (Cignoni et al., 2008), allowing to

maintain the generic segmental reference frame definitions.

Personalization of spino-pelvic alignment

A custom software tool was developed to determine the subject-specific spino-pelvic alignment
of the modified generic model with the inclusion of subject-specific spino-pelvic bone geometry
(Figure 18). The spatially calibrated biplanar radiographic images (EOS Imaging) can be loaded
into the software’s 3D environment. The modified generic model with subject-specific spino-

pelvic bone geometries is then placed into the software’s 3D environment, automatically
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creating contour-based digitally reconstructed radiographs (DRRs) for each bone segment
projected onto each 2D radiograph. It hereby takes the radiographic fan-beam effects into
account by using the direct linear transform principle (Abdel-Aziz, 2015) combined with the

intrinsic calibration parameters of the imaging system.
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Figure 18: Image of the modeling user interface in the custom modeling software. (A) The digitally reconstructed
radiograph (DRR)-based projection of the kinematic model onto the 2D radiograph. (B) The reflective markers,
enhanced with small metal beads, were manually indicated (red points). (C) The 3D environment allows interactive

manipulations and simultaneous visualization in panels A and B.

Next, the subject-specific 3D position and orientation of each bone segment is manually
determined by moving them through the software’s 3D environment until visual agreement of
the DRRs on both radiographic images. The simultaneous agreement of both 2D projections
on their respective radiograph plane, provides the 3D position and orientation of the bony
segment in question. Repeating this procedure across all vertebral levels of interest renders a

modified generic model with subject-specific spino-pelvic bone geometry and alignment.

Personalization of intervertebral joint definition

The IV joint centre as well as its rotational axes have to be defined in each functional spinal
unit (FSU) of the modified generic model with subject-specific spino-pelvic geometry and
alignment. Different conventions (Pearcy and Bogduk, 1988; Jalalian et al., 2016) exist but, to
the best of the authors knowledge, none of them have been validated for deformed vertebral
bodies, as typically present in spinal deformity subjects. Therefore, an extension to the generic
definition by Bruno et al. (2015) is adopted, where the centre of rotation is located at the
geometric centre of the IV disc and oriented along the axes of symmetry of the IV disc space
defined by the inferior and superior enclosing vertebral endplates. This definition was
implemented as a semi-automatic mesh-based procedure in the software, further detailed in
Appendix 2A.
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Subject-specific registration of external optical motion capture markers in relation to

the underlying bone geometry

A final level of subject-specificity involves registration of the subject-specific spino-pelvic model,
describing the underlying bone geometry and alignment, to the external optical motion capture
markers that were modified for this purpose. More specifically, 2 mm diameter iron beads were
inserted in the centre of reflective markers of the 3D printed marker clusters to prevent bone
and marker superposition or lack of sphericity (Pillet et al., 2014). In case of good marker
visibility, the edge of the marker was then delineated using at least five points in both
radiograph planes (2D), after which an ellipse fitting algorithm and 3D reconstruction provided
the 3D position of the markers. In case of limited visibility of the marker edge, the iron beat
was indicated instead. The obtained 3D position was then expressed in the associated bone
geometry’s reference frame of the personalized model (Figure 18B-C), overcoming the need for

a marker calibration procedure prone to palpation errors.

Validation of biplanar radiography-based spino-pelvic personalization

The above described workflow was applied on biplanar radiographic images from a plastinated
cadaver (male, age at death 94y, 60kg, 1.60m) with normal spinal alignment. Plastination
ensured the spino-pelvic alignment in the upright, weight-bearing position for the biplanar
radiography imaging to correspond to the supine position during CT imaging, thereby serving
as ground truth. A subject-specific model was developed using the workflow defined above,
while being blinded to the ground truth CT reconstruction. Using custom code (C#), the
accuracy of the reconstruction method was then evaluated by comparing the resulting 3D
position and orientation of each vertebra with the CT-based ground-truth. The position error
(mm) was the difference in the position of the origins of the individual vertebral reference
frames expressed in the pelvis reference frame, defined according to the ISB convention (Wu,
2002). The orientation error of each individual vertebral body was the difference between XYZ
Euler angles describing the difference in orientation between corresponding vertebrae with an

identically defined body reference frame.

Validation of the kinematic model

To determine the kinematic tracking accuracy of a subject-specific model created with the
described workflow, one healthy and 12 subjects representing varying degrees of spinal
deformity were recruited (mean age= 58.88 £ 13.96 years) after having obtained ethical
approval and informed consent (S58082). Subjects first underwent CT imaging (BrightSpeed
by GE Healthcare, with an inter-slice distance of 1.25 mm and a pixel size of 0.39x0.39 mm)
from T1 to pelvis. Thereafter, an experienced physiotherapist instrumented each subject with
reflective markers according to the aforementioned marker protocol. With the markers attached
to the subject’s body, two pairs of full-body images were then acquired in the biplanar
radiography system in two standing positions for each subject: 1) in the Scoliosis Research
Society free-standing position (fingers-on-clavicle variation) (Horton et al., 2005; M. Y. Wang

et al., 2014), referred to as the ‘upright’ position (Figure 19A); 2) in one single randomly ‘bent’
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position (Figure 19B) (left LF (six subjects), extension (three subjects), flexion (one subject)
and left AR (three subjects)), reaching either their maximal range of motion or the field of
view limit of the imaging cabin (whichever came first). Using the described spino-pelvic
personalization workflow, two skeletal models of the spine were created for each subject, one
for the upright position and one for the bent position (Figure 19C).

Upright position Bent position

il i

Aodel comparison

Figure 19: Coronal radiographic image of a spinal deformity subject in (A) upright position and (B) bent position
(here: left axial rotation) (C) Schematic of the modeling and kinematic error quantification procedure for a forward

bent position.

The extracted 3D marker positions from the bent position provided the input for an inverse
kinematics simulation (Lu and O’Connor, 1999) (OpenSim 3.3) to simulate the static bent
position using the upright model. The marker weight for the kinematic optimization was equally
distributed over the different segments (Appendix 3). The accuracy of this simulated bending
motion was evaluated by calculating the difference in position (mm) and orientation (degrees)
of each vertebra of the inverse kinematics solution with the model reconstructed for the bent

position serving as ground truth, identically expressed as above.
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Results

Validation of the custom software for spinal alignment reconstruction

The mean (standard deviation, SD) absolute position errors between the plastinated cadaver
and its corresponding subject-specific model were 0.83 mm (+0.67), 1.59 mm (+0.83) and 0.71
mm (£0.59), for the anteroposterior, mediolateral and inferosuperior directions, respectively.
The mean associated 3D distance error was 2.09 mm (+0.89). The mean (SD) absolute
(£1.25), 1.63° (£1.44) and 2.27° (£1.63), about the

anteroposterior, mediolateral and inferosuperior axis respectively. The largest position error

orientation errors were 1.25°

was noted at TH, measuring 3.55 mm in the anteroposterior direction, while the maximal

orientation error was 6.03°, at T10 about the inferosuperior axis (Figure 20).

A

Abs. Abs.
sagittal transverse Abs. 3D
orientation  orientation coronal distance Abs. M-L Abs. I-§ Abs. A-P

Body (°) (°) orientation (°) (mm) position (mm) position (mm) position (mm)
Lumbar 5 0.31 0.92 0.38 0.22 0.07 0.18 0.11
Lumbar 4 1.01 1.11 0.62 2.23 1.15 0.05 1.90
Lumbar 3 1.25 3.93 0.59 3.06 2.78 0.79 1.02
Lumbar 2 1.30 2.20 1.14 1:52 0.96 1.14 0.30
Lumbar 1 1.95 2.66 0.37 2.08 1.80 0.23 1.03
Thoracic 12 2.44 3.26 0.06 2.32 1.69 0.85 1.34
Thoracic 11 1.50 3.05 0.24 2.17 1.71 1.00 0.90
Thoracic 10 421 6.03 1.68 3.18 2.41 2.07 0.01
Thoracic9 0.02 0.86 1.38 1.68 0.88 1.40 0.27
Thoracic 8 0.33 1.03 2.53 0.80 0.56 0.57 0.08
Thoracic7 0.75 3.87 0.18 2.46 2.19 1.08 0.28
Thoracic 6 4.22 1.12 1.02 1.97 1.45 0.57 1.21
Thoracic5 433 4.27 0.90 391 3.55 0.28 1.63
Thoracic 4 2.25 2.44 5.20 2.98 1.43 1.46 2.17
Thoracic 3 0.43 0.04 1.22 1.67 1.60 0.18 0.46
Thoracic 2 1.20 1.37 1.40 1.62 1.24 0.20 1.02
Thoracic 1 0.18 0.39 2.41 1.60 1.57 0.05 0.32
Mean 1.63 2.27 1.25 2.09 1.59 0.71 0.83
SD 1.44 1.63 1.25 0.89 0.83 0.59 0.67
Min 0.02 0.04 0.06 0.22 0.07 0.05 0.01
Max 4.33 6.03 5.20 3.91 3.55 2.07 2.17
RMS 2.14 2.77 1.74 2.26 1.78 0.91 1.05
RMS of Glaser

etal. (2012) 1.19 191 0.76 1.26 0.51 0.89 0.87
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Figure 20: (A) The absolute position error values (in mm) for each vertebral level are expressed in the pelvic
reference frame. (M-L = mediolateral, I-S = inferosuperior, A-P = anteroposterior). The absolute orientation error
values (in degrees) were calculated with an intrinsic X-Y-Z (LF-AR-FE) sequence at segmental level between
corresponding vertebrae with an identically defined reference frame (rotation in the sagittal plane is along the
mediolateral axis, transverse plane = inferosuperior axis, coronal plane = anteroposterior axis). The last 2 rows
were added as comparison of the root mean square (RMS) values of this study and a similar study performed by
Glaser et al. (2012). (B) Overlay of the model of the plastinated cadaver created using the workflow of this work
(red), overlaid with its ground truth CT reference (green). (C) Coronal and sagittal point plots, where a green dot
is the position of the reference frame of the ground truth and red is the obtained position by using the workflow of

this work.

Validation of the kinematic model

In the 13 subjects, the mean (SD) vertebral tracking errors were 3.05 mm (£2.53), 3.66 mm
(£3.62) and 4.97 mm (+£4.10), in the anteroposterior, inferosuperior and mediolateral
directions, respectively. The mean (SD) rotational error was 3.54° (£3.25) along the
anteroposterior axis (LF), 5.31° (£3.79) along the inferosuperior axis (AR) and 2.92° (£2.29)
along the mediolateral axis (FE) (Table 2). Table 3 and Table 4 present the mean kinematic
errors grouped by executed motion and per subject with the addition of their radiographic

parameters, age and body mass index (BMI), respectively.
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Table 2: For every bone in the spino-pelvic model the mean (standard deviation; maximal) kinematic error in each

plane over all subjects was calculated. (M-L = mediolateral, I-S = inferosuperior, A-P = anteroposterior).

Mean (SD; max) absolute...

Sa.gittal. Tr.ansve.rse C(')ronal. M-L position error(I-S position error|A-P position error

orientation  error|orientation  error|orientation  error (mm) (mm) (mm)
Body ) ) ©)
Sacrum 3.98 (2.37; 8.96) [1.33 (0.92; 2.52) |1.84 (1.46; 4.33) [3.29 (2.69; 9.16) [9.46 (5.36; 21.61) [3.33 (3.13; 9.46)
Lumbar 5 2.55 (1.96; 7.52) |3.11 (1.67; 6.96) |3.13 (3.10; 8.51) [2.39 (1.70; 5.38) |3.06 (2.43; 8.70) [2.90 (2.36; 8.51)
Lumbar 4 3.11 (2.70; 9.18)  |4.00 (1.85; 7.52) |4.33 (3.81; 14.20) [3.10 (2.66; 10.22) |3.42 (2.90; 10.76) [2.44 (3.74; 14.20)
Lumbar 3 3.14 (2.42; 8.10) |4.41 (3.04; 11.03) |4.57 (3.89; 14.10) [3.45 (3.55; 13.53) |3.56 (3.82; 13.22) [2.27 (4.14; 14.10)
Lumbar 2 3.19 (2.55; 10.04) |5.82 (4.77; 15.43) |[5.32 (3.24; 11.13) [4.62 (4.26; 12.97) |3.46 (3.58; 13.40) [2.93 (4.21; 15.43)
Lumbar 1 2.00 (1.79; 6.42) |3.75 (3.86; 11.97) [3.96 (4.40; 16.94) 16.11 (4.04; 11.44) |3.19 (3.44; 13.19) [3.72 (4.44; 16.94)
Thoracic 12 [2.63 (1.90; 6.21) |5.66 (3.76; 13.77) |4.54 (3.60; 15.10) [6.75 (4.86; 16.85) |3.39 (3.49; 11.63) |3.74 (4.96; 16.85)
Thoracic 11 [2.36 (3.07; 7. 93) 6.60 (3.50; 13.47) |3.07 (3.85; 12.99) [7.22 (5.38; 18.27) |3.47 (3.53; 11.10) (3.38 (4.88; 18.27)
Thoracic 10 [1.64 (1.65; 5.61) |7.29 (3.69; 13.29) |1.77 (1.75; 6.40) [7.27 (6.03; 17.85) |3.43 (3.56; 11.21) [2.74 (4.74; 17.85)
Thoracic 9 [2.19 (1.58; 5.51) |8.75 (4.44; 17.13) |3.82 (2.58; 10.40) [6.76 (5.69; 16.85) |3.35 (3.68; 10.97) [2.88 (5.07; 17.13)
Thoracic 8  [2.41 (1.80; 6.79) |7.62 (3.81; 16.14) |2.56 (2.73; 9.25) [6.05 (4.85; 14.22) |3.76 (3.51; 11.10) [2.74 (4.47; 16.14)
Thoracic 7 [2.34 (2.17; 8.19)  |4.48 (3.09; 10.51) |2.23 (2.42; 9.35) [6.55 (4.06; 12.15) |3.54 (3.67; 11.65) [2.98 (3.41; 12.15)
Thoracic 6 [3.39 (2.61; 8.80) [3.76 (2.42; 8.11) |1.96 (2.28; 8.78) [6.22 (3.26; 11.46) |3.40 (3.47; 11.37) [2.94 (3.16; 11.46)
Thoracic 5 [4.03 (1.90; 8.30) |4.76 (2.50; 9.31) [2.81 (2.91; 10.69) [5.37 (3.02; 10.78) |3.31 (3.69; 11.30) (3.05 (3.26; 10.78)
Thoracic 4  [4.34 (2.81; 8.22) 99 (3.56; 14.72) |4.87 (3.66; 10.89) [4.82 (2.53; 9.86) [3.01 (3.11; 10.77) [3.66 (3.80; 14.72)
Thoracic 3 [3.04 (2.16; 6.87) |5.88 (3.55; 12.68) [4.22 (2.64; 8.84) [3.37 (2.31; 9.79) |3.15 (2.82; 8.70) |3.80 (3.35; 12.68)
Thoracic 2 [2.84 (2.46; 7.65) .38 (3.11; 9.80)  [3.51 (3.19; 9.02) |2.25 (2.23; 7.72) |2.66 (1.87; 5.70) [2.62 (2.86; 9.80)
Thoracic 1 [3.39 (2.14; 5.73) 55 (6.19; 19.64) [5.77 (3.54; 11.75) |3.04 (2.23; 7.23) [2.89 (2.13; 7.15) [2.62 (4.96; 19.64)
Mean (SD) [2.92 (2.29) 5.31 (3.79) 3.54 (3.25) 4.97 (4.10) 3.66 (3.62) 3.05 (2.53)

Table 3: The mean (standard deviation) kinematic error in each plane grouped by executed motion of the subjects.

(M-L = mediolateral, I-S = inferosuperior, A-P = anteroposterior, LF =

values above the total body average of its respective DOF (from Table 2) are indicated in bold.

lateroflexion, AR = axial rotation). Error

Perf.ormed Me?un (SD) abs. | Mean (SD) abs. | Mean (SD) abs. Mean (SD) abs. | Mean (SD) abs. | Mean (SD) abs.
motion sagittal transverse coronal . L. .
. . . . . . M-L position | I-S position | A-P position

(number of | orientation error | orientation error | orientation error

. . . . error (mm) error (mm) error (mm)
subjects) © © ©
Flexion (1) 2.05 (2.00) 3.77 (2.34) 4.27 (3.06) 3.93 (2.01) 3.53 (1.74) 1.51 (1.60)
Extension (3) | 2.63 (2.30) 4.51 (3.48) 2.56 (2.52) 2.36 (2.20) 2.84 (3.01) 2.50 (2.07)
LF (6) 2.73 (2.08) 5.71 (3.77) 3.35 (3.02) 5.04 (3.56) 2.43 (2.35) 3.18 (2.67)
AR (3) 3.91 (2.54) 5.87 (4.35) 4.73 (4.02) 7.97 (5.17) 7.12 (4.61) 3.90 (2.64)
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Table 4: Mean (SD; max) absolute kinematic error in each plane for every subject, combined with their radiographic evaluation parameterized by the pelvic tilt (PT), sacral slope
(SS), lumbar lordosis (LL), thoracic kyphosis (TK), sagittal vertical axis (SVA), pelvic incidence-lumbar lordosis mismatch (PI-LL) and coronal Cobb angle. PT, SS, LL, SVA
and PI-LL parameters were compared with normative values from Pratali et al. (2018): values exceeding the normative minimum-maximum range were indicated in bold. TK
parameters outside the healthy min-max range for a population of similar age (13° to 66° for ages 19 to 79 years) defined by Fon et al. (1980) were indicated in bold (none). The
coronal Cobb angles above 30° were indicated in bold to indicate a moderate to severe scoliosis. Kinematic error values above the total body average of its respective DOF (from
Table 2) are indicated in bold.

Subject 1 (healthy)|2 3 4 5 6 7 8 9 10 11 12 13
BMI 14.2 25.6 22.1 26.2 22.9 22.2 16.4 20.8 20.5 19.4 25.8 19.1 28.0
Age 61.5 51.4 69 52.7 1.7 60.3 59.6 65.5 75.3 19.3 46.9 70.2 62
Motion extension lateroflexion |lateroflexion |lateroflexion |lateroflexion [extension axial rotation |axial rotation |axial rotation |lateroflexion |lateroflexion |extension flexion

Radiographic evaluation

PT (°) 15.9 21.9 28.8 16.5 31.8 18.7 31.1 48.1 17.1 12.5 10.6 29.4 12.0
SS (°) 43.0 40.9 31.1 44.2 34.5 35.3 22.5 45.2 37.7 32.6 41.1 10.6 27.7
LL () 69.2 56.7 25.5 72.8 47 57.3 13 67.1 55 40.5 484 20.6 44.6
TK (°) 54.8 40.7 21.8 56.1 39.9 48.6 -13 41.5 35.1 33.8 49.3 59.1 51.6
SVA 1.1 25.1 91.6 11.8 38 -14 5.6 34.3 11.5 5.0 70.5 39.3 44
(mm)

PI-LL (°) [-10.3 6.1 34.4 -12.1 19.3 -3.3 40.6 26.2 -0.2 4.6 3.3 19.4 -4.9
Cobb (°) 0.5 45.3 62.7 57.8 85.2 44.2 79.8 69.5 34.5 50.1 49.6 31.7 33.1
Mean (SD; max) abs. error for each plane

sagittal 1.78 2.41 2.87 2.05 3.39 3.84 4.01 4.39 3.36 3.19 2.37 2.28 2.05

orientatio [(1.47;5.23)|(2.03; 5.62) |(1.95; 7.33) |(1.15; 4.21)[(2.26; 8.22) |(2.88; 8.96) |(2.49; 10.04)|(3.01; 8.80) [(2.12; 7.93) |(2.81; 9.18) [(1.80; 6.12) |(1.90; 6.87) |(2.00; 8.02)
n ()
transverse |2.45 5.17 6.78 3.71 4.91 5.41 7.50 4.42 5.50 5.10 8.39 5.68 3.77

orientatio |(1.65; 5.47)|(3.25; 12.98)|(4.14; 13.77)|(2.07; 7.44)|(3.57; 14.85)|(4.53; 17.13)|(3.95; 15.43)((3.59; 9.65) [(5.02; 16.14)|(2.87; 9.05) |(4.63; 19.64)|(2.81; 10.37)((2.34; 8.42)
n ()
coronal  |1.03 3.52 4.28 1.64 2.91 4.02 6.75 4.40 2.89 3.49 4.08 2.62 4.27

orientatio [(0.78; 2.77)|(2.47; 9.02) |(4.09; 15.10)[(1.77; 6.13)|(3.07; 11.75)|(2.99; 10.40)|(4.05; 16.94)|(4.28; 14.20)(2.77; 8.50) |(2.59; 8.54) |(3.20; 11.27)|(2.35; 9.54) |(3.06; 10.89)
n ()
M-L 1.50 2.91 7.12 4.05 1.88 3.62 7.96 8.41 7.56 5.98 8.17 1.97 3.93

position  [(2.03; 9.16)|(1.71; 5.37) |(4.16; 14.11)|(1.56; 6.79)|(1.36; 4.77) |(2.42; 8.21) |(6.60; 18.27)|(3.92; 13.35)|(5.00; 14.08)|(2.84; 11.27)|(3.74; 13.53)|(1.62; 6.17) |(2.07; 7.27)
(mm)
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I-S

2.08

1.19

2.49

1.17 1.88 4.36 8.26 11.58 1.71 1.77 5.93 2.09 3.53
position  [(1.49; 7.81)(1.51; 6.54) |(1.10; 4.33) |(0.80; 3.27)|(2.13; 9.53) |(4.56; 21.61)|(2.46; 12.97)((2.06; 17.43)|(1.81; 7.78) [(2.78; 12.13)|(1.28; 8.15) |(1.66; 7.48) |(1.72; 6.38)
(mm)
A-P 2.12 3.23 1.81 5.75 1.70 3.40 3.87 5.73 2.22 5.09 1.78 1.98 1.51
position  |(1.72; 7.52)|(2.71; 7.83) |(1.67; 6.45) |(3.39; 9.87)|(1.44; 5.08) |(2.77; 9.46) |(1.79; 6.71) |(3.23; 9.87) [(1.38; 5.00) |(2.02; 8.44) |(1.02; 3.54) |(1.20; 4.93) |(1.60; 6.19)
(tmm)
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Discussion

Instrumented motion analysis through multi-body modeling can complement current
radiographic evaluations of the deformed spine to provide information on functional
biomechanical parameters, such as spino-pelvic kinematics and kinetics during functional
activities of daily living, thus potentially improving its treatment. This study presented the
first method to generate subject-specific rigid body models for subjects with spinal deformity,
integrating subject-specific spino-pelvic bone geometry and alignment based on a modified
generic thoracolumbar model. The inverse kinematics solution of a bending motion (flexion,
extension, LF or AR) was evaluated using two static full-body biplanar radiographic image
pairs: the initial upright position and the randomized bent position. We obtained mean
kinematic errors between 3.1-5.0 mm and 2.9-5.3°, for the positions and orientations of
vertebrae, respectively. We compared our results to Zemp et al. (2014), who quantified the
sagittal curvature error associated with soft tissue artefacts of skin markers on the spine of
seven healthy subjects during upright sitting and a flexed/extended position. Interestingly,
these motions were performed in an open MRI system which, similar to our study, provided
both the baseline vertebrae-specific skin marker positions and the ground-truth vertebral
orientations for this evaluation. Although our study pertains to spinal deformity subjects, the
mean (maximal) sagittal orientation errors of the lumbar and thoracic segments obtained in
this study (2.842.3° (10.0°) and 2.9+2.3° (8.8°), respectively) were similar as those from Zemp
et al. (2014) who reported the following corresponding values: 2.5+2.7° (6.6°) and 1.1+2.9°
(9.1°). Given the paucity of the literature on the accuracy of skin marker-driven kinematic
evaluations using a spinal rigid body model, a more detailed comparison (i.e. both vertebral
position and orientation), also including pathologic subjects, was not possible. However, when
presenting the mean kinematic error grouped by executed motion (Table 3), above average
errors were noted in each DOF for the AR motion, indicating a lower vertebral tracking
capacity for this motion. Except for the overall below average kinematic error of the healthy
subject, Table 4 showed no apparent relation between the magnitude of mean kinematic error

and their respective severity of the deformity, age or BMI.

Five potential contributors to this spinal kinematic error can be identified. First, the values for
the kinematic coupling constraints added to the generic fully articulated thoracolumbar model
by Bruno et al. (2015) were based on healthy control subjects (Christophy et al. (2012), Fujii
et al. (2007), McDonnell et al. (2016), Wilke et al. (2017)), making them inherently inaccurate
in the case of spinal deformity subjects. In addition, these kinematic coupling ratio values are
based on experiments involving single-plane motion. Future work should evaluate the effect of

multiple plane motion on these kinematic coupling ratios.

Secondly, translational DOFs were not integrated in the IV joints, thus not representing true
physiological movement at the joints. Although the unique shape of each vertebra was
integrated in the IV joint definition to increase the subject-specificity of the model, the
kinematics appeared not to be very sensitive to imposed error in our IV joint definition method
in a small pilot study (Appendix 2B). Thirdly, as described by Leardini et al. (2005), all skin

marker-based kinematics suffer from soft tissue artefacts. The smaller orientation error in the
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sagittal plane is in agreement with Mahallati et al. (2019), who used statistical approaches in
healthy subjects to conclude that motions in the coronal and transverse planes are expected to
have substantially larger soft tissue artifacts compared to the sagittal plane. A fourth
contributor to the reported kinematic error is the manual localization of the reflective markers
on the biplanar radiographic images. The localization reliability is expected to be within 0.15
mm (Pillet et al., 2014). However, our newly proposed marker protocol has a modified marker
design, i.e. with small iron beats, providing an increased radiographic visibility, which can be
expected to further increase the reliability of localization. Lastly, although low, the results of
our plastinated cadaver study still show errors in both position (means between 0.71-1.59 mm)
and orientation (means between 1.25-2.27°) of the vertebrae. However, as the plastinated
cadaver was devoid of internal organs that normally occlude the spinal region, thereby
providing clearer images than those typically obtained in vivo; these errors may be larger in in
vivo subjects. Due to the unavailability of a standing CT acquisition system, regular in vivo
CT validation was precluded as ground truth as the associated supine position would have
introduced differences in spinal alignment with the weight-bearing position (Salem et al., 2015)
to be reconstructed from the biplanar radiographic images. In future research, the inter-and
intra-operator variability of this reconstruction should be further assessed. Glaser et al. (2012)
performed a similar 3D reconstruction validation using three phantom spines (a total of 51
vertebrae) which were reconstructed using the 3D spinal reconstruction software that
accompanies the biplanar imaging system (sterEOS, EOS Imaging, France) compared to their
CT-segmented reference. The corresponding root mean square (RMS) values are shown in
Figure 20A. The error values of the current study fall within the same range as those from
Glaser et al. (2012). Even if the error values calculated in the current study were based on a
reconstruction of 17 vertebrae compared to the 51 vertebrae of Glaser et al. (2012), our study
confirmed the larger difficulty to perform accurate reconstructions in the axial plane, based on

only coronal and sagittal radiographs.

Future efforts should be made to expand the study population and explore relations
between body anthropometry, spinal deformity, and resulting kinematic errors. Additionally,
the use of a deformable principal component analysis vertebral model is being investigated as
a potential alternative for the CT images with a high radiation dose. Improvements in modeling
could be made by automating the residual manual steps in the creation of the subject-specific
model (Aubert et al., 2019). In addition, subject-specificity could be expanded beyond reflective
marker positions, spinal geometry and alignment to also include subject-specific kinematic
coupling constraint values, joint stiffness, or muscle parameters to potentially further increase
the accuracy of musculoskeletal simulations. It should be noted that our kinematic accuracy
results may represent an overestimation of the accuracy of our subject-specific workflow
because of the absence of dynamic motion and the maximum trunk angle in the bent position

might have been limited due to the physical constraints of the EOS imaging system.

In conclusion, this is the first validated biplanar radiograph-based personalization
method that allows the inclusion of subject-specific bone geometries, the personalization of the

3D spinal alignment and the localization of the external markers in spinal deformity subjects.
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Comparatively to other available software, such as CT-or MRI-based personalization of lower
limbs (Scheys et al., 2008; Valente et al., 2017) where a de novo model is created, our method
allows to modify pre-existing generic models to the subject’s pathology, thereby avoiding
redefining generic definitions or parameters of the model. Furthermore, the developed biplanar
radiography-based personalization workflow is not restricted to the creation of spinal deformity
models but can be applied to any other anatomical region modeled as a rigid body model. Most
importantly, the use of these models in combination with motion capture data enables
kinematics analysis of a spinal deformity subject’s recorded motion, thus providing
opportunities to improve the current static 2D radiographic evaluation with in silico dynamic
parameters based on spino-pelvic kinematics. For example information about regional mobility
or compensation strategies in the spine could contribute to clinical decision-making and

treatment.
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Supplementary data of Chapter 1

Appendix 1: The application of joint constraints

1. Intervertebral joint motion

The modified model comprised eighteen bodies (twelve thoracic bodies, five lumbar bodies and
a sacral body [rigidly connected to the pelvis, so considered one body for simplicity|) with 108
degrees of freedom (DOFs) (Figure 21A). After the addition of seventeen spherical joints
between the vertebral bodies the system still has 57 DOFs (Figure 21B). Thereafter, the
remaining DOFs were further reduced by imposing linear kinematic coupling constraints. We
grouped the intervertebral joints in six regions: T1-T3, T3-T7, T7-T11, T11-L2, L2-14, L4-
Sacrum. Eleven 3D linear kinematic coupling constraints were added (Figure 21C), thereby
removing 33 DOF's and reducing the system to 24 DOFs. As shown in Figure 21C, the inferior
IV joint of each region is chosen as the independent coordinate. The calculation of these specific

kinematic coupling constraint values is explained below.

Free system Adding joints Adding joint constraints Adding marker clusters: 3 markers measure all
(108 DOFs) (-17*3 = -51 DOF's) (-11*3=-33 DOF’s) remaining DOF’s from that body (-(6%3)-6 =-24 DOF’s)
6 DOF's |I -3DOF's 1 -3 DOF’s
oo T2 | -300F% ’\.- T2 |-3DOFs
T3 6 DOF’s T3 -3 DOF’s T3 -3 DOF's
6D T4 -3 DOF’s T4 -3 DOF's
o [ -
’T‘ 5D T5 -3 DOF's T5 |-3D0Fs
T6 | 6D0F }:'rlsi -3 DOF's Te | 3DOFs
600 T7 -3 DOF’s -3 DOF’s
5 DOF 8 -3DOF's -3 DOF's
T9 ele T9 | -3 DOF’s -3 DOF's
T10 v TI0 | -300Fs -3 boFs T10
Ti1 - T11 -3 DOF’s -3 DOF's

o| ™
T12 D T12 -3 DOF’s -3 DOF's T1i2
[ -
L1 | 6DOF's L1 -3 DOF's -3 DOF’s 1
[
L2 6 DOF's L2 -3 DOF's - L2 -3 DOF's
[ -
6 13 -3 DOF's -3 DOF’s L3
. [ —
L4 D 14 -3 DOF's - L4 -3 DOF's
15 | 600Fs s | -3p0Fs I -3 DOF's < L5
e
Y e poF N 7 ~ . 7 5 7
A s 5 DOF B < C S/ D s oo
\/ N/ \\/,’ A4

A) The unconstrained system with 18 bodies. (B) The addition of 17 spherical joints (red spheres)
removes 51 DOFs. (C) Adding eleven 3D linear kinematic coupling constraints (purple arrows) between dependent
and independent DOFs removes 33 DOFs. (D) Motion at the remaining 24 DOFs in the modified model was

estimated using the marker set described in this manuscript (indicated with green spheres).

