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Abstract
MAHATO, NILADRI KUMAR, Ph.D., August 2016, Biological Sciences

Development of Imaging and Image Modeling Techniques for the Assessment and

Quantification of Inter-Vertebral Motion Using MRI

Director of Dissertation: Brian C. Clark

Low back pain (LBP) is the leading cause of disability worldwide with more than
eight hundred billion dollars of direct and indirect costs associated with LBP being
incurred annually in the US alone. About 80-90% of all LBP patients do not have a
definitive diagnosis of the etiology of pain, and are grouped under the non-specific LBP
cohort. A group of such patients with unspecified etiology for their back pain are believed
to have their LBP due to un-controlled and often, more than normal segmental motion
involving one or more of their lumbar vertebrae. As such, many surgical treatments for
LBP are directed at reducing inter-vertebral motion at and around an affected segment.
The most common approaches for quantifying vertebral motion are based on
radiographic assessments, which in many cases preclude scientific inquiry (e.g., use of
high radiation equipment is not permitted for scientific investigations in some states, and,
even when permitted, presents a major roadblock for serial assessments). This project
was undertaken to develop and examine the feasibility, reliability and accuracy of a
technique that used magnetic resonance (MR) images, custom built 3-D models and
animations of spine-segment motion to quantify displacements in a calibrated imaging
space.

Experiment 1 explored the feasibility of developing an MRI-based spine
kinematics quantification technique that involved (i) creating MRI compatible solid-body
objects, (ii) scanning axial images of the objects in the MRI machine to create static 3-D

virtual models of the solid-bodies, (iii) scanning the solid bodies as they were displaced



4
within the MR imaging space through pre-determined magnitudes, and (iv) using images
from the displacement trials to create background ‘scenes’ in an animation software
where the user performed an image-to-model matching. This process called
‘rotoscoping’, resulted in reliable quantification of the displacements achieved with the
technique developed in this aim (see Chapter 3 for full results).

Experiment 2 examined the accuracy and reliability of the MRI-based
quantification technique developed in experiment 1. Porcine spine segments were used
for quantification of spine motion using a standard T1 weighted sequence and a novel 2D
HYCE S (streaming) sequence. The spine segments were moved through specified
measures within a custom-built device that was used to move the spine segments
relative to each other through precise magnitudes of translation and rotation
displacements. The images from the motion trials were used to create 3-D animations
for quantifying inter-vertebral motion (translation and rotation) in the sagittal and coronal
planes. The results from this experiment show that fairly accurate and reliable
quantification of inter-vertebral motion can be performed using this technique (see
Chapter 4 for full results).

The analysis performed in the third experiment explored the potential for weight-
bearing MRI using T weighted images and a semi-automated segmentation technique
developed for quantifying and comparing changes in sagittal plane translation, rotation
and spinal canal morphology under different loading conditions of the spine. Results
from this case study showed that compressive loading induced appreciable changes in
vertebral translation and rotation, spinal canal cross sectional area, lateral foraminal
morphology between supine, standing upright, and upright with additional loading (10%

of body mass) in a patient with recurrent disc herniation.
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Together, the results from these three experiments provide evidence and support
to the feasibility of developing an exclusive technique based on MR imaging, image
modeling and animation technique to quantify inter-vertebral motion. This work
represents one of the first attempts to apply an MRI-only technique for quantification of
inter-vertebral motion with 3-D modeling and animation. This work provides insights into
the usage of dynamic/streaming imaging sequences that may be used to scan real-time
motion trials for quantification of real-time spine motion. Evidence from this work also
supports the notion that supine vs. standing vs. standing and loaded spine-positions are
associated with quantifiable changes in inter-vertebral morphological parameters. These
findings indicate that the development of automated segmentation based 3-D modeling
of MR images acquired with advanced sequences may be able to perform fast multi-
planar, real-time vertebral motion quantification in the near future to investigate, optimize

treatment and rehabilitation strategies in LBP.



Dedication

To Dr. Abhijit Mahato
Whose memories take me through this journey
&

To my dear parents



Acknowledgments

Dr. Brian Clark has been a great mentor and an inspiration to me right throughout
the program. | have learnt so much from him, every step and every time, always with a
smile. | am sincerely grateful for his decision to accept me as his student and helping me
patiently and wholeheartedly to fulfill all requirements of the program. | am grateful to
him for providing me all the resources, his time and support for the accomplishment of
this work. | am appreciative for the faith placed in me to permit me to invest my efforts in
essentially what was a technique development work for my dissertation. Thank you.

| would also like to express my sincere gratitude to the members of my
dissertation committee, Dr. Susan Williams, Dr. Robert Staron, Dr. James Thomas, and
Dr. John Cotton for their thoughtful guidance and encouraging feedback all through the
program. | have learnt a lot from each one of them. | convey my thanks to Dr. Stephane
Montuelle from Dr. Susan William’s laboratory for helping me understand nuances of the
animation software used in this work. | also thank the wonderful OMNI staff who were
available whenever | needed their help for the project.

| express my heartfelt gratitude to all OU faculty, staff, students and friends in the
Athens community who made me feel at home, always. My special thanks to the OU
Alden Library Staff for promptly providing resources needed for my work.

Finally, I would like to acknowledge the immense support extended to me by my
parents with their unconditional patience, sacrifice and blessings, and my wife Seema
who has stood by me every moment as the proverbial friend, philosopher and guide,

while living up to the commitments and expectations of her own career and profession.



Table of Contents

Page

ADSITACT ... e 3
D= Yo o= 4[] o 1SRRI 6
ACKNOWIEAGMENTS ... e e e e e e et e e e e ea e e e e eanaas 7
LiSt Of TabIES ..o 10
LIST Of FIQUIES ....eee et e et e e e e e e e e e e s 11
Chapter 1. INtrodUCHION .......cooii e 15
Background and SignifiCancCe...........coiiiiiiiiiiiiicee e 15

1 a0 XY= o ] o ISR 20
Assumptions Limitations and De-Limitations.............ccoooiiiiiii i, 21
Chapter 2. Review of the Literature ...............cooiiiiiii e, 24
Part I. Structural Determinants of the Lumbar Motion-Segment ..................ccccevnnneee. 24
Part II. Mechanics of Lumbar Motion and Preservation of Structural Integrity............. 37
Part Ill. Why Do We Need to Quantify Vertebral Displacements? .............cccevvvvvnnnnnn. 47

Part IV. Role of Imaging and Imaging-Based Modeling Platforms in Evaluating
Segmental Lumbar Spine Form and Function: LBP and Inter-Vertebral Relationships

Part V. Approaching the Proposed Dissertation Work: Technique Conceptualization,
Feasibility, Reliability and Accuracy Testing........cccoveiiiiiiiiiii e 73

Chapter 3. Development of a Morphology-Based Modeling Technique for Tracking Solid-
Body Displacements: Examining the Reliability of a Potential MRI-Only Approach for

Joint KinematiCs ASSESSMENT .......uuiii i e e 88
ADSIIACT ... e a e e 88
] 1o To 18 o 1o T o R 89
Materials and MEthOAS........ccoiii e 93
RESUILS ...ttt e e e e e ettt e e e e e e e e e e et e e e e aaaaeaanaa, 101
D E=T o 1= T o USSP 105

Chapter 4. Quantification of Intervertebral Displacement with a Novel MRI-Based
Modeling Technique: Assessing Accuracy and Reliability with a Porcine Spine Model 109

YA o153 1 = L1 PR 109
] (goTe (Lo (To] o WU UT TP 111
Materials and MeETNOAS .......ou e e eas 114



D FST o0 7] o] o 127
(7] o 11 1o o 1 133
Chapter 5. Effects of Spine Loading In a Patient with Post-Decompression Lumbar Disc
Herniation: Observations Using an Open Weight-Bearing MRl ...................ccoooooo. 134
ADSIIACT ... e e e et aaaaaaanne 134
101 1o o 18 o { o o USRI 135
(072 F T =T o o P 136
RESUIES ...ttt e e e e e ettt e e e e e e e e eeatt e e e e aeeeenannes 140
D 1Yo 1= T o O URPPPPPPPR 141
Chapter 6. Conclusions and Future DireCtionS..............ooovvveiiiiiiiiiiiceee e 143
107 0] o Te] 81 o 1SR 143
FULUME DIr€CHIONS. ...t e et e e e e e e e e ea et ar e e e e eeeeeennnes 147

R IO CES ..o e e e e e 151



10
List of Tables
Page

Table 1. Typical values of Neutral zones (in degrees), Elastic zones (in degrees), and
NZR (%) for some levels through the Spine. ...........cccoooiiiiiiiiis 190

Table 2. Orientation and force distribution of the lumbar fascicles of the Erector Spinae
Muscle in cadaver SPECIMEN. .........oouiiiiii e e e e 190

Table 3.Type distribution and sizes (mean diameters) as recorded at different sites of the
IUMDAr MUSCIES. ...t e e e e e e e eeenen s 191

Table 4. Actual displacements scanned and their quantified values. ........................... 192

Table 5. Overview of the number of displacement trials in each plane for the differing
diSPlacemMeENt VAlUES. .......ueii i 193

Table 6. Table showing the output of the linear mixed effects model analysis in SPSS for
translational displacemeEnts. .........oc i 194

Table 7. Table showing the average% error and the root mean square errors (RSME) of
translation and rotation quantified by the technique (by sequence and orientation of the
= Te =) PSP PUPPPOPPPRR 195

Table 8. Comparisons of between-session measurements.............c..oceeeeeiiieeeeeinnnnn... 195

Table 9. Table showing the output of the linear mixed effects model analysis in SPSS for
rotational diSplaCcemMENtS. .........ooiiiiii i 196

Table 10. Lumbar and lumbo-sacral linear (in mm) and angular (in degrees) parameters
across the three spine-loading conditions. ... 197

Table 11. Lumbar and lumbo-sacral angular parameters (in degrees) and cross sectional
area (CSA) (in mm?) dimensions across the three spine-loading conditions. ............... 198



11

List of Figures

Page
Figure 1. Nonlinear load-deformation curve in soft tissue or joint................ccccccvnnnnns 199
Figure 2. Anatomy of the inter-vertebral diScC. ............ccccoiiiiis 200
Figure 3. Innervation of Disc and Facet Joints and Facet Topism.....................ooooen. 201

Figure 4. Schematic representation of the innervation sources of the paraspinal muscles,

FACET JOINES (ZU). -eeeeiiiiii e 202
Figure 5. Schematic repreentation of transverse section through the back muscles (at

PRSP 203
Figure 6. Schematic diagram of the fascicular attachnments of the parts of the Erector

SPINAE (ES). .o 204
Figure 7. Orientation of components of the back muscles...............ccccciiiiinn, 205
Figure 8. Schematic representation of muscle fascicular bands of multifidus............... 206
Figure 9. Distribution of Muscle Fibre-types in the thoraco-lumbar back muecles........ 206
Figure 10. Ligaments associated with a Motion-Segment. ............cccccooiiiiiiiiiiiiiiiinnnnns 207

Figure 11. Common measure of stiffness and stability as displayed by the load
displacement relationShip. ........ooooiiiiiiii e 208

Figure 12. The energy-well concept of stability. ............ccccooiiiiiiis 209

Figure 13. The role of lumbar muscles as stiffness modulators of the segments as shown
to regulate physiological Neutral Zones with increase or decrease in muscle activity. .210

Figure 14. Controller hypothesis for spine motor adjustments. ..............ccccccciiiiinnnnns 211

Figure 15. Changes in equilibrium of segmental spine configurations in two different
(o0 1 =) (TP P P PP PPPPPPPPPPP 211

Figure 16. Schematic demonstrating the relative positions of the different magnet coils

comprising the MR machine. ... 212
Figure 17. Basic physics of the MR signal. ... 213
Figure 18. Magnetization relaxation and decay............ccccocuummiimiiiiiiiees 214
Figure 19. Basic anatomy of MRI SEQUENCES:............uuuuiiiiiiiiiiiiieees 215



12

Figure 21. Images from a DFIS video fluorosCope. .........ccooviiiiiiciii i, 217

Figure 22. Inter-vertebral displacements: Perspectives for measuring translation and
(o] €= ToT =1 I o ¢ o) [ o TR 218

Figure 23. Biplanar Fluoroscopy-Modeling technique for quantification of lumbar inter-

(VL= (=Y o] =1 I 4o ] 1T} o TR 219
Figure 24. Images from a sagittal MR scan, as used for motion quantification.............. 220
Figure 25. Positional MR technique involving static rotational displacements. ............. 221

Figure 26. Overview of the morphology based XROMM technique using the scientific
rotoscoping (SR) of alligator walking. ............oouuiiiiiiiiii e 222

Figure 27. Steps involved in the technique and types of displacements quantified. .....223

Figure 28. Overview of the animation processes leading to the quantification of a single-
plane and biplanar displacements. ...........cooviiiiiiiiiii i 224

Figure 29. Bland—Altman plots for the translation and rotation trials. ........................... 225

Figure 30. Bland—Altman plots comparing the measurements between two sequences,
and outcomes of biplanar translations using 2D HYCE S sequence. ...............couuuuue.... 226

Figure 31. Workflow of the reported technique showing the steps leading to animation

and qUANTfICALION. ... ... e 227
Figure 32. The grid, displacement apparatus and calibration outputs. ......................... 228
Figure 33. Segmentation, scene and rotOSCOPING. ...........uuuuuumummmimmiimiiiiiiiiiieeees 229

Figure 34. Relationship between translations quantified in both rotoscoping sessions and
the actual translations performed..............ooiii e 229

Figure 35. Strength of relationship between translations quantified in the two rotoscoping
=111 (o] [ TSR UPPRPRR 230

Figure 36. Relationship between rotations quantified in both rotoscoping sessions and
the actual rotations pPerformMed. .............uuuiiiiiiiiiiiiiiiiii e enenenannnnnnnne 230

Figure 37. Strength of relationship of between rotations quantified in the two rotoscoping
ST (o] 1 S 231

Figure 38. Weight-bearing MRI and Orthocad measurements parameters. ................. 231

Figure 39. Parameters as measured at the L5-S1 segment in the supine, WB (weight
bearing) and the WB+AL (weight bearing and additional loading)................cccccevvvunnnn.. 232

Figure 40. Dimensional changes in disc heights, listhesis and absolute translations with



three loading conditions

Figure 41. Dimensional changes in lateral foramen, spinal canal cross sectional area
(CSA) and sagittal spinal canal thickness with three loading conditions.......................