Figure 21:

—
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For the L2-L4 and L4-Sacrum groups

Table 5: Table representing the kinematic coupling constraint values for the L2-1.4 and L4-Sacrum groups. The
groups, bound by a segment containing at least 3 markers (either as a marker cluster or sufficient markers in case
of the sacrum rigidly linked to the pelvis, colored in green), are separated using a double line. Grey fields are unused
in the calculation of the groups of interest. The values for flexion/extension (FE) and lateroflexion (LF) were copied
from the publication of Christophy et al. (2012). The axial rotation (AR) components from Christophy et al. (2012)
were altered to better reflect the values of Fujii et al. (2007). Thereto, the original left and right axial rotations,
obtained using in vivo MRI, were averaged (i.e. the mean AR values Fujii et al. (2007)) and normalized over the

total AR ROM. The regional redistributed values are the normalized values relative to the regional intermediate

sum.
Flexion-extension (FE) Lateroflexion (LF) Axial rotation (AR)
Mean
AR
Normalized Normalized values
FE values | Regional LF  values | Regional Fujii et Regional
Christophy | intermediate | Regional Christophy | intermediate | Regional al. Normalized | intermediate | Regional
FSU etal.(2012) | sum redistributed | etal. (2012) | sum redistributed | (2007) | AR values sum redistributed
L1/ 0.2550 0.1880 1.2500 | 0.16234
/L3 0.2310 0.53103 0.2500 0.50485 1.3500 | 0.17532 0.44262
L3/ 0.2040 0.4350 0.46897 0.2452 0.49520 0.49515 1.7000 | 0.22078 0.39610 0.55738
/L5 0.1850 0.59677 0.1812 0.57197 1.7500 | 0.22727 0.51471
L5/ 0.1250 0.3100 0.40323 0.1356 0.31680 0.42803 1.6500 | 0.21429 0.44156 0.48529
Sum 1.0000 1.0000 7.7000 | 1.00000

For the T11-L2 group

Table 6: The values for flexion/extension (FE), lateroflexion (LF) and axial rotation (AR) were copied from the

publication of McDonnell et al. (2016). The procedure for the calculations was similar as described in Table 5.

Flexion-extension (FE) Lateroflexion (LF) Axial rotation (AR)

Mean  FE- Mean LF- Mean AR-

values Regional values Regional values Regional

McDonnell | intermediate | Regional McDonnell intermediate | Regional McDonnell | intermediate | Regional
FSU etal. (2016) | sum redistributed | etal. (2016) | sum redistributed | etal. (2016) | sum redistributed
T10/ 4.1912 4.4012 4.7905

/T12 | 3.7313 0.2497 4.1254 0.2425 1.9921 0.2989

T12/11 5.2761 0.3531 5.3073 0.3120 1.8735 0.2811
L1/ 5.9365 14.9439 0.3973 7.5794 17.0121 0.4455 2.7984 6.6640 0.4199

For the T7-T11, T3-T7 and T1-T3 groups

Table 7: The values for flexion/extension (FE), lateroflexion (LF) and axial rotation (AR) were copied from the

publication of Wilke et al. (2017). The procedure for the calculations was similar as described in Table 5.

Flexion-extension (FE) Lateroflexion (LF) Axial rotation (AR)
Mean FE- | Regional Mean LF- | Regional Mean  AR- | Regional
values Wilke | intermediate | Regional values Wilke | intermediate Regional values Wilke | intermediate Regional
FSU etal. (2017) | sum redistributed | etal. (2017) | sum redistributed | etal. (2017) | sum redistributed
/T2 6.87672 0.62854 5.87958 0.54408 6.21281 0.55303
T2/ 4.06411 10.94083 0.37146 4.92695 10.80653 0.45592 5.02137 11.23418 0.44697
/T4 3.80173 0.25678 5.60588 0.26867 5.82698 0.25752
T4/T5 3.33468 0.22524 5.05751 0.24238 5.19316 0.22951
T5/T6 3.85358 0.26029 5.06479 0.24273 5.70492 0.25213
T6/ 3.81521 14.80520 0.25769 5.13748 20.86566 0.24622 5.90179 22.62684 0.26083
/T8 2.80189 0.22247 3.70644 0.23138 4.76969 0.25345
T8/T9 3.19173 0.25343 3.84673 0.24013 4.88063 0.25935
T9/T10 3.52930 0.28023 4.47226 0.27918 5.12559 0.27237
T10/ 3.07144 12.59437 0.24387 3.99373 16.01917 0.24931 4.04282 18.81872 0.21483
/T12 | 3.56807 3.85081 3.32582
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Summary of kinematic coupling constraint values

Table 8: (A) Summary of the values obtained. (B) The lower FSU of each group is considered the independent
DOF having kinematic coupling constraint values equal to one (grey), the other FSUs in the group are the dependent
DOFs. In the definition of the model a linear relationship between the dependent FSUs and the independent FSU
was defined. Therefore, each of the values in A was converted as a fraction of its corresponding DOF of the
independent FSU.

T1/T2 0.62854 | 0.54408 | 0.55303 T1/T2 1.692060 | 1.193350 | 1.237274
T2/T3 0.37146 | 0.45592 | 0.44697 T2/73 1.000000 | 1.000000 | 1.000000
T3/T4 0.25678 | 0.26867 | 0.25752 T3/T4 0.996468 | 1.091173 | 0.987323
T4/T5 0.22524 | 0.24238 | 0.22951 T4/T5 0.874049 | 0.984436 | 0.879929
T5/T6 0.26029 | 0.24273 | 0.25213 T5/T6 1.010058 | 0.985852 | 0.966641
T6/T7 0.25769 | 0.24622 | 0.26083 T6/T7 1.000000 | 1.000000 | 1.000000
T7/T8 0.22247 | 0.23138 | 0.25345 T7/T8 0.912240 | 0.928065 | 1.179793
T8/T9 0.25343 | 0.24013 | 0.25935 T8/T9 1.039165 | 0.963192 | 1.207234
T9/T10 0.28023 | 0.27918 | 0.27237 T9/T10 1.149070 | 1.119819 | 1.267827
T10/T11 0.24387 | 0.24931 | 0.21483 T10/T11 1.000000 | 1.000000 | 1.000000
T11/T12 0.24969 | 0.24250 | 0.29893 T11/T12 0.628544 | 0.544285 | 0.711864
T12/11 0.35306 | 0.31197 | 0.28114 T12/11 0.888762 | 0.700233 | 0.669492
L1/1L2 0.39725 | 0.44553 | 0.41993 L1/L2 1.000000 | 1.000000 | 1.000000
L2/13 0.53103 | 0.50485 | 0.45161 L2/13 1.132353 | 1.019576 | 0.823529
L3/L4 0.46897 | 0.49515 | 0.54839 L3/L4 1.000000 | 1.000000 | 1.000000
L4/L5 0.59677 | 0.57197 | 0.51515 L4/L5 1.480000 | 1.336283 | 1.062500
L5/Sacrum | 0.40323 | 0.42803 | 0.48485 L5/Sacrum | 1.000000 | 1.000000 | 1.000000

2. Joint constraints during the inverse kinematic optimization

As described in the OpenSim documentation: [Quoted  from  https://simtk-
confluence.stanford.edu/display/OpenSim /How | Inverse + Kinematics + Works | “Inverse kinematics is solved by

minimizing the following least squares equation:

ma) 3 wfeosf@f+ 3 ofgv-a)

iEmarkers fEunprescribed coords ( 1 )

g,=q, forall prescribed coordinates ;

where g is the vector of generalized coordinates being solved for, x®P is the experimental
position of marker i, xi(q) is the position of the corresponding model marker (which depends
on the coordinate values), g is the experimental value for coordinate j. (The marker weights

(wi's) and coordinate weights (wj's).)”

In our case, the second part of equation (1) is zero as we have no prescribed coordinates during

the motion.

The documentation of OpenSim describes a coordinate coupler as followed [Quoted from https://simtk-
confluence.stanford.edu:8443/display /OpenSim24 /OpenSim+Models#OpenSimModels-KinematicConstraintsinOpenSim] : “A
coordinate coupler relates the generalized coordinate of a given joint (the dependent coordinate)
to any other coordinates in the model (independent coordinates). The user must supply a

function that returns a dependent value based on independent values.”

65


https://simtk-confluence.stanford.edu:8443/display/OpenSim24/OpenSim+Models#OpenSimModels-KinematicConstraintsinOpenSim
https://simtk-confluence.stanford.edu:8443/display/OpenSim24/OpenSim+Models#OpenSimModels-KinematicConstraintsinOpenSim

This means that for every joint kinematic coupling constraint, (dependent is a function of
Qindependent (1-€. Qdependent (Qindependent) ), Where Qindependent 18 a generalized coordinate relating its
value to a dependent coordinate (Qdependent). Referring to equation (1), xi(q) is the position of
the corresponding model marker which depends on q, the vector of generalized coordinates.
This vector g could be structured as followed (q1, q2, g3, q4(q1), as(q2), ge(as), q7(q1), as(qz),
qo(a3), qio, qi1...) if for example the value of the qs coordinate was related to the value of qi,
the value of the g5 coordinate was related to the value of qg, etc. Therefore, the minimization
of the experimental and virtual marker error is performed while respecting the relation between
both the independent and the dependent degrees of freedom. The kinematic coupler constraints

take precedence over matching the experimental marker positions.

In other words, the kinematic coupling constraints essentially act as gears connecting the
vertebra to determine the relative curvature of the spine by relating the motion of the
independent coordinate to the dependent coordinates. That is, when trying to match the marker
positions during IK, for every degree of rotation at the independent joint — in our example
below (Figure 22), this is the L1/L2 joint (as also defined in Table 8) - there is proportional
rotation at the dependent joints — T12/L1 and T11/T12 in our example below. Effectively, the
back gets more "rounded" as the model leans forward during flexion motion (Figure 22). For
every degree of rotation at the independent joint, there will also be rotation at all its dependent
joints. As such we would like to stress that the model is not computing a rigid total flexion
angle between T11-L2, and then distributing it between the vertebrae, i.e. a kinematic “top-
down approach”. Instead, the model is optimizing through a kinematic “bottom-up approach”
where the independent coordinate — in our example, the L1/L2 joint angles - solves the inverse
kinematics problem while simultaneously enforcing the constraints for the other vertebrae —
thus dictating the T12/L1 and T11/T12 joint angles higher up.

T11/T12 IVJ (dependent)

@

®e

¥ I
T12/L11VJ (dependent) X

L1/L2IVJ (independent) e .
(]
e ]

A. Static pose B. Flexed pose

Figure 22: Illustration of the way kinematic coupler constraints are used in the model during flexion for the example
region L2 to T11. (L1/L2 is the independent joint.)



Appendix 2
1. A mesh-based IV joint definition for F'SUs of spinal deformity subjects

After determining the relative positions and orientations of the vertebrae, the in-between
intervertebral (IV) joint has to be positioned and oriented. However, as explained in this work,
to the best of the author’s knowledge, no guidelines are available on how to do this in case of
strongly deformed FSU, as typically present in spinal deformity subjects. Therefore, a subject-
specific vertebral mesh-based method to position and orient the IV joint as symmetric as

possible to both endplates is proposed. For each FSU, the procedure below was applied.

First, the mesh of each vertebra was virtually cut out to isolate both enclosing vertebral
endplates of an FSU, together representing the bounding edges of this virtual IV disc (Figure
23). The geometric centre of this virtual IV disc determined the location of the spherical joint.
In order to obtain the orientation of the IV joint, the shapes of the isolated vertebral endplates

were used as follows:

1) Four anatomical landmarks, i.e. the most anterior, posterior, left and right lateral
points of the vertebral endplate as visualized in Figure 24, were manually indicated on
the inferior endplate, unless a certain landmark was unclear due to artefacts in the CT

segmentation*.

2) Using these four landmarks, a fixed endplate reference axis was placed as follows:
The most anterior and posterior landmark defined the anteroposterior (X) axis, pointing
anteriorly. Following the curvature of the endplate, the line connecting the outer left
and right landmark defined the orientation of the mediolateral (Z) axis, pointing to the
right. The inferosuperior (Y) axis was perpendicular to the already defined axes,
pointing upwards. The origin was placed in the geometric centre of the endplate mesh.
This definition was based on the ISB recommendations for defining the vertebral body
coordinate system (Wu, 2002).

3) Thereafter, a rigid iterative closest point (ICP) registration was performed fitting
both isolated endplates onto each other, thereby obtaining the transformation matrix
from the inferior to the superior endplate. The rotational components of this matrix
were divided by two and added to the fixed endplate reference axis to define the joint’s

axes of rotation (Figure 25).

* In case of not clearly visible landmark on the inferior endplate, the superior endplate was used and
half of the ICP rotation matrix was subtracted, instead of added, to obtain the orientation of the IV

joint.
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Figure 23: Vertebral endplates (green) enclosing the to-be-defined joint
were cut from the vertebrae (translucent), creating surface meshes

forming the upper and lower boundary of a virtual disc.

Figure 24: Ilustration of the four manually placed anatomical landmarks
on the superior (blue) and inferior (red) vertebral endplate, each, of the

third lumbar vertebra.

Figure 25: After obtaining the transformation matrix from a rigid
iterative closest point (ICP) transformation, fitting one mesh onto the
other, the IV joint (red axis) was oriented as symmetric as possible and

positioned in the geometric centre of the virtual IV disc.

2. Pilot testing the sensitivity of the IV joint definition on kinematic results

As the 3 DOF spherical IV joints used in our musculoskeletal model are simplifications of the
true six DOF IV joint, validation of this mesh-based IV joint definition method is difficult.
However to investigate the influence of error during the IV joint definition on the kinematic
results, a preliminary sensitivity analysis was performed on one of the subject-specific spino-
pelvic models (female, 60 years, 37 kg, 1.50m) in this study. The position of the IV joints,
relative to their respective inferior and superior vertebral geometries, was defined as explained
in Appendix 2A. The obtained model and the position of the IV joint is referred to as the

reference model and position, respectively.

Then, the position of the IV joint at level T10/T11 (arbitrarily selected) was perturbed.
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1) We defined a large volume around this reference position, further referred to as the
perturbation volume, which was mediolateral and anteroposterior defined by the outer
edges of the IV disc, and inferosuperior covering the thickness of the IV disc extending
to the mean centre of the superior and inferior vertebrae. The dimensions of the
T10/T11 FSU were measured on the CT-segmented vertebrae using Mimics 19.0
(Materialise NV, Leuven, Belgium), shown in Table 9. The dimensions of the

perturbation volume were defined as shown in Table 10.

Table 9: Manually determined dimensions of the T11/T10 FSU.

Mean distance (mm)
Mediolateral width of the IVD 33.62
Anteroposterior depth of the IVD 27.06
Inferosuperior thickness of the IVD 5.073
T10 inferosuperior vertebral thickness 20.89
T11 inferosuperior vertebral thickness 20.39

Table 10: Calculation of the perturbation volume. The outer dimensions of the T10/T11 FSU were divided
by two to obtain the single-sided range around the reference centre, and rounded up for ease of use and

ensuring the inclusion of the defined perturbation volume.

Axis calculation Rounded up single-sided range
around the reference centre
(mm)

Anteroposterior (X) 27.06/2 14.00

Inferosuperior (Y) (5.073 + AVG(20.89; 20.39))/2 13.00

Mediolateral (Z) 33.62/2 17.00

2) The perturbation volume was compartmentalized to four discrete steps on each side of
the reference centre (Figure 26), i.e. nine steps along each side of the rectangular
perturbation volume. Following the parameters of Table 11, 729 (i.e. 93) models were
created, where the IV joint position was perturbed filling the entire defined perturbation

volume.

Table 11: Discretization of the perturbation volume.

Axis Single-sided range | Number of steps on | Total Step size
around the reference | each side of the | steps (mm)
centre (mm) reference centre

Anteroposterior (X) | 14.00 4 9 3.50

Inferosuperior (Y) 13.00 4 9 3.25

Mediolateral (Z) 17.00 4 9 4.25
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Figure 26: Discretization of the perturbation volume. Along the defined axis and centred around the
reference position (green sphere), four steps were equally distributed (blue spheres). The entire perturbation

volume was filled, of which two positions (orange) are visualized.

3) Each of the 729 models was used to perform an inverse kinematic simulation (Lu and
O’Connor, 1999) of a seated forward flexion motion which the subject performed in the

motion lab wearing the markers as defined previously in this work.

Results
A. Absolute data

By means of illustration, the joint angles of the T10/T11 FSU in all three DOF are shown in

A 9°

T10_T11_FE

Figure 27.

Joint Angle (°)
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Figure 27: Overlay of 729 inverse kinematic results for the (A) flexion/extension (FE), (B) axial rotation (AR)
and (C) lateroflexion (LB) DOF for the duration of the executed forward flexion motion.

B. Relative data

The absolute difference between the inverse kinematic results using the 728 perturbed models
and the reference inverse kinematic result was calculated at each time interval. By means of
illustration, the maximal error for the flexion/extension DOF of the T10/T11 FSU is visualized
over de perturbation volume in Figure 28. The maximal errors for all DOF over the duration

of the executed motion is shown in Table 12.
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Figure 28: Illustration of the discretized perturbation volume, color-coded according to the maximal error
(here: 0,24°) of the DOF in question (here T10/T11 flexion/extension) where green is an absolute mean error
of 0° (reference position) and red is the maximal error occurring in this DOF.

Table 12: Overview of the maximal error for each DOF, color-coded according the error range (minimum:
0.09° (white); maximum 0.75° (red)).

Abs. maximal error (°)
Lateroflexio | Axial
Flexion/extension | n rotation
L5/Sacrum | 0.10 0.20 0.12
L4/L5 0.15 0.26 0.13
L3/14 0.09 0.44 0.16
L2/L3 0.11 0.45 0.13
L1/L2 0.16 0.23
T12/L1 0.14 0.53 0.15
T11/T12 0.10 0.41 0.16
T10/T11 0.24 0.50 0.17
T9/T10 0.27 0.57 0.16
T8/T9 0.25 0.48 0.21
T7/T8 0.22 0.46 0.20
T6/T7 0.11 0.25 0.26
T5/T6 0.12 0.27 0.25
T4/T5 0.09 0.25 0.23
T3/T2 0.11 0.28 0.25
T2/T3 0.12 0.56 0.14
T1/T2 0.20 0.67 0.17




Discussion and conclusion

We performed a preliminary sensitivity analysis on the IV joint position as a way to estimate
the influence of error on the kinematic results, similar to (Zander et al., 2016). The results
show an increasing error with increased forward flexion. The error of the kinematics of a
perturbation relative to the reference position increased with a further increasing distance from
the reference position. However, the obtained maximal error values (Table 12) of this pilot test
remained very low. In conclusion, the effect of imposed error on the position of the IV joint

was very small/negligible.

This pilot study should be extended with additional subjects and for multiple motions.
Additionally, it should be repeated in the form of a Monte-Carlo simulation wherein multiple
joints are simultaneously perturbed according to inter- and intra-rater determined uncertainty

parameters.

73



Appendix 3: Marker weights for inverse kinematics

Table 13: During the inverse kinematics optimization the weight of the markers was defined to be equally distributed
over the different segments. For example: the individual markers of the cluster on T7, each get a weight of 1/3. The

five markers on the pelvis and sacrum each get a weight of 1/5.

Identification of the reflective marker | Weight
T1, 0.333
T1: 0.333
T1; 0.333
T34 0.333
T3z 0.333
T33 0.333
T5 1.000
17 0.333
T72 0.333
T7; 0.333
T9 1.000
T11, 0.333
T11s 0.333
T113 0.333
T12 1.000
L2y 0.333
L2y 0.333
L23 0.333
L3 1.000
L4y 0.333
L4 0.333
L43 0.333
SACR (Midpoint of the sacrum) 0.200
LASI (Left Anterior Superior Iliac spine) 0.200
RASI (Right Anterior Superior Iliac spine) | 0.200
RPSI (Left Posterior Superior Iliac spine) 0.200
LPST (Right Posterior Superior Iliac spine) 0.200

74



Chapter 1

75






Chapter 2

Subject-specific spino-pelvic models reliably measure
spinal kinematics during seated forward bending in

adult spinal deformity

Thomas Overbergh!

Pieter Severijns®:2

Erica Beaucage-Gauvreau?!
Thijs Ackermanst

IIse Jonkers®

Lieven Mokel*

Lennart Scheys#

Published as:

Overbergh, T., Severijns, P., Beaucage-Gauvreau, E., Ackermans, T., Moke, L., Jonkers, I.,
Scheys, L., 2021. Subject-Specific Spino-Pelvic Models Reliably Measure Spinal Kinematics
During Seated Forward Bending in Adult Spinal Deformity. Front. Bioeng. Biotechnol. 9, 1-
11.

Affiliations:

Tnstitute for Orthopaedic Research and Training (IORT), Department of Development and

Regeneration, Faculty of Medicine, KU Leuven, Leuven, Belgium
?Department of Rehabilitation Sciences, KU Leuven, Leuven, Belgium
3Department of Movement Sciences, KU Leuven, Leuven, Belgium

4Division of Orthopaedics, University Hospitals Leuven, Leuven, Belgium

7


https://doi.org/10.1016/j.jbiomech.2020.109946
https://doi.org/10.1016/j.jbiomech.2020.109946
https://doi.org/10.1016/j.jbiomech.2020.109946
https://doi.org/10.1016/j.jbiomech.2020.109946




Abstract

Image-based subject-specific models and simulations are recently being introduced to
complement current mostly static insights of the adult spinal deformity (ASD) pathology and
improve the often poor surgical outcomes. Although the accuracy of a recently developed
subject-specific modeling and simulation framework has already been quantified, its reliability
to perform marker-driven kinematic analyses has not yet been investigated. The aim of this
work was to evaluate the reliability of this subject-specific modeling method to measure spine
kinematics in ASD patients, in terms of (1) the overall test-retest repeatability; (2) the inter-
operator agreement of spine kinematic estimates; and, (3) the uncertainty of those spine

kinematics to operator-dependent parameters of the framework.

To evaluate the overall repeatability (1), four ASD subjects and one control subject
participated in a test-retest study with a two-week interval. At both time instances, subject-
specific spino-pelvic models were created by one operator to simulate a recorded forward trunk
flexion motion. Next, to evaluate inter-operator agreement (2), three trained operators each
created a model for three ASD subjects to simulate the same forward trunk flexion motion.
Intraclass correlation coefficients (ICCs) of the range of motion (ROM) of conventional spino-
pelvic parameters [lumbar lordosis (LL), sagittal vertical axis (SVA), thoracic kyphosis (TK),
pelvic tilt (PT), Tl-and T9-spino-pelvic inclination (T1/T9-SPI)| were used to evaluate
kinematic reliability (1) and inter-operator agreement (2). Lastly, a Monte-Carlo probabilistic
simulation was used to evaluate the uncertainty of the intervertebral joint kinematics to

operator variability in the framework, for three ASD subjects (3).

LL, SVA, and T1/T9-SPI had an excellent test-retest reliability for the ROM, while TK and
PT did not. Inter-operator agreement was excellent, with ICC values higher than test-retest
reliability. These results indicate that operator-induced uncertainty has a limited impact on
kinematic simulations of spine flexion, while test-retest reliability has a much higher variability.
The definition of the intervertebral joints in the framework was identified as the most sensitive
operator-dependent parameter. Nevertheless, intervertebral joint estimations had small mean
90% confidence intervals (1.04°-1.75°).

This work will contribute to understanding the limitations of kinematic simulations in ASD

patients, thus leading to a better evaluation of future hypotheses.
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Introduction

Musculoskeletal (MS) models and associated simulations of motion are used to provide a better
understanding of the complex biomechanics of, primarily, the healthy spine (Beaucage-
Gauvreau et al., 2019; Bruno et al., 2015; Ignasiak et al., 2018). These simulation-based
approaches provide parameters that are otherwise difficult, or even impossible, to measure non-
invasively in vivo, such as intervertebral (IV) joint angles, IV disc loads (Bruno et al., 2017)
and spinal muscle forces (Burkhart et al., 2017). Indeed, in healthy subjects these MS models
have shown excellent test-retest reliability in terms of spine curvature estimation (expressed as
lumbar lordosis and thoracic kyphosis) (Burkhart et al., 2020). More recently, these MS models
and simulation-based approaches were introduced in pathological spine populations, such as
adult spinal deformity (ASD) (Overbergh et al., 2020) and adolescent idiopathic scoliosis (AIS)
(Schmid et al., 2016), to complement the current state-of-the-art mostly static assessments and
on the longer term improve the often poor outcomes of surgical treatments (Smith et al., 2016).
More specifically, a novel method based on biplanar radiography and computed tomography
(CT) was developed to create subject-specific spino-pelvic rigid body models that allows
inclusion of personalized spinal alignment, intervertebral joint definitions, and associated
virtual skin markers for ASD patients (Overbergh et al., 2020). The resulting subject-specific
models from this method can provide innovative, functional biomarkers of pathological spine
biomechanics. This novel modeling method circumvents the traditional marker-based scaling
step (Burkhart et al., 2020; S. L. Delp et al., 2007), which is applicable to healthy subjects,
but not suitable for subjects with a spinal malalignment due to the lack of sufficient a priori

information on the specific spinal deformity.

However, to improve the rigor and objectivity of the results prior to clinical interpretation, it
is imperative to verify the simulation results of modeling methods both in terms of accuracy
and reliability (Hicks et al., 2015; Schwartz et al., 2004). The accuracy of the above-mentioned
subject-specific biplanar radiograph-based modeling method, as well as its accuracy in

estimating spine kinematics, was validated previously (Overbergh et al., 2020).

Nevertheless, the subject-specific model creation method and the use of these subject-specific
models to evaluate spinal kinematics remain susceptible to variability from different sources of
errors and the impact thereof has not been investigated yet. Indeed, the creation of image-
based subject-specific spino-pelvic models requires operator-dependent manual inputs to define
virtual markers, spinal alignment, and IV joints (Overbergh et al., 2020), resulting in an
extrinsic variability on the simulation outputs (Schwartz et al., 2004). The reliability of these
operator-dependent inputs can be evaluated using an operator agreement analysis quantifying
the robustness of the kinematic simulation results to this extrinsic variability (Hicks et al.,
2015). In addition, the reliability of the kinematics of a subject is affected by intra-subject
differences in performing the motion (i.e. within- or between-session variability), categorized as
intrinsic variability (Schwartz et al., 2004). In relation to this intrinsic variability, the test-
retest reliability of spino-pelvic parameterization through marker-based polynomial fitting of a
sit-to-stance (STS) motion has already been investigated in an ASD population (Severijns et

al., 2020). Its performance was reported equally or even more reliable than conventional
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radiographic measurements (Severijns et al., 2020). However, the effect of these intra-subject
differences in combination with image-based subject-specific models has not yet been

investigated in an ASD population.

Specifically for biomechanical modeling and simulation research, the complex non-linear
interactions between input and output parameters often require an extension to the
conventional operator agreement analyses to obtain a representative range of output variability
and identify the aspects of the modeling method that have the highest/lowest impact on the
outputs (Hicks et al., 2015). Therefore, uncertainty analyses, such as Monte-Carlo probabilistic
simulations, are commonly used to assess the simultaneous impact of uncertainties arising from
multiple sources (Hicks et al., 2015; Myers et al., 2015). Monte-Carlo analyses allow
computation of sensitivity factors (e.g. correlation coefficients) to determine relations between
the input and output distributions (Hicks et al., 2015; Myers et al., 2015) to identify the
modeling components with a high impact on the output for future improvements. Thereto,
Monte Carlo analyses generate a large number of statistically probable variations of a baseline
model, consisting of randomly combined perturbations of the operator-dependent parameters
susceptible to uncertainty. These perturbations are sampled from a probability density function
representative of the actual variability of the operator-dependent parameters (Hannah et al.,
2017; Valero-Cuevas et al., 2003). The impact of these operator-dependent parameters on the
simulation outputs can then be translated into confidence bounds on the baseline output
(Ackland et al., 2012; Myers et al., 2015; Valente et al., 2014).

The aim of this study was to evaluate the reliability of a previously developed subject-specific
spino-pelvic modeling method (Overbergh et al., 2020) to measure spine kinematics in an ASD
population, in terms of (1) the overall test-retest repeatability and (2) the inter-operator
agreement of spine kinematic estimates; and, (3) the sensitivity of those spine kinematics to

operator-dependent aspects of the underlying subject-specific modeling method.

Materials and methods

Participants and data collection

Five participants (2 males (51 and 72 years), 3 females (62, 69 and 70 years)) with varying
degrees of spinal malalignment and one control subject (female) participated in this study
following ethical approval and informed consent (S58082) (Overbergh et al., 2020). All data
collection was performed in at the university hospital of Leuven (UZ Leuven, Belgium). All
subjects underwent CT imaging from T1 to pelvis (BrightSpeed by GE Healthcare, with an
inter-slice distance of 1.25 mm and a pixel size of 0.39x0.39 mm). Thereafter, an experienced
physiotherapist instrumented each subject with reflective markers according to the skin marker
protocol described in Overbergh et al. (2020). Full-body radiographic (x-ray) images were then
acquired using the biplanar radiography system (EOS Imaging, Paris, France), while the
subject was wearing the markers and adopted the Scoliosis Research Society free-standing
position (fingers-on-clavicle variation) (Horton et al., 2005; M. Y. Wang et al., 2014). When
the subjects arrived at the motion laboratory, they were asked to perform a maximal forward

trunk flexion from a normal upright seated position, while the trajectories of the reflective
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markers were recorded (100 Hz) using a 10-camera Vicon system (VICON Motion systems,
Oxford Metrics, UK). Four of the five ASD patients and the control subject repeated all data
collections, apart from the CT imaging, after an average two-week time interval (mean 14.2 +
9.9 days, 6-33 days). One ASD patient (male) was excluded for the second data collection due
to a surgical intervention, but remained part of the study because of a successful first data

collection.