List of Abbreviations
AJX: anatomical joint axis
DICOM: digital imaging and communications in medicine
DLT: direct linear transformation
EMG: electromyography
ES: erector spinae muscle
GUI: graphical user interface
ISB: international society of biomechanics
JCS: joint co-ordinate system
LBP: low back pain
LDH: lumbar disc herniation
MEL: maya embedded language
MF: multifidus muscle
MRI: magnetic resonance imaging
fMRI: functional magnetic resonance imaging
RLDH: recurrent lumbar disc herniation
STC: standardization and terminology committee
T4: T1 weighted sequence
TIFF- tag index file format
VBM: voxel based morphometry

XROMM: x-ray reconstruction of moving morphology

2D HYCE S: two dimensional hybrid contrast enhanced streaming sequence

2-D: two dimension/dimensional

3-D: three dimension/dimensional

14



15
Chapter 1. Introduction

Background and Significance

Low back pain (LBP) is a leading cause of physical disability in the world with
$850+ billion spent annually as direct and indirect costs in the US alone (108, 280, 343,
405). Acute or chronic LBP may result from a myriad of etiologies or may arise from a
non-detectable cause (322). Regardless of the etiology, LBP has been associated with
aberrant vertebral motion (45, 178, 338). To this end, many of the expensive surgical
treatments and rehabilitation programs directed towards mitigation of spine pain are
focused towards reducing, and often obliterating, inter-vertebral motion in a spine
segment (176). The most common approaches for quantifying vertebral motion are
based on radiographic examination and/or clinician palpation (1, 20, 145, 185, 322), and
a few use MRI, for a 2-D assessment of spine kinematics (254). The vast majority of
current approaches for quantifying spine kinematics require exposure to high levels of x-
ray radiation (e.g., quantitative fluoroscopy and functional radiography), which in many
cases preclude scientific inquiry (e.g., use of high radiation equipment is not permitted
for scientific investigations in some states, including Ohio) (398, 467). Moreover, more
sophisticated radiography techniques for mapping spine kinematics are not sufficiently
developed for routine use in clinics. These findings underscore the need to develop
techniques that can investigate complex spine motion without the use of ionizing
radiation (246, 256, 350, 427, 472).

Although aberrant inter-vertebral motion has been reported in a large number of
patients with LBP, attempts to mechanistically and etiologically link vertebral motion
(commonly referred to as instability by clinicians) and LBP have been mostly

inconclusive (45, 178, 298, 338, 391). (143, 360, 361). Although studies have
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documented co-existence of aberrant vertebral motion with degenerative disc disease
(38, 178, 235, 336), there is very little agreement between clinically determined LBP,
characteristics of radiologically determined spine motion or the degree of disc
degeneration (1, 20, 113, 239, 325, 451, 480). This discrepancy exists for three primary
reasons. Firstly, truly determining the interrelationship between LBP and segmental
vertebral motion is difficult as investigations are hampered due to a lack of techniques to
reliably and accurately quantify vertebral motion (38, 235, 239, 451, 480). Secondly,
most of these techniques use high doses of ionizing radiation exposure, which ultimately
limit their use. Thirdly, lack of availability of techniques for 3-D and real-time (dynamic)
evaluation of spine motion restricts investigation of derangement of complex spine
motion patterns to LBP. It has been understood that the availability of a multi-planar,
real-time assessment technique will improve the accuracy of quantification of inter-
vertebral motion and will enhance our understanding of the association between
abnormal vertebral motion and LBP (215, 424). The purpose of this work was to develop
novel techniques and approaches to ultimately quantify motion of the spine using non-
ionizing magnetic resonance imaging (MRI).

This work represents one of the first attempts to apply a MRI-only technique for
quantification of inter-vertebral motion with 3-D modeling and animation. The two-
fluoroscope orthogonal imaging techniques such as a dual fluoroscope imaging system
(DFIS) or radio stereo-photogrammetry (RSA) performing real-time motion analyses in
spine segments motion require exposure to ionizing radiation, and at times, implantation
of metallic markers in the skeletal tissues. Therefore, the need for an improved and safer
technique has motivated me to undertake this project. Accordingly, this research work

envisages accomplishing quantification of spine motion using only-MR imaging and
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image modeling technique. This work is a pioneering attempt to, in the long-term,
develop an animation based quantification technique for the human lumbar spine in vivo.

The research question. /s it possible to reliably and accurately quantify 3-
dimensional inter-vertebral motion in the lumbar spine using an MRI-only based imaging,
modeling and animation technique?

Specific aims.

Specific aim 1. To develop and test the reliability of an MRI-based technique for
quantifying translational and rotational motion of solid body objects. Hypothesis:
Quantification of solid-body motion using MR imaging and 3-D modeling is feasible and
can be performed reliably. Approach: Solid-body objects that can be moved in the MR
imaging space through pre-determined magnitudes were created and the imaging
volume to conduct the motion trials was custom-calibrated. The solid bodies were then
moved in the MRI while imaging them with a T+ and a contrast-enhanced hybrid (2D
HYCE S) streaming sequence. Next, 3-D models of the solid bodies and images from
the displacement trials were imported into the Maya animation software. The animator
then performed a model-to-image matching that quantified motion in the solid bodies the
desired plane of analysis.

Specific aim 2. To develop a reliable and accurate MRI-based technique for
quantifying translational and rotational motion of spine segments in an ex vivo porcine
spine model. Hypothesis: Quantification of porcine spine motion will be highly reliable
and accurate. Approach: Virtual 3-D models were built from MR images acquired from
dissected porcine spine segments. The scanning volume within the imaging space was
calibrated and the spine segments were fit into a custom-built device that allowed
precise control of motion. Images of the porcine spine motion were acquired using a

standard T+ weighted sequence and a novel dynamic 2D HYCE S sequence. The
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images from the motion trials were used to create real-time 3-D animations for
quantifying inter-vertebral motion.

Experiments. Experiment 1 addressed Specific Aim 1 using a combination of
MR imaging and 3-D modeling and animation techniques to quantify inter-vertebral
motion in a pair of solid-body objects. A pair of solid-body models made of solid wood
blocks were built with hour-glass shaped hollows created inside the cubes to represent
landmarks. These landmarks were later used for animation. The wooden models were
first scanned axially with a T1 sequence to create 3-D models of the objects. The volume
of a selected MRI coil was calibrated with a custom-built calibration grid. Next, the solid
bodies were displaced (translated and rotated) relative to each other within the MRI coil
through specific magnitudes. At each displaced position, the solid bodies were scanned
using a standard T1 and a dynamic contrast enhanced streaming 2D HYCE S sequence.
Images from the displaced scans and the 3-D model were imported into an animation
software. The images from the displacement trials were processed and displayed in the
animation as background ‘scenes’. The user then applied a model-to-image matching
technique to fit' the 3-D models to their outlines visible in the ‘scenes. This process
recreated the motion trial in the animation software that quantified the displacements in
any plane of motion selected for analysis (154).

Experiment 2 addressed Specific Aim 2 using an MRI-based 3-D modeling
technique developed in Specific Aim 1 to quantify inter-vertebral motion in a
disarticulated porcine spine-segment model. 3-D models of the porcine vertebrae were
created by a ‘segmentation’ technique from axial T1 weighted scans of the spine
segments. Thawed out porcine spine segments were mounted in a custom-built MRI
compatible motion control device. The vertebrae were then moved (translated and

rotated) through specified magnitudes of displacements and scanned at each displaced
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position using a T1 and a novel streaming sequence to image the displacement trials.
Spine motion trials were performed in the flexion-extension (sagittal) and lateral-bending
(coronal) planes. Finally, the images and the 3-D spine models were used to perform a
model-to-image matching technique to recreate the motion trials in the animation
platform to quantify inter-vertebral motion in the porcine spine model.

Exploratory aim 3. To explore the potential for weight-bearing MRI to detect
changes in sagittal plane vertebral translation and rotation, and in spinal canal
morphology under different loading conditions. Hypothesis: Compressive loading would
be associated with changes in vertebral translation and rotation, spinal canal cross
sectional area, lateral foramina dimensions and inter-vertebral morphology. Approach: T»
weighted images were acquired in different loading conditions (supine, standing upright,
and upright with additional 10% of body mass) in a patient with recurrent disc herniation.
Image analysis will be performed using proprietary software (OrthoCAD®, Esaote SpA)
and morphological parameters across loading conditions compared.

Experiment 3 addressed the Exploratory Aim 3 with acquisition of T, weighted
MR images of the lumbar spine in different axial loading conditions in a weight-bearing
open-MRI machine. Semi-automated segmentation of the images was performed using
a proprietary software to quantify changes in inter-vertebral morphological properties
(linear, angular and cross sectional areas) in the sagittal 2-D plane. Assessment of
inter-vertebral morphology is usually performed using radiographic techniques in un-
loaded condition of the spine (78, 243, 273). This case study provides MRI based
analysis of compressive axial loading (in the upright standing position) of the spine in a
patient with unilateral recurrent lumbar disc herniation. Most studies reporting effects of

spine loading in such conditions are usually imaged in the supine position with axial
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compression applied with loading devices used in the recumbent position (93, 144, 156,
224, 264, 265, 310, 472).

Significance. To date, imaging vertebral motion has primarily been restricted to
analyzing positional changes in vertebrae from images acquired at the end-ranges of
bending movement. There are virtually no techniques available that allow visualization
and analysis of spine movement in a dynamic context, especially applying MR imaging.
This project addressed a major scientific problem of not being able to safely and
accurately assess spine segmental motion in physiologic weight-bearing position, which
is a barrier for optimizing therapeutic strategies in LBP. Development of an accurate
and reliable MRI-based motion analysis technique was the goal of this project. The
results from this work are impactful because, in the long term, they should result in the
development and validation of a novel, non-radiation based, 3-D image analysis protocol
for quantification of real-time inter-vertebral motion. Further, this work will also explore
the clinical utility of a similar 3-D segmentation based semi-automated technique to
detect inter-vertebral morphological alterations in lumbar disc herniation.

Innovation

The proposed work is innovative for three reasons, as enumerated below. This
represents one of the pioneering efforts to develop a quantification technique for
assessment of solid-body motion in 3-D that was based exclusively on a MR imaging
platform. This technique is particularly innovative as it will (i) use a porcine spine model
fit in a custom-designed apparatus to permit precise control of inter-vertebral movement
and thus establish accuracy of the proposed method, as well as (ii) use a novel contrast-
enhanced streaming (2D HYCE S) pulse sequence that permits scanning of moving

objects (55). The images acquired will be used to animate the trials of spine
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displacements using an animation software. Lastly (iii), the innovative use of
physiological weight-bearing MRI, especially in context of investigating changes in inter-
vertebral morphology secondary to differential axial loading of the spine, is a new
approach to detect clinically meaningful changes in symptomatic disc herniation patients.
The use of a two-camera orthogonal perspective (biplanar visualization) to enhance
assessment accuracy of and detecting out-of-plane motion in the solid bodies, and the
use of multiple anatomical landmarks for rotoscoping are highly innovative approaches
not reported prior. The technique offers the potential of setting up multi-planar imaging
that can be used to view vertebral coupled allowing analysis of more complex spine
motion.

In the long-term, improving the imaging technique (e.g., using higher resolution
images, faster multi-planar image acquisition) with automation of image segmentation
will facilitate accurate quantification of joint kinematics. Availability of better visualization
techniques of spine motion have the potential to change the concepts of diagnosis and
treatments in the fields of physical medicine and rehabilitation, orthopedics, physical
therapy, especially in context of LBP.

Assumptions Limitations and De-Limitations

Assumptions. (i) Equipment employed in this work, such as the MRI scanner
and the motion control device, were in proper working condition, and all data collected
from such equipment was accurate.

(ii) The solid bodies and the porcine spine did not undergo mechanical
deformation between displacements (22).

Limitations. Current MRI technology restricts image acquisition to a single

perspective (view) at a time. This image acquisition perspective, or view, was flipped
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orthogonally to create the ‘second view’ of the biplanar displacements in the solid-body
mode experiment to improve the accuracy of the quantification and to allow the detection
of out-of-plane motion in the models. Development of advanced sequences may allow
simultaneous, multi-planar imaging of dynamic motion trials in the future. However, the
technique presented in this study, in its current form, is capable of acquiring serial multi-
slice multi-planar images at any given position allowing quasi-dynamic assessment of
motion (154). The inability to obtain simultaneous orthogonal images from a trial is
currently a limitation of this technique.

The apparatus used to displace the motion-segments was custom made as an
MRI-compatible device. The design of the device was kept very simple and could be
used to move linked objects independently through all degrees of freedom except
translation in the vertical axis. The vertebral elements in AIM 2 were disarticulated to (i)
keep the design of the device simple, MR compatible and, (ii) get precise measures of
displacements to check the accuracy of the technique, and (iii) permit quantification of
uniplanar displacements in a one-at—a-time format and to avoid analysis of complex
coupled rotations in the porcine spine models. Additionally, a number of studies
investigating spine kinematics quantification techniques have used completely
disarticulated cadaveric spine specimens (70, 398, 459). While this approach is justified
scientifically, it should be noted that uncoupling the spine segments reduces the
external/ecological validity of our model.

Delimitations. Custom-made solid-body systems were used to accomplish AIM
1 due to convenience of testing the feasibility of the technique and to avoid any
biohazards. Porcine spine models were used for AIM 2 experiments as these biological
specimens were easy to procure and are considered closer analogues to the human

spine (205, 267). The cost of MR imaging and the time constraints for testing the
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feasibility and then working on the refinement of the technique did not permit me to
increase the number of spine samples and the number of displacement data points used
in this study. In AIM 3, classification of disc degeneration in the patient was not
performed as it was out of the scope of the work. The main aim here was to quantify

inter-vertebral morphology across the three loading conditions used in the experiment.
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Chapter 2. Review of the Literature

The following sections in this chapter provides an overview of the available
literature related to the different aspects of the human spine and spine kinematics as
related to the scope of this dissertation work. There are five sections or parts in this
chapter. Part | discusses the structural elements of the spine. Part Il deals with the
functional lumbar motion-segment components. Part Il covers the biomechanical and
clinical perspectives of aberrant lumbar spine motion that enables us to understand the
basic mechanistic relationship between the structural integrity in the normal spine and
changes associated with LBP. The next to last section (Part IV) focusses the range of
techniques available for imaging inter-vertebral static and dynamic spine displacements.
The concluding section (Part V) examines the background for developing the current
work that aims to quantify lumbar spine segmental motion based on an MRI-only
technique without using any ionizing radiation.

(Note: Alphabetic subheadings of all figures related to this chapter presented in

the figures section are provided at the bottom of the figure panels).

Part I. Structural Determinants of the Lumbar Motion-Segment

The basic structural and functional unit of the spine is a single spinal segment
(motion-segment) defined as two adjacent articulated vertebrae with the intervening
intervertebral disc. These structures are articulated with the help of several ligaments
and short and long segmental muscles. Anatomical experimental models of the spine
have been used to investigate the attributes of mechanical forces that tend to disrupt
natural spinal stability at susceptible and specific locations. Additionally, simulation
experiments on mathematical models of the spine constructed based on the data

obtained from mechanical testing of biological spine models have yielded important
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insights and closer approximation of the functioning of the spine in-vivo during static load
bearing as well as during dynamic movements of the spine (338, 341). Accordingly,
different therapeutic interventions directed to mitigate symptoms arising from aberrant
spine segmental motion are often directed toward the preservation, restoration, or
replacement of the normal spine anatomy in order to combat pain and to reinstate
physiological function of the intervertebral discs, the vertebral endplates and the facet
joints (67, 236, 358, 368, 381).

The absolute range of motion (ROM) in any degree of freedom at any given
lumbar motion segment is regulated by passive (bones and ligaments) and active
elements (muscles) (341). This classification has also divided motion at different spine-
segments in terms of sections or ‘zones’ within the entire ROM. Vertebral joint
movements have been found to be freely executable without any intrinsic opposition to
motion at the mid-ranges of the ROM, close to the neutral position of the joint. This zone
of relatively unopposed motion has been termed as the Neutral Zone (340, 341). On
both sides beyond the neutral zones, movements are intrinsically restricted to a greater
extent than that experienced in the neutral zones, by surrounding joint tissues and by
active contractions of segmental muscles. This area of the ROM is defined as the (b)
Elastic Zone. As the joint movement approaches the end range of physiological motion,
greater degrees of resistance are experienced by the moving segments with eventual
cessation of further motion as the bony elements in the joints come in close apposition.
The sizes of these two zones have been hypothesized to vary dynamically depending
upon the magnitude of loading, spine motor control and in presence of spine tissue injury
(341). The sizes of the two zones add up to constitute the absolute ranges of motion at

each spine level (Figure 1). Anatomical structures that determine structural integrity of



26
the vertebral segments are the: (a) inter-vertebral discs (IVD), (b) facet joints, (c) the
lumbar musculature and (d) spinal ligaments. Each of these are discussed below.

Inter-vertebral discs (IVD). Each IVD has a gelatinous core (nucleus pulposus)
made up of randomly arranged collagen fibers and radially disposed elastin fibrous shell
embedded in a highly hydrated aggrecan-containing gel (368) (Figure 2). Cells in the
nucleus look like chondrocytes (368). The peripheral part of the disc (annulus fibrosus) is
made up of a series of concentric collagenous lamellae. About 15-25 lamellar sheets
surround the nucleus angled at about 60° to the vertical axis and directed either left or
right to the vertical axis in adjacent lamellae (10, 358, 368). Elastin fibers are present
between these lamellae and the tough concentric lamellae of the annulus fibrosus create
a water-tight zone at the center of the vertebral body. When a compressive load is
subjected to the vertebral body, the central nuclear gel expands and generates a tensile
hoop stress in the annulus that facilitates uniform loading of the endplates and prevents
aberrant motion such as twisting, bending and shearing in the inter-vertebral segments
(10, 19, 196, 260, 328, 368). Structural degeneration from perpetual mechanical
overloading is often associated with disc degeneration and LBP (10, 341, 368). Loss of
gel-like characteristics, increase in fibrotic content and reduction in the hydrostatic
pressure zone created by the tight nuclear gel region characterizes disc degeneration
(19, 75). Additionally, nerve and cell proliferation is also seen at the sites of the
degeneration (177, 217, 383). Formation of new blood vessels (neo-vascularization) and
new nerves (neo-neuralization) are observed at the disc-centers as these areas exhibit a
loss of pressure. The loss of pressure allows cellular proliferation due to accompanying
enzymatic changes that result in the loss and breakage of collagen and an increase in

disc fibronectin. The increase in fibronectin content makes the disc fragmented and with
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additional loss of the proteoglycan content, the disc demonstrates changes in its loading
behavior. Further, a loss of aggrecan allows free movement of large molecules like
serum proteins and cytokines through the disc matrix. The loss of disc aggrecan
accelerates neural ingrowth in to the disc connective tissue matrix (30, 100, 177, 266,
281, 302, 326, 381, 445). Infiltration of nerves and capillaries into the center of the
nucleus pulposus have been considered two major factors that result in chronic disc-
related LBP, associated muscle spasm and aberrant segmental motion. Imaging studies
and tests in sedated LBP patients demonstrate significant correlation between the
severity of back pain and degree of disc degeneration, facet joint arthropathy and spine
ligament injury (59, 67, 100, 138, 188, 242, 338). Evidence suggests that improper disc
loading, as seen with associated degeneration, result in inflammation, fibrosis and loss
of annular structure at the periphery of the discs. Abnormal loading in spine motion
segments is characterized by changes in the instantaneous axis of rotations (IAR) during
dynamic spine movements, pain, loss of agonist-antagonist muscle control (116, 159,
282, 316, 356, 357, 402).

There are two major hypotheses that have attempted to address disc
degeneration in humans and in experimental animals. (a) The overload or ‘wear and
tear’ hypothesis proposes that a more demanding mechanical environment produces
localized trauma of the disc that leads to progressive accumulation of micro-trauma
resulting in weakens of the disc and lumbar vertebral endplates (18, 445). (b) The
‘mechanical pathogenesis’ hypothesis suggests that hypo-mobility of the disc resulting
from the initial traumatic assault produces adaptive changes that may cause
metabolically initiated tissue weakness and degeneration secondary to the inactivity-
related reduction in disc cells and altered metabolic composition (169, 206, 384).

Typically, recent-onset degeneration may be associated with relative hypo-mobility at the
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affected motion segment early and in the later stages of degeneration (304, 317).
However, the middle phase of degeneration is believed to demonstrate a transient
change in vertebral motion with an increase of laxity around the neutral zone,
predisposing end-plate spinal injury even with low magnitudes of loading. In the later
stages of degeneration, excessive motion at the degenerative segment is believed to be
restricted with formation of osteophytes at the facet-edges and at the endplates borders
with occasional ossification of ligaments (304, 317, 341, 417). Additionally, alteration in
mechanical load bearing at a primary affected motion segment is believed to induce
pathological changes at adjacent vertebral joints depending on the duration, location,
and stiffness of the primary lesion (72, 98, 124, 143, 211). Asymmetric loading seen in
scoliosis also leads to tissue deformation, nutritional impairment and altered disc
composition as evidenced with adaptive disc remodeling secondary to experimental
immobilization or overload induced alteration in material properties and structural disc-
failure (72) (226, 331).

The facet or zygapophyseal joints. Anatomically the spinal motion segment
comprises a three-joint complex, namely the secondary cartilaginous joint (inter-vertebral
discs connecting the vertebral bodies), and the two pillars represented by the synovial
facet joints (3, 51). The size and orientation of the facet joints vary throughout the
backbone with changing angular orientation of the articular surfaces that allow specific
and limited range of axial rotation at different regions of the spine (15, 125, 232, 332-
335, 459) [Table 1]. Typically, the inter-vertebral disc gets loaded in forward flexion of
the spine and the zygapophyseal joints are loaded in extension and lumbar rotation (16,
357, 358, 368, 471). It is estimated that ~ 8% of the total compressive load incumbent on
a lumbar vertebra in the neutral position of the spine is shared by the facet joints (Figure

2 C), and the share of this load increases as the spine bends backwards (extended) (9,
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11-13, 17, 358). Rich nociceptive innervation of the facets makes them one of the
primary sites of pain generation in a subset of LBP patients demonstrating load-related
disc degeneration and degenerative spondylolisthesis (13, 57, 60, 63, 131, 167, 379,
395, 471). Therapies directed to mitigate LBP often target to stall the process of
degeneration at the facet joints (379, 393, 395). Facet sensory innervation is usually
derived from the medial divisions of the dorsal rami that also innervate surrounding
ligaments (Figure 3A). The motor branches to the small inter-segmental Multifidus (MF)
muscles are derived from the dorsal ramus as well and segmentally control inter-
vertebral motion at the joint segment (60, 63, 67, 236, 379, 393, 432) (Figure 4).
However, certain structures close the facets like the posterior margin of the intervertebral
disc, the posterior longitudinal ligament, and the dura-mater are innervated by branches
from the ventral primary ramus (the sinu-vertebral nerve) instead of the dorsal rami (62,
63, 210, 471) (Figure 3A & 4). Therefore, a wide range of sensory-motor reflex loops
may potentially be activated depending upon the tissue origin of the LBP (60, 63, 307,
393, 394, 396). Anatomical facet joint asymmetry (topism) (Figure 3B) and nerve
entrapment have been recognized as two primary reasons for facetogenic pain
accounting for 15 - 40% of all chronic and diagnosed LBP (51, 210, 288, 389, 394).
Injuries to the pars inter-articularis (spondylolysis), posterior ligament defects and para-
spinal muscle deficiencies result in facet joint stress and pain that is often worsens on
standing and lumbar extension (with radiation to ipsilateral buttock and posterior thigh)
and a feeling of relief on sitting and forward flexion or anesthetic ‘blocking’ of the medial
branch of the dorsal rami (259, 288, 320, 379).

Spondylolisthesis is defined as the slipping of one vertebra on top of the lower
one. The cause for such slippage could range from a dysplastic facet, elongation,

trauma or fracture of the pars inter-articularis or may result from a primary degeneration
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of the facet or from a generalized bone disorder (119, 125, 232, 236, 259, 471). As a
result, abnormal joint stress leads to adaptive osteophyte formation, degenerative
capsular laxity, ligament instability, overriding and subluxation of the facets (106, 307,
342, 358). Progressive deterioration of joint ROM, neutral zone changes, pathological
end-range motion, velocity/acceleration control of joint motion may all lead to facet
arthropathy and aberrant joint motion (28, 58, 131, 389, 396).

The range, pattern and trajectory of spine motion depend upon the level of the
lumbar segment and can also be influenced by the variability of the facet joint anatomy
and degree of muscle control. Invariably, quantification of spine motion forms an
important topic of objective investigation to triangulate possible links between spine
anatomy, spine-motion motor-control and if present, the concomitant LBP.

Local segmental and global lumbar muscles. The complex role of muscles in
determining spine motion in response to physiological loading and adaptation to injury
has been studied extensively. However, despite identifying factors such as alterations in
onset of muscle-activation, latencies, activation patterns and deficiencies in para-spinal
muscle co-activation as some of the major causes of chronic LBP, it has not yet been
conclusive if these changes are etiologically linked to the pain or if they constitute
compensatory neuro-musculoskeletal changes in response to mitigate LBP (82, 150,
201, 247). Additionally, altered muscle activation patterns have been recognized as
adaptive responses to expected or unexpected experimental trunk perturbations (149,
150, 345). Reviewing trunk muscle activation patterns in the context of the two alternate
LBP-related hypotheses of muscle activation discussed earlier, van Dieen and co-
workers have brought forward some interesting aspects of muscle activation in LBP
patients (448). According to this review, the “pain-spasm-pain” hypothesis of LBP

suggests that spine pain leads to voluntary or involuntary complete ‘splinting’ of the
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affected spine segment from all expected or unexpected segmental motion where any
incumbent motion is perceived to be potentially painful. On the other hand, the ‘pain
adaptation’ hypothesis proposes an increase in antagonist muscle activation that slows
down spine motion to guard against the exacerbation of existing pain. This controlled
and selective slowing down of spine motion is achieved by controlling segmental
stiffness by the MF at individual spinal levels. At the same time the larger global muscles
like the ES controlled the overall movement and orientation of the lumbar spine in space.
This selective activation of muscles is facilitated by the precise attachments of the
superficial and the deep groups of back muscles and their specific innervations (60, 270,
271, 388).

The bulk of the back extensor muscles comprise the Erector Spinae (ES) (Figure
5). These muscles are larger, lateral and more superficial than the MF that are smaller,
more medial and relatively deeper to the ES. The ES muscle mass is composed of a
medial (longissimus) and a lateral division (ilio-costalis) (Figure 5). On each side, both
these divisions of the ES cover the thoracic as well as the lumbar regions and hence are
named according to their locations in the thoracic (pars thoracic) and lumbar (pars
lumborum) (Figure 6A and 6B) regions (269). All four components of the ES caudally
attach to the dorsal aspects of the sacrum and the ilium. The complexity of the ES lies in
the overlapping nature of its long fascicles that successively fan out upwards towards
the ribs. For functional reasons, both the cranial and the caudal ends of the ES muscle
fibers become largely aponeurotic close to their osseous attachments (221).