Test-retest reliability

To test the repeatability of our workflow for spinal kinematic evaluation, we performed a test-
retest reliability analysis between the two repeated data collection sessions available for each
of the four ASD subjects (one excluded) and the control subject. Two subject-specific spino-
pelvic models were created by one single operator to prevent confounding inter-rater variability;
one for the initial data collection and one for the repeated data collection, respectively
(Overbergh et al., 2020). The resulting subject-specific spine models each consist of 18 bodies
(12 thoracic vertebrae, 5 lumbar vertebrae and a sacrum/pelvis body), interconnected by 17
spherical joints (each with three rotational degrees of freedom (DOFs)) and have a total of 28
virtual model markers each, corresponding to the retroreflective markers placed on the skin of
the subject (Overbergh et al., 2020). It should be noted that these aspects of the model (i.e.
bodies, joints and markers) all required input from an operator (Overbergh et al., 2020). The
maximal forward trunk flexion motion, recorded as three-dimensional (3D) marker trajectories
in the motion laboratory, was processed using Vicon Nexus 2.11 (VICON Motion systems,
Oxford Metrics, UK) and low-pass Butterworth filtered (6Hz). For each subject and each
session, the respective models were used to run an inverse kinematics analysis (Lu and
O’Connor, 1999) in OpenSim 3.3 (Stanford University, USA) (S. L. Delp et al., 2007) of the
corresponding forward trunk flexion motions. The kinematic outputs (i.e. 51 joint angles
ranging from L5/Sacrum to T1/T2) were time-normalized (to 100 frames) and noise reduction
was performed using a moving average filter with a three-frame width. The joint kinematics
(i.e. relative motion at the joint between two interconnected bodies) were converted to body
kinematics (i.e. absolute motion of a body expressed in the ground reference frame) to obtain
six common spino-pelvic parameters in the sagittal plane based on a-priori identification of
anatomical landmarks on the model: 1) lumbar lordosis (LL), 2) thoracic kyphosis (TK), 3)
sagittal vertical axis (SVA), 4) pelvic tilt (PT), and 5) T1 and 6) T9 spino-pelvic inclination
(T1-SPI, T9-SPI) (detailed in Appendix 1). The ranges of motion (ROM) of each of these
spino-pelvic parameters (defined as the absolute value of the difference between the start and
the end of the motion, Appendix 1) were used as an outcome parameter to determine the test-
retest reliability. This test-retest reliability was expressed as intraclass correlation coefficients
(ICCs) with a two-way random effects model for absolute agreement (ICC(2,1)) (SPSS 25, IBM
Corp. Armonk, NY). ICCs were classified as poor (ICC <0.40), fair to good (0.40-0.75) or
excellent (>0.75) (Shrout and Fleiss, 1979). Standard error of measurement (SEM) was

calculated as:

SEM = SDV1—1CC, (1)

83



with SD the standard deviation of the absolute difference relative to the mean output; and the
smallest detectable difference (SDD) (Shrout and Fleiss, 1979) as:

SDD = SEM x 1.96 V2 (2)

Inter-operator reliability

To assess the portion of variability of the modeling method on the kinematic results that can
be attributed to operator-dependent inputs (Overbergh et al., 2020), three operator-dependent
modeling components (and their associated parameters) were first identified (Figure 29): (A)
virtual markers (position parameters): the reconstruction of virtual marker positions requires
operators to identify and delineate retro-reflective markers on both biplanar radiographic
images; (B) bodies (i.e. vertebrae and pelvis) (position and orientation parameters): the manual
reconstruction of the 3D spinal alignment requires operators to match subject-specific vertebrae
projections on biplanar radiographic images until visual agreement; (C) joints (position and
orientation parameters): the IV joint definition requires operators to manually identify
anatomical landmarks on the bodies connected by these joints. This results in a total of 294
operator-dependent parameters [(28 markers x 3 DOFs) + (18 bodies x 6 DOFs) + (17 joints
x 6 DOFs)|.

ground

Figure 29: Illustration of the three operator-dependent parameters components. The position of the virtual markers
(pink sphere), the position and orientation of the bodies (yellow reference frame, x’y’z’) and the position and
orientation of the IV joints (yellow, green and red reference frame, x’’y’’z’’) are expressed in the ground reference
frame (black, xyz). Within the model, positions of virtual markers, bodies and joints, are expressed in the x
(mediolateral), y (inferosuperior) and z (posterior-anterior) directions. The orientations of the joints and bodies are
expressed around the x (flexion-extension, FE), y (axial rotation, AR) and z-axis (lateroflexion, LF) using an xyz

body-fixed sequence.

Three operators participated in this study. One operator (O1, four years of spine modeling

experience and developer of the modeling method), trained two additional operators (O2 and
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03 with six and two years of spinal research experience, respectively) on the required steps of
the modeling workflow through a dedicated manual describing optimal use of the custom
software. Next, radiographic data of a cadaver with known ground truth spinal alignment due
to plastination, was used for acquainting with and training in spinal alignment personalization
(Overbergh et al., 2020) (detailed in Appendix 2), followed by a final collective, quantitative
feedback session between the operators. Then, each operator created a subject-specific spinal
model of three randomly selected subjects (S1, S2 and S3, Figure 30) from the ASD group while
being blinded to the other operators. The models were created as described in the modeling
workflow of Overbergh et al. (2020), with the exception of segmenting the individual bones
from CT which was only performed by O1.

Figure 30: Illustration of the alignment reconstruction for the three subjects (S1 (female), S2 (male) and S3 (male))
by the three operators: O1 (green), O2 (yellow) and O3 (blue).

Inter-operator agreement

Each of the nine created models was used to perform an inverse kinematics simulation of the
subject’s corresponding maximal forward flexion motion to obtain the ROM values for the six
spino-pelvic parameters (LL, TK, SVA, PT, T1-SPI, T9-SPI). ICCs using a two-way random
effects model for absolute agreement (ICC(2,1)), SEM (Formula 1) and SDD (Formula 2) on

these outcome values were used to assess inter-operator agreement.

Monte-Carlo probabilistic simulation

We performed a Monte-Carlo probabilistic simulation analysis to quantify the distributions of
variations on simulated IV joint kinematics caused by operator variability, similar to the work
by Valente et al. (2014). First, a baseline model (S-base) was determined for each of the three
ASD subjects to avoid operator bias, by averaging the three operator-defined models (Figure
31A). These baseline models were considered as reference models to experimentally estimate
the variability of the 294 operator-dependent model parameters. The variations of these
operator-dependent components (marker, bodies, and joint) for the three models with respect
to its respective baseline model were pooled into histograms over all vertebral levels and
subjects, and separated by direction (x, y, z) for each parameter (position and orientation)
(Appendix 3). From these experimentally determined variability histograms, continuous
probability density functions were estimated (MATLAB, The Mathworks Inc., MA) (Appendix

3), and used as input to sample variations on the 294 operator-dependent model parameters
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(Figure 31B). This ensured statistically probable imposed perturbations according to a-priori
experimentally determined inter-operator variability. To create a perturbed model, a value was
sampled from the probability function for each operator-dependent model parameter and used
to vary the value of that parameter in the baseline model. For each subject, every variation of
the baseline model was then used to run an inverse kinematics analysis (Lu and O’Connor,
1999) (Figure 31C). The convergence criterion for the Monte-Carlo simulation was defined such
that the mean and standard deviation of all output variables (here: joint angles averaged over
the duration of the motion) over the last 10% of the simulations were within 2% of each final
mean and standard deviation (Appendix 4) (Ackland et al., 2012; Martelli et al., 2015; Valente
et al., 2013; Valero-Cuevas et al., 2003).

A Subject 1 Subject 2 Subject 3
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Figure 31: Schematic representation of the determination of the inter-operator reliability of subject-specific modeling.
(A) For each subject (S) a subject-specific model was created by each of the three operators (O). A baseline model
(S-base) was then created for every subject by averaging these three respective models. (B) The variability in the
operator-dependent parameters was calculated in relation to the respective baseline models, pooled together for all
vertebral levels and subjects, and separated by direction. (C) In the Monte-Carlo probabilistic simulation, variations
on the baseline model were created by imposing statistically probable error combinations on the operator-dependent
parameters and then used to perform inverse kinematic simulations until the convergence criterion on the output
variables (i.e. the joint angles) was reached. (D) The joint angles (X; with i=1...51) were then expressed relative to
the joint angles of the corresponding baseline model (Xj, pase) and time normalized (t%). to—max represents the time

instance of maximal variance.
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Operator-dependent input parameters

After assessing normality of the parameters of the model components (position and/or
orientation of markers, bodies, joints), kernel functions were consistently used to estimate all
distribution functions from their respective histograms (Distribution Fitter, MATLAB, The
Mathworks Inc., MA) (Appendix 3). To assess the variation of the operator-dependent inputs
in the modeling method (markers, bodies and joints), we used the absolute value of the
difference between each of the three operator-dependent models and its baseline model to
determine the median and maximum values for each individual position and orientation

parameter, in each direction.

To assess the robustness of the IV joint kinematics to variations in the operator-dependent
model parameters, joint angles of the perturbed models were expressed relative to the joint
angles of the baseline model’s kinematics. For each subject, we then determined the 5-95%
confidence bounds for each of the joint angles (17 joints with three rotational DOF's each), at
each time frame of the performed spine flexion motion, which indicates a 90% probability that
an estimated joint angle curve is within the confidence intervals with respect to the calculated
reference curve (Myers et al., 2015; Navacchia et al., 2016). Thereafter, a box and whiskers
plot was created at the time instance of respective maximal variance (to—max, Figure 31D) for
every DOF at every joint (Ackland et al., 2012).

Sensitivity factors

To quantify the sensitivity of simulated kinematics to variability in specific input parameters,
sensitivity factors were determined as Pearson correlation coefficients (Myers et al., 2015)
between the sampled perturbation values (for each of the 294 model parameter) and the
corresponding absolute maximal difference of the IV joint kinematics with respect to the
baseline model’s IV joint kinematics (for each of the 51 DOFs), pooled for all three subjects
(MATLAB).

Results

Test-retest reliability

The test-retest reliability, expressed as ICCs of six spino-pelvic parameters in Table 14, was
excellent (ICC>0.75) for the LL, SVA, PT (not significant), T1-SPI and T9-SPI. Nevertheless,
high SEM and SDD were noted for TK, which presented with a poor reliability (ICC<0.40).
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Table 14: Results of the test-retest reliability analysis. ROM: range of motion, ICC: intraclass correlation coefficient,
SD: standard deviation of the absolute differences between both sessions, SEM: standard error of measurement,
SDD: smallest detectable difference. Significance level: p<0.05 (bold). The confidence intervals for ICCs with a non-

significant p value are not applicable.

Spino-pelvic parameter Test-retest 95% confidence p D SE SDD Mean  (range)
ROM 1CC interval value M ROM

LL (° 0.86 0.032 - 0.985 0.028 5.5 2.1 5.7 20.5 (9.5-42.4)
TK (°) 0.12 0.460 6.2 5.8 16.1  19.8 (1.8-30.9)
SVA (cm) 0.91 0.363 — 0.991 0.018 09 03 0.7  30.0 (25.4-40.6)
PT (%) 0.80 0.095 53 24 6.6  53.9(30.4-60.4)
T1-SPI (°) 0.91 0.226 — 0.990 0.012 4.7 14 4.0 66.7 (46.1-89.7)
T9-SPI (°) 0.91 0.360 — 0.990 0.015 4.7 14 3.9 60.6 (39.5-81.7)

Inter-operator agreement

Excellent inter-operator agreement (ICCs > 0.875) of the kinematics, expressed as spino-pelvic
parameters, was noted for all analyzed parameters (Table 15).
Table 15: Results of the inter-operator reliability analysis. ROM: range of motion, ICC: intraclass correlation

coefficient, SD: standard deviation of absolute error relative to mean value, SEM: standard error of measurement,
SDD: smallest detectable difference. Significance level: p<0.05 (bold).

Spino-pelvic parameter ROM | Inter-operator ICC ,95% confidence p value Mean SD SE SDD
interval M
LL (° 0.970 0.775 - 0.999 0.002 1.82 0.3 0.9
TK (°) 0.875 0.189 — 0.997 0.031 1.95 0.7 1.9
SVA (cm) 0.964 0.737 — 0.999 0.005 0.43 0.1 0.2
PT () 0.998 0.981 — 1.000 <0.001 0.13 0.0 0.0
T1-SPI (°) 1.000 0.999 — 1.000 <0.001 0.06 0.0 0.0
T9-SPI (°) 1.000 0.998 — 1.000 <0.001 0.07 0.0 0.0

Monte-Carlo probabilistic simulation

1. Operator-dependent input parameters

The median difference in the virtual marker positions with respect to the baseline models
ranged between 0.120-0.122 mm (Table 16). For the 3D distance the median (maximal)
difference was 0.262 mm (1.040 mm). The median differences with respect to the body positions
and orientations of the baseline models ranged between 0.552-0.739 mm and 0.96°-1.68°,
respectively (Table 16). Finally, the median differences with respect to the joint positions and
orientations of the baseline models ranged between 0.566-1.058 mm and 1.16°-1.95°, respectively
(Table 16). (See also Appendix 3 for the corresponding probability distributions.)

Table 16: Operator-dependent input parameters.

Input parameters Median (max) X Median (max) Y Median (max) Z
Marker position (mm) | 0.112 (0.584) 0.120 (0.717) 0.120 (1.039)
Body position (mm) 0.672 (4.71) 0.552 (3.79) 0.739 (14.74)
Body orientation (°) 1.19 (10.4) 1.68 (10.8) 0.96 (6.83)
Joint position (mm) 0.782 (4.44) 0.566 (14.32) 1.058 (12.18)
Joint orientation (°) 1.65 (16.4) 1.95 (9.97) 1.16 (7.09)
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2. Kinematic simulation output

Convergence of the Monte-Carlo probabilistic simulations was reached at n= 954, n=814 and
n=894 for subject S1, S2 and S3, respectively (detailed in Appendix 4), where n is the number
of iterations. For convenience, the minimal number of required iterations for convergence was
rounded up to 1000 and set equal for all subjects. Figure 32 illustrates the 90%-confidence
intervals (CIs) over the duration of the motion for S1.

The mean (maximum) of the 90%-CIs of the IV joint kinematics at their respective to—max were
1.04° (3.44° at L2/L3 lateroflexion (LF)), 1.14° (4.79° at L2/L3 LF) and 1.75° (11.72° at L2/L3
LF) for S1, S2 and S3 respectively (Figure 32 and Figure 43-Figure 44 of Appendix 4). The box
and whisker plots show a higher variability at the lumbar and low thoracolumbar region
compared to the upper thoracic region (Figure 33). Furthermore, S3 presents with larger CIs
at the lumbar region than S1 and S2 (Figure 32 and Figure 43-Figure 44 of Appendix 4).
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Figure 32: Confidence bands (5-95%) for each of the joint angles of subject 1. All curves have been normalized to
their mean value over the length of the motion to allow visualization within the -10° to 10° joint angle range. AR:
axial rotation; LF: lateroflexion; FE: flexion-extension. (Graphs for S2 and S3 are available in Figure 43-Figure 44
of Appendix 4)
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in the box is the median (50" percentile) and the upper and lower bars are maximum and minimum values.

3. Sensitivity factors

Calculating the sensitivity factors for all possible combinations of input (i.e. operator-dependent
model parameters) and output (i.e. IV joint kinematics for every DOF) variables, resulted in a
294 by 51 grid of correlations. Mean (maximal) sensitivity factors were 0.015 (0.15) for the
marker positions, 0.015 (0.07) and 0.014 (0.06) for the body positions and orientations,
respectively; and 0.022 (0.26) and 0.021 (0.47) for the joint positions and orientations,

respectively.
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Discussion

This study aimed at evaluating the kinematic variability associated with both intrinsic and
extrinsic sources of error (Schwartz et al., 2004), of a subject-specific spino-pelvic modeling
method previously developed to quantify intervertebral joint motion in ASD subjects
(Overbergh et al., 2020).

The test-retest reliability (intrinsic intra-subject and extrinsic intra-operator variability) of the
kinematics within individual subjects was evaluated over a two-week time interval. Although
our method is capable of measuring spinal kinematics at the level of the IV joint, we gave
priority to analyzing spino-pelvic parameters that are more commonly studied and used in
clinical practice because of the lack of available literature on IV joint kinematic variability to
compare to. Our results were similar to those previously reported in an ASD (Severijns et al.,
2020) and healthy (Mousavi et al., 2018) population. Notably, we obtained a similar reliability
for LL [ICC: 0.86 vs. 0.84 (Severijns et al., 2020) and 0.79 (Mousavi et al., 2018)] and SVA
(ICC: 0.91 and 0.95 (Severijns et al., 2020)), but a lower reliability for TK [ICC: 0.12 vs. 0.95
(Severijns et al., 2020) and 0.78 (Mousavi et al., 2018)]. Although the skin marker set, pathology
of the study population (ASD) and amount of subjects (5 and 8, respectively) are comparable
to the study by Severijns et al. (2020), differences in the kinematic model (marker-driven
subject-specific model vs. polynomial marker fit) along with the difference in motion performed
by the subjects (trunk flexion (current work) vs. STS) may explain the notable difference in
reliability of the TK parameter. Indeed, a maximal forward flexion is more challenging in terms
of standardization compared to a STS movement. Furthermore, the thoracic region is typically
more involved during maximal forward flexion compared to STS (mean ROM TK: 19.8° vs.
7.86°(Severijns et al., 2020)). Also, as the modeling method is more reliant on manual operator
interaction compared to Severijns et al. (2020), the modeling method may present with a
potentially higher intra-operator variability, which is part of the test-retest variability. Lastly,
the limited number of subjects (n=5) included in this test-retest reliability analysis should be

extended to increase the confidence in the ICC values.

The inter-operator kinematic agreement was assessed to investigate the effects of extrinsic
inter-operator variability specifically related to the modeling method. The operator agreement
in terms of spino-pelvic parameters, was excellent with ICC values ranging from 0.875 (TK) to
(almost) 1 (LL, SVA, PT, T1-SPI, T9-SPI), showing a high to very high agreement amongst
the three operators. Compared to Severijns et al. (2020), we report higher ICC values for LL
(0.97 vs. 0.92), but slightly lower for SVA (0.964 vs. 1.00) and TK (0.875 vs. 0.91). PT, T1-
SPI and T9-SPI were in almost perfect agreement. The comparable, but still slightly higher,
inter-operator reliability of Severijns et al. (2020) could possibly be explained by the limited
amount of operator-dependent tasks (only marker identification) in their workflow, which can
be done with high accuracy (Pillet et al., 2014) compared to the additional operator-dependent
tasks (i.e. marker identification, body and joint reconstruction) required to create the fully
subject-specific spino-pelvic models in this work. Nevertheless, only the latter allows analysis

of individual IV joint angles.
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To further quantify the probabilistic effects of subject-specific spino-pelvic modeling
uncertainty on intervertebral kinematics in ASD patients, we used a Monte-Carlo probabilistic
simulation. The variabilities in the operator-dependent modeling parameters (i.e. the virtual
markers, bodies and IV joint definition) were thereto estimated within a small group of trained
operators, each creating a model of the same three ASD subjects. The operator variability in
segmenting the vertebrae from CT was excluded from this study [similarly to Valente et al.
(2014)] due to its previously reported high level of operator precision for lumbar vertebrae
(Cook et al., 2012) and the high time cost associated with segmentation. Variability in
radiograph-based virtual marker identification was small and of similar magnitude than
previously reported values for a similar study (Pillet et al., 2014). Likewise, the variability in
spinal alignment reconstruction (i.e. bodies component) (median position and orientation
variability between 0.55-0.74 mm and 0.96-1.68°, respectively) was similar to the previously
reported accuracy when validated with a plastinated cadaver serving as ground truth (median
accuracy between 0.57-1.57 mm and 1.02-2.20° for vertebral positions and orientations,
respectively) (Overbergh et al., 2020). The IV joint definition is based on the position and
orientation of the caudal vertebral bodies and on additional landmark identification by the
operator; therefore resulting in a higher median variability for the positions and orientation of
the joint component (0.57-1.06 mm, 1.16-1.95°), compared to the body component. With a
mean 90% CI below 2° [1.04° (S1), 1.14° (S2) and 1.75° (S3)], IV joint kinematics were found
to be reliable. This is in agreement with the high reliability of the spino-pelvic parameters in
our inter-operator agreement analysis. Importantly, this indicates that the modeling method
as well as the resulting kinematics during forward flexion are robust towards inter-operator
variability. Although, for each subject, the imposed perturbations in the model variations were
sampled from the same probability distributions, different IV joint variability can be noted.
Interestingly, the largest variation was consistently noted at the lumbar region (especially
L2/1.3) for each of the three subjects (Figure 33). This could potentially be related to a higher
ROM at this region, although preliminary analyses could not confirm this due to the low
number of subjects. Notably, one subject (S3) presented with more than twice as large maximal
CIs (lumbar region) compared to the other two subjects. Although we need more data to
confirm, this may be due to the more severe deformity of S3 (Figure 30) and associated
increased sensitivity of the kinematics to modeling error. Furthermore, kinematics
demonstrated very low sensitivity to marker variability (maximal sensitivity factor: 0.15).
Likely, this is due to the very limited marker variability in reconstruction from x-ray (largest
noted variability of 1.04 mm) compared to the traditional error associated with marker-based
motion capture systems (errors of 1-5 mm, (Hicks et al., 2015)) and considerably smaller than
typical skin motion artefacts (up to 10 mm for human movement, (Hicks et al., 2015)). Very
low sensitivity factors were also found for the body positions and rotations (max: 0.07 and 0.06,
respectively). This can be explained by the independence of the IV joint kinematics to the
alignment, provided that changes to the alignment are isolated from changes to the joint
definition and virtual marker positions. Overall, the imposed variability of the IV joint positions
and orientations seemed to have the biggest effect on the IV joint kinematics, with maximal

sensitivity factors of 0.26 and 0.47, respectively. Consequently, this study identifies modeling
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steps contributing to the reliable definition of the IV joints as a primary target for limiting

kinematic variability.

There are some limitations associated with this study. Firstly, the input distributions of the
probabilistic simulations can vary depending on the operators and subjects, thereby affecting
the simulation output. In this study, operator-dependent parameters were grouped as model
components (i.e. the marker positions, body and joint positions and orientations) to have a
sufficient amount of samples to estimate a representative probability function based on the
histograms, disregarding potential variations in variability within different vertebral levels. As
part of future work, a larger group of subjects with different complexities of spinal
malalignments would allow a more detailed analysis of the subject-, vertebral level- and
direction-dependent variability distributions. Secondly, the type of simulated motion is
expected to influence the kinematic variability. Besides its clinical relevance as a task of daily
living (e.g. putting on shoes), maximal forward spine flexion was used here as a worst-case
scenario because of its large spinal ROM. However, one should be careful with direct
extrapolation of the results presented in this study to other motions such as gait, presenting
with a lower spinal range of motion, or spinal lateroflexion and axial rotation, presenting with
spinal coupling, which may provide additional important insights. This uncertainty analysis
focused specifically on the operator-dependent components of the modeling method, thereby
ignoring additional variability, for example originating from inter-rater variability in skin
marker placement. Lastly, our uncertainty analysis was limited to IV joint kinematics as
outcome. However additional analyses should be done to assess the uncertainty propagation in
possible subsequent simulation steps such as joint reaction forces or muscle activation
(Burkhart et al., 2020; Myers et al., 2015).

Our systematic inter-operator approaches identified a limited impact of operator-induced
variability on kinematic simulations of spine flexion in an ASD population. This excellent inter-
operator agreement, compared to the lower test-retest reliability for the same motion, however,
importantly indicates that the dominant portion of overall test-retest variability is only
limitedly originating from aspects of the modeling (extrinsic), but rather from intra-subject
differences (intrinsic) in motor task execution. Improved standardization of the maximal
forward trunk flexion (e.g. pelvic fixation and/or targets) together with multiple acquisitions

averaged per session, may thus improve the test-retest reliability.

In conclusion, although the current modeling method is dependent on manual inputs of the
operators, causing additional variability in the simulation output, its isolated effect on the
kinematics was very limited, indicating the modeling method to be highly reliable for kinematic
analysis of spinal motion. In the future, this kinematic variability could likely be even further
reduced by eliminating variability in operator-dependent model components through increased
automation of the model creation procedures. Furthermore, this would also decrease the
currently high time cost of subject-specific modeling (Aubert et al., 2019; Galbusera et al.,
2020). Based on this study’s results, the primary focus should hereby be on the intervertebral

joint definition.
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Supplementary material of Chapter 2

Appendix 1: Spino-pelvic parameterization of joint kinematics

1. Calculating dynamic spino-pelvic parameters

Joint kinematics (i.e. relative motion at the joint between two interconnected bodies) were
converted to body kinematics (i.e. absolute motion of a body expressed in a fixed ground
reference frame) using the API of OpenSim 3.3 (Stanford University, USA). Thereafter,
anatomical landmarks on the bodies previously indicated during the mesh-based IV joint
definition when creating the model are used (Overbergh et al., 2020). As the location of a
landmark on a body is fixed during the motion, its transformation matrix was appended to the
body kinematics to obtain the 3D trajectory of each anatomical landmark throughout the trunk
flexion motion. Thereafter, six common spino-pelvic parameters in the sagittal plane, i.e.
lumbar lordosis (LL), thoracic kyphosis (TK), sagittal vertical axis* (SVA, Figure 34), pelvic
tilt (PT) and T1 and T9 spino-pelvic inclination (T1-SPI, T9-SPI) were calculated for every
time frame (detailed in Table 17). The acetabular cavities of pelvis were used to define the

sagittal and coronal plane in which the spino-pelvic parameters are expressed (Figure 34B).

Table 17: Description of the model-based spino-pelvic parameterization.

Spino-pelvic Model-based calculation

parameter (unit)

Lumbar lordosis Calculated from the sagittal plane projection of the four-points angle defined
(LL, °) by the line connecting the anterior and posterior landmarks of the T12 superior

endplate, and the line connecting the anterior and posterior landmarks of the
sacral endplate.

Thoracic kyphosis Calculated from the sagittal plane projection of the four-points angle defined
(TK, °) by the line connecting the anterior and posterior landmarks of the T1 superior
endplate, and the line connecting the anterior and posterior landmarks of the
inferior T'12 endplate.

Sagittal vertical The distance between the posterior sacral endplate and the plumb line of the
axis (SVA, cm) T1 vertebral body, measured in the transverse plane and perpendicular to the
line connecting the left and right acetabula (Figure 1.1).

*Because our model is limited to the bodies from pelvis up to T1, the T1 vertebral body
was used rather than the C7 vertebral body for the calculation of the SVA.

Pelvic tilt (PT, °) The projection on the sagittal plane of the three-points angle defined by the
vertical line on the mid-point of the line connecting the left and right acetabula,
and the line then going to the midpoint of the anterior and posterior sacral

endpoint.
T1-Spino-pelvic The projection on the sagittal plane of the three-points angle defined by the
inclination angle line starting on the mid-point of the line connecting the left and right
(T1-SPI, °) acetabula, to the T1 vertebral body center, with a vertical line from the T1
vertebral body center.
T9-Spino-pelvic The projection on the sagittal plane of the three-points angle defined by the
inclination angle line starting on the mid-point of the line connecting the left and right
(T9-SPI, °) acetabula, to the T9 vertebral body center, with a vertical line from the T9

vertebral body center.
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Figure 34: (A) A visual representation on the model and (B) schematic of the sagittal vertical axis (SVA) as
described in Table 17.

2. Calculating range of motion

To determine the range of motion (ROM) of these spino-pelvic parameters over the duration
of the trunk flexion motion, the absolute difference between the values at the start (mean of
the first three frames) and end (mean of the last three frames) of the motion were used. Due
to noise on the kinematic simulation output, a different value would have been obtained if
ROM would have been calculated based on the minimal and maximal values, whose bounds

would not necessarily encloses the complete motion.

96



Appendix 2: Training the alignment reconstruction

The operators were allowed to familiarize with the modeling software (Overbergh et al., 2020),
guided by a written manual, using the images of the control subject, until they felt confident
working with the software. The operator training was concluded with the alignment
reconstruction of a plastinated cadaver as in (Overbergh et al., 2020). The plastinated cadaver
was rigidly fixated, preventing the spinal alignment to change between upright biplanar images,
used for alignment reconstruction, and the supine CT, used as ground truth for evaluating the
alignment reconstruction accuracy. All operators performed this test, however, the results of
the reconstruction accuracy of operator 1 (O1) were previously published (Overbergh et al.,
2020). The same randomized start model was provided to the operators (Figure 35A). After
reconstruction, the results were compared to the CT-segmented ground truth (Figure 35B,

Table 18) for each operator.

The error values for the newly trained operators (O2 and O3) were consistently higher

compared to the error value of O1, who developed the method.

Figure 35: Illustration of (A) the randomized initial model of the plastinated cadaver and (B) the end result of the
model reconstructed by operator 2 (02, red) superimposed on the CT-segmented ground truth (green).
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Table 18: The root mean square (RMS) values of the absolute (abs.) reconstruction error for each of the three

operators (O1-3) (M-L = mediolateral, I-S = inferosuperior, A- P = anteroposterior).

RMS O1 (Overbergh et al., 2020) | RMS O2 | RMS O3
Abs. sagittal orientation (°) 1.19 5.00 4.72
Abs. transverse orientation (°) | 1.91 3.87 3.81
Abs. coronal orientation (°) 0.76 2.21 4.47
3D distance (mm) 1.26 6.03 4.33
Abs. M-L position (mm) 0.51 2.82 3.21
Abs. I-S position (mm) 0.89 4.42 1.88
Abs. A-P position (mm) 0.87 2.97 2.23
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Appendix 3: Distributions of the wvariability on the operator-dependent model

parameters

The Shapiro-Wilk test was used to test the normality of the parameters (position and
orientation) of the model components (markers, bodies, joints), which indicated non-normal
distributions of the variability in virtual marker position (Table 19) at the 0.05 significance
level (SPSS 26, IBM). Also for the body positions and orientations (Table 20) and the joint
positions and orientations (Table 21), the parameters did not all have a normal distribution.
Thereafter, kernel functions were consistently used to estimate all distribution functions from

the respective error histograms (Figure 36-Figure 38) (Distribution Fitter, MATLAB, The
Mathworks Inc., MA).

1. Virtual markers

Table 19: Shapiro-Wilk test for normality on the parameters
defining the markers (X: medio-lateral, Y: infero-superior, Z:

antero-posterior)

Statistic Significance
X position 0.983 0.005
Y position 0.976 0.000
7 position 0.961 0.000
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Figure 36: The histograms of the marker position differences relative to the baseline models, for each direction, with

fitted kernel functions. (X: medio-lateral, Y: infero-superior, Z: antero-posterior)
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2. Bodies
Table 20: Shapiro-Wilk test for normality of the parameters defining the bodies (X: medio-lateral, Y: infero-

superior, Z: antero-posterior)

Statistic | Significance
position X 0.903 0.001
position Y 0.962 0.104
position Z 0.965 0.139
orientation X 0.955 0.054
orientation Y 0.967 0.161
orientation 7 0.981 0.570
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Figure 37: The histograms of the body position and orientation differences relative to the baseline models, for each

direction, with fitted kernel functions. (X: medio-lateral, Y: infero-superior, Z: antero-posterior)

3. Joints
Table 21: Shapiro-Wilk test for normality on the parameters defining the joints

(X: medio-lateral, Y: infero-superior, Z: antero-posterior)

Statistic | Significance
position X 0.977 0.010
position Y 0.736 0.000
position Z 0.834 0.000
orientation X |0.934 0.000
orientation Y [ 0.983 0.048
orientation Z |0.970 0.002
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Figure 38: The histograms of the joint position and orientation differences relative to the baseline models, for each
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101



Appendix 4: The Monte-Carlo probabilistic simulation

1. Stop criteria and convergence

A 1,5 B 0
- L2/L3 FE T11/T12 LF
< <
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Figure 39: Illustration of 1000 intervertebral (IV) joint kinematics curves for (A) the L2/L3 IV joint in the flexion-
extension (FE) degree of freedom (DOF) and (B) for the T11/T12 IV joint in the lateroflexion (LF) DOF.
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Figure 40: The total standard deviation (SD, black) at each iteration over all samples and the SD computed over
the last 10% of samples (grey), up to that iteration index (x-axis). As the amount of iterations increases, the
difference between the total SD and the SD over the last 10% of samples becomes smaller (see also Figure 41 for

details on the instance of convergence).
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Convergence graph of the L4/L5 flexion-extension DOF
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Figure 41: The absolute difference between the total standard deviation (SD) (i.e. over all iterations up to that
iteration index) and the SD calculated only over the last 10% of iterations (black). 2% of the total SD calculated

(grey). At about 220 iterations the L4/L5 flexion-extension joint angle converges according to the SD stop-criterion.
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Figure 42: Convergence for Subject 1 (S1), Subject 2 (S2) and Subject 3 (S3) according to the stop criteria on the
mean and standard deviation (SD). Convergence is reached at the iteration index (n) (x-axis) where both the stop
criteria (i.e. mean and SD) have converged for all of the 51 degrees of freedom (y-axis) and was indicated on the
graph for each subject.
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Table 22: Iteration indexes at which convergence occurs according to the mean and standard deviation stop criteria.