The medial division of the ES (longissimus) is made up of about five long
fascicles that arise from the lumbar accessory and the transverse processes (Figure 6A).
Some fibers of the longissimus also arise from the dorsal part of the iliac crest. On the

other hand, the L1-L4 fascicles arising from the respective vertebral processes are
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covered on their lateral sides by an aponeurotic barrier (the lumbar intermuscular
septum) separating the lumbar longissimus from the ilio-costalis part of the ES. The
lateral division of the ES (iliocostalis) has both lumbar (iliocostales pars lumborum) and
thoracic parts. The lumbar ilio-costalis lies lateral to the longissimus pars lumborum
(Figure 6B) and arises from the tip of the upper four lumbar vertebrae extending to the
dorsal segment of the iliac crest. The fibers are mostly fleshy without prominent tendons
at their osseous attachments. The wider attachments of the cranial end of the ES pars
lumborum assist the ES to function more as the global muscle of the trunk that controls
the movement of the trunk as a whole (269).

The MF constitutes the most medial smaller and shorter group of muscles
situated in the osseous groove formed by the spinous process and the laminae of the
lumbar vertebrae (Figure 5, 6 & 7). The MF belongs to the transverso-spinalis group of
muscles that run in short vertical segments cranio-caudally deep and medial to the ES.
The lumbar MFs arise as five short individual bands from each of the bases of the L1-L4
spinous processes. The shortest fascicle in each band is also the most medial one. The
lower parts of each MF fascicle gets attached to the mammillary process of the
vertebrae located one-to-two segmental levels below their origins. The longer, lateral
and more superficial fascicles reach and insert onto mammillary processes or the dorsal
surface of the sacrum. The L5 MF band comprises of only one fascicle that inserts onto
the dorsal sacrum. The rotatores and the inter-transversii (between successive
transverse processes) muscles and inter-spinales (between spinous processes of
adjacent vertebrae) muscle groups are situated deep to the MF and like the MF, control
inter-segmental curvature and small segmental movements of the lumbar spine (74, 110,
137, 230, 269, 480). Typically, the primary dorsal rami of the spinal nerves innervate the

intrinsic layers of the lumbar region (Figure 4). The medial motor branches of the dorsal
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rami innervate the MF segmentally, whereas the intermediate and lateral branches of the
dorsal rami form plexuses to supply the larger, ES muscles (60, 62) (Figure 4). The
segmental nature of MF innervation permits greater fascicular control of the MF
elements (204, 308, 416). On the other hand, ES innervation demonstrates larger
collateralization via intersegmental communicating loops (60). Accordingly, MF activates
segmental rigidity and the ES generates the torques required for moving the spinal
column in space [Table 2]. Typical orientation of the fascicles in the superficial and deep
back muscles enable application of a range of force vectors depending on the direction
of the muscle fascicles (268, 269). Additionally, complex interaction between the pulls of
the ES and MS muscles help to sustain complex spine movements fine-tuned by the
proprioceptive feedback loops connecting the passive and active spine sub-systems to
control segmental motion (61).

In addition to the anatomy of the motion-segment articulation and the gross
structure of the back muscles, the properties of the muscle fibers have been thought to
play an important role in influencing the onset and prognosis of LBP. In terms of muscle
fiber properties, essentially two types of fibers are present in the back musculature,
namely the Type | (slow twitch) and the Type Il (fast twitch) fibers. Type | fibers have
high oxidative capacity capable of long-lasting and sustained contractions, and
demonstrate greater tonic action at lower intensities of activation. The other broad
category of muscle type is the Type Il (fast twitch) fibers that show high glycolytic
capacity and are recruited when a fast and vigorous contraction is necessary. The Type
Il muscles fatigue quicker but can perform work against relatively higher loads (387,
410). Generally, different group of back muscles are made up of different and varying
proportions of muscle fiber types in them (Figure 9). The relative number and proportion

(by size) of Type | and Type Il fibers within a muscle mass depend, to a large extent, on
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the nature of function of that muscle (410, 411). Kalimo et al. reported that the MF
contained 61.5% and 57.7% of Type | fibers in men and women respectively, as
observed in patients undergoing surgical treatment for lumbar disc herniation. Mattila et
al. reported 62.5% and 60.8% of Type | fibers in men and women respectively (221, 284)
[Table 3]. An ATP-ase dependent histochemical study noted no major differences in the
relative percentage of Type | (62 vs 57%), Type IIA (20 vs 22%) or Type IIB fibers (18 vs
22%) between MF and the longissimus portion of ES muscles, nor detected any
significant difference in the absolute size of fibers between them (range of mean
diameter= 58 to 66 um) (440) [Table 3]. Although some studies demonstrate relatively
larger cross sectional areas of Type | fibers in females (70-75% in females vs. 54-58%
for the males), the number of Type | vs Type Il fibers have been demonstrated to be
largely the same in both genders (410, 411). In fact, the female back muscles exhibit
smaller size of the Type |l fibers, and therefore, a higher Type I/Type Il area ratio in
female biopsy samples (ratio=1.70-1.90 in female vs 0.88-0.92 for male) suggesting
differences in functional capacity of back muscles (159). Interestingly, MF and the ES
fiber composition do not show fiber type differences between the thoracic and lumbar
parts of these muscles (279). Mannion et al. reported insignificant difference in gender
related fiber proportions (percentage distribution) between the two components of MF
and ES. The same study indicated larger slow twitch Type | fiber areas in women
indicating their role as long-acting postural muscles (279, 369). Additionally, reduced
numbers of Type Il fibers reported in women may be physiological adaptations in
response to use-dependent and load-induced activities (221, 279, 369). Lifestyle
activities and loading intensity of the spine have been thought to help regulate

characteristic muscle-type isoform synthesis in these muscles (354, 411).
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Fiber-type constitution of the back muscles has been investigated in context of
the origin, progression and outcomes of LBP. Patients after disc herniation surgery have
shown good clinical recovery if their Type Il muscle fibers regained their expected
normal size with adequate physical activity and exercise. On the contrary, a selective
Type Il fiber atrophy has been noted in patients with persisting LBP (284). However,
Mannion et al. has reported differences in muscle fiber sizes between thoracic and the
lumbar regions (with no differences in fiber-type percentages between the regions)
observed and compared between the T-10 and L-3 spine levels (278, 279) (Figure 9).
Rantanen et al., in a study of post-mortem MF and ES microscopic specimens, have
reported regionally uniform to slightly larger and numerically superior Type 1 fibers in
males (369) [Table 3]. Additionally, switching of muscle fiber types have been reported in
adult back muscles (134, 135). Switch in fiber-type composition has been well
documented in back muscles both during embryogenesis and in early life. These events
are regulated by innervation patterns and neural activity in these muscles (354, 370,
408, 409). In addition to the ES and MF, abdominal wall muscles, especially the
transversus abdominis (TA), are connected to the lumbar vertebrae via the lumbar fascia
and apply transverse pull on the spine in axial rotation or in side-bending (34, 192, 193,
415, 477). The other major player in lumbar spine motion is the psoas major (PM) that
acts as a major flexor of the trunk (32, 33, 353). The TA and PM in young and healthy
individuals exhibit within-subjects as well as inter-subject variations in fiber composition
with about 55-58% of type |, 15-23% of type IIA, 21-28% of type 1IB, and 0-1% of type
lIC fibers, suggesting Type | > Type Il fibers in these muscles (166). The PM shows
Type |, IIA and IIX fibers with predominance of Type IIA fiber (59.28%) and larger Type

IIA sectional area as compared to Type | fibers (40.72%) (32). Some studies have also
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demonstrated small side-related variations in fiber types in PM and age-related Type IIA
atrophy in PM with aging (31, 32).

Spine ligaments. Ligaments form fundamental anatomical links between the
vertebral elements and play an important role in defining the structural integrity of the
spine and in determining overall range of spine motion (459) (Figure 10). Most of these
ligaments possess rich distribution of mechanoreceptors for precise proprioceptive
feedback to the central nervous system for regulating muscular control of spinal
movements (358) (Figure 10B). The anterior longitudinal ligament (ALL) is a thick, flat,
band of ligament that connects the anterior aspects of all vertebrae like a strap and
resists hyper-extension moments on the lumbar spine (315). The posterior longitudinal
ligament (PLL) is thinner and narrower than the ALL and binds the posterior aspects of
the vertebral bodies and assists restriction of hyper-flexion of the vertebral segments.
The ligamentum flavum (LF) connects the spinal laminae and protects the spinal canal
from the posterior aspect. The inter-spinous ligament (ISL) spans between the spinous
processes of the lumbar vertebrae and the supra-spinous ligaments (SSL) connect the
tips of the spinous processes along the spine. Both these ligaments and the LF limit
flexion of the spine and they are densely populated with mechanoreceptors and supply
proprioceptive feedback of motion in the motion segments (17, 37).

A number of novel spinal devices and instrumentation techniques have been
developed in recent years to treat LBP and to restore the functional anatomy of the spine
(123, 262, 458). Devices like rods, cages, screws and procedures like prosthetic
replacements with artificial disc replacement aim to restore or replace normal anatomical
structures, and physiological function at the spine joints (2, 28, 37, 111, 165).
Additionally, outcomes of novel cell-based therapies have attempted to regenerate new

tissue dependent on the host-specific mechanical environment at the motion-segments
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being treated (24, 446). Most of these techniques are directed to restore the normal
range of vertebral motion or to abolish abnormal motion patterns at diseased spinal
joints by fusion. However, unfavorable outcomes of fusion techniques may deleteriously
alter motion at the adjacent segments resulting in adjacent-segment disc-disease in the
long run (37, 48, 111, 140, 183). The current work, therefore, importantly presents a
technique that may be applicable in the long run to investigate complex spine motion for
detecting the integrity of the structural components in the spine.

In summary, so far, | have reviewed that structural integrity of the spine depends
not only upon the incumbent loading, but also upon the tissue property, mobility or
stiffness of the segments, and associated static and dynamic neuro-muscular control.
Invariably, quantification of in-vivo spine motion (or the lack of it) may provide insights
into the quality of spine motion and its relationship with pain, degeneration and
outcomes of therapeutic intervention.

Part Il. Mechanics of Lumbar Motion and Preservation of Structural Integrity

The previous section reviewed the structure of the spinal column. This section
will discuss mechanisms that actively maintain the structural integrity of the spine at rest
or during routine and complex motion. Since the human spine is a segmented column, it
needs to be supported at individual segments in order to prevent angular buckling on
static loading, as well as during dynamic movements with or without extraneous loading
(14, 50). Experimental models have shown that the buckling behavior of the spine
depends considerably upon the integrity of its ligament system (104, 105). Cadaver
simulations and theoretical experimental spine models demonstrate that a force of about
88 Newtons (N) (~ 20 Ibs) can buckle the spine segments when all ligaments are

removed from them (50, 103). Results from these studies also show that spine segments
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in general resist any attempt to buckle in the sagittal plane by virtue of the strong
ligaments and the lordotic curvature in the sagittal plane. However, with further increase
in the magnitude of axial loading, the segments exhibit axial rotation and eventually fail
in the coronal plane (105). It has been observed that progressive and step-wise removal
of spinal ligaments facilitates buckling even with lesser magnitudes of loading (105).
Mathematical models show that for a given initial stiffness assigned to the model, greater
forces are required to buckle the spine with intact ligaments than without them (105, 297,
465). However, far greater loads are applied to our spines in day-to-day activities than
that would be required to disrupt a ligament-only spine (with all muscles removed). The
question is how does our spine then resist destabilizing loads? More specifically, | will
discuss the role of local and the global para-spinal muscles (the ‘active’ sub-system) in
sustaining structural integrity of the spine. Additionally, studies have shown that loading
may have variable outcomes at different spine levels in the same individual. Magnetic
Resonance Imaging (MRI) spine imaging in the relaxed upright weight-bearing position
can detect decrease in the overall length of the spine (spine shrinkage) and lumbosacral
responses to loading such as increased sagittal rotations at different segments (465).
While the L2-L4 motion segments show extension on spine loading in the vertical
position, the L5 tends to flex more on such loading with the discs from L2 through L4
demonstrating an anterior translation and the L5 disc showing a posterior translation
(465). It has been documented that even day to day flexion-extension, lateral bending or
rotation can bring about significantly high bending moments in the spine regardless of
any external loading (220, 414). Additionally, concomitant movement of limbs
necessitates the spine to behave like a semi-rigid column requiring greater activation
levels in the para-spinal muscles possibly resulting in further accentuation in overall axial

loading (194, 293, 404).
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The current definition and characterization of ‘spinal stability’ has mostly evolved
from the reductionist approach based on elasto-static concepts developed by
Bergmark’s studies on mathematical spine models (50, 376, 404). The current concept
of stable functioning of the spine is understood predominantly on the ability of the spine
to stiffen itself on loading, as displayed by the load-displacement relationship of its
segments (Figure 11). However, the definition of spine stability has varied depending on
its usage from the perspectives of classical physics, biomechanics or in the clinical
setting (173, 237). Biomechanical models have elegantly explained spine stability in
terms of joint stiffness and its complex control by segmental muscles (90, 341).
Concepts of energy wells have offered us a theory for stability that attempts to define the
role of bones, ligaments and muscle components to control joint stability (373). This idea
has further enhanced the concept of spine stability in terms of the Potential Energy (PE)
content of a system (Figure 12). This concept of stability proposes that systems (or
objects) with a definite mass possess certain PE by virtue the position of the mass
above a given baseline. Similarly, systems that are elastic can ‘store’ certain magnitudes
of PE by being elastically deformed under loading. Accordingly, PE stored in systems
either due to the height of the mass (with respect to a baseline) or due to any elastic
deformation, can be released or recovered when such objects either fall from higher to a
lower position or as the object returns to an un-deformed state when the incumbent load
is removed, respectively. Essentially, the ‘energy wells’ and PE concepts represent a
force-displacement relationship in the systems. A closer inspection of the ball-bowl
example shown in Figure 12A will reveal that the ball gets progressively unstable as one
moves from condition (a) to (d). It is the force-displacement relationship that changes
from (a) to (d) at each level, despite the balls being placed at the bottom of the

respective bowls. This means that as we move from (a) to (d) in the example given, it
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seems apparent that less and less is required to displace the ball sideways from the
position of maximum stability at the ground zero in each situation. Accordingly, one may
infer that the stability of the ball inside a bowl could be augmented by increasing the
steepness of the sides of the bowl by increasing the height of the side-walls (the
boundary conditions). Classically from a joint analogy, accentuation of the steepness of
the side-walls of the bowl has been equated to ‘increasing’ the stiffness of the concerned
joint that apparently increases its stability (49, 372, 376). Mathematically, it implies with
increase in the steepness of the well walls, more and more energy will be required to
displace the ball from its position of minimum PE at the bottom of the bowl, and
progressively harder to eventually force the ball out of the system.

The other noticeable parameter in the given example would be the ‘flatness’ of
the base of the bowl. This feature of the system determines the force-displacement
relationship of the ball-bowl system as progressive flattening of the base of the bowl may
conceptually require less and less energy to push the ball around at, or out of, the base
regardless of the height of the side-walls of a bowl. On the other hand, the flatter we
make the base, the likelihood for the ball to revert back to its initial position on the base
after a perturbation is removed, becomes proportionality lesser. In biomechanical terms,
the example of a more flat-base bowl has been considered to be a less ‘robust’ system
than one with a relatively less flat baser. As such, two attributes: (a) energy
requirements for moving the ball out of equilibrium and eventually out of the system
(steepness of side-walls), and (b) likelihood of returning to the baseline (flatness of the
base), define respectively, the stability and robustness of a system. However, the
relationship of the stability and the robustness of any system may not be proportional.
Accordingly, a stable and robust system at the same time will not only require greater

forces to move a ball out of the position of the minimum PE, but will also possess the
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intrinsic capacity for the ball to roll back to its original position of maximum neutrality
once the perturbation force is withdrawn [system in Figure 12 A (a) is more stable and
robust than Figure 12 B (b)]. Thus, from the ball and bowl analogy, mathematical stability
and the robustness of a joint system are determined by the inclination and dimension of
the side-walls as well as the by the shape of the base-surface (292, 373, 376).

The previous analogy of the ball moving inside the bowl only allows motion of the
ball in a single plane (e.g., flexion-extension of a hinged joint). On the other hand, a ball
and socket joint has 3 degrees of freedom in 3 different planes. Therefore, in terms of
the lumbar spine with 5 segmental joints each capable of rotating in 3 planes, a bowl
with more than 15 side-wall dimensions would be required (total of 15 degrees of
freedom) to represent the lumbar spine in a mathematical ball-bowl model. This model
could then simulate the effects of altering the ‘steepness’ and ‘height’ properties of the
side-walls that represent different anatomical equivalents in the spine (373, 376, 404).
Additionally, the PE concept postulates that the stability of a system depended upon the
height-width ratios of specific sidewall-base relationship of the system that regulates the
amount of torque required to topple the system (376).

In terms of PE, spine stability is defined as a function of stiffness and the stored
elastic energy within the system. Musculoskeletal systems rely on such stiffness-derived
elastic potential energy of constituent joint structures and their capacity to store elastic
potential energy on application of displacing forces. In context of the spine, stiffness is
attributed to physical properties of bony articulations, discs, capsules, ligaments and
segmental muscle activity that dynamically initiated and sustained the resistance against
motion at different stages of the ROM (341). With spine loading, segments not only
become unstable at static positions, the segments also become unbalanced and fails to

demonstrate a smooth motion through the ROM and may, in some situations, present a
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catastrophic end-range failure if the perturbation force applied to the spine exceeds the
stored potential energy in the system created by joint elastic properties (117, 341).

The role of muscles in maintaining lumbar structural integrity in static and
dynamic conditions has been studied extensively either with the use of in-vitro
biomechanical models of the spine, in-vivo human muscle-activation studies on
segmental and global muscle groups of the lumbar spine or with mathematical modeling
(103, 104, 367, 447, 463). Analysis of dynamic muscle action simulation, MF has been
shown to exert the maximum influence on segmental ROM and to determine the size of
the neutral zones at individual segments (463). Tonic contractions of para-spinal
muscles (stiffness modulators) actively augment the stiffness of the segments in addition
to the ‘passive’ stiffness imparted to the segments by the bony articulations and
associated ligaments (197, 341, 461) (Figure 13). It has been hypothesized that the
bone and ligaments control segmental motion ROM mostly at the end-range of motion,
whereas the muscles provided ‘working’ stiffness at regions within the ROM, specifically
around the NZ of joint motion (341). Contractions as low as 25% of maximum isometric
capacity of the spinal muscles can support heavy spine loading and generate sufficient
stiffness without compromising motion (88, 291, 292, 341). Co-contraction of synergists
and antagonists muscle groups plays a critical role in stabilizing lumbar joints, at the
same time allowing movements in the spine with concurrent and accurate processing of
mechanoreceptor afferent inputs (proprioception) from tissues like ligaments, inter-
segmental muscles and discs (10, 214, 321, 383) (Figure 13B). Muscles controlling
spine joint motion are recruited in a pattern depending upon the structural and molecular
characteristics of its constituent fibers. This principle is called the Henneman’s size
principle, which postulated that with increasing contraction intensity, there is an orderly

recruitment of moto-neurons with the smaller neurons being recruited first with larger
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and larger neurons getting progressively recruited thereafter, with increasing drive. The
reverse order followed in de-recruitment with motor units recruited first being deactivated
at the end. This recruitment pattern was termed the ‘size principle’ (180-182, 184). The
Type | muscle fibers are recruited first and are called the slow twitch fibers. These fibers
and the associated motor neurons comprise the slow-twitch motor units (MUs) that are
responsible for slow, low intensity tasks. These fibers produce small forces for a longer
period of time, and are relatively fatigue resistant quickly (303). The slow twitch (ST)
fibers are designated as the Type | fibers with associated nerve fibers forming the motor
units that are designed for extended, slow fatiguing activity (158). The ST fibers are
classically recruited at a later stages of sustained muscle contractions. However, orderly
MU recruitment may not always follow the classical size principle but may show
divergence in recruitment patterns e.g., depending upon complex interactions between
proprioceptive feedback systems (44, 412). Additionally, the proportion of fiber types
within a muscle mass, muscle capillary density, enzyme activities and associated
metabolism of fibers decide the fatigability of a muscle (158, 261, 278). In context of the
spine, sustained isometric contractions is maintained by slow twitch Type | fiber
activation that is economical as it utilizes less energy to maintain the same relative force
for the duration of a contraction, in comparison to fast twitch fibers (278, 387).

A newer concept has attempted to define stability in more dynamic terms where
a functional and effective ‘system’ helps to prevent spine injuries that may occur even
with very small errors in motor system activation and function or even from very small
magnitudes of adjustment errors that control interaction of muscle forces (e.g. back
injuries resulting from a task such as picking up a pin) (376). This concept emphasizes
the necessity of precise and varying levels of stiffness operating at the spine motion-

segments during motion. This idea points to a more energy-efficient system instead of
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mere presence of an unregulated and generalized stiffness (373, 377). This definition
proposes interactive, dynamically changing inter-segmental coordination of spine
stiffness. Cholewicki and McGill studying precise segmental motion in power lifters
demonstrated that even while flexing the spine to lift a weight off the ground, each
lumbar segment involuntarily and actively maintained some degree of inter-segmental
extension (2—3 degrees short of full flexion) though the lumbar spine apparently looked
fully flexed while lifting the weight off the ground. Dynamic spine motion in this study was
recorded with a single fluoroscopic view of the spine while lifting very heavy weights
(87). Reeves and Cholewicki have proposed that this approach of defining stability
necessities the spine system first to be stable in order to fulfill its intended goal i.e., to
bear loads. Next, a controlled and graded motion is required at individual spine segment
to fulfill the load-bearing task without risking injury and pain. According to this definition,
the complex interplay between the anatomical components of the motion segment is
based on a feedback control system. Accordingly, the authors suggest that a multiple-
afferent input system including the visual system and related mechanoreceptor
apparatus interact with the central nervous system (CNS) during each stage of the
activity to relay information about the spatial orientation of the body (375, 376) (Figure
14). Depending upon the direction of an incoming afferent stimulus, feedback can be
characterized as positive (muscle force acting in the same direction as the displacement)
or negative feedback (muscle forces directed in the opposite direction to the original
displacement, often larger than the force) (376).

The performances of spine motion and stability control systems take some time
to become efficient and ergonomically viable. Optimal functioning of the feedback
mechanisms with appropriate adjustments in the ‘gain’ of systems, determination and

utilization of the appropriate feedback responses is initially poor but improve with
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learning from repeated usage. The chief controller in the system is the central nervous
system (CNS). The CNS gradually gets tuned to the requirements of feedback gain and
activates suitable response reflex loops depending upon the physical and emotional
changes in the environment. This mechanism of spine stability proposes precise,
moment-to-moment, dynamic and goal-orientated corrections of the system (376). This
system of spine motion is thought to be operational both in the static as well as in the
dynamic contexts. Specifically, in the static context a perturbation disturbing the
stationary equilibrium of the spine system deviates the spine from its initial equilibrium
position to a new ‘disturbed’ position. Accordingly, on cessation of the perturbing force,
the trajectory of spine motion induced by the perturbation attempts to revert back to the
original or starting equilibrium position as the effect of the perturbation gets neutralized.
On the other hand, in the dynamic context (like while catching a thrown ball), if a
perturbation is applied to the spine segments directly or indirectly while the person is in
the action of catching the ball, a dynamic adjustment generated in response to the
perturbation. This response does not revert the spine back to a static neutral position
when the perturbation is removed, but instead, the response allows the perturbed
trajectory to slowly resolve into a trajectory of motion that was initiated and intended to
accomplish the original task of catching the ball, even before the perturbation was
applied (376, 404) (Figure 15). This idea indicates to probable mechanism that not only
prevents injury to the spine by making it asymptotically stable, but also allows dynamic
adjustments brought about by the interaction of multiple feedback loops in the spine.
Although stability can be restored with the application of several feedback loops, stability
is ensured with the use of a minimum number of operational feedback loops (292). Thus,

these systems with their added redundancies enhance robustness to the system and
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therefore theoretically permit lowering some of the stiffness parameters of the system
without compromising its stability (292, 374, 376, 414).

Accordingly, it may be presumed that stability in such a system may be achieved
even with transient lowering of the stiffness between some of the joint components.
Specifically, stability may not always get compromised with lowering of spine stiffness,
changing the PE stored in the system or with the introduction of subtle changes in the
load-displacement relationship (173, 174). Physiologically, reflexive feedback controls
from intrinsic pathways involving joint capsules and tendon endings act instantaneously
and earlier than mechanoreceptor mediated muscle stretch reflex (complex poly-
synaptic feedback control loops) and voluntary muscle contraction pathways. The later
examples are associated with small but significant temporal delays in system initiation in
response to a perturbation (374-377). Studies have indicated neuromuscular delay
errors are related to loss of spine motor control and subsequently to the development of
injury and LBP (163, 291, 454, 464, 465). Additionally, perception of threat of injury and
of impending pain may also predispose unstable behavior in the spine response system
with delayed onset of muscle activation and inappropriate agonist-agonist, agonist-
antagonist muscle co-ordination during in task accomplishment (388, 437, 438, 450). On
a broader context, numerous studies have reported the association between
impairments of muscle co-activation patterns, disturbances in joint proprioception,
alteration in muscle fatigue properties and injury-induced changes in ligament and bone
mechanical properties with spine and back pain, whereas some have proposed
etiological relationship between them (40, 103, 104, 157, 184, 195, 238, 248, 263, 292,
339, 364, 425). Accordingly, strategies enhancing spine stability have mostly focused on
augmenting direct or indirect control of segmental motion properties, improving precise

spine motor control (101, 195, 248, 309, 374, 439). Therefore, availability of spine-
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motion quantification techniques may be of great assistance in diagnosing aberrant
segmental motion, in the evaluation of treatment outcomes in spine pain or in the
assessment of changes in spine motion with physiological loading, limb motion, muscle
fatigue, cognitive behavioral training, dynamic exercises and even to investigate with
training and detraining effects (86, 157, 161, 184, 191, 425, 443, 461). Given the
abundance of factors influencing spine motion characteristics and thereby linking it,
mechanistically, with LBP, the ability to assess spine motion patterns may objectively be
used to further quantitatively investigate the relationship between spine motion, motor
control and back pain.

In summary, dynamic and integrated functioning of the para-spinal muscles
based on a feedback system facilitates the maintenance of the structural integrity of the
complex lumbar spine in motion. Additionally, the stiffness of the spine has been
considered to be dynamically, adjusted to optimize the stability of the spine. The
potential role of a spine motion quantification system that could potentially uncover the
relationship between segmental motion patterns in LBP has been underlined. The next
section will discuss why quantification of spine motion deserves merit and how could

such assessment be achieved.

Part Ill. Why Do We Need to Quantify Vertebral Displacements?

The widely accepted definition of clinical spine instability postulated by Pope and
Panjabi attempts to objectively encompass both the clinical (tissue damage, pain and
deformity) and bio-mechanical (abnormal inter-vertebral displacements on loading)
views of spine instability (360). However, there is very little evidence suggesting that all
biomechanically exaggerated spine movements are associated with LBP, or all clinically

detected LBP demonstrate hyper or hypo mobility of the spine (361). This section
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discusses (i) certain aspects of the biomechanical spine stability and how biomechanical
stiffness characteristics and the load-displacement relationship may possibly be
etiologically related to LBP, (ii) the probable reasons for the lack of agreement and
inconsistencies observed between the clinical evidence of back pain, degree of clinically
detected spine stability and the bio-mechanical concept of loss of stiffness being the
primary etiology of LBP, and lastly (iii) discusses the importance of objective evaluation
of spine motion, inter-vertebral displacement quantification and their application in basic
and clinical science research.

Although a change in the load-displacement behavior in spine-segments may
suggest altered stiffness properties in the segment, it may not always be conclusive in
etiologically explaining the clinically observed LBP (102, 148, 173). Changes in spine
stiffness parameters may not always be pathological and may arise from the needs of
adaptive changes in neuromuscular properties of paraspinal muscles. Also, from a
biomechanical perspective, physiological changes occurring in segment stiffness
properties may vary at different time-points along the entire ROM of a joint, often
suggesting a non-linear character of the load-displacement curve. Regardless of the
nature of the load-displacement relationship at a vertebral segment, LBP has often been
associated with a laxity of anatomical structures in the joint segment, loss of motor
control regulating the joint stability leading to exaggerated joint motion specifically with
an increase in the NZ and ROM ranges.