The maximal index (bold) of both criteria determines the convergence index for each subject (S1-S3).

Subject Iteration index of convergence | Iteration index of convergence
according to the mean criterion | according to the standard
deviation criterion
S1 325 954
S2 814 665
S3 894 673

2. Intervertebral joint kinematics
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Figure 43: Confidence bands (5-95%) for each of the joint angles for subject 2 (S2). All curves have been normalized
to their mean value over the length of the motion to allow visualization within the -10° to 10° joint angle range.

AR: axial rotation; LF: lateroflexion; FE: flexion-extension.
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Figure 44: Confidence bands (5-95%) for each of the joint angles of subject 3 (S3). All curves have been normalized
to their mean value over the length of the motion to allow visualization within the -10° to 10° joint angle range.

AR: axial rotation; LF: lateroflexion; FE: flexion-extension.
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Table 23: Time instance (ranging between 1 and 100) of maximal variance (to—max) for the individual joint angles

(FE: flexion-extension, LF: lateroflexion, AR: axial rotation) and subjects (S1-S3).

Degrees of | S1 | S2 | S3
freedom

L5 S1_FE 97 100 | 87
L5 S1 LF 93 59 | 86
L5 S1_AR 99 100 | 87
L4 L5 FE 97 100 | 87
L4 L5 LF 93 59 | 86
L4 L5 AR 99 100 | 87
L3 14 FE 99 51 86
L3 L4 LF 93 40 | 86
L3 L4 AR 99 45 86
L2 L3 FE 99 51 86
L2 L3 LF 93 40 | 86
L2 L3 AR 99 45 86
L1 L2 FE 91 53 | 86
L1 L2 LF 92 44 87
L1 L2 AR 99 84 | 86
Ti2 L1 FE 91 53 | 86
Ti2 L1 LF 92 44 87
Ti12 L1 AR 99 84 | 86
T11 Ti12 FE 91 53 | 86
T11 _Ti2 LF 92 44 87
T11 Ti12 AR 99 84 | 86
T10_ T11 FE 100 | 19 | 87
T10_T11_LF 92 | 44 | 86
T10 T11 AR 100 | 44 86
T9 T10 FE 100 | 19 | 87
T9 T10 LF 92 44 86
T9 T10_ AR 100 | 44 86
T8 T9 FE 100 | 19 | 87
T8 T9 LF 92 44 86
T8 T9 AR 100 | 44 86
T7 T8 FE 100 | 19 | 87
T7 T8 LF 92 44 86
T7 T8 AR 100 | 44 86
T6 _T7 FE 100 | 96 87
T6 T7 LF 98 97 | 87
T6_T7 AR 90 83 | 87
T5 _T6 FE 100 | 96 87
T5_T6_ LF 98 97 | 87
T5_T6 AR 90 83 | 87
T4 T5 FE 100 | 96 87
T4 T5 LF 98 97 | 87
T4 T5 AR 90 83 | 87
T3 T4 FE 100 | 96 87
T3 T4 LF 98 97 | 87
T3 T4 AR 90 83 | 87
T2 T3 FE 100 | 90 2
T2 T3 LF 96 98 87
T2 T3 AR 100 | 97 | 87
T1_T2 FE 100 | 90 | 2
T1 T2 LF 96 98 87
T1 T2 AR 100 | 97 | 87
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Chapter 3

Relating spinal kinematics to vertebral body

deformity in Adult Spinal Deformity
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Abstract

An improved understanding of three-dimensional (3D) spinal kinematics can complement the
current two-dimensional (2D) and predominant static assessment of adult spinal deformity
(ASD) patients. More specifically, the characterization of aberrant spinal kinematics in ASD
patients during daily-life motor tasks could integrate spinal kinematics in clinical decision-
making to develop more targeted treatment strategies. The aim of the current study is therefore
to introduce novel methods to comprehensively quantify effects of spinal deformities on spinal
kinematics during forward trunk flexion, using a recently developed and validated subject-
specific modeling workflow combined with 3D motion analysis. Furthermore, their relation with
routinely used, clinical spino-pelvic parameters, vertebral body deformity, and self-reported
health related quality of life (HRQoL) is evaluated in a pilot group of fourteen ASD subjects
and one healthy subject.

The treating physician documented the static spinal alignment in fifteen subjects (14 ASD, 1
control) using radiographic spino-pelvic parameters. Thereafter the total vertebral body
deformation was rated using the spinal deformity index (SDI). Each subject also completed
four HRQoL surveys (Scoliosis Research Society Outcome Questionnaire, Oswestry Disability
Index, Karnofsky Performance Scale index and Core Outcome Measures index). Subject-specific
spino-pelvic multi-body models were then created for all subjects and related to 3D motion
capture data measured during a maximal forward trunk flexion to quantify the dynamic
intervertebral joint angles. First, the degree of kinematic compensation, defined as normalized
out-of-plane intervertebral motion during a monoplanar motion task, i.e. forward trunk flexion,
was quantified, further referred to as the spinal kinematic deviation index (SKDI). Next, the
relative contribution of motion of the deformed region to the overall spinal motion was
evaluated, further referred to as the spinal deformity engagement index (SDEI). Finally,
correlations between the conventional (spino-pelvic parameters, SDI and HRQoL) parameters

and these new parameters were investigated.

In the ASD subjects (n = 14) the SKDI during trunk flexion ranged from 0.38 to 3.18, indicating
large inter-individual differences. The healthy control subject presented a SKDI of 0.27, the
lowest SKDI of all subjects. The SDEI varied from 0.21 to 1.53 in the ASD subjects and was
lowest in the control subject (0.10). No correlations between the SDI and SKDI (0.338,
p=0.218) or the SKDI and the individual spino-pelvic or HRQoL parameters were found.
However, the correlation (0.694, p=0.004) between the SDEI and the SKDI suggests that
subjects that use their deformed region more (i.e. a high SDEI) to perform global trunk flexion

present with more out-of-plane movement (i.e. high SKDI).

Subject-specific musculoskeletal modeling combined with 3D motion capture data allows to
quantify spinal kinematic compensation strategies in ASD subjects. The relation between these
spinal kinematic compensation strategies and the static alignment, vertebral deformities and
HRQoL can thereafter be investigated. Our pilot results agree with the growing awareness in
literature that static alignment is not the sole driver of kinematic compensation in ASD. Indeed,

subjects presenting with static features of ASD (vertebral deformity and spinal alignment) do
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not necessarily present dynamic kinematic compensation, rather, a motion strategy engaging
the deformed region (quantified through the SDEI) seems to be a prerequisite for kinematic
compensation (quantified through the SKDI). In the future, insights considering a patient’s
specific motion strategy based on the newly developed metrics could potentially benefit clinical
management and aid in the pre-surgical evaluation towards improved functional outcome in
ASD patients. However, future research on a larger number of subjects is needed to investigate
the determinants of aberrant spinal motion and confirm their role in patient classification and

clinical decision-making.
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Introduction

Static two-dimensional (2D) radiographic image-based measurements form the basis of current
quantitative diagnosis, pre-operative planning and clinical management in adult spinal
deformity (ASD) (Terran et al., 2013). However, as perioperative complications (up to 52.2%)
for ASD patients remain common (Smith et al., 2016), it is well recognized that these 2D static
assessments alone cannot objectively quantify the full impact of spinal deformities and
associated treatment on dynamic spine function during daily-life motor tasks (Diebo et al.,
2018; Faraj et al., 2017). Nevertheless, degenerative spinal conditions, such as ASD, are known
to be associated with aberrant kinematic behavior compared to healthy spines (Hemming et
al., 2018; Quint and Wilke, 2008; Widmer et al., 2019). It is therefore mandatory to further
investigate if an improved understanding of three-dimensional (3D) spinal kinematics in ASD
patients has the potential to complement current 2D state-of-the-art diagnostics and clinical
decision-making (Diebo et al., 2018; Widmer et al., 2019) as they provide an improved
understanding of the dynamic spine function. For example, when selecting the upper and lower
vertebrae for spinal fusion surgery the surgeon carefully balances achieving maximal alignment
correction with mobility loss (Blondel et al., 2013; Ignasiak et al., 2018a). Hence, improved
documentation of pre-operative spine kinematics and of spine fusion level thereon is a
prerequisite to improve outcome and reduce the high complication rates (Widmer et al., 2019).
Eventually, establishing normative, reference ranges of healthy spinal kinematics to which
degenerative spinal kinematics can be compared, will be a crucial step to allow a more inclusive

health disorder classification for clinical decision-making in ASD (Widmer et al., 2019).

Skin marker-based 3D motion analysis can provide 3D dynamic data (Gracovetsky et al., 1995)
to estimate global spino-pelvic parameters (Severijns et al., 2020) or underlying vertebral
motion (Zhang and Xiong, 2003). However, technical difficulties associated with reliably
measuring full spinal kinematics with sufficient segmental accuracy using marker-based 3D
motion capture during clinically-relevant dynamic functional tasks, such as trunk flexion, sit-
to-stand, walking, or weight lifting (Zhang et al., 2013) hindered these advancements. This has
led to a paucity on in wvivo spinal joint kinematics in literature, even more in the highly
heterogeneous ASD population. We recently developed and validated a workflow for integrating
3D motion analyses with subject-specific musculoskeletal models based on medical images
(Overbergh et al., 2020). This method allows marker-driven intervertebral (IV) kinematic
measurements with good accuracy (Overbergh et al., 2020) and reliability (Overbergh et al.,
2021) in an ASD population.

Nevertheless, analyzing and interpreting 3D spine kinematics during dynamic movements
remains complex due to the interdependence of motions across IV joints and planes of
movement (Preuss and Popovic, 2010; Widmer et al., 2019). In other words, motion of one IV
joint in a given plane can affect motion at adjacent and/or remote IV joints in other planes.
Therefore, it is clear that metrics that summarize the complex kinematic spine behavior, while
taking into account the coupling of spine motion, are needed to better understand 3D spinal
kinematics in ASD patients (Diebo et al., 2018). Furthermore, such method should provide an

accurate but comprehensive assessment of 3D spinal kinematics that is easily interpretable by
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clinicians to allow functional profiling of ASD patients by complementing associations between
health disorder, treatment characteristics with specific spinal kinematic patterns during
functional movements. For subjects suffering from gait dysfunction, comprehensive kinematic
measures already exist that provide an overall profile of gait quality while allowing successful
classification of disease severity (e.g. the Gait Deviation Index (Rosenlund et al., 2016)).
However, to the author’s knowledge, no such comprehensive measures exist for describing

pathologic spine kinematics.

The aim of the current study is to introduce novel comprehensive metrics that provide an
overview of spine kinematics during dynamic movements, based on a recently developed and
validated multi-body modeling workflow combined with 3D motion analysis (Overbergh et al.,
2020). Furthermore, we aim to apply these measures during a forward maximal trunk flexion
in a pilot group of ASD subjects and one healthy subject to document the effect of spinal
deformities on dynamic spine function. Furthermore, we will explore their added value as
functional biomarker for classifying ASD subjects by evaluating their relation to commonly
used clinical parameters quantifying spino-pelvic malalignment, vertebral body deformity, and
self-reported health related quality of life (HRQoL), thus evaluating the potential

complementarity of dynamic and static metrics in ASD.

Materials and methods

Participants and data collection

Fourteen subjects with varying degrees of spinal deformity and one control subject, with non-
pathological spinal alignment, were recruited (ASD: mean age= 62.27 £ 7.47 years (10 females,
4 males), control: 61.5 years (female)), after having obtained ethical approval and informed
consent (S58082, study conducted in accordance with the declaration of Helsinki). The following
exclusion criteria were applied: inability to walk 50 meters independently, lower limb
musculoskeletal disorder, neurological disease or a history of spinal instrumentation surgery.
HRQoL scores were collected at the start of the measurement using four patient reported
outcome measures (PROMs), namely the Scoliosis Research Society Outcome Questionnaire
(SRS-22r) (Asher et al., 2003), Oswestry Disability Index (ODI) (Fairbank and Pynsent, 2000),
The Karnofsky Performance Scale (KPS) index (Mor et al., 1984) and Core Outcome Measures
Index (COMI) (Mannion et al., 2016).

All subjects underwent computed tomography (CT) imaging from T1 to pelvis (BrightSpeed
by GE Healthcare, with an inter-slice distance of 1.25 mm and a pixel size of 0.39x0.39 mm).
Based hereon, the severity of vertebral body deformity was quantified by combining a
previously published semi-quantitative (SQ) grading system for vertebral body deformities
(Genant et al., 1993) and the spinal deformity index (SDI), a measure that sums the SQ grades
of each vertebra over the thoracic and lumbar spine (Crans et al., 2005). Thereto, an
experienced investigator first generated 3D objects of each vertebra of the thoracic and lumbar
spine (T1-L5) by segmenting each subject’s CT images (Mimics 21, Materialise NV, Belgium).
Next, based on (Genant et al., 1993), a score was assigned based on the reduction in the

anterior, middle, or posterior vertebral body height: 0 (normal, no height reduction), 0.5
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(uncertain or questionable vertebra), 1 (mild, 20-25% height reduction), 2 (moderate, 25-40%
height reduction) and 3 (severe, >40% height reduction). Although the SQ grading system is
originally defined for sagittal images only, we modified the method as such that vertebral
deformation were first individually graded in the sagittal and coronal anatomical planes,
whereafter the largest value of both was retained (Figure 45). Finally, the SDI was obtained
by summing the SQ grading of all thoracic and lumbar vertebrae, i.e. T1 to L5 (Crans et al.,
2005).

B - sagittal view

A - coronal view

‘-

anterior ’ posterior

Figure 45: Illustration of the SQ grading of vertebral deformity for the L3 vertebra of a participating ASD subject.

After analyzing both the coronal (A) and the sagittal (B) plane, a score of 3 (i.e. severe) was assigned based on the

estimated height reduction (>40%) in the coronal plane.

An experienced physiotherapist then instrumented each subject with 27 reflective skin markers
according to the full-spine marker protocol described in (Overbergh et al., 2020). With the
markers attached, a pair of full-body x-ray images was acquired using a biplanar radiography
system (EOS, EOS Imaging, Paris, France) while the subject adopted the Scoliosis Research
Society free-standing position (fingers-on-clavicle position, Figure 46A) (Horton et al., 2005;
M. Y. Wang et al., 2014). Based on these biplanar radiographic images, the spinal alignment
of each patient was quantified by the treating physician using the following clinically used
spino-pelvic parameters: pelvic incidence (PI), pelvic tilt (PT), lumbar lordosis (LL), thoracic
kyphosis (TK), sagittal vertical axis (SVA), pelvic incidence minus lumbar lordosis (PI-LL),
T1 spino-pelvic inclination (T1-SPI), T1 pelvic angle (TPA) and global sagittal axis (GSA)
(Schwab et al., 2012).
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.

Figure 46: (A) Using the modeling workflow of Overbergh et al. (2020) a subject-specific spino-pelvic model was
created for each subject. (B) Reflective markers were attached to the subject’s skin according to the protocol
described in Overbergh et al. (2020). Thereafter the trajectories of those markers were recorded during a voluntary
maximal forward trunk flexion in a seated position. (C) Through combination of the created model and the recorded

marker trajectories, IV joint kinematics of the thoracic and lumbar spine were measured using the inverse kinematics
algorithm of OpenSim 3.3 (S. L. Delp et al., 2007).

Kinematic evaluation

Thereafter, the trajectories of the reflective markers were recorded (100 Hz) using a 10-camera
Vicon system (VICON Motion systems, Oxford Metrics, UK) while the subjects performed a
maximal forward trunk flexion from a comfortable upright seated position (Figure 46B). The
subjects were instructed to maintain both hands on their head during task execution to avoid
obstructing the visibility of the pelvis markers. This trunk flexion motion was chosen as it is
representative of functional daily life activities such as putting on shoes or picking up an object

from the floor while being seated.

To calculate IV joint kinematics, a subject-specific, marker-driven spino-pelvic kinematic model
was created for each subject using a validated workflow (Overbergh, 2020). Based on
individually CT-segmented bone geometries combined with full-body biplanar radiographic
images (Figure 46A), the relation between the skin markers and the underlying anatomy was

defined. These models each comprised of twelve thoracic vertebrae, five lumbar vertebrae and
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a sacrum, connected by eighteen spherical joints, thereby only allowing rotational degrees of
freedom (DOFs) at the IV joints. The sacrum was rigidly attached to the pelvis; the latter
being connected to the ground reference with six DOFs. The 3D marker trajectories were
labeled in Vicon Nexus (Version 2.11), cropped to include 0.5 seconds before onset and end of
the motion and low-pass Butterworth filtered (6Hz), before being imported in OpenSim 3.3
(OpenSim, Stanford, USA) (S. L. Delp et al., 2007), using a custom MATLAB (The Mathworks
Inc., MA) script. IV joint kinematics were then estimated using inverse kinematics (Lu and
O’Connor, 1999) (Figure 46C), and time normalized to 100 frames, before being filtered using

a three-frame moving average window to further reduce noise.

Spinal kinematic measures

1. Range of motion

As a first kinematic measure, the global trunk range of motion (ROM) during forward flexion
was estimated. To this end, the calculation of the T1 spino-pelvic inclination, a 2D sagittal
radiographic parameter (T1-SPI, Figure 47A), was modified for use with a 3D model (detailed
in Appendix 1): throughout the forward trunk flexion, the sagittal and coronal T1-SPI were
calculated at each time instance as the angle between the line connecting the mid-point between
both pelvic acetabular centers and the T1 vertebral body center), and the vertical line (i.e.
perpendicular to the ground) (Figure 47B). This angle was projected in the subject’s sagittal
and coronal anatomical planes, defined by the acetabular center axis (Figure 47C). The
absolute difference between the initial and final values of the sagittal T1-SPI was calculated,
i.e. the sagittal T1-SPI ROM representing the global trunk ROM in the sagittal plane.
Similarly, the coronal T1-SPT ROM was calculated, quantifying the out-of-plane motion during
the global forward flexion motion. To evaluate if the motion was primarily performed in the
sagittal plane, the ratio of the coronal T1-SPI ROM to the sagittal T1-SPI ROM was
calculated. It is important to note that these are global measures that do not consider motion
of individual (or local) spinal segments (Figure 47C), rather they evaluate global spinal motion

as the relative position of the T1 vertebrae to the pelvis.
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Left acetabular cup

Tl

Coronal T1-SPI SaglttgREP

Right acetabular cup

A B C

Figure 47: Illustration of the model-based T1 spino-pelvic inclination (T1-SPI) angle as a global measure for the
range of motion (ROM) of a forward trunk flexion motion. (A) The initial upright position. (B) The final position
(maximal forward trunk flexion). (C) The sagittal and coronal T1 spino-pelvic inclination angle, expressed in the

pelvic reference frame.

2. Out-of-plane intervertebral motion

As a second kinematic measure, we quantified the relative out-of-plane range of motion of
individual vertebrae, i.e. axial rotation and/or lateroflexion, during the performed monoplanar
(or single-plane) motor task, i.e. maximal forward flexion movement. We refer to this measure

as the spinal kinematic deviation index (SKDI, Equation (1)):

(ROMSl,total)2 + (ROMSZ,total)2 (1)
ROMp, total X (ROMst, total + ROMs2, total)

SKDI =

where S71 and S2 correspond to secondary planes of motion (S and S2 are interchangeable)
and P corresponds to the primary plane where motion occurs. ROMy ;444 Tepresents the total
range of motion for a plane ‘X’, summed over all IV joints of the thoracic and lumbar spine
(T1-sacrum) (detailed in Appendix 2). This measure thus quantifies the relative amount of
kinematic compensation to perform a global single-plane trunk flexion. Herewith, a high SKDI
indicates more kinematic coupling, i.e. a large portion of motion in the secondary planes instead
of the primary plane, and can be interpreted as a measure of aberrant kinematic motion or
compensation in the ASD subject. A theoretical SKDI of 0 indicates a perfectly performed

single-plane trunk motion without any coupled motion in the secondary planes.

As an extension to previously published work (Overbergh et al., 2021) where the reliability of
spinal kinematics from marker-driven subject-specific ASD models was evaluated, the reliability
of the SKDI parameter was similarly assessed. We performed reliability analyses, focusing on
in-between session reliability (using four ASD and one control subject over an average time

interval of two weeks) and the sensitivity of inter-operator variability in creating subject-
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specific models (using three ASD subjects and three trained operators) on the SKDI parameter.

For more details the reader is referred to Appendix 3.

3. Deformity-weighted intervertebral mobility

As a third kinematic measure, we evaluated the relative contribution of ROM observed in
joints connecting deformed vertebral bodies to the overall spine motion. Vertebral body
deformation is quantified using the SQ grading system (Genant et al., 1993). To calculate this
third kinematic measure, further referred to as the spinal deformity engagement index (SDEI),
the ROM of the IV joint angles is first summed over all three DOFs of individual IV joints:

ROMEFE 1V joint + ROMLBIV joint + ROMAR,IV joint . (2)

Next, this multi-planar ROM is summed over all IV joints to obtain the overall spinal ROM:

S e2 (ROMgg; +ROMyg; + ROMyg ). (3)

Then we defined the relative contribution of individual IV joints as the ratio of the multi-
planar ROM at the individual joint level to the overall multi-planar spinal ROM (detailed in
Figure 48). Finally, to account for the severity of the vertebral body deformities on joint
mobility at each IV joint, the above relative multi-planar mobility is weighted by the average
SQ grading (g in Figure 48) of the vertebrae adjacent to the specific joint. We then sum the
local index of engaged deformity at each joint, (i.e. the local SDEI) over all joints of the entire
thoracic and lumbar spine (Figure 48).
Relative muiti-plane mobility (RMPM) 5Q grading of vertebral FSU deformity Spinal deformity

deformity (g) grading engagement index
(SDEI)

1 g -
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- g1+82
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777777777777 gu 7
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Figure 48: Schematics for the calculation of the spinal deformity engagement index (SDEI). FSU: functional spinal
unit; ROM: range of motion; FE: flexion-extension; LF: lateroflexion; AR: axial rotation; g: semi-quantitative (SQ)

grading value of vertebral body deformity; S: sacrum.
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This measure thus quantifies the relative contribution of joints composed of deformed vertebrae
to the overall ROM during a given motor task. Herewith, a high SDEI indicates a high relative
amount of motion occurring at joints involving deformed vertebrae, i.e. a high engagement of

the deformed region in the motions.

Statistical analyses

To investigate the relation between static vertebral body deformity (SDI) and the dynamic
engagement of the vertebral body deformity (SDEI) with kinematic compensation (SKDI), we
determined Pearson correlation coefficients (two-tailed) between (1) the SDI and the SKDI,
and (2) the SDEI and the SKDI, respectively. To investigate if there was a relation between
the kinematic compensation and out-of-plane motion or the static spinal malalignment,
respectively, we additionally evaluated the correlation between (3) the SKDI and the coronal
T1-SPI ROM and (4) the SKDI and the conventional radiographic parameters. Lastly, (5) to
investigate a relation between spinal kinematic compensation and self-perceived quality of life,
the correlation between the SKDI and the outcome measures of the HRQoL-questionnaires was
evaluated. Pearson correlations were determined using SPSS Statistics 26 (IBM Corp. Armonk,
NY, USA) and a significance level set at 0.05.

Results

Subject characteristics: HRQoL, radiographic evaluation and SDI

HRQoL scores are displayed in Table 24. The conventional radiographic description of the
static spinal alignment can be found in Table 25. The SDI, representing the subject’s total
vertebral body deformation, ranged between 3 and 15 in the ASD subjects (details are shown
in Table 27). The control subject, not presenting with spinal malalignment, had a SDI of 0.5
originating from a — as described by (Genant et al., 1993) - questionable height reduction of
the L5 vertebra.
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Table 24: Summarizing outcome scores of the HRQoL questionnaires: Scoliosis Research Society Outcome
Questionnaire (SRS-22r), Oswestry Disability Index (ODI), The Karnofsky Performance Scale (KPS) index and
Core Outcome Measures Index (COMI).

Subject | SRS-22r | ODI | KPS | COMI

control | 4.05 0.00 | 0.90 | 1.50
1 3.32 36.00 | 0.70 | 5.15
2 2.73 44.00 | 0.80 | 8.10
3 3.14 36.00 | 0.80 | 5.35
4 3.73 0.00 | 0.90 | 2.00
5 1.55 66.00 | 0.60 | 8.50
6 4.46 10.00 | 0.90 | 0.20
7 2.18 46.00 | 0.70 | 8.60
8 2.68 60.00 | 0.70 | 8.10
9 3.36 18.00 | 0.90 | 1.30
10 2.64 32.00 | 0.70 | 5.00
11 2.59 60.00 | 0.80 | 7.60
12 4.46 0.00 | 0.90 | 0.00
13 3.18 36.00 | 0.80 | 5.80
14 3.59 18.00 | 0.80 | 5.20

Table 25: Radiographic parameterization performed by the treating physician on the biplanar radiographic images.
PI: pelvic incidence; PT: pelvic tilt; PI-LL: pelvic incidence minus lumbar lordosis; LL: lumbar lordosis; TK: thoracic
kyphosis; T1-SPI: T1 spino-pelvic inclination; GSA: global sagittal axis, SVA: sagittal vertical axis; TPA: T1 pelvic

angle.
. GSA

Subject | PI (°) |PT (°) |PI-LL (°) |LL (°) | TK (°) | T1-SPI (°) ©) SVA (mm) [ TPA (°) | Cobb (°)

control |58.9 |15.9 -10.3 69.2 |54.8 -5.7 0.2 1.1 10.2 0.0
1 57.5 |17.2 6.4 51.1 |43.1 -3 2.0 16.1 14.2 35.6
2 475 |35.3 14.6 32.9 |[64.5 8.4 3.3 9.0 27.4 39.1
3 40.2 |10.5 1.2 39.0 (209 1.7 1.5 28 11.3 61.9
4 54.0 |18.7 -3.3 57.3 |48.6 -8.2 0.0 -14 10.5 43.1
5 53.6 |31.1 40.6 13.0 |-13 -7.2 1.9 5.6 23.9 32.4
6 53.9 |16.5 13.1 40.8 |48.1 5.6 7.0 97.6 22.1 35.6
7 62.8 |21.9 6.1 56.7 [40.7 -3.9 4.2 25.1 18 59.3
8 51.7 |10.6 3.3 48.4 149.3 4.8 5.5 70.5 15.4 68.4
9 66.3 |31.8 19.3 47.0 139.9 -5.1 6.4 38.0 26.7 86.9
10 39.7 |12.0 -4.9 44.6 [51.6 0.2 2.5 44.0 12.2 29.5
11 40.0 |29.4 194 20.6 |[59.1 -7.1 3.5 39.3 22.3 23.3
12 93.3 |48.1 26.2 67.1 |[41.5 -6.5 3.6 34.3 41.6 68.5
13 59.9 |28.8 34.4 25.5 |21.8 1.3 10.6 91.6 30.1 65.2
14 60.7 |16.5 -12.1 72.8 |56.1 -4.2 1.2 11.8 12.3 66.8

Kinematic measures

The sagittal and coronal T1-SPI ROMs for all subjects are listed in Table 26. The global trunk
range of motion expressed as the sagittal T1-SPT ROM was 79.62° for the control subject, while
it ranged from 43.52° to 79.00° for the ASD subjects, with a mean value (standard deviation,
SD) of 64.94° (8.75°). The coronal T1-SPT ROM was 5.84° for the control subject and ranged
from 0.13° to 21.61° for the ASD subjects, with a mean value (SD) of 8.53° (6.07°). The mean
ratio of the coronal to the sagittal T1-SPT ROM was 13.2%, ranging from 0.2% to 31%.
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Table 26: Global trunk flexion range of motion (ROM) expressed using the T1-SPI angle in the sagittal and coronal

plane. The Shapiro-Wilk tests indicated normal distributions for both parameters.

Subject Sagittal T1-SPI ROM (°) | Coronal T1-SPT ROM (°)
control 79.62 5.84

1 54.60 17.39

2 67.07 3.20

3 67.48 9.79

4 73.07 14.86

5 79.00 7.55

6 63.30 5.44

7 69.61 3.51

8 43.52 6.39

9 63.93 7.68

10 59.87 0.13

11 76.10 0.23

12 65.13 9.25

13 68.24 12.34

14 58.18 21.61
Mean ASD (SD) | 64.94 (8.75) 8.53 (6.07)
Min ASD 43.52 0.13

Max ASD 79.00 21.61

The SKDI and the SDEI values for each subject are shown in Figure 49 and Table 27. The
lowest SKDI and SDEI (0.27 and 0.10, respectively) were noted for the control subject.

Table 27: The spinal deformity index (SDI), the spinal kinematic deviation index (SKDI) and the spinal deformity
engagement index (SDEI).

Subject SDI SKDI SDEI
control 0.5 0.27 0.10
1 3.0 0.51 0.21
2 4.0 1.01 0.28
3 6.0 1.19 0.48
4 6.5 0.38 0.95
5 7.5 0.54 0.67
6 8.0 0.60 0.51
7 8.5 0.83 0.50
8 9.0 1.12 1.01
9 10.5 0.80 0.61
10 11.0 0.39 0.53
11 11.0 3.18 1.53
12 13.5 0.99 0.93
13 14.0 0.98 0.99
14 15.0 1.03 1.01
Mean ASD (SD) | 9.11 (3.50) | 0.97 (0.67) | 0.73 (0.34)
Min ASD 3.0 0.38 0.21
Max ASD 15.0 3.18 1.53
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SKDI, SDEI and SDI
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Figure 49: Illustration of the spinal deformity engagement index (SDEI), spinal kinematic deviation index (SKDI),

SDEI =smSKD| —=-SDI

and spinal deformity index (SDI) of all subjects sorted by increasing SDI with their corresponding 3D subject-

specific model used for the marker-driven simulation of motion.

Correlations

No significant correlations were found between the SDI and SKDI (0.338, p=0.218) (Table 28).
A significant correlation was found between the SDEI and the SKDI (0.694, p=0.004). No
significant correlations were found between the sagittal and coronal T1-SPI ROM and the
SKDI (Table 28). Finally, the correlations between the SKDI and each of the conventional
radiographic and HRQoL outcome parameters are shown in Table 29 and Table 30,

respectively. At the 0.05 significance level, no significant correlations were found.

Table 28: Table of the Pearson correlation coefficients (significance) for the spinal kinematic deviation index (SKDI),
spinal deformity engagement index (SDEI), spinal deformity index (SDI) and sagittal and coronal components of
the range of motion of the T1-spino-pelvic inclination (T1-SPI ROM) angle. (significance level: 0.05)

Spinal deformity index SE;ZLEI‘;T:TEK . |Sagittal TL-SPI | Coronal T1-SPI
(SDI) @ ROM (°) ROM (°)
Spinal kinematic
deviation index 0.338 (0.218) 0.694 (0.004) 0.099 (0.727) -0.281 (0.310)
(SKDI)
Spinal deformity
engagement index -0.029 (0.918) -0.055 (0.847)
(SDEI)
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Table 29: Pearson correlation (significance) of the SKDI with each of the spino-pelvic radiographic parameters.

(significance level: 0.05) SKDI: spinal kinematic deviation index; PI: pelvic incidence; PT: pelvic tilt; PI-LL: pelvic

incidence minus lumbar lordosis; LL: lumbar lordosis; TK: thoracic kyphosis; T1-SPI: T1 spino-pelvic inclination;

GSA: global sagittal axis, SVA: sagittal vertical axis; TPA: T1 pelvic angle.