On the other hand, clinical assessment of LBP encompasses testing segmental
laxity of the spine with a passive palpatory approach that helps in the assessment of
inter-segmental mobility. Additionally, direct visualization of anatomical inter-vertebral
displacements is performed mainly from end-of-range spine radiographs. These

radiographs are essentially sagittal films of the spine acquired at the end-range of



49
flexion-extension motion that are compared. A criteria of >4 mm of inter-vertebral
translation and/or >20 degrees of sagittal plane rotation translation has been
standardized for a clinical diagnosis of spinal instability, with or without back pain (338).
Despite the purported association of clinically detected hyper-mobility or hypo-mobility of
segments, clinical evidence of loss of motor-control of segmental motion and LBP, there
are no studies that have quantified and validated results of these clinical assessments
with direct visualization of the spine in motion or with appropriate bio-mechanical tests.
Regardless, a great many cases diagnosed as clinical ‘instability’ are followed up with
attempts to restore physiological load-displacement relationship, often with variable
outcomes (5, 59, 108, 176, 244).

Despite the increasing direct and indirect costs of LBP at more than $624 billion
per year in the USA alone, the existing clinical and imaging expertise in the field permits
only about 15% of LBP patients to be diagnosed accurately to have a specific etiology
for their LBP (276, 460). Precise diagnosis of pain remains unknown in 80-90% of all
LBP patients who are clustered together as a non-specific LBP (NSLBP) cohort (108,
258). Approximately 20-30% of the NSLBP patients are diagnosed as having some sort
of abnormal motion responsible for their LBP, and hence requires specialized medical
attention to alleviate the associated pain (361, 362). Though the relationship of an
altered (pathological) pattern of segmental motion and LBP has not yet been completely
understood, and with sophisticated surgical procedures performed for restricting
anomalous spine motion with inter-vertebral fusions, efforts to develop new and precise
techniques for visualization of in—vivo real-time spine motion has not deserved the
required attention.

Fritz et al. while reviewing the biomechanical and clinical approaches for the

assessment of lumbar spine functional stability expressed that the currently available
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definitions for spinal instability may not be adequate and also may not be very helpful in
determining appropriate treatment strategies for NSLBP since the basic model for such
evaluations was based upon mathematical spine models proposing loss of stiffness
characteristics as the only primary deterministic factor for LBP (50, 139, 185, 376, 404).
Although these models can simulate the role of different anatomical structures that
influence spine motion with each of the elements being represented by each ‘dimension’
of, e.g., the ball-bowl model, these models may not be able to simulate dynamic
interactions between all muscle, tendon, ligament and bony elements of the spine (50,
376, 377, 404). Moreover, from a kinematic perspective, these models may fail to
determine and quantify the moment to moment variations in inter-vertebral
displacements during real-time motion, as may be possible with an in-vivo spine motion
imaging technique (59, 231).

Since central nervous system (CNS) feedback loops play an important role in the
neuromuscular control of the spine stiffness, the ability of mapping of subtle adjustments
in dynamic inter-vertebral relationship within the ROM may permit us to investigate
precise and timely neural control mechanisms that regulate dynamic motor control of
segmental motion in normal and symptomatic spines (91, 136, 173, 174, 290, 292, 341).
Several researchers have demonstrated the importance of the role of inter-vertebral
motion control in determining the overall normal functioning of the spine. Cholewicki et
al, Gardener-Morse et al. and others have delineated the role of the inter-segmental
small muscles controlling the motion-segment stiffness and in regulating overall spine
motion with mathematical modeling (91, 254, 290, 414, 415). As we discussed earlier,
Panjabi et al. emphasized the loss of control of the ROM mid-zone (neutral-zone/ NZ)
stiffness as the proposed mechanism that initiates an injury-laxity-injury cycle leading to

LBP. This same hypothesis proposed that within the entire ROM, the NZ encountered
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minimum resistance to motion. This NZ stiffness is thought to be primarily controlled
actively by muscle contractions. The spine joints stiffness characteristically increased
progressively towards the end of the ROM. This end-ROM stiffness was supposed to be
controlled by passive elements like the ligaments and the bony articulations (341). As
McGill put it: "Functionally, a patient must be able to maintain sufficient stability during
necessary daily activities: ...tasks of daily living, is not compromised by insufficient
strength but rather points to the importance of endurance”, indicating that low levels of
muscle co-contraction of the synergists, and hence low levels of stiffness were
hypothetically sufficient to maintain spine stability for daily activities and fatigue resulting
from over activation in muscles may be another responsible mechanism for loss of spine
stiffness and resultant segmental spine pain (91, 136, 151, 249). Moreover, from a
clinical viewpoint, detection of abnormal and excessive displacements in motion
segments around the neutral position (roughly representing the NZ) with palpatory
methods have been reported to co-exist with LBP presentation to the clinic (341).
Accordingly, clinical decision-making on lumbar spine instability in the clinical setting has
been supplemented with sagittal-plane static imaging of the spine at the end-of-range
flexion-extension position. Visual assessment of >4 mm or a 15% vertebral body length
slippage of one vertebra over the lower one, as compared between flexion-extension
inter-vertebral displacements or, a > 20 degrees’ rotation between segments have been
defined as criteria for the diagnosis of spinal instability. This clinical approach for the
diagnosis of instability apparently does not take into account the dynamic nature of spine
motion or the inconsistent nature of the force-displacement relationship at the lumbar
segments on active spine loading. Neither of the clinical or the bio-mechanical
approaches have applied in-vivo visualization of dynamic adaptations in physiological

segmental motion or impairments secondary to the injury or pain.
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Contrary to the views of spine stability, some observers have fundamentally

challenged the validity of such a concept of stiffness derived spine stability. Hasan et al.
questioned the very concept of conventional spine stability suggesting that the response
to perturbations in many situations ‘assist’ rather than ‘resist’ the trajectory of the
disturbance caused by the perturbation, and therefore the response being more of a
destabilizing reaction than a stabilizing one (173, 174). Hasan proposed that functionally,
the spine motor control system may not always implement and enforce strict stiffness
response secondary to a mechanical perturbation and may even promote exaggerated
motion in an already potentially unstable spine system where a high degree of
maneuverability was necessary to restore stability and attenuating pain, an idea similar
to an earlier observation by Crisco & Panjabi (102). Some authors have also suggested
that a spine system may be stable even if intrinsically not in equilibrium e.g., while
executing limb movements during active spine motion (160, 173, 441). According to
Hasan, delays in stretch reflex responses may precipitate or exacerbate clinical
instability, and accordingly, the lag property of muscles, nerve conduction intervals, and
properties of tendon compliance delays may impact spine stability if all these systems
simultaneously attempted to kill spine motion secondary to a perturbation (175). It has
been argued that if an extension-moment initiated by activation of the spindle reflex
action (at the dorsal spine) subjected to a flexion perturbation arrives late, it may bring
about further instability (hyper-extension) of the joint toward the extensor side. Further,
this delay might activate both the short or long latency reflex actions using a continuous
feedback system thereby destabilizing the joint even further through potential oscillation
associated with this delay (6, 237, 476). Regardless of the pitfalls in the biomechanical
definitions of spine instability or existent gaps in understanding the exact

neurophysiological mechanisms clinically detected LBP, the proposed importance of
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precise control of spine segmental motion in the resting state or the dynamic motion
cannot be overestimated (173). Additionally, taking into consideration the number of
adjustments required for a task-specific motor control of the lumbar spine, assessment
of the entire ROM for understanding subtle inter-segmental relationship has been under—
represented as a diagnostic entity in context of non-specific LBP patients (455).

In light of the importance of mapping inter-vertebral motion patterns (across the
ROM) in investigating the regulation of spine stiffness and motor control properties in the
pain-free individual or in LBP patients, the argument in favor of developing in vivo
visualization techniques for quantitative assessment of spine motion becomes very
strong. The case becomes even stronger if this assessment could be performed while
the spine was in the normal physiological weight bearing state, and if possible, while in a
state of dynamic motion (143, 361, 472). Such examination of vertebral kinematics in
addition to clinical testing of vertebral hyper- or hypo mobility with or without LBP would
have helped to explain or validate specific clinical findings as detected by direct
palpation, the straight leg raise and a number of other such techniques (102, 234, 361).
However, visualization of spine motion can be challenging in several ways. Direct
imaging of the spine has used almost all available depended on imaging modalities like
x-rays, ultrasound, CT and MRI. Most spine imaging has been performed in the static
context, with dynamic imaging being performed mainly with x-ray fluoroscopy. Typically,
fluoroscopic imaging of the spine has been practiced mostly for instrumentations in the
spine segments where this imaging were done in a single plane. More recently, the
roentgen stereo-photogrammetry (RSA) techniques have been developed that use
biplanar fluoroscopic imaging to detect shift in implanted prosthetic devises at limb
joints(245, 429, 479). The details of this technique and its applications are discussed

later in Chapter 6. Some of these RSA techniques have also relied on 3-D models
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created from static CT or MRI images of the boney articulation by superimposing these
3-D models over the moving images captured (with fluoroscopy) during real-time
movement of these joint within a previously calibrated imaging volume (68). Despite
recent upgradation of these techniques, they have rarely been used in context of
objective assessment of spine segment motion despite the fact that clinicians have long
postulated that abnormal spine motion may be an important cause of LBP and despite
the fact that many treatment options have been based on the predication that they alter
spine segmental motion (59, 136, 292, 359). The current quantification techniques of
spine motion are not optimal in several ways. Techniques based on fluoroscopy are
associated with exposure to x-ray radiation and therefore cannot be used for serial
assessments in all individuals or in pregnant women (229, 250, 300). Some of the
techniques based on dynamic fluoroscopic imaging only quantify spine motion in single-
plane of motion (mostly sagittal plane flexion-extension). Additionally, some of these
techniques are not sufficiently sensitive to detect segmental motion at the required
resolution and yield a 3-D analysis of segmental motion (257). Though some of the
recently reported fluoroscopy and 3-D based techniques quantifying spine kinematics
have been fairly accurate (467, 468). However, these techniques had used experimental
biplanar fluoroscopic imaging that may not be ideal for routine use in the clinical context
(474). In addition, the availability of a safe and reliable non-ionizing radiation based
technique may be very useful in the validation of clinical findings and quantification of
real-time spine motion in LBP patients that can be routinely used for identification of
precise kinematic derangement responsible for spine-segment stress, injury and LBP. In
the following section | discuss the role of imaging techniques that have been proposed to
quantify spinal motion and the current state of development and scope of application of

these imaging techniques.
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Part IV. Role of Imaging and Imaging-Based Modeling Platforms in Evaluating
Segmental Lumbar Spine Form and Function: LBP and Inter-Vertebral
Relationships

This section focusses on the application of different imaging techniques for
evaluating spine motion quantification in general and imaging approaches being
developed to investigate LBP from a vertebral kinematics perspective. Specifically, this
section focuses on the currently used MRI based tools for detecting musculoskeletal
dysfunction and injury and in diagnosing LBP and spine pain (186, 419, 468). In addition
to discussing the advancement in the field of MRI based computational techniques used
to study segmental lumbar vertebral motion, the application of other techniques for
similar purposes is discussed (253, 327, 344, 468).

To start with, an overview of the use of MRI and other imaging techniques for
evaluating muscle size and function given in the following paragraph. These images are
acquired for a structural and functional status of the superficial and deeper paraspinal
muscles, the parameters that are often associated with pathological changes occurring
with chronic LBP. The evaluation of the muscle size entails quantification of muscle
cross sectional area (CSA) from static images acquired at different levels of the spine.
Different imaging modalities including radiographs and ultrasound have been used for
quantifying CSAs of the ES and MF muscles to primarily (i) to determine any cause-
effect relationship or correlation between muscle size and the presence of LBP, (ii) to
investigate correlation between muscle size of and muscle activity, as studied through
comparison of static muscle images and surface EMG recordings acquired during
voluntary force generation, and (iii) to investigate the effects of therapeutic interventions
on the size of muscle groups responsible for controlling segmental spine motion (189,

289, 306, 365, 403, 416). The application of MRI for evaluation of muscle function and
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muscle activation levels involves the use of Tz ‘relaxometric’ sequences. These
sequences are able to assess muscle function on the basis of comparative activity-
dependent differences in the Tz relaxation times of osmolite protons in muscles. These
sequences essentially calculate the relaxation time of the spinning hydrogen nuclei,
compared between two images of a muscle acquired at two time-points set apart by tens
of milliseconds, as they to lose their magnetic induction (decay in magnetization). Thus
T2 relaxometric maps are generated for each muscle groups at the same set two time-
points within the imaging protocol. T relaxation time have been documented to be
longer in muscles that have been subjected to higher levels of activity such as resistance
exercises when compared to muscles kept at the resting state prior to the imaging or
different between muscle depending upon the differences in their intrinsic metabolic
rates (96, 285, 444). Muscle activity levels studied by T» relaxo-metric imaging and P31
magnetic resonance spectroscopy have been, to a limited extent, quantitatively verified
by electromyography (EMG) analysis (286, 435, 436, 449, 478).