) PT() [PLLL ()L () [TK () (1:)1'81)1 GSA (%) ?li) TPA (°) Cobb (%)
SKDI [0.247 0233 [0.228 L0387 0205 [0.068 [0.156 0.182  [0.219  [0.041
(0.374) [(0.403)  [(0.415) |(0.154) |(0.454) [0.809) |(0.578) [(0.516) |(0.432) |(0.886)

Table 30: Pearson correlation (significance) of the SKDI with each of the outcome parameters of the HRQoL-

questionnaires.

SRS-22r

ODI

KPS

COMI

SKDI

-0.215 (0.441)

0.454 (0.089)

0.003 (0.990)

0.359 (0.217)
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Discussion

The primary aim of this study was to introduce novel comprehensive methods that allow to

quantify the effect of spinal deformities on spinal kinematics of dynamic motor tasks.

To evaluate global spine ROM, the model-based T1-SPI was introduced. This first parameter
was defined as a 3D equivalent to the routine clinically used radiographic 2D version to
facilitate clinical interpretation (Appendix 1). The trunk flexion ROM, expressed using the
sagittal component of the T1-SPI, indicated that all subjects were able to reach a global trunk
flexion of at least 43.52° (mean ASD subjects: 64.94°, control subject: 79.62°). The mean coronal
T1-SPI ROM for the ASD subjects was 8.53° (control: 5.84°) and their mean coronal to sagittal
T1-SPI ROM ratio was approximately 13% (control: 7.3%). On average the subjects thus
performed the forward trunk flexion primarily in the sagittal plane, satisfying the single-plane

assumption of the forward flexion motion and prerequisite for the further analyses (specifically
for the SKDI).

Indeed, as a second parameter the SKDI evaluates the local IV joint kinematic compensation
mechanisms (both lateroflexion and axial rotation) specifically during a monoplanar trunk
flexion. In the ASD subjects the SKDI during trunk flexion ranged from 0.38 to 3.18 (Table
27), indicating large inter-individual differences. The healthy control subject had a SKDI of
0.27 (Figure 49), being -as expected- the lowest SKDI of all subjects. This gives a first indication
of its construct validity. Furthermore, these calculations of the SKDI demonstrated a high
between-session and inter-operator reliability (ICC= 0.862 and 95%CI= 0.0053 as described in
Appendix 3 on page 130), respectively. No significant correlations were found between the
SKDI and each of the static radiographic parameters of spinal alignment (Table 29), suggesting
that current clinical static radiographic quantification methods are not representative of the
dynamic IV joint kinematics during functional movements. However, this finding needs to be
interpreted with the small and very heterogeneous population of the current study.
Furthermore, the large set of radiographic parameters each quantify isolated features (e.g.
lumbar /thoracic region, sagittal/coronal plane, spinal/pelvic angles) of the spinal
malalignment. Therefore, future research is needed to confirm this statement. Secondly, no
relation was found between the SKDI parameter and HRQoL in this pilot cohort, although
abnormal coupling patterns have already been suggested to be a clinical indicator for low-back
problems (Panjabi et al., 1989). Thirdly, no correlations were found between the overall
deformation of the vertebral bodies, i.e. the SDI, and the SKDI. Contrary to the radiographic
spino-pelvic parameters quantifying spinal malalignment, the SDI rather quantifies the
deformation of the individual vertebral bodies composing the spine. As such, the absence of
any correlation indicates that subjects with a higher (lower) total vertebral body deformation
(severity and/or amount of vertebral body deformities), are not necessarily presenting with
more (less) kinematic compensation. In conclusion, the overall low correlations with the SKDI
indicate that static spinal malalignment nor vertebral deformation are the sole determinants of
the amount of spinal kinematic compensation. This illustrates the complementarity of dynamic

and static metrics in ASD and further supports the need for future research on the added value
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of the dynamic, model-based parameters in the clinical evaluation and decision-making of ASD

patients.

The SDEI was introduced as a third kinematic measure in this study, with the specific aim of
quantifying the relative amount of motion present at IV joints composed of deformed vertebrae.
Indeed, during surgical planning, information regarding the involvement of specific, to-be-fused
regions seems to be highly relevant as it potentially may lead to insights reducing fusion
instrumentation lengths in favor of the patient’s global spine mobility, or alternatively
increasing the fusion length to avoid complications and inevitable revision surgery to extend
the fusion (Blondel et al., 2013; Diebo et al., 2018; Ignasiak et al., 2018a). Because the SDEI
by definition sums IV motions over all planes of motion, its calculation does not strictly require
a single-plane trunk motion. Contrary to the SKDI where IV motions are separated by plane,
the SDEI could thus conceptually be applied to any motion task. The SDEI varied from 0.21
to 1.53 in the ASD subjects and was lowest in the control subject (0.10), again giving a first
indication of its construct validity. Interestingly, further analysis indicated that subjects
utilizing (or engaging) their deformed region (i.e. a high SDEI) are more likely to use more
kinematic compensation (i.e. high SKDI) to maximize their global trunk flexion as indicated
by the significant correlation between both parameters (0.694, p=0.004). Alternatively, subjects
that only limitedly engaged deformed regions (i.e. low SDEI) during the motion, due to the

lesser engagement of the deformed regions, use less kinematic compensation (i.e. low SKDI).

The indicated potential of this work needs to be evaluated within the constraints of the

limitations described below.

First, upon interpreting the SKDI and SDEI, attention should be paid to possible flooring
effects. Kinematic spine coupling is indeed a natural phenomenon that is present even in
healthy subjects (Cook, 2003; Panjabi et al., 1994) and explains why the SKDI is not zero in
the control subject. Nevertheless, such flooring effect is not to be expected in the SDEI of
healthy subjects. Given the deformity-based weighting, motion at joints composed of non-
deformed vertebral bodies -by definition- does not contribute to the overall SDEIL. In contrast,
a low but larger than zero SDEI indicates either a limited engagement of joints adjacent to
deformed vertebrae, or that overall vertebral deformation is not severe (i.e. low number and/or
severity of deformed vertebrae). As a second limitation, IV joint kinematic measurements and
derived parameters could be affected by different modelling and simulation inaccuracies. These
include the presence of noise on the recorded motion capture data, soft tissue artefacts on the
skin-mounted markers, optimization assumptions of the inverse kinematics simulation, or error
in creating the subject-specific model (Appendix 3) and the assumptions of the IV joint
definition (Overbergh et al., 2020; Widmer et al., 2019). Additionally, the SKDI relies on single-
plane movement. Any deviation from the single-plane trunk motion (quantified through the
coronal T1-SPT ROM) could — at least in theory - affect the SKDI, although no significant
relation between the SKDI and coronal T1-SPI ROM was found in the current study. This
monoplanar prerequisite is thus not expected to be a hindering factor for further use. However,
adequate instructions or the use of targets to standardize the motion thus remain important.

A case example wherein we demonstrate how an altered motion strategy, possibly due to
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insufficient standardization, was detected and also quantified by the SKDI parameter is
therefore provided in Appendix 4. As a third limitation, the SDEI is subject to additional errors
originating from the inter- and intrarater variability of the SQ grading system assessing
vertebral body deformities (Genant et al., 1993). However, in the future these could be avoided
through the use of more reliable and automated assessment methods (Stern et al., 2013).
Finally, although the spino-pelvic parameters (Table 25) indicated a high subject heterogeneity,
we acknowledge that the developed methods were only evaluated in a limited number of
subjects. This heterogeneity in spinal malalignments is also notable in the set of created models
(Figure 49).

Nevertheless, future research should evaluate the use of the developed parameters in a larger
ASD population to thus provide more insights in the relation between kinematic compensation
and spinal deformity. Similarly, their application in a larger number of control subjects could
provide a more reliable normative dataset, offering the opportunity to compare normal spinal
alignment to spinal malalignment. Additionally, the performed analyses should be extended to
other motions to better represent the range of motion strategies that ASD patients apply in
everyday life potentially aiding in a more dynamic classification of the spinal deformity
population. In the future, the insights considering a patient’s specific motion strategy could
potentially benefit clinical management and aid in the pre-surgical evaluation towards lower
complication rates. This could for example impact surgical decision-making regarding the
selection of the upper and lower vertebrae in spinal fusion surgery where the surgeon carefully
balances achieving maximal alignment correction with mobility loss (Blondel et al., 2013;
Ignasiak et al., 2018a).

Indeed optimized spinal instrumentation to restore healthy kinematics, can benefit from precise
knowledge on the complex relation between static deformity and local spine dynamics (Widmer

et al., 2019), in particular in conditions relevant for activities of daily living.

In conclusion, this work indicated that, contrary to the conventional radiographic evaluation
of ASD patients, kinematic measures derived from a rigid-body modeling based workflow
combined with 3D motion capture have clear potential to provide novel insights in kinematic
characteristics. Such insights can fulfill the need to complement the static radiographic
assessments of adult spinal deformities, currently used in clinical practice, with dynamic

information.
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Supplementary data of Chapter 3

Appendix 1: Model-based T1-SPI

To determine the T1-SPI parameter on a rigid-body model, 1) anatomical landmarks for the
T1 vertebral body center and both pelvic acetabular centers were identified with respect to
their respective body reference frames in the model; 2) the estimated IV joint kinematics
obtained from inverse kinematics were transformed to express the absolute position and
orientation of each individual body reference frame in the ground reference frame using the
body kinematics tool in OpenSim 3.3; 3) the positions of the three anatomical landmarks (both
pelvic acetabular centers and T1), expressed in their respective body reference frames, created
landmark trajectories over the duration of the motion, expressed in the ground reference frame;
4) the angle between a vertical line (i.e. perpendicular to the ground) located at the mid-point
between the pelvic acetabular centers and the line connecting the mid-point between the pelvic
acetabular centers with the T1 vertebral body landmark was calculated for every recorded time
frame of the motion. This angle was projected onto the subject’s sagittal and coronal

anatomical plane, defined by the acetabular center axis in the transverse plane.
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Appendix 2: Definition of the SKDI

Equation (1), defining the SKDI, was obtained in this stepwise procedure.

In a first step, the total range of motion (ROMy ¢rq;) is calculated for each plane (X= P, X
=S1, X=S2) by summing the ROMy ; at each joint level (i) for that plane (i.e. L5/sacrum-joint
to the T1/T2 joint), which is calculated as the absolute difference of the joint angle at frame
1 and 100.

T1/T2

ROMP,total = Zi:Ls/sacrum ROMP,i (21)
T1/T2

ROMSl,total = Zi:{s/sacrum ROMSl,l (22)
T1/T2

ROMSZ,total = Zi:{S/Sacrum ROMSZ,i (23)

Next, as an intermediate calculation, we introduce the directional deviation fractions (DDFs)
which are the ratio of each secondary total ROM (ROMg; a1, ROMgy ioa1) to the primary

ROMg; | (otal

DDFg = —= (2.4)
ROMP, total
ROMgs (otal

DDFg, = —>="= (2.5)
ROMP, total

Finally, we obtain the SKDI as the average of DDFg; and DDFs,, weighted by their relative
contribution to the total secondary range of motion (i.e. ROMg; ota1 + ROMgy total)-

ROMg; otal ROMgy 1
S1, total +DDF52X S2, total

SKDI = DDFs; X
ROMSI, total+R0M82, total ROMSL total TROMg2 total

(2.6)

After substitution of Equations (2.4) and (2.5) in Equation (2.6), the equation for the SKDI

can be reduced to Equation (1).
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Appendix 3: Reliability of the SKDI

1. Between-session reliability

In previous work (Overbergh et al., 2021), five subjects (4 ASD, 1 control subject) performed
the maximal trunk flexion twice over a time period of, on average, two weeks. Building further
on this work, the SKDI was now determined for both sessions and compared for reliability by
calculating the interclass correlation coefficient (ICC(2,1)) with a two-way random effects
model for absolute agreement (SPSS Statistics 26, IBM Corp. Armonk, NY, USA).

Results

The intraclass correlation coefficient (ICC) for the between-session reliability of the SKDI was
0.862 (Table 31).

Table 31: SKDI values of a maximal forward trunk flexion for five subjects, measured twice in a two-week time

interval.
Subject | SKDI session 1 | SKDI session 2 | Difference
control | 0.269 0.368 0.100
1 0.975 0.668 0.307
2 0.808 0.695 0.113
3 0.601 0.517 0.085
4 0.389 0.442 0.053

2. Uncertainty due to inter-operator-induced variability in modeling

As previously described (Overbergh et al., 2021), the manual aspects of creating a subject-
specific spino-pelvic model cause unavoidable inter-operator-dependent model variability. This
model variability causes variability on the simulation output, and consequently on the
parameters derived from it. The results of a Monte-Carlo probabilistic simulation, based on
experimentally obtained inter-operator-variability, on three randomly selected ASD subjects
and from three trained operators were reused to quantify this variability. More specifically, the
SKDI was determined for 1000 inverse kinematic simulations in which a statistically probable
model variation was used every time. A boxplot of the SKDI distribution for each of the three
subjects was created (Figure 50). Thereafter, the difference with the SKDI of the unperturbed
model was determined and pooled over all three subjects, to obtain the 95% confidence intervals
(CIs) on the respective SKDIs (Figure 51).

Results

The 95% confidence interval (CI) of the inter-operator variability on the SKDI was 0.0053 with

the minimal and maximal relative error: -0.37 and 0.33 (Figure 50-Figure 51).
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Figure 50: Boxplot of the SKDI variability for each of the three ASD subjects.
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Figure 51: Histogram of the pooled error on the SKDIs of the three subjects, relative to the respective unperturbed

(reference) models.
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Appendix 4: Remark on the importance of adequate standardization in the motion lab:

case example

As an example of the importance of adequate standardization of the motion, we highlight one
incidence wherein we believe the instructions given to a specific ASD subject were insufficiently
consistent or unclear. This subject, suffering from a predominantly lumbar located spinal
deformity (Figure 52A), initially performed a maximal trunk flexion mainly making use of her
lumbar region and limitedly engaging her thoracic region (Figure 52B). However, in the second
session seven days later, her motion strategy changed, a rigid lumbar region with primarily
engagement of her thoracic region (Figure 52C), despite that there were no interventions, injury
or illness during this seven day period. Figure 53 shows the range of motion (ROM) of each
degree of freedom (DOF) at every intervertebral joint, confirming the different strategy of both
sessions. This altered motion strategy is evidently translated in a change of the SKDI: 3.18
(session 1) vs. 0.51 (session 2). The cause of this change in strategy could not objectively be
determined. However, it is possible that the subject received or interpreted the instructions
differently during one of the sessions, which would indicate the importance of adequate

standardization.

1

Figure 52: (A) 3D subject-specific model of the subject. Images at the end stage of the maximal forward trunk
flexion motion in (B) session 1 and (C) in session 2.
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Figure 53: Intervertebral (IV) joint range of motion (ROM) for each degree of freedom at each IV joint in (A)

session 1 and (B) session 2. (FE: flexion-extension (blue), LB: lateral bending (orange), AR: axial rotation (grey).)
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Chapter 4

Model-based evaluation of intervertebral kinematics
during trunk flexion before and after spinal fusion

surgery in Adult Spinal Deformity: an exploratory
study.
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Abstract

The currently high complication and revision rates of surgery in adult spinal deformity (ASD)
have been suggested to be linked to a lack of dynamic information to support surgical decision-
making. Additionally, the patients’ expectations in terms of post-operative functional
improvements is often much higher than typically experienced post-operatively. Besides the
evaluation of intervertebral (IV) kinematics before surgery, there thus also seems to be a need
for post-operative evaluations to more objectively document outcome. Motion analysis has clear

potential to provide quantitative data about functional effects of spinal surgery in ASD.

The aim of this work was to evaluate a previously developed modeling and evaluation platform
to measure spine kinematics during maximal voluntary trunk flexion before and after spinal
fusion surgery in ASD, focusing on (1) the changes in global spinal motion, pre- and post-
operatively, as well as (2) the vertebral (or local) motion of the unfused vertebrae. Secondary
to these aims, this study provided an opportunity to evaluate the impact of soft tissue artefacts
(STAs) on the accuracy of marker-based spinal kinematics as the erroneously measured motion

at the instrumented, and therefore immobile, IV joints.

All subjects of our pilot population (n=>5) presented with (1) a reduced global spinal and pelvic
range of motion (ROM) during trunk flexion after surgery compared to their pre-operative
motion. On a local level, (2) remaining (i.e. unfused) vertebrae also demonstrated reduced
ROM after surgery although they were not part of the fused region. In addition, assuming that
physical motion is mechanically prevented in the fused vertebrae, the average effect of STA on

the measured IV joint kinematics was estimated to be 0.99°.

From a methodological perspective, we explored post-operative modeling and identified three
pitfalls in modeling and simulation of post-operative subjects. Firstly, modeling was
complicated due to hindered visibility caused by the surgical instrumentation. Second, the
marker protocol requires modifications in post-operative situations. Lastly, the model requires
modification to the definition of its joint constraints to accurately account for the mobility

reduction due to the fusion.

This study presented the first in vivo spinal deformity-specific STA analysis evaluated in terms
of error on the measured IV joint kinematics using subject-specific models. Although
investigation using larger study cohorts is needed, this work illustrated limitations and potential
opportunities for the use of subject-specific musculoskeletal model in post-operative ASD

patients to quantify changes is global spino-pelvic and local unfused vertebral motion.
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Introduction

The complication rate of surgical treatment in adult spinal deformity (ASD) remains
substantial (up to 52.2%) (Smith et al., 2016). Additionally, large discrepancies have been
documented between patient expectations and observed outcomes following corrective surgery
in ASD. Specifically, the anticipated pain reduction and functional improvement aspects of
self-reported health related quality of life (HRQoL) after spinal fusion surgery were much higher
than experienced by the patient post-operatively (Ryu et al., 2021; Yoo et al., 2019). When
defining the surgical plan, the surgeon will decide on fusion length and types of osteotomies
and implants (taking into account the needs for posture correction, progression risk and bone
quality) carefully balancing with mobility (Blondel et al., 2013; Kim et al., 2016). However,
objective fusion level selection in ASD is currently still a heavily debated topic (Blondel et al.,
2013). The lowest instrumented vertebra (LIV) in ASD is most often the sacrum (with or
without inclusion of the pelvis), and to a lesser extent L5 or L4 (Taneichi et al., 2020; Yao et
al., 2021). Consequently, the fusion length is typically more dependent on the surgeon’s
selection of the upper instrumented vertebra (UIV). This choice requires careful balancing of
risks and benefits as an increase of the fusion length reduces global spinal mobility (Blondel et
al., 2013). Although it has been widely accepted that the selection of the UIV in ASD has
implications for the functional outcome of corrective spinal fusion surgery (Ignasiak et al.,
2018a), it remains unclear to what extent fusion length selection is affecting spinal mobility

and should be balanced against the above needs.

Motion analysis has clear potential to provide quantitative data about functional effects of
spinal surgery in ASD. Indeed, motion analysis is gaining more and more interest as a tool to
non-invasively measure spinal kinematics in ASD (Diebo et al., 2018). Recent work from our
group combining image-based subject-specific modeling with marker-based motion analysis has
offered new possibilities to non-invasively measure intervertebral (IV) joint angles in pre-
operative ASD patients (Overbergh et al., 2020). Nevertheless, the method has thus far not

been used to measure in vivo spinal kinematics in a post-operative population.

To adequately and objectively evaluate functional outcome after spinal fusion surgery in ASD,
analysis of IV joint kinematics requires differentiation between the (1) unfused and (2) fused
vertebral segments. Indeed, although spinal fusion instrumentation only directly prevents
motion of the fused segments, it can indirectly affect the dynamic behavior of the unfused
segments as well as the remainder of the locomotor system through compensatory mechanisms.
Cadaveric analysis of IV joint kinematics demonstrated a post-operative reduction in global
spinal mobility but an increase in the mobility of unfused segments (Bastian et al., 2001; Chow
et al., 1996). Recently, this was confirmed through computer simulations where a range of
fusion lengths was applied on a healthy virtual subject (Ignasiak et al., 2018a) and the effect
on IV joint kinematics was tested. During a simulated forward trunk flexion, an increased
maximal segmental flexion was reported for increased fusion lengths, related to an increase in
maximum moment at the unfused segments. However, in these cadaver and computer

prediction studies, externally controlled and identical boundary conditions in terms of loads
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and/or moments are applied to the spine pre- and post-operatively, which are only limitedly

representative for in vivo voluntary motion in ASD subjects.

Furthermore, prior to using marker-based IV joint kinematics for evaluating functional effects
of spinal surgery in ASD, the accuracy of these measurements, should be known (Zemp et al.,
2014). Indeed, all skin marker-based motion measurements are subject to error originating from
soft tissue artefacts (STAs) (Leardini et al., 2005). These are caused by the relative motion of
the skin (and consequently the marker attached to it) to the underlying anatomical structure
due to for example muscle contraction or inertial effects (Mahallati et al., 2016; Zemp et al.,
2014). STAs have already been described to negatively impact the accuracy of kinematic
measurements of the lower limbs (knee, feet, shank and thigh) (Mahallati et al., 2016).
However, studies investigating STA on the entire back are rare. Making use of open magnetic
resonance imaging (MRI) as ground truth, Zemp et al. (2014) evaluated the effect of STAs on
the marker-based estimation of conventional spino-pelvic radiographic measurements such as
lumbar lordosis (LL) and thoracic kyphosis (TK). They concluded that while the absolute
values suffer from uncertainty, the use of markers during semi-dynamic forward trunk flexion
was suitable for quantifying spinal postural changes. Studies specifically quantifying STA
during axial trunk rotations in healthy subjects, reported artefacts up to 9.86 mm at the lumbar
levels (L3 and L4) and up to 16 mm at the thoracic levels (T1, T6, T12), making use of open
MRI and ultrasound imaging respectively (Heneghan and Balanos, 2010; Morl and Blickhan,
2006). In healthy subjects performing a 30° trunk flexion and extension, STAs on the entire
lumbar and thoracic spine ranged up to 27.4 mm. These studies report STA as a distance or
as a 3D vector describing the erroneous motion of the skin marker relative to the anatomical
landmark. To quantify the effect of STAs on the spine kinematics, Mahallati et al. (2016)
modeled the trunk as a seven-segment system and determined the spinal segment angles based
on skin markers (see Appendix 1). They imposed statistically probable perturbations on the
markers to simulate STA and concluded that STA minimally affected the segment angles in
the sagittal plane (<16% of the full range of motion), but had a larger effect on the transverse
(up to 161%) and coronal plane (ranging between 59% and 551%). Contrary to Mahallati et
al. (2016) where the segment angles were directly estimated from the marker trajectories, more
complex and non-linear optimization algorithm are typically used in musculoskeletal models to
estimate IV joint kinematics (e.g. Lu and O’Connor (1999)). Furthermore, the effect of STAs
is dependent on the specific marker protocol and on the underlying model used to process the

recorded motion capture data. Currently, no such analyses have been performed in ASD.

The aim of this work is to evaluate the modeling and evaluation platform to measure spine
kinematics during trunk flexion before and after spinal fusion surgery in ASD. More specifically,
we aim to evaluate (1) the changes in global spinal motion during maximal voluntary trunk
flexion, pre- and post-operatively, as well as the vertebral (or local) motion of the (2) unfused
vertebrae (Figure 54). Secondary to these aims, this study provided an opportunity to evaluate
(3) STA as the erroneously measured motion of fused vertebrae, which limits kinematic

accuracy of spinal kinematics.
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Figure 54: Schematic layout of the aims in this work.

Materials and methods

Participants and data collection

Five participants (2 males (51 and 66 years), 3 females (59, 60 and 67 years)) with varying
degrees of spinal malalignment participated in this study, following ethical approval and
informed consent (S58082). These subjects were selected from the ASD subjects of Chapter 3
(for which a pre-operative model was already available) if they also participated in the study
after surgical correction. All subjects underwent computed tomography (CT) imaging from T1
to pelvis (BrightSpeed by GE Healthcare, with an inter-slice distance of 1.25 mm and a pixel
size of 0.39x0.39 mm). Thereafter, an experienced physiotherapist instrumented each subject
with reflective markers according to the skin marker placement protocol described in Overbergh
et al. (2020). Then, full-body radiographic (x-ray) images were acquired using a biplanar
radiography system (EOS Imaging, Paris, France), while the subject was wearing the markers
and adopted the Scoliosis Research Society free-standing position (fingers-on-clavicle position)
(Horton et al., 2005; M. Y. Wang et al., 2014) (Figure 55). Thereafter, in the motion laboratory,
the subjects were asked to perform a maximal voluntary forward trunk flexion from a
comfortable upright seated position (Figure 57A-B), while the trajectories of the reflective
markers were recorded (100 Hz) using a 10-camera Vicon system (VICON Motion systems,
Oxford Metrics, UK). Shortly thereafter, all subjects underwent spinal fusion surgery with
fusion lengths ranging from seven to fifteen segments. All subjects were re-evaluated six months
after surgery based on biplanar radiographic images (Figure 56) and their execution of a

maximal voluntary forward trunk flexion motion (Figure 57C-D).
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Figure 55: Pre-operative coronal radiographic images of ASD subjects 1 to 5.

Figure 56: Coronal radiographic image of the six-month post-operative state of the five ASD subjects corresponding
to the images of Figure 55.
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Figure 57: Example of an ASD patient performing the maximal voluntary forward trunk flexion in the motion lab
(Subject 1; male, 66.1 years on the pre-operative measurement). The images show the (A) initial and (B) final
position of the motion, pre-operatively and six months post-operatively (C and D, respectively). The subjects were

instructed to place their hands on their head to prevent the obstruction of pelvic marker visibility during the motion.

Pre- and post-operative modeling and simulation

One operator created a subject-specific spino-pelvic model for each of the five ASD subjects in
their pre-operative condition (Figure 58) (Overbergh et al., 2020). To create the corresponding
six-month post-operative subject-specific models (Figure 59), the pre-operative CT-segmented
bone geometries were re-used to reconstruct the post-operative alignment as available in the

post-operative biplanar radiographic images.

Figure 58: Pre-operative subject-specific models of subjects 1 to 5.
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Figure 59: Post-operative subject-specific models of the five ASD subjects, created from their respective biplanar

images in Figure 58. Dark grey segments are fused.

As space restrictions on the back for marker placement prevent tracking each individual
vertebra, the applied marker protocol impedes tracking of all vertebrae. Therefore,
interpolation principles have previously been integrated as joint constraints in the definition of
each IV joint (Overbergh et al., 2020). This allows motion, recorded between marker clusters
and thus spanning a certain region, to be distributed within that region based on experimental
data (illustrated for each subject in Figure 60) (Overbergh et al., 2020). It is important to note
that in the post-operative condition of subject 1, 3 4 and 5, one region thus spans vertebrae
both with and without instrumentation. In such regions the recorded regional motion will thus
be incorrectly distributed over all joints contained within that region as they include IV joints
that can be reasonable expected to no longer have any mobility due to the fusion. As an
example, subject 3 has a fused T10/T11 IV joint in the tracked region from T7 to T11 (Figure
60). The kinematic optimization algorithm will distribute motion in this region linearly
(according to experimentally determined ratios described in (Overbergh et al., 2020)) over its
four containing joints, although only three have actual mobility. As will be described further,
this limitation will have implications on the further analyses in this work. In relation to Figure
60, Table 32 summarizes the subject’s fusion lengths and regions effectively containing only

fused or only unfused vertebrae.
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Figure 60: Illustration of the kinematic joint constraints in the model without surgical instrumentation (left).

Regional motion (green arrows) is distributed over its containing joints. In the post-operative models (right), regions

containing only unfused or fused segments are indicated with U and F, respectively.

Within the fused region of the spine, an opportunity occurs to evaluate STA associated with
our specific marker protocol and subject-specific model and, more specifically, their impact on
the IV joint angles during forward flexion. In post-operative conditions, actual motion is indeed
prevented at IV joints spanned by the surgical instrumentation. Nevertheless, as these joints
remained unlocked in the model for all kinematic degrees of freedom (DOFs), any resulting
virtual motion measured can be considered to result from STA (Figure 61). The term virtual
motion is used to indicate motion that was simulated /measured in the model, but is physically

not possible in the subject due to the surgical fixation.
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Table 32: Summary of the individual subjects, with their fusion lengths and the fused or unfused regions for which
our model-based evaluation can be used in further analysis. Subjects are ordered in terms of increasing fusion length
comprising the region bound by and including the lower instrumented vertebra (LIV) to the upper instrumented
vertebra (UIV).

Subject | Fused region (LIV-UIV) | Only fused joints | Only unfused joints
1 |s1-Ti2 S1/L5 > L2/L3 | T1/T2 > T10/T11
2 [ SI-TIl S1/L5 > T11/T12 | T1/T2 > T10/T11
3 [S1-TI10 S1/L5 > T11/T12 | T1/T2 > T6/T7
4 | S1-T4 S1/L5 > T7/T8 | T1/T2 > T2/T3
5 | SI-Td S1/L5 > T7/T8 | T1/T2 > T2/T3

Initial position of
a marker cluster

/7

Figure 61: (A) Illustration of the marker protocol as defined in Overbergh et al. (2020) and (B) the sagittal
radiographic image thereof at the thoracic region (posterior part of the spinal process indicated with a dashed line).
(C) In relation to the assumptions made for the measurement soft tissue artefact (STA), this schematic illustrates
how STA on a skin marker cluster (tracking a fused vertebrae) leads to erroneously measured intervertebral joint
motion given the fact that any motion would physically be prevented by the surgical instrumentation and subsequent

bony fusion.

After processing the recorded motion capture data using Vicon Nexus 2.12, inverse kinematics
simulations (Lu and O’Connor, 1999) in OpenSim 3.3 (Stanford University, USA) (S. L. Delp
et al., 2007) were performed for the pre- and post-operative motion. As in Chapter 3 the
kinematic movements were time normalized to 100 frames and filtered using a three-frame

moving average to reduce noise.

Kinematic data processing

Change in global spino-pelvic motion

The global spinal range of motion (ROM) was evaluated pre- and post-operatively based on
the ROM of the T1-spino-pelvic inclination angle and the pelvic tilt (PT) angle between the
start and the end of the flexion motion (Chapter 3).
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Kinematics of the unfused vertebrae

The voluntary mobility? at each IV joint was calculated as the ROM summed over all three
DOFs (FE: flexion-extension, LF: lateroflexion, AR: axial rotation) (defined in Chapter 3):

ROMEFE 1V joint + ROMLF 1V joint + ROMAR 1V joint . (1)

Subsequently, the mean voluntary mobility of the post-operatively unfused IV joints (as defined

in Table 32 for each subject) was calculated both before and six months after surgery.

Kinematics of the fused vertebrae

The ROM of each DOF of each IV joint angle was determined as the absolute value of the
difference between its initial and final angle. For each subject, the mean and maximal ROM
was determined per DOF, i.e. FE, LF and AR, and this for the joints as defined in Table 32
(‘only fused joints’).

4 In biomechanics, mobility typically refers to the maximal physical extent of a joint, as sometimes reached during
in-vitro testing right before the breaking point (e.g. fracture of the bone or rupture of a ligament or muscle).
However, this boundary is rarely reached during daily in-vivo motion. Therefore, in this work, we refer to voluntary

mobility as the range of motion (global or local) that a subject actually uses during a recorded voluntary motion.
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Results

Global evaluation of the performed motion

The pre- and post-operative global ROM of a maximal voluntary trunk flexion is expressed
using the T1-SPI and PT in Figure 62 (detailed data in Table 35 of Appendix 2).