Basic principles of MRI. In this section | briefly discuss the basic principles of
magnetic resonance imaging (MRI) (55). Principally, MR imaging is based on an
orchestrated agitation of water molecules within a given tissue. Once the agitation is
withdrawn, the energy released by the protons forming the nuclei of the water molecules,
is received and measured as signals by the MR coil. These signals are converted to
gray-scale MR images that we use for diagnosis of disease. A variety of MR ‘sequences’
are used to agitate the proton molecules in different ways to obtain diverse signal
intensities that generate a wide variety of images. ‘Weighting’ image gray-scale
intensities based on relaxation times of protons in different tissues can delineate soft

tissue anatomy with high resolution and clarity, in MR images.
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Agitation of water molecules. Generally, in a non-magnetized tissue, the
hydrogen nuclei within the water molecules rotate like a spinning top around their axes
that are randomly oriented in space. When a body part is placed within a sufficiently
strong magnetic field, such as the core magnet of an MRI machine, the axes of all the
protons in the tissue water molecules are forced to align more or less along the dipole
net magnetization of the core magnet (called the Bo) (Figure 16). The perfection of this
alignment mainly depends upon the strength of the core magnet BO and upon to the
presence of any interference from other magnetic field present in the surrounding
environment. At this juncture, the protons spin around their axes parallel to the By and
also, at the same, time sway/wobble like a spinning top (a phenomenon called
precession). The axes of all protons are now almost parallel to the long axis of the core
magnet. This is referred to as the state of primary magnetization. Once a steady nuclear
rotation of proton spins in the core magnet is achieved, a secondary radiofrequency (rf)
pulse is applied to ‘excite’ a specific tissue slice (volume) selected with the help of the
secondary magnet coils that surround the subject (Figure 16B). This impulse forcibly
pushes the protons to flip the axes of the precessing by 90 degrees (the value of this flip
angle may differ based on the type of ‘sequence’ used). The new position of the flipped
protons represents the new state of magnetization referred to as the B4. The protons
spin around their own axes and rotate in a plane perpendicular to the direction of the
primary magnetization, called the transverse plane (Figure 17).

Magnetic induction decay (Figure 17). The vector of magnetization in this
transverse plane is detected as ‘signals’ by the body coils acting as receivers. As the rf
pulse is withdrawn, this transverse magnetization vector (B4 or TM) slowly decays as the
magnetization vector of the transversely rotating and spinning nuclei gradually return

from this transverse plane back to the long axis of the primary magnetization i.e., to the
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Bo (known as Free Induction Decay). The two changes in the magnetization are
visualized or quantified as two connected events. One is the reduction or decay in the
TM and the other is a proportional ‘recovery’ of the Bo. These two events are measured
in two time constants, the T4 and the T2 constants. Principally, MR images are acquired
from the signals obtained from these two time constants. The protons in the tissue of
interest are excited within a given body structure moving from slice to slice. Each slice is
selected with the application of ‘slice selection’ gradients using a set of secondary
(gradient) magnetic coils located in the inner shell of the main magnet frame. These slice
‘selecting’ magnetic gradients allow to accurately focus a magnetization gradient across
the long axis of the imaging object thereby ‘creating’ a slice of choice for the imaging.
Once a slice is selected, another set of gradient magnets create a couple of magnetic
gradients in the same plane of the slice, but perpendicular to each other.

Phase, frequency and resolution (Figure 18). One of these gradients (and its
direction) in the plane of the slice is called the phase encoding gradient (direction) and
the other gradient (and its direction) perpendicular to the phase encoding gradient is
known as the frequency encoding gradient (direction). Once the slice is elected, the
phase and the frequency encoding gradients are set, the body coil of the MRI system
applies rf pulses to the slice and changes the net magnetization vector of the protons in
the selected slice from the BO to the B1 direction. Once this pulse is withdrawn, the
magnetic induction in the protons decay and the signal time constants of these signals
are used to construct the MR images. A single rf pulse is applied to agitate all the water
molecules of the slice for each phase or frequency encoding gradient value. Additional rf
pulses are applied for each change introduced in the phase or field encoding gradient of
the slice. This process of pulsing the slice undergoes several iterations with changing

values of both the encoding gradients in an ascending order of magnitude. The number
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of phase and field encoding gradient changes determines the pixel size of the image
resolution. It is therefore evident that with each change of the phase and field gradients,
the effect of the rf pulse, and therefore the induction decay time and intensities of the
precessing water molecules, is altered. The receiver coil detects the signal from the
entire slice for each value of the frequency gradient is recorded in a time series called
the ‘k’ space (frequency encoded time-series signal). Since the phase and frequency
gradients are changed in an orderly and ascending fashion, each recorded signal can be
attributed a specific location within the slice of interest. The size of this ‘location’ within
the slice is determined by the number of phase encoding gradients used for the selected
field of view. The beak-up of the field of view in terms of phase and frequency encoding
numbers is called the matrix of the image. The size of this area within the slice, in
essence, determines the resolution of the images. Repeated excitation of the same slice
at different ‘phases’ essentially alters the rate of deceleration of interacting protons
(dephasing) that allows faster return of the protons to the BO with simultaneous decay of
the TM. Signals with changing phase are recorded as additional ‘lines’ in the ‘k’ space
(phase encoded time-series signal) (Figure 17). Thus, when the pre-decided number of
phase iterations is accomplished as per the sequence programmed, the information in
the 'k’ space is converted from the time series data into the frequency domain with
Fourier transformation. Such transformation is applied both for the frequency encoding
and the phase encoding data. Since these signals have fixed locations within the slice, a
Fourier transformation generates a gray-scale image from the signals recreating visual
representation of the structures in the slice. The ability to generate contrast between
tissue elements depends upon the judicious ‘weighting’ of the two time constants, T4 or
T, to create the images. This ‘weighting’ is manipulated by selecting the appropriate

window of time when the signals are picked up from the relaxing protons, according to
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the requirement for the best visualization of the tissue components within the slice. This
weighting generates optimum contrasts between the tissues in question depending upon
rate and time of signal sampling (55).

As we have seen earlier, the receiver coils record signals after execution or
delivery of each pulse. Additionally, the number of pulses delivered for each slice
depends upon the number of phase encoding gradient applied to cover the field of view
of the object being scanned. The time interval between each applied pulse is called the
Repetition Time or the TR. After the application of a pulse, the time allowed for the
protons to relax until the recording of the signals is initiated, is called the Echo Time or
the TE (Figure 19). Therefore, the total scan time required to completely scan an object
of interest depends upon the cumulative duration of several factors such as: (i) the
number of phase encoding iterations performed to fill up the ‘k’ space for each slice. This
parameter also determines the spatial resolution of the image; (ii) the time interval
allowed after the application of the rf to start recording the TM signal (TE=Echo time), as
performed in a Spin Echo (SE) sequence (Figure 19B); (iii) The time interval TR fixed
between application of two consecutive pulses (delivered at gradually increasing
intensities of the ‘phase encoding gradient’); (iv) the number of slices selected for
scanning. Imaging time can be reduced by several techniques that are briefly
enumerated in the following paragraph. (i) Using a very short TE allows shortening of
TRs and eventually, the overall scan time. Typically, images acquired with a short TE
are T1 weighted and are generated by signals collected with the recovery of the
magnetization in the Bo direction. However, each TE has to be followed by the
application of the next rf pulse that flips the magnetization vector of the protons again

from the Boto the transverse 90° position. As the protons precess in the transverse
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plane, the magnetization vector (TM) of each proton decays with time. Additionally, any
two TM vectors arising from two protons spinning in the transverse plane start out
spinning in ‘phase’ immediately after the 90° flip. However, with time the two vectors
slowly lose their coherence and move out of ‘phase’ as the electrical interactions with
their surrounding structures and also as a result of the decay of the TM on to the By
direction influence these individual vectors. Therefore, loss of TM necessitates the
delivery of the next 90° pulse to generate the next quanta of signal at a different phase
encoding gradient to write up the next line in the k-space. (i) However, generating
signals from the protons may not need the application a 90° rf pulse each time and wait
to record the recovering magnetization vector in the By direction. Some sequences
detect signals only from the transverse magnetization (TM). These images are
essentially T2 weighted and quantify signals only from the transverse magnetization. The
speed of signal generation in the transverse plane can be expedited by flipping the
protons repeatedly though 180° within the transverse plane from one side to the other,
after a single pulse (i.e, within a single TR). The timing of such 180° flips is synchronized
so that the dephasing transverse magnetization vectors of the nuclei again start to
rephrase after the 180° flip. Such flips are repeated till the TMs become weaker and
weaker and return to the B, direction. It is the time that a next 90° pulse is applied again.
Thus, several lines of the k-space can be written within a single TR thereby reducing the
overall scan time. These 180° flips create ‘echo’ of signals as the spins flip back from a
dephasing to a rephrasing state. This technique is called the Fast Spin Echo (Figure
19C) and can apply a train of such flips within a given TR. (iii) Fast changes in phase
encoding also can be performed with the help of gradient magnets within a single TR. A

series of these phase changes allow accommodating more number of TEs within the
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given TR to reduce the scan time. These sequences are faster and are called Gradient
Echo sequences. (iv) Some techniques use simultaneous phase and frequency changes
within TRs across inter-leaved slices that helps to reduce the scan time appreciably
without compromising the filling of the k-space. (v) Application of tissue specific pulse
angles to generate appropriate and selective tissue TM vectors enables the detection of
desired magnitudes of tissue-specific TMs (steady states). Some of these angles are
short and specific, and require less scan time. Such sequences are sometimes referred
to as Short T sequences.

Selective enhancement of tissue signals can be performed to increase the
contrast between different structures visible in the slice. This augmentation of contrast is
achieved with selective enhancement of the ‘recovery’ of magnetization of a desired
tissue with the application of an ‘inversion recovery’ sequences (IR) (Figure 19D).
Typically, the magnetization vector of choice, in this sequence, is recovered in the
transverse plane. Therefore, instead of delivering a 90° pulse at the outset, an 180° rf
pulse is applied to flip the longitudinal magnetization vector in the Bo direction in the
diametrically opposite direction (‘inverted’ in the —Bo direction). After the flip is delivered,
the magnetization gradually recovers to the original By direction as this vector gradually
involutes through the long axis of the magnetization. Magnetization vectors of different
tissue protons gradually decay along the —By axis to become zero at the intersection with
the transverse axis. Further, the vectors gradually recover again in the +Bg direction till
the signals are completely recovered. However, different tissues take different time to
‘recover’ their individual magnetizations and, therefore, take different time for their
signals to involute through the —B, long axis and reach the zero value. Let us consider

the example of recovering vectors of two tissues A and B having different material
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properties, with the vector A having faster recovery time than B. Say ‘t’ milliseconds after
the delivery of the 180° pulse, vector A recovers some of its magnitude in the +By
direction while the vector B has just involutes to the zero mark. At this precise moment if
a 90° rf pulse is applied to the recovering vectors, only the vector A gets flipped to the
transverse plane. Since there is no effective Bo vector for the tissue B (being zero at the
time of the 90° pulse), no transverse magnetization (TM) develops for tissue B.
Therefore, all the signals forming the image are contributed only by tissue A giving it a
sharp contrast against the tissue B. The timing of this 90° flip can be manipulated in
such a way that signals from a specific tissue (fluid or fat) can be suppressed by timing
the 90° pulse when the tissue is at the state of ‘zero’ recovery of the longitudinal
magnetization in the By direction. Typically, a short inversion recovery time before the
90° pulse suppresses fat transverse magnetization. Sequences that use short recovery
times suppress fat that appears dark and are called Short T Inversion Recovery (STIR)
sequences. The FLAIR (Fluid Attenuated Inversion Recovery) sequences, on the other
hand, use the same ‘inversion recovery’ technique with application of a relatively late rf
pulse after the delivery of the initial 180° inversion pulse. These sequences specifically
suppress all signals except those coming from the fluid components like water/CSF (55).

Advanced MR sequences designed to discern very subtle signal variations in the
tissue magnetization depending on the oxygenation status of the tissues, especially
used for scanning the brain, permit functional brain MRI. Image-maps of specific brain
areas activated on performance of specific tasks are created using functional MRI (fMRI)
techniques. These techniques use advanced MRI sequences that can compare voxel
based signal intensities from minute areas within the brain by detecting the differences in

blood oxygenation levels in brain tissue with the use of blood oxygenation level
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dependent (BOLD) sequences. Additionally, subtle diffusion of water molecules can be
tracked along the brain or other tissue areas by using sequences that are specifically
designed to identify the phase differences of signal vectors of moving water molecules at
different scan time points. Complex computation of the phase changes in the signals
collected from slices can define contrast between areas of physiological or pathological
(e.g., post-infarct) diffusion rate differences in water molecules. Such imaging
sequences are used for Diffusion Weighted Imaging (DWI). Analysis of the direction of
the phase changes accumulated in the spins of diffusing water molecules moving along
specific direction (e.g., along white matter tracts in the brain) from a tissue may be used
to reconstruct 3-D images of the brain fibers (Tractography) or to re-create 3-D anatomy
of complex structures using Diffusion Tensor Imaging (DTI) (23, 95, 130, 132, 133, 219,
233, 287).

The MR imaging techniques that we discussed so far yield images in the ‘static’
form (i.e., the images are stationary representations of body slices or volumes).
Additionally, these techniques were developed only to image stationary objects and not
applied to scan objects that moved with respect to any reference frame (e.g., a moving
hand within the imaging coil or a pulsatile heart within the thoracic cavity, respectively).
However, real-time visualization of moving objects or body parts can be accomplished
by using very fast MR sequences having extremely short TEs. These sequences utilize
the phenomenon of accumulation of phase differences in proton magnetization vectors
in a tissue moving in and out of the fixed plane of rf excitation of the selected slice
volume. The difference in the phase magnitudes acquired by the proton spins of different
tissue elements depends upon the position and material properties of the element as it
moves in and out of the plane of imaging. Thus the signals used for these real-time

image formations contain phase-contrast or phase-difference information that rapidly fill
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the time-domain k space and then Fourier transformed for the frequency and phase
domains to create real-time dynamic images. The sequences used in such imaging are
often referred to as ‘kinematic’ sequences and the imaging as kinematic MRI or the
Cine-MRI imaging. The application and limitations of such real-time MR imaging in
context of lumbar motion assessment will be comprehensively discussed in the next
section. The following paragraphs describe some of the other imaging techniques
applied for assessment of in-vivo spine motion in experimental and clinical settings.