T1-SPl and PT ROM: pre vs. post-operative
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W T1-5PIROM (%) Pre-op T1-SPI ROM (°) Post-op

T1-SPland PT ROM (°)

M PTROM (°) Pre-op PT ROM (°) Post-op

Figure 62: The range of motion (ROM) of the T1-spino-pelvic inclination (T1-SPI, blue) angle and pelvic tilt (PT,
green) angle, during a maximal voluntary trunk flexion motion, both before (dark colored) and after surgery (light

colored). Subjects are sorted by increasing fusion length as described in Table 32.

Kinematics of the unfused vertebrae: changes in mobility

Small reductions (0.3° — 5.4°) in the mean voluntary mobility (Formula 1) were noted after
surgery for those IV joints that were not instrumented (Table 33). No notable relation between

mean mobility reduction and fusion length was noted.

Table 33: The mean pre- and post-operative multi-plane ROM during the maximal voluntary trunk flexion motion
was determined for the joints that were not part of the post-operative fusion. Subjects are sorted by increasing

fusion length as described in Table 32.

Mean unfused mobility (°)
Subject | Pre-op | Post-op | Mobility reduction
1 2.1 1.8 0.3
2 4.3 1.9 2.4
3 6.2 4.6 1.6
4 7.3 1.8 5.4
5 2.0 1.6 0.5
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Kinematics of the fused vertebrae: soft tissue artefacts

Table 34 expresses the effect of the STA as the mean (maximum) ROM over each IV joint and
DOF within the instrumented spinal regions. The mean IV joint motion of the five subjects
was 0.64°, 1.62° and 0.70° for FE, LF and AR, respectively. The largest mean ROM (2.96°) was
noted for subject 4 in the LF direction. Over all subjects and directions, the mean ROM due
to STA was 0.99°.

Table 34: STAs during maximal forward trunk flexion expressed as the erroneously measured IV joint motion in

the fused regions of the ASD patients, separated by degree of freedom. (FE: flexion-extension, LF: lateroflexion,

AR: axial rotation). Subjects are sorted by increasing fusion length as described in Table 32.

Mean (max) ROM motion artefact during trunk flexion

Subject FE () TF () AR ()
1 0.89 (1.31) 2.07 (4.17) 0.41 (0.47)
2 0.53 (0.68) 0.66 (0.84) | 0.70 (1.08)
3 0.79 (1.70) 1.47 (2.56) 0.73 (0.97)
4 0.56 (2.25) 2.96 (3.08) | 1.32 (3.00)
5 0.44 (1.70) 0.4 (1.44) | 0.35 (0.96)
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Discussion

The aim of this work was to apply a novel ASD-specific modeling and simulation method to
patients both before and after surgery and based hereon document subject-specific changes in

post-operative spine kinematics.

First, in agreement with the literature, a pre- to post-surgical decrease in global spino-pelvic
mobility was observed for all patients as quantified by the T1-SPT ROM demonstrating a mean
decrease of 30.8° (max decrease: 46.7°) during the voluntary trunk flexion. This reduction was
associated with a reduction in pelvic motion, as indicated by a reduced PT ROM after surgery

(mean decrease: 19.9°, max decrease: 38.0°).

Secondly, a decrease in joint mobility was also noted at the IV joint level of unfused vertebrae
(mean decrease: 2.0°, max decrease: 4.4°). Interestingly, this finding contrasts with the in vitro
literature reporting increased mobility of the unfused segments. However, carefully controlled
experimental conditions allow applying identical loading conditions before and after spinal
fusion surgery. This suggests that imposing identical pre- and post-operative loading conditions
in in vitro research is likely not representative for in vivo situations. A possible explanation is
the voluntary nature of the maximal motion which is affected by fear, caution or even pain in

i vivo testing, not present in in wvitro research.

Thirdly, the analysis of the IV joint kinematics at the fused vertebrae presented an opportunity
to evaluate STA and its effect on IV joint measurements when using subject-specific kinematic
models and the associated marker protocol (Overbergh et al., 2020). Thereto, our main
assumption was that any measured IV joint motion in the fused regions was caused by STAs.
During the maximal voluntary trunk flexion motion, on average, an erroneous IV joint motion
of 0.99° was noted. As in Mahallati et al. (2016), we noted the largest STA during trunk flexion
in the coronal plane (i.e. the LF DOF). Although caution is recommended in future analyses
of IV joint kinematics when ROM values are in the same order of magnitude, the analyses

generally still allow use in research.

This study has some noteworthy limitations. First, this study relied on a relatively small subject
group and must be interpreted as a first proof of concept and therefor does not allow far-
reaching clinical interpretation or conclusions. Secondly, the accuracy and reliability of the
subject-specific modeling platform has only been quantified in pre-operative ASD subjects
(Overbergh et al., 2021, 2020). As the post-operative spinal alignment appeared to be slightly
more difficult to reconstruct -especially in regions with metallic surgical instrumentation
obscuring anatomical landmarks- the accuracy and reliability of post-operative modeling could
be lower than reported previously in (Overbergh et al., 2020). A third, technical limitation
applies to both the analysis of STA and the mobility of the unfused vertebrae. As previously
described in section “Pre- and post-operative modeling and simulation”, in four subjects a
number of vertebrae could not be included in the analysis of IV kinematics due to erroneous
kinematic interpolation in regions containing a combination of instrumented, immobile and
non-instrumented, mobile vertebrae. For future measurements in post-operative subjects, it

would be advised to redistribute the kinematic interpolation in the model over the remaining
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non-instrumented IV joints while locking the kinematic DOFs of instrumented joints.
Additionally, kinematic STA quantification using post-operative patients is likely not entirely
representative for the pre-operative population. First, as presented earlier, all subjects
demonstrated a reduced global trunk flexion post-operatively. As ST As are expected to increase
with larger movement (Leardini et al., 2005), our results probably underestimate the effect of
STA in unfused regions as well as in a pre-operative population. Secondly, the reported STAs
include effects from contracting muscles, skin stretching and inertial effects, but exclude the
effects of IV joint motion as a complete fusion was assumed. Lastly, the presence of scar tissue

on the back alters normal soft tissue structure and behavior (Corr and Hart, 2013).

In summary, all subjects of our pilot population (n=>5) presented with a reduced global spinal
and pelvic ROM during voluntary trunk flexion after surgery compared to their pre-operative
motion. On a local level, the unfused vertebrae behaved more rigidly after surgery although
they were not part of the fused region. The assumption that no physical motion is possible in
the fused vertebrae, was exploited as an opportunity to investigate the effect of STA on spinal

measurement. On average, STA induced errors in measured IV joint kinematics of 0.99°.

This study presented the first in vivo spinal deformity-specific STA analysis evaluated in terms
of error on the measured IV joint kinematics using subject-specific models. Furthermore, this
work illustrated limitations and potential opportunities for the use of subject-specific MS
models in ASD patients and quantified changes is global spino-pelvic and local unfused

vertebral motion.
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Chapter 4

Supplementary data of Chapter 4

Appendix 1: Illustration of the marker protocol of Mahallati et al (2016) and the marker
protocol in this dissertation.
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Figure 63: (A) Skin marker protocol of Mahallati et al (2016) which was used to estimate the kinematic effects of
probabilistic imposed STAs. (reprinted and modified at the courtesy of the author.) (B) Skin marker protocol of

Overbergh et al. (2020) (Modified image from Mahallati et al. (2016)) (orange: marker cluster, blue: single marker,
grey: two anterior pelvis markers).
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Appendix 2: Pre-vs. post-operative difference in ROM during maximal forward flexion.

Table 35: Pre-vs. post-operative difference in ROM during maximal forward flexion. A negative differential value
indicates a post-operative ROM reduction compared to the pre-operative ROM. Subjects are sorted by increasing

fusion length as described in Table 32.

. T1-SPI ROM (°) PT ROM (°)
Subject
Pre-op | Post-op | Difference | Pre-op | Post-op | Difference

1 67.1 48.3 -18.8 59.6 44.6 -14.9
2 54.6 32.6 -22.0 42.9 29.3 -13.6
3 79.0 43.9 -35.1 50.9 34.8 -16.1
4 67.5 36.1 -31.3 46.7 30.0 -16.7
5 69.6 22.9 -46.7 57.0 19.0 -38.0
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The general objective of this dissertation was to develop a modeling and evaluation platform
and illustrate its potential to improve our understanding of pathological spine kinematics
during dynamic activities of ASD patients. Therefore, the first objective (Chapter 1) was to
develop and validate a new image-based, subject-specific modeling method that allows to
integrate the geometry of spinal deformity in generic musculoskeletal (MS) models and thus
enable the use of MS modeling and associated kinematic analyses of IV joint motion in ASD.
The second objective (Chapter 2) was to quantify the reliability of such kinematic analyses
based on the newly developed subject-specific modeling method. The third objective
(Chapter 3) was to (A) introduce novel methods to comprehensively quantify effects of spinal
deformities on spinal kinematics during forward trunk flexion and (B) to evaluate relations
with routinely used, clinical spino-pelvic parameters, vertebral body deformity, and self-
reported health related quality of life (HRQoL) in a pilot population. Lastly, the fourth
objective (Chapter 4) was to evaluate the modeling and evaluation platform, to measure pre-
to post-operative changes in spine kinematics, focusing on (1) the changes in global spinal
motion during maximal voluntary trunk flexion, pre- and post-operatively, as well as (2) the

vertebral (or local) motion of the unfused vertebrae.

This general discussion section will discuss (1 - Specific conclusions) the specific objectives in
the light of the conclusions from the associated individual chapter, followed by (2 - General
discussion and critical reflections) further considerations in the light of the overall work and

associated suggestions for future research.
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Specific conclusions

Obijective 1: Develop and validate a new subject-specific modeling method that allows

to integrate spinal deformity in generic musculoskeletal (MS) models and thus enable

the use of MS modeling and simulation in ASD

Musculoskeletal modeling in ASD is hindered by the combination of deformed vertebral
geometry, spinal malalignment and difficult accessibility (Gonnella et al., 1982) of sufficient
vertebral anatomical landmarks. As a result, conventional marker-based scaling inherently fails
to provide sufficient information to accurately accommodate a generic model to a specific spinal
deformity (Methodological gap). In addition, palpation errors are known to result in inaccurate
spinal kinematic simulations (Schmid et al., 2015). With the presence of spinal deformities, a
further increase of palpation errors of typically-used anatomical landmarks can be expected.
Severijns and Overbergh et al. (2021) reported that on average 37% of the placed markers were
incorrectly palpated in ASD patients. As a result, generic models combined with marker-based
scaling cannot be used for the evaluation of dynamic motion in ASD patients. These specific
limitations need to be overcome to unlock the potential of non-invasive, in vivo, musculoskeletal
simulations for further advancing our biomechanical understanding of the dynamic functional
abilities of ASD subjects.

In this work, we presented the first validated biplanar radiography-based method to generate
subject-specific spino-pelvic, MS models in ASD subjects that allow the inclusion of subject-
specific bone geometries, the personalization of external skin marker locations and the
personalization of the 3D weight-bearing spinal alignment. The accuracy of the latter is
comparable to clinically used software for 3D reconstruction. In addition, marker-based
kinematic accuracies were quantified semi-dynamically based on biplanar radiographs in an
upright and bent pose of a patient. This resulted in average errors ranging between 0.9-1.8 mm

and 2.9-5.6° for vertebral positions and rotations, respectively.

In conclusion, the use of this new modeling method enables accurate IV kinematic analysis of

spinal deformity subjects, previously not possible.
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Objective 2: Quantify the reliability of MS simulations for measuring IV joint motion

in ASD based on the newly developed modeling method.

Although accurate, the modeling platform and the use of resulting subject-specific models to
evaluate IV kinematics remains susceptible to variability from different sources of errors and
user-dependent inputs. To improve the rigor and objectivity of the measured kinematics prior
to interpretation, we therefore performed a complimentary analysis of the reliability of the
modeling method and associated kinematic simulation results (Hicks et al., 2015; Schwartz et
al., 2004). More specifically, we evaluated reliability in terms of (1) the overall test-retest
repeatability; (2) the inter-operator agreement of spine kinematic estimates; and (3) the
uncertainty of the calculated spine kinematics to operator-dependent parameters of the

framework.

To evaluate (1) the overall repeatability, four ASD subjects and one control subject were
included in a test-retest study with a two-week interval. At both time instances, subject-specific
spino-pelvic models were created by a single operator and applied to evaluate IV kinematics in
each subject during a forward trunk flexion motion. Next, (2) inter-operator agreement was
evaluated by having three a-priori trained operators each create models of three ASD subjects

and evaluate kinematics of the same forward trunk flexion motion.

The reliability of (1) and (2) was quantified using intraclass correlation coefficients (ICCs) of
the range of motion (ROM) of conventional spino-pelvic parameters [lumbar lordosis (LL),
sagittal vertical axis (SVA), thoracic kyphosis (TK), pelvic tilt (PT), T1l-and T9-spino-pelvic
inclination (T1/T9-SPI)]. LL, SVA, and T1/T9-SPI had an excellent test-retest reliability for
the ROM, while TK and PT did not. Inter-operator agreement was excellent, with higher ICC
values than test-retest reliability. These results indicate that operator-induced uncertainty has
a limited impact on kinematic simulations of intervertebral kinematics during spine flexion,

while test-retest reliability presented a much higher variability.

Lastly, (3) a Monte-Carlo probabilistic simulation evaluated the uncertainty of the
intervertebral (IV) joint kinematics to operator variability for three ASD subjects. The
definition of the IV joints was identified as the most sensitive operator-dependent parameter
for the IV joint kinematics. Nevertheless, IV joint estimations still had small mean 90%
confidence intervals (1.04°-1.75°). Although the current modeling and simulation method thus
remains dependent on manual inputs of the operators and the associated variability, their effect

on the kinematics was very limited.

As a result, it can be concluded that the modeling platform and its use for evaluating IV

kinematics are both accurate and reliable.
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Objective 3: Pilot novel methods to quantify effects of spinal deformities on spinal

kinematics and investigate their relation with the currently available (clinical)

parameterization of ASD patients.

Objectives 1 and 2, respectively, documented the accuracy and reliability of measuring IV joint
kinematics in ASD patients with the novel modeling and evaluation platform. The resulting
output data consists of a joint angle throughout time for each three DOFs of each of the

seventeen IV joints in the thoracic and lumbar spine.

Because of the large between-subject variability of the spinal deformity and the large amount
of data of 3D IV joint angles, interpretation as well as between-subject comparison of these
spinal kinematics while taking into account the regional deformity of the spine is challenging
and time-consuming. Therefore, we developed two novel parameters that quantitatively relate
spinal kinematics to the local deformity: The spinal kinematic deviation index (SKDI) and
spinal deformity engagement index (SDEI). Both parameters summarize the amount of
kinematic compensation. Whereas the SKDI quantifies the out-of-plane joint motion during a
monoplanar motor task; the SDEI quantifies the relative contribution of joints associated with
deformed vertebral bodies to the overall spinal motion. These parameters were piloted in fifteen
subjects (14 ASD, 1 control) during a maximal voluntary forward trunk flexion. Furthermore,
the correlation of both parameters with current clinically-used, radiography-based parameters

of adult spinal deformity was analyzed.

The pilot application of these novel parameters suggests that subjects engaging their deformed
region, i.e. a high SDEI, are also more likely to have a higher kinematic compensation, i.e. high
SKDI. Furthermore, the poor correlation of these novel, dynamic parameters with the currently
used radiography-based parameters, suggests that the latter, i.e. static parameters, are not the
sole determinant for the amount of spinal kinematic compensation (i.e. SKDI) during forward
trunk flexion. Indeed, the presence of a deformity does not necessarily elicited kinematic
compensation in our pilot cohort. Rather, a motion strategy engaging the deformed region

seems to be a prerequisite for kinematic compensation.

In extension to Clinical gap 1, the subjective nature of the currently performed functional
evaluation, Clinical gap 2 focused on the limited representativeness of quantitative
radiographic evaluations for dynamic spine function in ASD. In summary, this work confirmed
that, contrary to the conventional, static radiographic evaluation of ASD patients, the newly
developed modeling platform and hereon-based novel parameters such as the SKDI and the
SDEI could have potential to provide unique insights in the kinematic characteristics and
functional impact of this pathology and its treatment. As such, they can complement the
predominantly static radiographic assessment of ASD as currently performed in clinical

practice.
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Objective 4: Evaluate the modeling and evaluation platform to measure spinal

kinematics during trunk flexion before and after spinal fusion surgery in ASD: an

exploratory study.

Clinical gap 3 introduced the currently high complication and revision rates of ASD surgery.
The literature has suggested this to be related to a lack of functional information in the current
surgical decision-making. Additionally, patients’ expectations in terms of post-operative
functional improvements often importantly exceed the ones subjectively experienced post-
operatively (Ryu et al., 2021; Yoo et al., 2019). Besides the evaluation of IV kinematics before

surgery (Objective 3), there thus also seems to be a need for post-operative evaluations.

The aim of this work was to evaluate the modeling and evaluation platform to measure pre- to
post-operative changes in spine kinematics. More specifically, we aimed to evaluate (1) the
changes in global spinal motion during maximal voluntary trunk flexion, pre- and post-
operatively, as well as (2) the vertebral (or local) motion of the unfused vertebrae. Secondary
to these aims, this study provided an opportunity to evaluate the impact of soft tissue artefacts
(STAs) on the accuracy of marker-based spinal kinematics as the erroneously measured motion

at the instrumented, and therefore immobile, IV joints.

All subjects of our pilot population (n=>5) presented with (1) a reduced global spinal and pelvic
ROM during trunk flexion after surgery compared to their pre-operative motion. At a local

level, (2) remaining unfused IV joints also demonstrated reduced ROM after surgery.

In addition, the average effect of STA on the measured IV joint kinematics was estimated to

be 0.99°, assuming that physical motion is mechanically prevented in the fused vertebrae.

From a methodological perspective, this first exploration of post-operative modeling and
kinematic simulations identified three pitfalls. Firstly, modeling was complicated due to
hindered visibility caused by the surgical instrumentation. Second, the marker protocol requires
modifications in post-operative situations. Lastly, the model requires modification to the
definition of its joint constraints to accurately account for the mobility reduction due to the

spinal fusion.

This study presented the first in vivo spinal STA analysis, evaluated using subject-specific
models. This work illustrated limitations and potential opportunities for the use of subject-
specific MS models in post-operative ASD patients by quantifying pre- to post-operative
changes at the level of global spino-pelvic kinematics as well as at the local IV level of joints
without instrumentation. Although investigations using larger study cohorts are clearly needed,
these pilot results suggest that spinal fusion surgery reduces the global spinopelvic ROM as
well as at the ROM at the level of non-instrumented IV joints.
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General discussion and critical reflections

This general discussion will cover four main topics. First, this section will discuss the crucial
role of biplanar imaging for bridging the Methodological gap that limited modeling and
simulation approaches in ASD. Secondly, this section will provide a systematic overview of the
remaining sources of error and uncertainty associated with the newly developed workflow and
their effect on the spinal kinematic measurements. Third, we will suggest possible pathways
for clinical translation of the workflow and spinal kinematics in the clinical decision-making
process. Lastly, we will provide perspectives for future research as well as more generic

applications of the technical developments in this work.
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Topic 1: Biplanar radiographic imaging is key for subject-specific modeling in ASD
patients

Motion analysis has recently gained increasing interest to provide unique access to previously
unobtainable functional data in spinal deformity (Diebo et al., 2018). However, to understand
the complex interaction of spinal deformity and motion, advanced analyses that include
detailed assessment of IV joint motion are needed. While invasive bone-pin and continuous
irradiation studies have been performed on a small number of healthy subjects (section
‘Measuring spinal kinematics’ on p. 25), these techniques are ethically not applicable in larger
clinical studies or routine clinical practice. However, as demonstrated in this work, 3D
segmental IV motion can also be obtained by combining 3D motion analysis data with image-
based, MS modeling. Motion analysis offers great potential due to its non-invasiveness and its
potential for routine use, as demonstrated by the integration of the technique in routine
assessment of cerebral palsy gait dysfunction and its consequent impact on clinical decision-
making. However, technical limitations have thus far prevented the use of MS
models to measure in vivo spinal kinematics in the presence of a spinal deformity.
As described in the introduction (Methodological gap), the use of conventional marker-based
scaling of generic models fails to create a representative model for a spinal deformity subject.
Therefore, other techniques should be introduced for personalizing MS models in ASD. In
particular, the spinal malalignment and skin markers position need to be integrated in the
model, before combining it with 3D MOCAP to accurately measure in vivo IV kinematics. This
section will (A) motivate the use of biplanar radiographic imaging to create subject-specific

models in ASD but also (B) discuss the limitations thereof on the modeling workflow.

A. Unique contributions of biplanar imaging to the subject-specific modeling workflow

Biplanar radiographic imaging played a key role throughout this work because of its
opportunities to provide the required subject-specific information for the creation of accurate
spino-pelvic MS models in ASD. More specifically, the EOS Imaging system (EOS Imaging,
Paris, France) was used in this work (section ‘Medical imaging’ on p. 19). Interesting features
of this imaging technique include its ability to simultaneously obtain a coronal and sagittal,
full body, weight-bearing radiographic image of a patient, while only using about 50-80% of
the radiation of classic x-ray imaging (Figure 4 on p. 21) (Melhem et al., 2016). To put this
reduction in radiation in perspective, a low-dose, full-body, EOS acquisition has been shown to
require 800-1000 times less absorbed radiation compared to a typical CT scan used for
volumetric 3D reconstruction (Illes et al., 2012). However, in the context of this work it is more
important to note that the synchronous, spatially calibrated acquisition of such a pair of 2D
images allows 3D reconstructions to be generated of a subject’s spinal alignment (Souza and
Alves, 2014). To further motivate the use of biplanar radiographic imaging, we will (1) briefly
summarize the specific reconstruction principles and (2) discuss how we exploited the practical
advantages of the imaging system towards subject-specific MS modeling and simulation in
ASD.
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1) The imaging system has proprietary software (sterEOS, EOS Imaging, Paris, France)

to perform 3D reconstructions of skeletal geometries for clinical measurements making
use of statistically deformable models (Illes et al., 2012). Also alternative tools have
been published that use biplanar radiography reconstruction of the spine (Barba et al.,
2021; Bassani et al., 2017a). However, to the best of our knowledge none of these are
suitable for subject-specific musculoskeletal modeling in ASD patients as they fail to
adequately incorporate existing bony deformities and subject-specific malalignments.
Therefore, a generic biplanar image processing platform was developed as described in
Chapter 1. As a first underlying principle, it allows reconstruction of the 3D landmark
position based on their identified location in both 2D images, i.e. 2D to 3D
reconstruction (Figure 64A-C). Additionally, 3D anatomical shapes (e.g. vertebrae or
pelvis) can be projected onto the 2D x-ray images (using a digitally reconstructed
radiograph principle) allowing their projection to be simultaneously registered with the
actual images, i.e. 3D to 2D registration, thereby obtaining their 3D position and
orientation (Figure 64D). Both reconstruction principles were exploited in the current
work to create a total of fifteen subject-specific spino-pelvic models: First, the CT-
segmented 3D bone geometry of each vertebra was simultaneously registered onto both
radiographs acquired in the EOS Imaging system, thereby reconstructing the spinal
alignment in its weight-bearing upright position. Secondly, because the patients were
imaged while already wearing the skin markers for the motion analysis, the spatial
relation could be determined between individual actual skin marker and the underlying
bony anatomy as reconstructed in the first step. This spatial relation then determined
the corresponding virtual marker definition in the model. In effect, this allows for virtual
subject-specific marker-definition, thereby correcting for the error between the ideal
marker placement as described in the marker protocol and the effective marker
placement as performed by the physiotherapist. When combined, both these steps
solved the failing marker-based scaling and initiation step (as described in section
‘Challenges for use of musculoskeletal models and simulation in adult spinal deformity’

on p. 34) previously limiting the use of generic models in ASD.



Figure 64: (A-C) Tllustration of the 2D to 3D reconstruction principle applied to the reconstruction of
a skin marker to the 3D biplanar imaging space. The manual delineation (green points) of the marker in
the (A) coronal and (B) sagittal image, followed by an ellipse fit, determines the positon of that marker
(pink spheres) in the (C) 3D biplanar imaging space. Small metal spheres were inserted in the center of the
skin markers to enhance their visibility on the radiographic images. The same procedure can be used to
reconstruct the 3D location of an anatomical landmark, provided it can be unambiguously identified in
both images. (D) Illustration of the 3D to 2D registration principle. The mesh of a bone geometry (L3
in this example) is projected back onto the radiographic images, taking into account the intrinsic fan-beam
characteristics of acquisition. Upon repositioning the geometry in the 3D space, the 2D projections are

updated so a visually pleasing match can be achieved.

The specific design and acquisition aspects of the EOS biplanar imaging system allowed
weight bearing and free positioning of the subject, which as will be explained below,
allowed its use in combination with motion analysis. This biplanar imaging system has
a half-open cabin space, making images of the subject in an upright, weight-bearing,
position, with maximal dimensions of 170 cm high and 45 cm wide (Figure 4 on p. 21)
(Illes et al., 2012). Compared to conventional x-ray imaging, the patient is not required
to be positioned against a flat-panel detector (both lying and upright standing systems
exist) but can be positioned freely and upright in the cabin space. This allowed us to
include the skin markers in the images, as the back is not touching the flat-panel
detector. Furthermore, the ability to obtain images with the subject in an upright
standing, weight-bearing position is advantageous because of the large discrepancy
between supine spinal alignment and spinal alignment during functionally and clinically
relevant activities of daily living (Figure 65). Moreover, alternative subject-specific MS
modeling tools using for example MRI for lower limb modeling (Scheys et al., 2011b),
require the markers to be outlined with ink on the subject’s skin, and to be replaced
with radio opaque indicators, because of the lying position of MRI. This approach would
be unfeasible to also capture the orientation of marker clusters, thereby limiting the

definition of subject-specific markers in the model to the individual markers only.
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Figure 65: Ilustration of the difference in spinal alignment

between an upright and lying position. Here, a patient’s 3D
Y Uspinal alignment as recorded in a lying position through CT
(white) superimposed on the patient’s alignment in an
upright, load-bearing, position during biplanar radiographic
imaging (multi-colored) (the pelvis of both models were
matched). Salem et al. (2015) reported significant changes in
the spinal alignment between a standing and lying position in

asymptomatic subjects.

Exploiting 1) and 2), we could take advantage of the 3D approaches as the images were
taken in free patient-positioning conditions. Indeed, the simultaneous assessment of the
coronal and sagittal image eliminates an important patient-positioning prerequisite for
conventional radiography used for clinical assessment, where the coronal and sagittal
images are evaluated separately. We illustrate this patient-positioning prerequisite as
follows: The biplanar radiography system has a half-open cabin allowing free
positioning. However, the lack of guidance from a flat-panel detector introduces the
disadvantage that patient-positioning needs to be adequately aligned with the patient’s
anatomical planes, i.e. in-plane acquisition (Figure 66A). Alternatively, as illustrated
in Figure 66B, out-of-plane acquisitions can cause large errors on single-plane
radiographic spino-pelvic parameterization. While patient-positioning thus causes
variability in 2D radiographic parameterization, it does not affect modeling because the
3D reconstruction uses the sagittal and coronal image simultaneously. This free patient-
positioning was further exploited when taking images with the subject in a bent position
(for the validation of marker-based kinematics in Chapter 1) as this required the patient
to be imaged out-of-plane, due to the dimensional constraints of the half-open imaging

cabin.



Figure 66: Measurement of
the pelvic incidence angle
on sagittal radiographic

ittal ‘ gittal images suffers from

inaccurate patient
positioning. In (A) the

EOS cabine EOS cabine patient’s anatomical

planes were aligned with
the imaging planes, while
in (B) the patient was
rotated out-of-plane,
causing the 2D pelvic
incidence measurement to
be more than 15° larger
compared to (A).

A In-plane acquisition B out-of-plane acquisition

B. Remaining limitations of the biplanar imaging modeling method

It is important to note that the two image reconstruction principles that underlie our modeling
method (i.e. 2D to 3D reconstruction and 3D to 2D registration) are both affected by the
quality of the images and the ability to identify anatomical landmarks and markers in the
image itself. As will be outlined hereunder, these closely related aspects influence both the
reconstruction accuracy (Chapter 1) and operator variability (Chapter 2) of the presented

modeling workflow.

First, radiographic image quality can be affected by the presence of 1) soft tissue and 2)
motion artefacts (Figure 67), as further discussed below. Indeed, image quality, and more
specifically, blurring of the cortical edges primarily complicates the 3D to 2D registration
(Figure 64D) as it relies on matching the outer, cortical edges of the vertebral bodies and/or
anatomical landmarks located in cortical bone regions (e.g. spinal processes or pedicles), thereby
limiting the modeling accuracy. This effect can be illustrated by comparing the radiograph of
a healthy subject (Figure 67A) with a plastinated cadaver (Figure 67D) which was devoid of
internal organs. The latter demonstrates clearly pronounced edges of outer cortical shell of the
vertebrae.

169



Figure 67: Inferior quality of radiographic imaging can complicate the reconstruction due to the (partial) obstruction
of identifiable anatomical landmarks. Coronal radiographic image of (A) a healthy control subject and (B) an ASD
patient. (C) Image of an ASD patient (female, 77 years old) with severe balance problems which prevented her to
maintain a static pose for the duration of the acquisition (about 10-15 seconds) resulting in motion artefacts
presenting as a blurring on the thoracic region. (D) Coronal image of the plastinated cadaver with clear visibility
of the vertebral anatomical landmarks such as the spinous and transverse processes and vertebral endplates. (The

image quality may have been reduced in the printed version of this dissertation)

1) Effect of soft tissues on radiographic images

Radiographic imaging is very suitable to image cortical bone, such as the outer layer of
a vertebra. Briefly, this type of dense bone absorbs®, and thereby blocks, more of the
radiation being transmitted from the source to the detectors compared to trabecular
bone or soft tissue, allowing easy differentiation due to sharp gradients in their
respective grey values in the x-ray image. However, superposition of soft tissues (e.g.
skin, fatty tissue and muscles) along an x-ray beam, reduces the amount of collected
radiation at the detector, making the grey value gradients and tissue differentiation less
clear. In such cases of poor bone visibility, the visibility can be improved, however, at
the cost of increased radiation dosages. Indeed, because the dosage is constant over the
full body area being imaged, certain areas with less problematic visibility will be
irradiated more than minimally required. Currently, the radiology operator determines
the radiation dosage based on body dimensions, but also minimizing radiation to
sensitive areas such as the reproductive system or the thyroid according to the ALARA
concept (as low as reasonably achievable) (Hui et al., 2016). In practice, the radiation
dose is therefore kept low, causing a decrease in image quality for some areas.
Alternatively, a recent update of the biplanar imaging system (FlexDose of the EOSedge
system) allows to determine a modular radiation protocol, with reduced radiation
safeguarding sensitive areas, and adequately imaging areas covered by a lot of soft
tissue.

5 The is expressed through the attenuation coefficient, describing the fraction of rays absorbed per unit thickness.

This coefficient depends on the material of the absorber and the radiation energy.
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2) Effect of motion artefact on radiographic images

A full-body acquisition using the EOS Imaging System takes about 10-25 seconds,
during which the x-ray sources and detectors move in tandem from cranial to caudal
(Illes et al., 2012). The exact duration of the image acquisition depends on the height
of the patient and the radiation dose. Due to body sway or large subject movement
during the image acquisition procedure, biplanar imaging can also be associated with
so-called motion artefacts blurring the cortical bone edges of the image (Figure 67C) or,
in more severe cases, create anatomical inconsistencies wherein a straight bone will
appear curved (Simon et al., 2018). Likewise, such image distortions can complicate
full-spine reconstructions or, in severe cases, make it impossible. In case the radiology
operator observes significant motion artefacts, image acquisition is typically repeated
while urging the patient again to stand still. For cases where patient characteristics
complicate a stable posture, a handle bar is available in the cabin to provide more

stability. However, this was not preferred as it is visible in the image.

Second, the identification of the anatomical landmarks or markers affects the accuracy of
subject-specific model of an ASD patient. Indeed, to reconstruct the spinal alignment of an
ASD patient from the biplanar radiographic images, an operator will extensively rely on the
visual identification of specific anatomical landmarks. For example, the delineation of the
superior and inferior vertebral endplate enables the operator to obtain an initial estimate on
the position and orientation of a vertebra. Thereafter, more detailed landmarks, such as the
pedicles on the coronal image or the spinal process on the sagittal image, can be used to fine-
tune the reconstruction. Besides the previously discussed causes of reduced image quality,
identification of anatomical landmarks or markers can be further reduced because of 1) complex
spinal deformities, 2) obstructing anatomical structures, 3) a limited field of view and 4) the

presence of metallic objects (e.g., surgical instrumentation, pacemakers or jewelry).

1) Complex spinal deformity

The complexity and variability of vertebral anatomy in ASD complicates anatomical
landmark identification for the operator. To this end, subject-specific bone geometries
(e.g. segmented from CT) are favorable to generic geometries as they facilitate 3D to
2D registration (Figure 68). More specifically, thanks to detailed CT imaging,
theoretically a perfect match exists between the radiographic images and the identifiable
anatomical landmarks of the projected CT-segmented anatomy (Figure 68). Currently,
the modeling software does allow to non-uniformly scale generic vertebrae. However, in
an ASD population the vertebrae are often affected by severe degeneration and
deformation. Consequently, generic geometries (based on healthy subjects) may no
longer be representative. In effect, the use of subject-specific, CT-segmented anatomies
is currently a prerequisite for accurate modeling in ASD (Implications thereof are
further elaborated in “Topic 3: Suggestions for clinical translation” on p. 191).

Furthermore, the complexity of the spinal deformity itself can impact the performance
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of 3D to 2D registration of the spinal alignment reconstruction. Here, due to the
vertebral body deformations, the operator may have difficulties to interpret the 2D

projection of the vertebrae on radiographic images.

Figure 68: (A) Example of a CT-segmented 3D vertebral geometry of an ASD patient (L3 vertebra) in the
coronal, sagittal and transverse plane. (B) The generic version of the L3 vertebra used in original model of
(Bruno et al., 2015a). Notably, the generic vertebrae suffer from a much lower resolution (expressed through
the amount of triangles in the mesh) compared to the subject-specific vertebrae. However, making use of
higher resolution geometries still requires them to be deformable. (C) The projection of the CT-segmented

L3 vertebra onto the coronal radiograph.

Indeed, compared to the undeformed regions, the operators (Chapter 2) (subjectively)
reported a higher difficulty to reconstruct the spinal alignment of strongly deformed
regions in terms of the 3D positions and orientations of the individual vertebrae. A
comparison of the operator variability, calculated for each of the three ASD subjects
and the plastinated cadaver, partly confirms the increased difficulty the operators
experienced when modeling the severe deformity of S3 in comparison to S1 and S2
(Figure 69). Contra-intuitively, the plastinated cadaver (P in Figure 69) also appears
to have a relatively high operator variability when compared to S1 and S2. However,
as explained in Chapter 2, this created model was the result of a training phase for two
of the three of the operators who previously had no experience in spine modeling.

Consequently, given this lack of experience, these created models are not fully



representative to assess an increased modeling difficulty due to the complexity of the

deformity.

Mean (SD) abs. Plastinated cadaver (P) ASD subject 1 (S1) ASD subject 2 (S2) ASD subject 3 (S3)
operator variability

OrientationX (°) 2.08 (2.07) 0.90 (0.81) 1.80(2.12) 2.83(2.20)
OrientationY (°) 2.20(1.83) 1.01(0.77) 2.84(2.36) 2.53(2.02)
OrientationZ (°) 2.05(1.48) 0.85 (0.69) 1.53 (1.50) 1.68 (1.65)
Position X (mm) 1.74 (1.39) 0.51(0.55) 1.42 (1.12) 1.28(1.04)
Position Y (mm) 1.21(1.49) 0.28 (0.26) 0.86 (0.67) 1.27(0.95)
Position Z (mm) 0.98 (1.03) 0.38(0.37) 0.98 (0.78) 3.26(3.45)

Figure 69: Superimposed alignment reconstruction from three operators (represented by a different color:
yellow, blue and green). We noted an increased variability in alignment reconstruction with increased
complexity of the deformity of the ASD subjects (S1 to S3). Contra-intuitively, the plastinated cadaver
(P) which does not present with a spinal deformity also has relatively high variabilities. However, this
reconstruction was part of the operator training where operators had no prior experience (Data from
Chapter 1 and Chapter 2).

Obstructing anatomical structures

The superimposition of other structures such as the rib cage or upper extremities can
reduce the visibility of, or even completely obscure, skin-mounted markers or anatomical
bony landmarks required for the reconstruction. Firstly, the ribs will unavoidably affect
the visibility of the thoracic vertebrae. Secondly, with regards to the upper extremities,
patients were instructed to stand in the modified SRS position with their fingers on the
clavicle and arms in 45° angle, which specifically aims at avoiding the arms
superimposing the vertebrae, while minimally effecting the natural spinal alignment
(Horton et al., 2005). Thirdly, specifically in the coronal image, skin-mounted markers
tend to suffer from a reduced visibility due to the superimposition of cortical bones and
soft tissue. To ensure accurate identification on the images, small metal marbles were
inserted in the markers (Figure 70). We recommend this modification as the inserts
have higher radiation attenuation coefficients compared to the plastic markers or bone

and soft tissue, which allows easier recognition in the images.
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Figure 70: (A) Small metal marbles have been inserted into the retroreflective skin markers. (B) Their

high attenuation coefficient effectively blocks the radiation, increasing its visibility on the radiographs.
Although the spherical outline of the skin marker is most often visible in (C) the sagittal radiographic
image, the metal sphere helps the identification in regions where markers are visually obscured, often the

case in (D) the coronal radiographic image.

Limited field of view

Disadvantages of the narrow cabin design of the EOS Imaging System include the need
for adequate patient-positioning (previously discussed on p. 168) by the radiology
operator and the occasionally insufficiently wide field of view (FOV) (45 cm wide x 170
cm high). Especially taller subjects or subjects with a high body mass index (BMI) may
not be fully captured in the image. Typically, a very low dose pre-scan allows the
radiology operator to verify correct patient positioning as well as proper visibility of all
skin markers on the back before taking the actual image. Prioritizing markers on the
back, sometimes, unavoidably caused an anterior pelvis marker to fall outside the FOV.
During an anteroposterior (AP) and left-right (LR) acquisition (referring to the path
the x-ray beams follow though the body) the left anterior pelvis marker can fall outside
the field of view in the coronal image due to the fan-beam method used in the EOS
imaging system. However, in case the subject was rotated out-of-plane, the right
anterior pelvis marker will be outside the field of view. Loss of a pelvis marker occurred
in eight subjects included in this dissertation. In such cases, only four instead of five
markers were visible on the pelvis. Nevertheless, this is still sufficient for accurate
marker-based tracking. Additionally, a recently released update of the EOS Imaging
System, the EOS edge, has an open cabin and allows a wider field which will likely
eliminate this issue (the exact image dimensions were not publicly available at the time

of this dissertation).



4) Metallic objects

Finally, metallic objects in the image block almost all radiation from the detector and
thereby visually obstruct important bone edges or the identification of landmarks.
Therefore, subjects were asked to remove any jewelry potentially blocking the view of
the spine. Often however, this cannot be avoided. For example, when creating post-
operative models (Chapter 4) the presence of metallic surgical instrumentation (Figure

71) causes visual obstructions and metal artefacts (e.g. scattering) in the images.

Figure 71: Although the quality of radiographic imaging is only limitedly
compromised by metal artefacts due to the surgical instrumentation, they can
obscure anatomical landmarks that normally aid in the reconstruction of the
alignment. This image shows the (A ) coronal and (C) sagittal radiographs of a
patient six months after spinal fusion surgery and again with their superimposed
vertebral geometries (B and D, respectively). (Image quality may be lower in

the printed version of this dissertation.)

In summary, the unique characteristics of the biplanar radiographic imaging technology
allowed, for the first time, to create subject-specific MS models for ASD patients, integrating
both subject-specific spinal deformity and skin marker placement. Although the use of biplanar
imaging for modeling is associated with some specific limitations, it was key to enable detailed

motion analysis of spinal kinematics in ASD patients.
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Topic 2: Error and variability in the workflow affect the accuracy and reliability of the

spinal kinematics

Associated with the introduction of the novel workflow, developed in this work, it is imperative
to verify the output results both in terms of accuracy and reliability to improve their objectivity
and rigor, prior to clinical interpretation (Hicks et al., 2015; Schwartz et al., 2004). In support
thereof, Figure 72 provides an integrated overview of the entire workflow developed from
patient data collection, over data processing (mainly the subject-specific modeling method) to

the analysis of the spinal kinematics.

/ Data collection \ / Data processing \ / Data analysis \

| Biplanar radiography : > Subﬁ;:;-eslpi):;:lﬁc | >| Spinal kinematics ‘

v '

i i | Ppreprocess MOCAP data | : -
| Motion analysis | »| _ Pre-process MOCAPdata | | Data integration ‘

N VAN J

Figure 72: This overview summarizes the step-wise workflow developed in this dissertation. In the first panel, data

on the subject is collected: After CT imaging, skin markers are attached to the subject according to the predefined
marker protocol. Thereafter, while still wearing the markers, the subject is transferred to the biplanar imaging
system to take the radiographs. Finally MOCAP data is recorded in the motion lab. The second panel summarizes
the data processing, performed by the researcher. This includes CT segmentation which is required for subject-
specific modeling; and pre-processing the MOCAP data (labeling, cropping the trial and converting for compatibility
with OpenSim). In the final panel, the subject-specific model and pre-processed MOCAP data are used to perform
inverse kinematics (OpenSim), obtaining continuous joint angles (and translations) for each DOF defined in the
model, allowing further analysis. Items in dashed boxes are shown for completeness but will not be discussed in this
section, as they have been discussed previously or are outside the scope of this work: The acquisition of the CT
images (part of the clinician’s medical exam), biplanar radiography and CT segmentation (both already extensively
discussed in Topic 1), and pre-processing MOCAP data (a standardized process) will not be discussed (again).
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This section aims to comprehensively evaluate and discuss the various steps in the developed
workflow in specific view of their respective kinematic (A) accuracy and (B) reliability, finally

(C) summarizing suggestions for the prioritization of future workflow improvements.
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Figure 73: Schematic of the sources of error/variability contributing to the total error/variability of spinal kinematics
in ASD, and the respective evaluation methods used to quantify them. Due to the specific design of the workflow
certain sources such as ‘palpation error’, ‘marker placement variability’ and ‘radiographic imaging variability’ are

not affecting the spinal kinematics (as indicated by the red cross), yet there are still shown for completeness.

The outline of this section is illustrated in Figure 73. Firstly to evaluate accuracy, the
contribution to the total error of spinal kinematics (A) was evaluated using three methods (i.e.
the radiographic measurement of marker placement, the measurement of kinematics after spinal
fusion and a kinematic evaluation through semi-dynamic biplanar radiography, respectively
referenced in Figure 73 as A1, A2 and A3 and detailed below), which quantified the impact of
four sources of error (i.e. palpation error, soft tissue artefact, subject-specific modeling error
and assumptions in the model) identified within the workflow. Secondly to evaluate
uncertainty, the contribution to the total variability of spinal kinematics (B) was evaluated
using two reliability methods (i.e. operator-reliability and test-retest evaluations, respectively
referenced Figure 73 as B1 and B2 and detailed below), quantifying the impact of five sources
of variability (i.e. inter- and intra-operator modeling variability, intra-subject variability,
marker placement variability and radiographic imaging variability) identified within the

workflow.
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A. Total error on spinal kinematics in ASD

The error (or inaccuracy) of our workflow is defined as the difference between the measured
and the actual IV joint motion. As indicated above and in Figure 73, we used three evaluation

methods to assess four specific sources of error, each further detailed below.

A1l. Palpation error evaluated through radiographic measurement of marker
placement

The physiotherapist attaches the markers on the subject’s skin relying on external palpation
and visual inspection of the anatomical landmarks (Figure 74A). The use of biplanar imaging
of subjects instrumented according to the marker protocol provides a unique ground truth to
quantify associated palpation errors in ASD subjects. Therethrough, the 3D distance between
the actual placement of skin markers and their correct position can be quantified; with the

latter being defined as the skin position closest to the targeted bony landmark (Figure 74B).

Figure 74: (A) Image of a physiotherapist palpating the spinal processes through the skin before placing the markers
on the subject according to the predefined marker protocol. (B) Illustration of the calculated palpation error. The
center of the base of a skin marker is considered as the actual marker position (C). The optimal marker position is
identified by fitting a circle on the sagittal image. The center point of the circle is placed on the anatomical landmark
which the corresponding marker aims to track, i.e. (4) the most posterior point of the spinal processes. The first
point where the circle reaches the skin surface (B), representing the shortest distance between the landmark and
the skin, is considered to be the optimal marker position. The distance (D) between the actual and optimal position

is the palpation error (Severijns and Overbergh et al., 2021).

Specifically for our marker protocol (introduced in Chapter 1), Severijns and Overbergh et al.
(2021) quantified the 3D palpation error in 20 ASD subjects and 10 control subjects. The mean
(maximal) 3D palpation error in ASD and control subjects measured 15.5 mm (25.4 mm) and
14.0 mm (19.4 mm), respectively. Furthermore, this palpation error resulted in an incorrect
level identification for 37% of the placed markers in ASD patients. This indicates the necessity
to subject-specifically correct marker placement prior to analyzing IV kinematics in ASD.
Thereto, this PhD work similarly exploited the unique, simultaneous availability of ground
truth anatomical landmark positions and the correspondingly defined skin-mounted marker
positions in biplanar x-ray images. Indeed, as described in “Topic 1: Biplanar radiographic

imaging is key for subject-specific modeling in ASD patients’, erroneous placement of the
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markers is accounted for in the model based on the relative 3D distance between both. However,
a remaining limitation lies in the need for the actual marker to have been placed within
reasonable proximity of the associated anatomical landmark. Although the position of the
virtual marker on the MS model is defined subject-specifically to guarantee adequate marker-
based actuation of the model, the further the marker is placed from the targeted anatomical
landmark, the less representative its recorded trajectory will likely be for the tracked vertebra.
Yet, the subject-specific definition of virtual markers effectively eliminates the
influence of palpation error on the kinematics given that the markers were placed

within reasonable proximity of the anatomies aimed to track.

A2. Soft tissue artefacts evaluated through kinematic measurements after spinal
fusion

All skin-marker based motion capture systems are subject to error originating from STAs.
These are caused by the relative motion of the skin to the underlying anatomical structures,
due to for example muscle contraction or inertial effects (Mahallati et al., 2016; Zemp et al.,
2014). To evaluate their effect on the kinematics accuracy, Chapter 4 exploited the opportunity
of motion analysis following spinal fusion to evaluate the effect of STA on the IV joint angles
during forward flexion, using the developed subject-specific modeling workflow and dedicated
spinal marker protocol. During the maximal voluntary trunk flexion motion, on average, a
change of 0.99° degrees in the fixed IV joints was measured due to the presence of STA. It
should however be noted that these values may not be fully representative of STAs of subjects
in their pre-operative condition, as scarring tissue, the presence of instrumentation and reduced
ROM could have an additional effect. To further improve our estimations of the effect of STA
on spinal kinematics in ASD, dynamic medical imaging should be used while wearing the
markers. Yet, based on the results of this work one degree can be used as an upper
bound on the accuracy of marker-based spinal kinematics due to STAs when using

the developed workflow.
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A3. STA, subject-specific modelling error and assumptions in the model
evaluated through semi-dynamic biplanar radiography

On top of the previously discussed STAs, also the introduction of error during subject-specific
modeling and assumptions in the model are limiting the accuracy of spinal kinematics (Figure
73). To validate marker-driven, model-based simulation of movement, Hicks et al. (2015)

suggest to compare the

simulations to independent upright
experiments. However, regarding
IV joint kinematics in ASD
patients, no studies were available
that report IV joint kinematics in
ASD. Additionally, the unique

shape and motion pattern of each

ASD patient precludes validation
based on group-wise comparisons.
Therefore, this work has turned to

medical imaging to quantify the

accuracy of marker-driven MS

kinematic simulations (Chapter Figure 75: Evaluation of the marker-driven kinematic accuracy of MS
1). More specifically, we  models in ASD using semi-dynamic biplanar radiography.

performed a semi-dynamic

validation using biplanar radiography in a bent positon (Figure 75), in which, in addition to
the unavoidable STA, the effect of errors due to subject-specific modeling and model
assumptions on IV joint kinematics were quantified (Figure 73). Using the model defined in an
upright posture, a kinematic simulation of the bent position was performed only based on the
3D marker positions extracted from the bent image as input. This marker-driven simulation
was then compared to a newly generated ground-truth model based on the images in the bent
position. Unfortunately, this semi-dynamic approach, is only partially representative for the
accuracy during true dynamic motion as it only considers two static postures, i.e. the initial
(upright) and final (bent) position. As such, inertial effects of markers and soft tissue were
indeed not considered. However, true dynamic validation either requires dynamic medical
imaging (e.g. dynamic fluoroscopy (Breen et al., 2019)) or invasive bone-pins (see section
‘Measuring spinal kinematics’ on p. 25) which was beyond the scope of this work. Therefore,
to date, we present the results of our semi-dynamic validation as our most complete evaluation
of the overall workflow accuracy, reporting mean marker-based tracking accuracies
between 3.1-5.0 mm and 2.9-5.3° for vertebral positions and rotations,

respectively.

As indicated in Figure 73, these error values arise from the modeling error, assumptions in the
model and the previously described STAs. We further discuss the modeling error (A3.1) and

assumptions in the model (A3.2) as individual sources of error below.
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A3.1 Subject-specific modeling error

We quantified the accuracy of subject-specific modeling, reporting mean errors on the
reconstructed vertebral positions and orientations of 0.71-1.59 mm and 1.25-2.27°, respectively
(Chapter 1). These accuracy values were comparable to other clinically-used reconstruction
software. However, as previously discussed (“Topic 1: Biplanar radiographic imaging is key for
subject-specific modeling in ASD patients” of this discussion), this in vitro validation using a
plastinated cadaver (Figure 76) was not fully representative for in vivo ASD subjects due to
the differences in radiographic image quality and a priori knowledge of a healthy spinal
alignment. More specifically, the cortical bone of the vertebral edges was easier to identify on
the x-rays because the plastinated cadaver no longer had organs or a chest obscuring the view.
Also, as discussed above, a healthy spinal alignment is intuitively easier to reconstruct as
opposed to complex 3D malalignments in combination with vertebral deformations. In the
future, this validation should therefore be repeated based on a more representative plastinated
cadaver or an artificial, ASD-specific phantom ideally including deformed vertebrae, spinal
malalignment as well as soft tissues. With regards to the modeling method, future

improvements should also focus on reducing operator reliance, for example through automated

image processing for the optimization of image registration (Aubert et al., 2019).

Figure 76: To create the reference data (e.g. CT or MRI) to quantify the accuracy subject-specific modeling should
be taken simultaneously with the biplanar radiographic images to avoid changes in spinal alignment between
acquisitions (as illustrated previously in Figure 65). As this was technically not feasible, we used a plastinated
cadaver (Chapter 1), which would provide a constant/fixed spinal alignment for upright biplanar imaging and lying
CT imaging. Image (A) shows the plastinated cadaver, devoid of organs and rigidly fixated in the spine, while being
imaged upright in the biplanar radiography system, (B) the coronal x-ray image (sagittal image not shown here)
and (C) a 3D rendering of the CT taken in a lying position. Finally, (D) shows the subject-specific model as created

in the modeling method (red), superimposed on the ground truth CT segmentation (green).
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A3.2 Assumptions in the model

As described previously (section ‘Challenges for use of musculoskeletal models and simulation
in adult spinal deformity’ on p. 34), practical limitations prevent us from placing sufficient
markers on each individual vertebra. To describe individual vertebral kinematics based on a
limited set of markers and prevent the system from being underdetermined during the inverse
kinematics optimization, we were required to make assumptions in the model that limit the

accuracy of the estimated kinematics.

Firstly, each IV joint was modeled as a three-DOF ball-and-socket joint, thereby assuming a
fixed instantaneous axis of rotation (IAR). However, the true physiological FSU presents with
six DOF as the IV disc is capable of 3D displacement, and thus has a mobile IAR (Bogduk
and Twomey, 1997). Although this assumption thus removes 3 DOF for each vertebral joint in
the model, it inherently limits the accuracy of the spinal kinematics as translation is not

permitted and all intervertebral motion has to be expressed as rotations.

As a second required assumption for preventing under-determination of the system, kinematic
interpolation was applied to obtain IV kinematics for joints in-between skin-marker tracked
vertebrae (‘regions’ spanned by green vertebrae in Figure 77A). However, it is important to
note that this interpolation was not defined on a subject-specific basis, but rather based on
prior experiments in the literature on healthy subjects (Overbergh et al., 2020) as no such
experimental data was available for ASD subjects. This could have negatively affected the
accuracy of the IV joint kinematics. Moreover, this modeling assumption forced us to exclude
regions of the spine that contained both fused and unfused vertebrae when determining spinal
kinematics after spinal fusion surgery in Chapter 4. Similarly, in case of excessive rigidity at a
specific IV level, for example due to ankylosing spondylitis (inflammation followed by new bone
formation spanning the IV disc), IV motion would still be calculated although none was present

in case kinematic interpolation values are not adjusted subject-specifically.
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Figure 77: (A) Joint constraints (kinematic interpolation) implemented in the model interpolate motion over the
segments within a group (defined as the set of IV joints spanned by kinematic fully determined vertebrae (green))
during the global optimization of the inverse kinematics. (B) In the work of Bruno et al. (2015b) IV joint stiffness

matrices were defined in each of the lumbar joints.
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Compared to both methods above, attempts have already been made in the literature to further
increase the physiological accuracy of the IV joints in MS models of healthy subjects. A first
approach integrates stiffness in the IV disc (Figure 77B) (Bruno et al., 2015b; Wang et al.,
2020). Recently, through balancing the amount of DOF's in the thoracolumbar spine with joint
constraints the physiological accuracy and marker error was optimized in healthy models
(Alemi et al., 2021). However, degeneration of intervertebral discs, as in ASD, is known to alter
its mechanical properties including its stiffness (Inoue and Orias, 2011). As a result, subject-
specific stiffness values should be defined to increase subject-specificity and model accuracy.
To this end, dynamic optimization approaches have been introduced in healthy subjects that
solve spine kinematics through the calibration of the mechanical properties of the IV joint by
requiring dynamic consistency (Wang et al., 2021). However, translating this research to the
ASD population is still unexplored. Alternatively, medical imaging-based approaches could be
implemented to determine subject-specific stiffness values. For example, based on MRI-based
assessment of IV disc structure and degeneration (Benneker et al., 2005; Wijayathunga et al.,
2019), a reduction of the interpolation value or increase of the stiffness could be implemented
to reduce the contribution of degenerated and more rigid IV joints to the motion. Such
information on IV stiffness could also be obtained from radiographic images of a subject in
flexion /extension, lateroflexion and axial rotation (Berger et al., 2015). To conclude, such

approaches have clear potential to even further increase the accuracy of IV kinematics.

B. Total variability of spinal kinematics in ASD

Human involvement in (biomechanical) measurements typically raises questions regarding the
introduced variability in the process and, inversely, the reliability of the process’ output. Also
the workflow to measure spinal kinematics in ASD, presented in this work, is dependent on
human interaction for the following steps (in reference to Figure 72): The physiotherapist
placing markers on the subject, the radiology operator positioning the patient in the biplanar
radiographic imaging system and the modeling operator. Lastly, also the subject being
measured is a source of variability. Regarding the variability introduced by each of the human
interactors, the modeling method was developed to primarily limit the influence of the
physiotherapist and the radiology operator. As these have already been discussed in detail in
section “ Palpation error evaluated through radiographic measurement of marker placement’ on
p- 179 and section “Unique contributions of biplanar imaging to the subject-specific modeling
workflow” on p. 165, respectively, these will not be discussed again in this section. Rather this
section will further detail the reliability associated with the involvement of the modeling

operator, and the subject being measured.

B1. Inter-operator variability in subject-specific modeling evaluated through
inter-operator reliability testing and probabilistic uncertainty.

As mentioned in Topic 1 of this discussion, the method for reconstructing the spinal alignment
relies on manual interaction of an operator (Figure 69). This introduces variability in

reconstructed spinal alignment between trained operators that measure 0.552-0.739 mm and
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0.96°-1.68° for the median body positions and orientations, respectively. Additionally, the
variability of marker reconstruction was very small (median: 0.26 mm). Lastly, the median
variability of joint definition was 0.566-1.058 mm and 1.16°-1.95°, for positions and orientations
respectively. This variability in the reconstruction of spinal alignments, marker reconstructions
and the joint definitions could likely be even further reduced in the future by increased operator
training or eliminating variability in operator-dependent modelling steps through increased
automation of the model creation procedures, as discussed above in section “Subject-specific

modeling error” on p. 182.

When evaluating its effect on the kinematics in terms of spino-pelvic ROM
parameters, the inter-operator agreement was excellent with ICC values ranging
from 0.875 (TK) to (almost) 1 (LL, SVA, PT, T1-SPI, T9-SPI), showing a high to
very high kinematic agreement amongst the three operators. However, as these
sources of variability also affect the output in terms of IV kinematics, Chapter 2 further
quantified the probabilistic effects of subject-specific spino-pelvic modeling uncertainty on IV
kinematics in ASD patients through a Monte-Carlo probabilistic simulation. Inter-operator-
dependent modeling parameters (i.e. the virtual markers, bodies and IV joint definition) were
thereto sampled from their respective a-priori defined statistical distributions and combined to
create a representative set of probable model variations. Using these models, we obtained small
mean 90% confidence intervals (1.04°-1.75°) for IV joint angles. The operator
dependency of the modeling workflow only has a small effect on the measurements of IV joint
kinematics. This indicates the modeling method is highly reliable for kinematic analysis of

spinal motion.

B2. Intra-subject variability in the execution of motion and intra-operative
modeling variability evaluated through test-retest reliability.

The lack of consistency with which a subject is performing the tasks, i.e. intra-subject
variability in the execution of motor tasks (Figure 73) in the motion lab, is a well-known source
of intrinsic variability (Schwartz et al., 2004), and this will also impact the smallest detectable

difference (as defined in Chapter 2) in spinal kinematics.

Indeed, in Chapter 2, a test-retest repeatability analysis quantified the combined intra-subject
and intra-operator variability (Figure 73) of the entire workflow in spinal kinematics through
repeated measurements over a two-week time interval. Our test-retest reliability results,
expressed as spino-pelvic parameters, were excellent (ICC > 0.75) and comparable
to parameters previously reported in ASD (Severijns et al., 2020) and healthy (Mousavi et al.,
2018) population, with the exception of the thoracic kyphosis (TK) parameter which presented
with poor reliability (ICC<0.40).

This analysis was associated with several important limitations. Firstly, opposed to the work
of Severijns et al. (2020) and Mousavi et al. (2018) (exclusively evaluating intra-subject
variability), our results reflect the combined effect of the subject repeating the movement on
two separate days (i.e. intra-subject variability) and the same operator re-creating the model

(i.e. intra-operator variability). In the future, a repeatability analysis could be performed on a
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set of trunk flexion motions performed on the same day (i.e. within the same motion analysis
session) thereby isolating the intra-subject variability from the intra-operator variability as the
model does not need to be recreated. This isolated trial-to-trial variability would likely be
smaller compared to our reported two-week variability. Alternatively, in order to isolate the
effects of intra-operator variability on the kinematics, a single operator could create several
models of the same subject to measure the same motion trial. Yet, we assumed the intra-

operator variability to be equal to or smaller than the inter-operator variability.

Secondly, we quantified the variability based on the ROM rather than considering variability
in the individual spinal kinematics. Indeed, evaluating only the initial and final phase of the
motion in terms of ROM of spino-pelvic parameters (as in Chapter 3 and Chapter 4) does not
provide any insight in the dynamic motion pattern itself. For example, Figure 78 shows the
test-retest results of an ASD subject as reported trough the T1-SPI angle. Based on a
comparison of the ROM of the T1-SPI parameter, we would conclude that the T1-SPI ROM
was repeatable. However, detailed evaluation of the kinematic pattern between both sessions
based on the continuous, time-dependent T1-SPI angles revealed additional insights into the
motion strategy. Indeed, as shown in Figure 78, a steeper curve of the T1-SPI angle was found
during the second session compared to the first session, indicating an accelerated initial flexion
phase. While these ROM evaluations of spino-pelvic parameters are common practice within
spinal motion evaluation (D. Gelalis et al., 2009; Mousavi et al., 2018; O’Grady et al., 2021,
Schmid et al., 2016; Severijns et al., 2020) and thus proved useful for comparison with the
literature, care should be taken as such semi-dynamic evaluation disregards dynamic kinematic

features that may be relevant.

T1-SPI
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Figure 78: We quantified the reliability using the ROM of spino-pelvic parameters (T1-spino-pelvic inclination [T1-
SPI| in this illustration) during the forward trunk flexion as in Severijns et al. (2020). However, this is not a true
dynamic validation as only the initial and final position of the motion is considered when calculate the ROM. A

fully dynamic comparison would allow evaluating the overall kinematic pattern.
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Thirdly, adequate standardization of the movement instructions is of utmost importance to
limit intra-subject variability of the spinal kinematics. This can be illustrated based on data of
one ASD subject, suffering from a predominantly lumbar spinal deformity, who initially
performed a maximal trunk flexion primarily engaging her lumbar region with limited range of
motion in the thoracic region (Figure 79A). However, in the second session seven days later,
her motion strategy changed, a rigid lumbar region with primarily engagement of her thoracic
region (Figure 79B), despite that there were no interventions, injury or illness during this seven-
day period. Although, the cause of this altered movement strategy could not objectively be
determined, the subject might have interpreted the instructions differently. This highlights the
importance of adequate standardization. The use of guides and reaching targets (as in Mahallati
et al. (2016)), could improve the test-retest reliability. On the contrary, excessive
standardization may obscure voluntary motion strategies as the motion during the flexion task
may become more artificial and less representative of activities of daily living. Therefore,
evaluation of tasks of daily living, here for example picking up a pen from the floor while being
seated, may be a better alternative rather than providing excessively detailed instructions of

an analytical motion as the forward flexion. This way the risk of ‘overthinking the motion’ and

thereby altering the movement strategy could be limited.
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Figure 79: Both images represent the final position of a maximal voluntary trunk flexion motion of the same ASD
subject during two separate motion analysis sessions, seven days apart. While in (A) a rigid thoracic but mobile
lumbar region was used to reach the flexed position, in (B) the subject used a rigid lumbar but mobile thoracic

region.
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C. Summary of error and variability

In this last subsection, we will discuss the performance of the workflow as a whole summarizing
suggestions for prioritizing future improvements to the workflow regarding the accuracy (C1)
and reliability (C2) of the spinal kinematics. Because of the co-dependence of consecutive steps
in the workflow and the non-linearity of the inverse kinematics algorithm, it was not possible

to isolate and quantify each source of error or uncertainty.

C1. Kinematic error of the complete workflow

Firstly, we can neglect the effect of palpation error as this is largely corrected for during subject-
specific definition of the virtual markers. As for the remaining sources of error, the evaluation
using semi-dynamic biplanar radiography (Chapter 1) offers the most complete accuracy
evaluation of the entire workflow, i.e. integrating effects from STA, modeling error and
assumptions of the model. The mean spinal kinematic error was 3.05—4.97 mm and 2.92-5.31°
for vertebral positions and orientations, respectively. Comparing this to the isolated effect of
unavoidable STAs on the spinal kinematics (mean error 0.99°), we should prioritize the
improvement of the model towards more accurate and physiologic representation of the
subject’s anatomy and kinematic function. Moreover, as the quantification of the reconstruction
accuracy of the modeling method was comparable to clinically used alternatives, the largest
gain in accuracy is likely to be made in the optimization of the model assumptions

regarding improved kinematic physiologic resemblance to the ASD subject.

C2. Kinematic variability of the complete workflow

Regarding the variability introduced by each of the human interactors, the introduced
variability by the physiotherapist and radiology operator were assumed to be negligible. As the
remaining human aspects could currently not be avoided, i.e. the variability introduced by the
modeling operator and the subjects being measured, they were further investigated. While the
operator-dependent modeling aspects were evaluated through inter-operator variability testing
and simulations of probabilistic uncertainty, a test-retest reliability analysis concluded that the
largest variability currently originates from intra-subject differences in motor task execution.
However, although further improvements in motor task instructions are plausible, one should
be careful not to over-standardize and thereby lose the voluntary nature of the motion. In
summary, future improvements should focus on minimizing operator-dependency as
a source of variability in modeling and investigate means to improve
standardization of the motion while warranting its resemblance to real daily

activities and voluntariness.
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While the modeling method of the workflow was designed to prevent the effect of palpation
error during marker placement and patient-positioning error during imaging, the creation of a
subject-specific model together with the limiting assumptions in the model appear to be the
largest contributors to error in measuring spinal kinematics. Furthermore, the introduced
variability due to its reliance on operators for modeling was limited compared to the slightly
larger intra-subject variability in performing a motion task. In summary, although the
presented workflow remains susceptible to error and uncertainty, it was demonstrated to have
good accuracy and robust reliability.
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Topic 3: Suggestions for clinical translation

Although the work in this dissertation mainly focused on methodological developments and the
validation thereof, this section will discuss the current limitations of the workflow for extension
towards larger study cohorts and provide suggestions to facilitate clinical translation. More
specifically, the following prerequisites for clinical integration of the workflow with the aim of
complementing the static evaluations with dynamic information on spine function are (A) a
clinically feasible workflow, (B) intuitive integration of the complex spinal kinematics data and
(C) a still to be demonstrated added value towards surgical outcome optimization (Clinical gap

3), each discussed below.

A. Clinical feasibility of the workflow

As methodological developments were the primary focus of this dissertation, only a limited
number of ASD patients were included (n=15). In follow-up work targeting larger study
populations, the feasibility in terms of time cost® will gain more importance. As introduced
earlier in “Topic 1: Biplanar radiographic imaging is key for subject-specific modeling in ASD
patients” of this discussion, creating the subject-specific models is currently a time-consuming
and laborious process, mainly due to (1) CT image segmentation and (2) model reconstruction,

as further discussed below.

First, segmenting individual vertebral segments from CT is tedious and is currently the most
time-consuming step (ranging between 3 and 7 hours per subject) of the entire workflow.
Although intensity-based thresholding reduces manual labor, low image quality and the
presence of severe vertebral degeneration (e.g. calcifications spanning the IV space)
considerably limit the efficacy of basic semi-automated procedures tools that delineate and/or
separate vertebrae and only minimally reduce the need for subsequent manual interventions.
Furthermore, CT imaging involves harmful ionization. Therefore, future work could evaluate
MRI as a non-ionizing alternative for 3D imaging, in particular when combined with dedicated
bone segmentation algorithms (which often involve the use of deformable models or neural
networks) (Liu et al., 2021; Schmid and Magnenat-Thalmann, 2008). Alternatively, prior to
applying the workflow on a larger scale, it could be investigated to what extent the geometrical
detail can be reduced without significantly affecting the 3D alignment reconstruction and
subsequent outcome parameters. If confirmed, statistical shape models (SSM) could be used as
an alternative to the time consuming CT-segmented vertebrae. A SSM represents an average
shape of a 3D object together with its variation in shape over the population (Illes et al., 2012).
Based on the anatomical landmarks identified on the biplanar images and their 3D
reconstruction, the resulting point cloud could guide the SSM to the best-matching vertebral
shape instance in the SSM. Alternative to manual indication of landmarks, more recent work

suggests using convolutional neural networks to automatically deform a full spine model

6 Financial feasibility is also being investigated within our research group, but falls out of the scope of this
dissertation (Neyens, 2020).
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directly based on the biplanar images (Aubert et al., 2019). So far, these methodological

advances have not been applied for use for constructing spine MS models in ASD.

Secondly, regarding the biplanar imaging modeling, the time cost of the different steps in the
modeling platform were recorded during an inter-operator reliability study (Chapter 2) (Figure
80). As might be expected, the actual time cost to create a model depends on the subject-
specific deformity (complexity of the alignment and severity of degeneration) and medical
image quality (biplanar and CT imaging), as previously discussed in “Topic 1: Biplanar
radiographic imaging is key for subject-specific modeling in ASD patients” of this discussion.
Furthermore, also the operator proficiency with the modeling workflow and the associated
learning curve will strongly impact the time cost. This is shown in Figure 80A, where the
reduction in time cost of marker identification (which is largely independent of the complexity
of the spinal deformity) is shown throughout the learning phase. Alternatively, more automated
biplanar radiographic reconstructions (Galbusera et al., 2020) are evolving, which would
improve clinical feasibility in terms of time cost while at the same time reducing operator-

induced variability of subject-specific modeling.

A. Time cost for marker reconstruction B. Time cost for alignment C. Total time cost for modeling (excl. cT-
reconstruction segmentation)
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Figure 80: The time cost for modeling was registered for two of the three operators in the inter-operator variability
study of Chapter 2 (the third operator developed the method and was thus already familiar with the software). The
subjects (S1-S3) are numbered in reference to Figure 69 (p.173) displaying the 3D model of the deformity. (A)
Creating subject-specific models is associated with a learning curve. Time cost for the marker reconstruction
decreased as the operators modeled more subjects. (B) The time cost for alignment reconstruction increased, possibly
related to the increased complexity of the spinal deformity (see Figure 69 on p.173). (C) The total time cost for
modeling (including landmark identification and IV joint definition, but excluding CT segmentation) varied between
3h 43min and 6h 40min.

Lastly, the current workflow requires high fidelity input on motion from a 3D motion laboratory
combined with a biplanar radiographic imaging system within walking distance from each
other. Traveling long distances, for example to another facility, while wearing the markers is
practically unfeasible as patients are required to limit clothing to their underwear. This close
proximity is also needed to ensure preservation of the spatial relation of the skin markers to
the anatomy during imaging and motion capture. Indeed, the attached skin markers are
preferably not detached. As a promising alternative to the optical motion capture system, low-
cost inertial measurement units (IMUs), and in extension other wearables, are recently being
used in spinal research as they bypass the need of an advanced motion capture laboratory
(Graham et al., 2020; Hajibozorgi and Arjmand, 2016; O’Grady et al., 2021). However, this
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approach also requires accurate definition of the sensor to body orientation. At this time, the
complexity of the spinal structure, the inability to isolate spinal segments and the underlying
structural deformities would still advocate the use of medical imaging with the wearable sensors

in place.

In summary, the current workflow is time intensive as our newly developed modeling method
aimed for the highest level of detail achievable. In the future, the minimally required level of
detail for answering the specific research question will need to be identified. Furthermore,
integration of dedicated algorithms should be considered to (semi-) automate time-demanding

parts of the workflow.

B. Suggestions for data integration

As described in Clinical gap 3, 2D static image-based measures are currently the primary
quantitative drivers in surgical decision-making towards an optimal spinal alignment correction
in ASD. However, the functional outcome which is of great concern to the patient and causally
related to post-surgical complications (Ryu et al., 2021; Yoo et al., 2019), is currently only
limitedly incorporated in the clinical pre- and post-operative assessment. In this work, we
introduced an advanced MS modeling method to measure dynamic IV kinematics of the

deformed spine, otherwise not measurable non-invasively in vivo.

Pathological kinematics, for example of the lower limbs during gait, are typically represented
as a graph with the angle of the hip, knee and/or ankle angles throughout one or more gait
cycles. In addition, a normative range is indicated, which allows evaluating if the subject’s gait
pattern is within acceptable ranges. For spinal kinematics in ASD, two main issues are currently
limiting interpretation of curve-based data representations: (1) the excessive amount of curves
to report the high number of joints and their DOF in the thoracic and lumbar region (adding
up to 51 subplots) and (2) the limited relevance of separately analyzing IV joint angles as the
combined analysis with the highly subject-specific spinal deformity itself may have a higher
value (e.g. SDEI and SKDI).

Towards future clinical integration it thus seems crucial to investigate multiple ways of
synthesizing whole spine IV joint kinematics, into intuitive and meaningful concepts. Hereto,
we recommend a step-wise approach. More specific, and as will be further illustrated below,
the developments in this dissertation focused on (1) the extension of already used radiography-
based, 2D clinical concepts towards 3D kinematic information, thereby directly addressing
Clinical gap 2 and (2) the introduction of new concepts/metrics to describe the dynamic IV
characteristics in pre-operative ASD subjects. Finally, their added value was evaluated in

relation to the current 2D static image-based measures
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1) Extend the definition of current clinical concepts with a third dimensionality and
time-component.

Conventional radiographic analysis of spinal deformity only quantifies the static skeletal body
structure, which is limiting the conclusions on functional abilities in ASD subjects. However,
the use of MS models allows to extend these currently used 2D, static, radiographic concepts
to 3D, dynamic, parameters. In Chapter 2, the dynamic equivalent radiographic parameters

were introduced as model-based spino-pelvic parameters and evaluated in terms of reliability.

Thereafter, six common spino-pelvic parameters in the sagittal plane, i.e. lumbar lordosis (LL),
thoracic kyphosis (TK), sagittal vertical axis (SVA, Figure 81A), pelvic tilt (PT) and T1 and
T9 spino-pelvic inclination (T1-SPI, T9-SPI) were calculated for every time frame. To this end,
the measured IV joint kinematics (i.e. relative motion at the joint between two interconnected
bodies) were converted to body kinematics (i.e. absolute motion of a body expressed in a fixed
ground reference frame) using the API of OpenSim 3.3 (Stanford University, USA). This way,
the 3D trajectory of each anatomical landmark throughout the trunk flexion motion could be
determined as the location of the anatomical landmarks on the body segments (previously
indicated during the mesh-based IV joint definition when creating the model (Overbergh et al.,
2020) is fixed during the motion.

The acetabular cavities of pelvis were used to define the sagittal and coronal plane in which
the spino-pelvic parameters are expressed. Figure 81 illustrates the definition for the sagittal
vertical axis (SVA), which can also be applied to calculate the PT, SS, LL, TK and spino-
pelvic inclinations (Chapter 2: Appendix 1).
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As a proof of concept, eight ASD patients
underwent a spinopelvic analysis using a
biplanar imaging system followed by
performance of a series of motion tasks in the
3D motion lab, including gait. As shown in o
Figure 81D, multi-body simulations were

then used to estimate dynamic equivalent

radiographic = parameters during gait. _ﬁ imageby

Laofageet al.

Importantly, classic 2D radiographic

analysis of the eight subjects provided an
average (SD) SVA of 40.4 mm (38.4 mm)
while the dynamic analysis calculated a
time-averaged SVA of 69.2 mm (30.2 mm)

with an average dynamic range of 20.4 mm

(7.7 mm) during gait, indicating the low

2D caudal view

representativeness of static radiographic

D Dynamic SVA during gait

mm

measures for dynamic spine function.

In summary, skeletal models of the spine,

created based on load-bearing biplanar

images and driven by 3D motion capture S
data, can be used to calculate dynamic and
3D equivalent radiographic measures. Care Figure 81: Illustration of the sagittal vertical axis (SVA)

was taken to define these 3D equivalent measurement, as: (A) a traditional 2D measurement and
(B) a virtual augmentation on a skeletal model during

parameters in agreement with their well-
simulated gait. (C) Definition of its 3D equivalent. (D)

integrated 2D radiographic - parameters, Static (orange) and dynamic (during a gait cycle (GC),
thereby facilitating intuitive, low-barrier, pye)).

integration in the clinical world. In line with

the need of a step-wise integration of model-derived parameters in clinical practice, this
approach integrates the substantial amount of IV joint kinematic data into comprehensive
curves. The clinician can then directly relate these curves to the conventional radiographic
parameters, while fully exploiting the potential of the measured IV joint kinematics. Future

research should further analyze the clinical added value over the current static 2D evaluation

2) New metrics for spinal kinematic analysis in ASD

Pathological spinal kinematics are difficult to interpret considering the large amount of detailed
data and the unique character of each spinal deformity affecting the joint kinematics. To this
end, as discussed in Chapter 3, two novel parameters were developed and applied on a pilot
ASD population (n=15): The spinal kinematic deviation index (SKDI) and spinal deformity
engagement index (SDEI). They reflect the relative amount of compensatory directional motion
and the relative use of the IV joints weighted by their graded deformity, respectively. We
investigated, for the first time, the relation between static spinal deformity and altered

kinematic behavior of the affected FSUs during a maximal forward flexion motion, albeit in a
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relatively small population. Our analysis indicated that the currently used static image-based
parameterizations are not the sole determinants for the amount of spinal kinematic
compensation (i.e. SKDI) as reflected in the low correlations between spino-pelvic parameters
and vertebral body deformation (i.e. SDI). On the other hand, subjects engaging their deformed
region (i.e. a high SDEI) are more likely to present a more prominent kinematic compensation
strategy (i.e. high SKDI) to perform global trunk flexion as reflected by the strong correlation
(0.694, p=0.004) between the SDEI and the SKDI. Indeed, subjects presenting mainly static
features of ASD do not necessarily present dynamic kinematic compensation, rather, a motion
strategy engaging the deformed region seems to be a prerequisite for kinematic compensation.
This insight further contributes to the growing awareness in literature that static alignment is
not the sole driver of dynamic, functional limitations in ASD. For example, Haddas et al. (2018)
documented important differences in kinematic variables of gait in patients with spinal
disorders compared to healthy subjects. They recommend the use of gait analysis as part of
the clinical evaluation as it provides objective measures of function. Additionally, Kawkabani
et al. (2021) suggest to account for dynamic compensation mechanisms when planning surgical
correction and physiotherapy aiming to correct gait correction in subjects with ASD. Lastly,
Diebo et al. (2018) suggest gait analysis to be the future in ASD research, with potential clinical
application, to improve the understanding of dynamic compensatory mechanisms. In the future,
insights considering a patient’s specific spinal motion strategy based on the newly introduced
parameters could potentially benefit clinical management and aid in the pre-surgical evaluation
contributing to improved functional outcome in ASD. For example, the relative use of the
deformed region pre-operatively, as quantified using the new metrics, could affect the surgeon’s

decision regarding the fusion length.

C. Dlustration of the potential value of novel kinematic concepts towards post-operative

pain and function improvement

Large discrepancies have been documented between patient expectations and observed
outcomes following corrective surgery in ASD (Clinical gap 3). Specifically, the anticipated
pain reduction and functional improvements in terms of self-reported health related quality of
life (HRQoL) after fusion surgery were much higher than experienced by the patient post-
operatively (Ryu et al., 2021; Yoo et al., 2019). Dynamic, pre-operative evaluations, as
introduced in this dissertation could potentially aid in the better prediction of post-operative
function. As an illustration, below, we explore the relation between pre-operative spinal

kinematics and post-operative outcomes in terms of HRQoL in a pilot study.

In addition to the pre- and post-operative motion analysis and medical imaging of Chapter 4,
five ASD subjects were asked to complete questionnaires describing their self-reported HRQoL
before and six months after spinal fusion surgery: the Scoliosis Research Society questionnaire
(SRS-22r) (Asher et al., 2003) and the Core Outcome Measurement Index (COMI)
questionnaire (Mannion et al., 2016). The SRS-22r and COMI questionnaires each report
specific categories related to self-reported HRQoL: The SRS-22r questionnaire summarizes the
results into the following categories: function, pain, self-image, mental health and satisfaction

with management (Asher et al., 2003). The COMI questionnaire categorizes in pain and
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function (Mannion et al., 2016). For further analyses we specifically focused on the aspects that
reported large pre-vs. post-operative discrepancies and therefore extracted the SRS-function
and SRS-pain categories from the SRS-22r questionnaire. From the COMI questionnaire, we
used the COMI-function and COMI-pain categories. Additionally, before starting the motion
analysis on both measurement occasions, the patients were asked to complete a Visual Analog
Scale (VAS) (Hawker et al., 2011) assessing their current pain level on a scale from 0 (no pain)
to 10 (most pain). After having performed the maximal voluntary trunk flexion motion, and a
series of other functional tasks not included in this work (e.g. stair walking, stepping over and
lifting a box), subjects were asked to complete the VAS score again. We refer to VAS1 and
VAS2 as the pain scales before and after the motion analysis, respectively. For each subject,
the difference between the corresponding -function and -pain scores, pre- and post-operatively,
was calculated (Table 36).

Table 36: Pre-operative SKDI and SDEI values, as well as difference between pre- and post-operative function and
pain scoring. Scoring systems that inversely represent pain and function (COMI and VAS scores) were multiplied
by -1 so a positive differential value indicates an improvement in function or pain compared to the pre-operative
state. Differences among the HRQoL and pain scoring originate from the specific questions and the scoring system.
For example, the COMI reports on the self-reported pain and function over at least one (max. four) week(s). The
SRS-22r asks the patient to reflect about a minimal period of three (max. six) months. The VAS, however, reports

on the level of pain about 10 min before and after performing the maximal trunk flexion motion.

Pre-operative Pre- to post-operative difference (positive values indicate improvement)
Subject [SKDI |SDEI ASRS-function| ASRS-pain  |[ACOMI-Function |[ACOMI-pain |AVAS1 [AVAS2
1 1.01 0.28 1.0 14 5.0 2.0 0.8 4.3
2 0.51 0.21 0.4 0.2 1.3 0.0 1.7 2.3
3 0.54 0.67 1.0 1.8 1.3 8.0 5.0 8.5
4 1.19 0.48 -14 0.2 -8.8 3.0 3.0 4.7
5 0.83 0.50 0.8 0.4 0.0 2.0 3.3 3.1

The pre-operative IV joint angles throughout the maximal voluntary forward trunk flexion
were processed as in Chapter 3. More specifically, the amount of kinematic compensation,
defined as normalized out-of-plane joint motion during a single-plane trunk flexion, was
quantified by the spinal kinematic deviation index (SKDI) (Chapter 3). The relative
contribution of IV joint motion involving deformed vertebral bodies to the overall spine motion
was evaluated with the spinal deformity engagement index (SDEI) (Chapter 3) (Table 36).
Finally, to evaluate the relation between pre-operative kinematics and post-operative
improvement in HRQoL, Pearson correlation coefficients were determined between (1) the
SKDI and all differential HRQoL parameters; and (2) the SDEI and all differential HRQoL
parameters using SPSS 26 (IBM SPSS Statistics) (Figure 82 and Table 37).
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Figure 82: (left) The pre- versus post-operative pain improvement (expressed as a positive value) in relation to the
pre-operatively calculated SDEI parameter. (right) The pre-vs. post-operative functional improvement (expressed
as a positive value) in relation to the pre-operatively calculated SKDI parameter.

Table 37: Pearson correlation coefficients (significance) between the differential (A) functional and pain scoring
systems; and the SKDI and SDEI (Significance level set at 0.05)

ASRS-function ASRS-pain ACOMI-Function ACOMI-pain AVAS1 AVAS2
SKDI -0.601 (0.284) -0.239 (0.698) -0.507 (0.384) -0.192 (0.785) -0.301 (0.622) -0.151 (0.809)
SDEI -0.005 (0.994) 0.415 (0.448) -0.302 (0.621) 0.881 (0.048) 0.940 (0.018) 0.792 (0.110)

We noticed a higher post-operative pain improvement in subjects presenting a higher SDEI
pre-operatively (Figure 82-left). This finding suggests that, in our pilot population, subjects
with a higher engagement of the deformed regions before surgery, presented with a larger pain
reduction than subjects that limitedly engaged their deformed regions. Secondly, we observed
a trend towards lower post-operative functionality improvement in subjects presenting with a
higher SKDI pre-operatively (Figure 82-right). This suggests that subjects that used more
kinematic compensation pre-operatively, presented less functional improvements at six months
after surgery. Alternatively, subjects that only presented limited kinematic compensation

strategies pre-operatively, presented a higher functionality improvement.

IV joint kinematics provide a unique quantitative biomarker of spinal motion behavior of ASD
patients. However, the application of the workflow to larger cohorts will require further
optimization to reduce the time-cost towards improved feasibility. Secondly, the IV joint
kinematics are not easily interpretable because of the inherent large amount of detailed data,
which are difficult to compare with other ASD subjects or healthy subjects due to the highly
subject-specific nature of each spinal deformity affecting the IV joint definitions and consequent
kinematics. Several concepts for data reduction and integration were therefore proposed.
Explorations of the 3D kinematic data suggests this data to be complementary to current
clinical methods. Thirdly, although requiring more subjects, our pilot evaluations relating these
new dynamic concepts to functional outcome in individual patients illustrate possible avenues
for future research in which kinematics evaluations could potentially aid surgical-decision

making.
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Topic 4: Future work and generic application of the developments

In this dissertation the methodological foundations were laid for subject-specific modeling and

simulation in ASD. This section of the discussion will suggest future developments within ASD

as well as in more generic applications outside the scope of this work.

A.

Future work

Fifteen unique subject-specific models of ASD patients were created in this dissertation, having

subject-specifically defined spino-pelvic alignment, bone geometry, marker placement and IV

joint definition (Figure 83). In the future they could be used for (1) the kinematic analysis of

additional motions and/or (2) performing more in depth biomechanical analyses of

musculoskeletal loading.

Figure 83: An illustration of five available subject-specific ASD models created in this dissertation.

1)

In this dissertation, we only focused on using the modeling workflow for evaluating IV
angles during a forward trunk flexion motion. However, a large amount of additional
activities of daily living were recorded in the motion lab (walking, lifting objects, stair
walking, reaching, sit-to-stand, stand-to-sit, stepping over a box). Future work could
thus focus on more extensively documenting IV kinematics and further exploring their
possible relation to ASD functionality in daily life.

Building further on the created ASD models, future research could extend the current
simulation workflow towards, for example, the calculation of muscle forces and even
joint reaction forces to document IV loading. Additional to the optical motion capture
data used in this dissertation, integrated force platforms recorded ground reaction forces
during motion, representing external forces and moments acting on the subject. Also,
through the attachment of electromyography (EMG) sensors, the activity of superficial
muscles was recorded. In the future, this data can be useful to simulate joint reaction
forces (external loads) or validate simulations of muscle activation (EMG) as shown in
Figure 84. Indeed, simulation-based measurements that were previously not applicable

in ASD due to the lack of adequately representative models, can now be further
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explored. For example, in previously published studies, spinal loads (Beaucage-
Gauvreau et al., 2019; Connolly et al., 2021; Ignasiak et al., 2018b; Schmid et al., 2020b)
and muscle activations (Connolly et al., 2021) were analyzed in healthy or AIS subjects
and surgical outcome was predicted based on pre-operative, model-based data (Ignasiak,
2020). However, for these applications, personalization of the spinal alignment of a MS
model should include personalization of the muscular anatomy. Indeed, the generic
model that served as the base for our subject-specific models already includes muscles
as defined by Bruno et al. (2015) (Figure 85A). However, the geometry and properties
of the musculature is based on generic musculoskeletal models that can be reasonably
assumed to be unrepresentative of the ASD population. First, spinal malalignment
alters muscle paths with respect to the spine. Consequently the moment-arms of muscles
are affected by changes in the relative position of the bones (Figure 85B-C). As a result,
the capacity of a muscle to generate a given motion as well as how the associated forces
transferred to the spine is altered (Diebo et al., 2015). In the future, also subject-specific
muscle geometry should be integrated in the model. Thereto, the developed modeling
platform can be easily extended to include an MRI-based spinal muscle modeling
pipeline as e.g. in Scheys et al. (2005). Such extension allows to superimpose the model
onto the MRI, manually redefining the muscle path while navigating through the 3D
space of the MRI and was already pilot tested (Figure 85D).

Static pose data 3D Marker External loads
trajectories
Personalize

Segmental -
g ) Joint forces and
accelerations
torques

Contact and
muscle forces
Validation

[ F, . +F, ,=ma ]

Comnven ),

Figure 84: Illustration of the most commonly used simulation pipeline developed by OpenSim. This

Joint forces and torques ]

dissertation has focused on measuring joint angles through inverse kinematics (IK). However, opposed to
using static pose data to personalize the model prior to performing IK, the model was personalized through
medical imaging. Consecutive steps in the pipeline can calculate joint forces and torques (inverse dynamics
(ID)), muscle activation and forces (static optimization, SO) and joint contact forces. These can then be
validated through respectively, experimentally measured IV pressures (contact forces) and
electromyography (EMG muscle forces). The presented simulation pipeline is not the only available

pipeline, it rather demonstrates the analysis flow and the interdependency of the analysis steps.
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Figure 85: (A) a generic and (B) subject-specific model with visualization of the multifidus muscle. (C) A
full body MRI of an ASD subject. (D) Pilot work towards the extension of the modeling platform for

muscle personalization.

B. Generic application of the developments outside the scope of this dissertation

Throughout the course of this work, the methodological implementations were applied broader
then what was discussed above. This section will thereto illustrate the generic character of the
work through (1) ASD related and (2) non ASD-specific research.

1) Alternative application of specific developments for research in ASD

First, the biplanar imaging system was used to evaluate the relation between anatomy and
balance. Today, a vertical line through the center of the C7 vertebral body (i.e. the C7-plumb
line) is clinically used to estimate the position of the global center of mass (COM) of the patient
with respect to the spine. However, the use of the biplanar imaging system together with the
developed software platform and modifications to the imaging system itself, have allowed to
directly measure this position. Thereto, a force platform that measures the location of the
center of pressure (COP) was rigidly integrated in the biplanar imaging system. A vertical line
through the COP, referred to as the gravity line (equivalent to the C7-plumb line) (Figure
86A), crosses the COM of the subject. This 3D gravity line can then be projected onto the
radiographic image pair based on a preceding calibration procedure (Figure 86B-C). Measuring
this 3D gravity line replaces the need for estimations thereof using the C7-plumb line.
Importantly, this allowed to develop a new parameter, the transverse gravitational deviation
index (TGDI, Figure 86), which documents the relation between anatomy and balance in ASD.
For more detail the reader is referred to Moke and Overbergh et al. (2020).
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Figure 86: (A) The integration of a force measuring platform in the biplanar imaging system together with the
developments made in Chapter 1 allowed to (B,C) augment the radiographic images with the gravity line of a
patient (3D to 2D projection). Alternatively, the 2D to 3D reconstruction of anatomical landmarks allowed the
development of the (D) transverse gravitational deviation index (TGDI): a novel static 3D measurement describing
the position of the gravity line relative to the spinal alignment. (Images modified with permission from Moke and
Overbergh et al. (2020) under open access license of Wolters Kluwer Health.)

Second, the dynamic assessment of global spinal alignment in terms of spino-pelvic parameters
(such as lumbar lordosis and thoracic kyphosis) using motion capture data was recently
improved based on the developments of Chapter 1. More specifically, a spline-based
measurement method (Ignasiak et al., 2017) was modified for use in ASD patients by using the
2D to 3D reconstruction capabilities of the developed modeling platform that allow to virtually
relate the actual skin marker positions to the center of the corresponding vertebral bodies (i.e.
correction for anatomy) (Figure 87) (Severijns et al., 2020). This enabled the dynamic
measurement of spinal alignment using skin markers in severely deformed spines. During a sit
to stand motion in ASD patients (n=8), this polynomial method of Severijns et al. (2020) with
correction for anatomy presented with a higher reliability compared to the uncorrected method

using the skin marker positions.

Skin markers Spinal alignment Anatomical landmarks

Figure 87: A spline-based method to measure global alignment was improved through 3D correction of the skin
marker position to the vertebral body of the ASD patient. (Images modified from Severijns et al. (2020) with

permission from Elsevier.)
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2) Translation of developments to other orthopaedic research domains

First, the platform for image-based modeling has great potential for subject-specific MS
modeling of other body regions than the spine. While developing the workflow and the
processing tools of this dissertation, we warranted its generic nature to allow easy application
to other orthopaedic research domains or extension for other purposes. Indeed, the modeling
platform has been made in such a way that it is compatible for any OpenSim 3.37 model, for
example in the lower limb (Figure 88). The modeling platform also has potential in the field of
joint arthroplasty, as it can also be used to subject-specifically include implants in a MS model.
For example, in shoulder arthroplasty, the implant can be integrated in the model using
biplanar radiographs and combined with 3D motion capture data to accurately measure post-

operative motion (Figure 89).

Figure 88: This figure illustrates the use of the platform to extend a spine model with subject-specific lower limb
geometry. The developed modeling platform is not limited to use for spinal alignment personalization. Any skeletal

anatomy that can be clearly imaged using biplanar radiographic imaging can be subject-specifically modeled.

7 During the course of this PhD a new version of OpenSim was released (4.0) in which modifications to the model

code were made. Compatibility with the new version of OpenSim cannot be assured yet.
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Figure 89: The modeling platform is used to register a shoulder implant.

Second, to process the large amounts of data associated with probabilistic modeling (such as
the Monte-Carlo probabilistic simulations of Chapter 2), software tools were developed to
process this data and minimize repetitive tasks for the researcher (Figure 90). Furthermore,
once the model is created, tools have been developed to automate the simulations and
extraction of the novel dynamic parameters (Chapter 3). All the tools have been developed in
a generic fashion with an intuitive user interface, so they are easily applicable for similar

research.

Perturbation processor Separator and normalization Inverse/body kinematics processor Generic batch data processor 3D visualizer
St i | | - e

- # # : > : # — =

Figure 90: Illustration of generically developed tools, plugged into a pipeline, automating data processing.

A solid foundation for future modeling and kinematic measurements in ASD was laid, offering
a wide range of opportunities to further investigate general functionality in ASD patients.
Furthermore, the developments are not limited to ASD but can be easily applied in other
orthopaedic research thanks to the generic nature of the created software. In summary, this
dissertation resulted in a generic modeling platform combining different methods for model-

based analyses in other orthopaedic research domains.
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General conclusion

To improve assessment and surgical decision-making, this work introduced musculoskeletal
computer models and multi-body simulations to advance the biomechanical insights of the ASD
spine. On the long term, the developed workflow has the potential and the required accuracy
to lead the way from current 2D static, towards integrated 3D, functional evaluation of spinal

deformities.

Indeed, following the rapid advances in 3D modeling and computer simulation and the trend
towards personalized medicine, subject-specific modeling and simulation-based analysis might
become part of the (standard) clinical assessment of ASD patients. This way, a scenario may
become feasible where, before the patient undergoes spinal surgery, the treating physician first
requests a dynamic computer simulation to help in the clinical decision-making process and

inform the patient on the post-operative functional outcome.
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