Use of imaging in studying lumbar vertebral segmental motion. The use of
static and kinematic imaging has provided insight into vertebral motion under different
load bearing conditions as well as pathological states. Additionally, it has aided in
understanding the role of active and passive components in stabilizing the spine (144,
256, 296, 401, 426, 468, 472). An array of imaging modalities including static X-rays,
ultrasound, fluoroscopy, CT scans and MR imaging have been used to determine range
of motion (ROM), alterations in the center of rotation (COR), changes in the
instantaneous axis of vertebral rotation (AOR) and other biomechanical parameters at
different spinal levels of the lumbar spine in health and in disease. In the clinical setting,
assessment of translation and rotation displacements between adjacent lumbar
vertebrae is performed by manual palpation or by the use of goniometric measurements
on the skin surface (Figure 20A). From a radiographic perspective, end-plate measures
from end-of-range sagittal plane images has been considered the standard approach for
the diagnosis of lumbar instability and for deciding surgical interventions (Figure 20B).
Typically, inter-vertebral translations of >4 mm measured between adjacent vertebral
end-plates comparing two static images, one taken at the full extension and one
performed at the full flexed position of the lumbar spine have been considered

suggestive of unstable motion at the segment. Although several combinations of coronal,
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oblique and axial plane imaging have been used for such clinical decision making,
imaging for such purposes have essentially been restricted to quantitative two-
dimensional evaluation of sagittal plane radiographs, CT or MRI scans. Experimental
radiography for the assessment of three dimensional inter-vertebral motion using
biplanar, static, end-of-range flexion-extension motion was attempted about three
decades ago using elaborate x-ray equipment and set-up in an experimental setting by
Pearcy et al. (Figure 20C). The advent of fluoroscopy permitted low-resolution imaging
of skeletal motion. Several studies have utilized single-plane fluoroscopy for mapping
skeletal motion including the lumbar spine for static imaging and rarely, biplanar or the
dual fluoroscopy imaging system (DFIS) for 3-D imaging of the lumbar spine (Figure 21).
Commonly used methods like X-rays, MRI or US used in clinical or experimental settings
to analyze segmental vertebral motion apply specified inter-vertebral co-ordinate
systems for analysis (Figure 22).

Since static end-of-range image analysis do not capture events occurring during
dynamic motion of the spine, these techniques don’t capture any out-of-plane motion.
Given the limitation of radiation-based techniques, the scope of application of three-
dimensional imaging techniques to study complex spine motion has been very limited.
The next section discusses some of the strategies that have attempted 3-D analysis of
lumbar spine motion, specifically the DFIS system.

Biplanar fluoroscopy and modelling technique for real time spine motion
assessment. The technique described here is closely based on the XROMM (X-Ray
Reconstruction of Moving Morphology) technique developed over the past decade at
Brown University (154). This technique has largely been used for experimental studies to
study animal locomotion patterns possibly due to the associated amount of radiation

exposure that occurs during testing. However, a select number of investigations have
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utilized similar techniques in the humans with biplanar fluoroscopy to capture real-time
motion and using superimposition of 3-D models on the fluoroscopic images (257, 344,
468, 472). The technique, as applied to the lumbar spine, involves the following steps: (i)
Lumbar spine motion is captured using orthogonal fluoroscopes (using low dose X-rays)
(Figure 23). The individual being tested is instructed to move the spine by flexion-
extension, lateral bending or axial rotation of the spine within the imaging volume. This
system is called the Dual Fluoroscopic Imaging System (DFIS) and has been used for
imaging motion within a volume of ~30 cm?3. This imaging space allows positioning the
lumbar spine of the subject standing within this imaging space. For imaging lumbar spine
motion, the person being imaged moves the lumbar spine in predetermined directions
(bending) in the imaging volume with the pelvis or the hips restrained. The fluoroscope
produces a stream of images on the DFIS image intensifiers and video-recorded as
hundreds of sequential snapshots. Since the images are 2-D representations of the
spine, these have to be corrected for optical distortions. Additionally, the imaging volume
is calibrated for the accurate quantification of vertebral motion during the movement
trials. (b) 3-D Modeling: Axial CT or MR spine scans are used to create the 3-D models
of the spine segments. Segmentation software is used to create virtual 3-D models of
the vertebral bodies and inter-vertebral discs that are shaped accurately with all contours
represented as present in the actual spine images. (¢) Next, the video-recorded images
from two fluoroscopes are processed to create two separate series of image sequences
that represent the perspective of the motion trial as viewed through that fluoroscope.
These image sequences are then imported into the animation software and set-up in the
software viewing system as if these two images are being viewed through two cameras
as orthogonal background images. The details of this arrangement are given in the next

Chapter 6. (d) Image Analysis: The 3-D model is first imported into the animation



68
software and then the models are manually rotated to ‘match’ both the background
images acquired by the two fluoroscopes. Once ‘matching’ of the fluoroscopic images
with the outlines of the 3-D models is accomplished in the first frames of the background
images, the models are ‘registered’ with a joint coordinate system assigned between the
vertebral elements. This process of ‘matching’ between the models and images is
performed manually, one by one, for each image frame in the background. This process
is termed as ‘rotoscoping’ and is completed by assigning joint coordinated systems in
each motion-segment (39, 68). The software then calculates translational and rotational
displacements between vertebral segments in all six degrees of freedom, a matrix for all
frames of the background images. Additionally, one can also calculate the ROMs, |IARs
and CORs of the lumbar spine motion segments across the entire range of the recorded
spine motion. Recent reports by Li et al., have quantified 3-D knee and coupled lumbar
spine motion using the techniques that involved orthogonal fluoroscopic imaging of
motion, 3-D models built from static axial scans of the body parts (468, 472). The
development of biplanar spine imaging for quantification has been developed over the
last couple of decades to expand from diagnostic and interventional usage to be used as
a motion quantifying application. However, the uses of x-rays in such procedures have
limited the repeated application of this technique in humans, especially in women of the
childbearing age. However, radiological assessment of segmental spine stability has
regularly been used in the clinical settings to detect ‘shifts’ of vertebral positions between
two or more 2-D images (327). In addition to linear displacements and rotations,
estimation of the instantaneous axis of rotation (IAR) between two vertebrae (calculated
as the point of intersection of the perpendicular bisectors of two points on a rigid body) is
used to determine rotation patterns in the joint segment or is performed to calculate

translation along the angular bisector between the two end-plate angles. As mentioned
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earlier, these assessments use 2-D sagittal plane images for the evaluation of abnormal
and exaggerated spine segment motion, in the clinical setting. In addition to x-rays,
single-plane fluoroscopy has also been reported to study real-time lumbar spine motion.
Typically, fluoroscopic image resolution is lower but allows real-time visualization of the
dynamically moving spine (253). The use of two orthogonal fluoroscope system has
been developed in the last decade specifically as a tool for quantifying spine kinematics.

The use of MRI has been attempted for assessing lumbar spine segmental
displacements. Although MR is free from the usage of ionizing radiation, MR imaging
techniques however, have been restricted to the analysis of end-of-range 2-D sagittal
plane static images (Figure 24). Since MR images are typically acquired in the supine
position, these images do not effectively represent physiological weight-bearing in the
tested individuals and may be the reason for poor correlation between the finding from
the analysis of static flexion-extension images with the levels of LBP or discomfort (144,
426). Typically, inter-vertebral translation and rotation are compared between end-of-
range flexion-extension images. One advantage of using MR techniques is that
additional information on degenerative disc changes can be obtained in the spine being
evaluated. Using MRI for the evaluation of structural pathology in the lumbar spine is
safe as unlike x-ray and CT imaging, it does not use ionizing radiation. However,
commonly used MRI sequences only allow spine imaging in the stationary position.
Additionally, due to weight-bearing limitations of the conventional recumbent MR
scanner, it becomes a challenge to scan the lumbar spine at the flexion-extension end-
of-range position because of the limited space available within the imaging coil and also
due to the supine (non-weight bearing) position of the individual being scanned.
However, quantification of 3-D lumbar and cervical inter-vertebral motion has been

attempted using static-position imaging along the ROM using MRI (144, 207) (Figure
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25). Nonetheless, MR sequences commonly used for diagnostic imaging only allow
scanning of stationary objects and do not permit real-time imaging of the spine.
Therefore, single-plane static and supine MR imaging may not be an ideal tool for
quantifying dynamic inter-vertebral displacements.

The significance of ‘coupled’ lumbar vertebral motion. Movement at the
spine segments demonstrates a ‘coupled’ behavior. This means that due to the anatomy
of the articulating surfaces of the facets joints between the vertebral elements,
movement in the spine is not restricted in a single plane of motion e.g., a lateral bending
of the spine in the coronal plane is associated with a twisting axial motion in the
transverse plane. Similarly, primary axial rotation of the spine is associated with varied
degrees of secondary lateral bending within the motion-segments depending upon the
part of the spine in question. Additionally, flexion-extension moments of the spine may
induce lateral bending and/or axial rotation in the lumbar spine. This characterizes the
complex multi-planar nature of spine motion. Invariably, 3-D motion tracking of the spine
becomes imperative to analyze complex motion characteristics of the spine during
flexion—extension, rotation, lateral bending or a combination of these motions. Studies
have attempted complete axial scanning of the lumbar spine at discrete static positions
of a rotation task to quantify and characterize coupled motion at different segments from
L1/2 to L5/S1 (144, 294). A number of these static positioning studies have generated
data on the complex behavior of the lumbar spine and explaining the functional anatomy
of the lower spine in health and disease (59, 221, 263, 277, 382, 406). Additionally,
some studies have attempted to quantify the effects of pain reducing stability exercises
on spine motion from static image analysis (190, 221). Some of the other reports have
documented the outcomes of different modalities of non-surgical treatment interventions

on the potential changes of lumbar spine motion and LBP (111, 190, 382, 422). Despite
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a variety of techniques available for 2-D lumbar spine motion, there are hardly any
techniques available that have objectively been developed to investigate complex 3-D
nature of spine motion, in real-time and in context of active physiologic load-bearing.
Though techniques based on DFIS and XROMM motion visualizing tools have used MRI
based modeling and DFIS based weight-bearing motion tracking systems, these
methods still involve the use of ionizing radiation for capturing images of the motion.
Moreover, x-ray based fluoroscopy images need complex algorithms for image
corrections before the superimposition of models (rotoscoping) can be accomplished for
all images (Figure 26). Therefore, manual segmentation based spine modeling methods
integrated with the DFIS-based analysis of real-time complex combinations of vertebral
motion can be challenging to be put into use in routine clinical use.

To summarize, currently available x-ray based imaging systems that study
complex lumbar spine motion are mostly 2-D image acquisition and analysis. Advanced
systems that investigate 3-D real-time lumbar spine motion still involve ionizing radiation
exposure to body tissues. Although MRI based techniques are available for routine
usage to investigate anomalous spine motion, real-time assessment techniques have
not been available that can quantify lumbar spine motion in all the six degrees of
freedom. In the next section | discuss in some detail our approach to develop a 3-D
modeling based technique that may allow us direct visualization and quantification of
segmental spine motion. The technique developed out of this dissertation work aims to
assess in-vivo complex dynamic spine motion with the application of MRI sequences
that allow imaging of objects in motion within an externally calibrated MR imaging
volume. Additionally, application of a technique that reproduces the animation of the
real-time spine motion will allow the frame-by-frame break-up of the motion permitting us

to further analyze the motion in context of 2-D as well as the 3-D coupled motion. We
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also envisage that imaging real-time human spine motion in weight-bearing MR systems
will allow us to apply our technique to study segmental motion patterns in a more
physiological load-bearing context.

The direction of developing analytical techniques and protocols for spine motion
assessment in this dissertation work is an improvement in currently existing techniques
in the sense that it proposes the usage of MRI-only imaging platform thereby eliminating
the risk of ionizing radiation induced tissue injury. More specifically, the principle idea of
this research will be to introduce the application of an MRI sequence used to image
objects in motion. This work will also test the feasibility of using biplanar MR imaging
(instead of orthogonal fluoroscopy) for imaging static translations and rotations to
analyze 3-D motion in the study objects. The quantification will use animation techniques
for the analysis of the motion. Additionally, in light of constant upgrades in faster imaging
and computational techniques, modern MR scanners with capabilities of faster real-time
imaging can potentially be used with the dynamic quantification technique being
developed in this work for regular and relevant clinical applications (146, 473). In the
next section | discuss some of the approach and specifics of the dissertation work.
Specifically, | discuss the background information on the selection of the 3-D modeling
and the MR imaging sequences used in the study, the methodology for testing the
feasibility and reliability using basic geometrical objects (Aim1) and for probing the
accuracy of the technique involving experiments with a porcine spine model (Aim 2) to
quantify pre-determined translation and rotation displacements between the 3-D models

on an MRI-only platform (7, 8, 23, 287, 355, 475).
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Part V. Approaching the Proposed Dissertation Work: Technique
Conceptualization, Feasibility, Reliability and Accuracy Testing

The use of MRI in diagnostic imaging to investigate aberrant motion patterns and
segmental mobility uses two basic approaches. The most common approach is to
measure dimensions of anatomical structures in the spine and to look for localized
pathological changes at the symptomatic level. The other approach for using MRl is the
quantitative assessment of inter-vertebral translation and rotational displacements at
end-of-range flexion-extension positions. This evaluation is, mostly, performed in the
sagittal plane scans of the lumbar spine that also provides an opportunity to assess the
disc health and other anatomically relevant structures in context of the reported LBP.
The use of MRI to scan moving objects within the scanning volume applies a technique
based on computation of accumulated phase-contrast of nuclei of the scanned tissue
moving in and out of the imaging plane. Imaging of such moving tissues is performed
with a technique called motion-triggered cine MRI where the scanning is triggered and
timed by synchronizing the activation of the MRI sequences to a metronome or
heartbeats of the individual. Images are typically captured with either an EKG or a
phonocardiogram linked to the MRI machine computer. The sequences have typically
been used for assessing ventricular motion, coronary or aortic blood flow across the
cardiac cycle, as facilitated by the visualization of the stream of images and
simultaneous during specific phases of the cardiac cycle as seen by the EKG. The use
of such a sequence can also determine and quantifies the direction and the amplitude of
the moving object in context of the co-ordinate system assigned to the imaging volume
(73, 299, 313, 314). Advanced techniques based on the cine-MRI sequences have been
called dynamic-MRI sequences that use real-time ultrafast imaging techniques and do

not require any motion triggering. These sequences are in fact, based on the application
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of very short examination time and yield good image quality. The nature of the dynamic
MRI limits the TE to a very short duration by ultrafast sequences that image the moving
object (314). Accordingly, these sequences require short TRs generated with powerful
gradient magnets that also control rapid rf pulse amplitudes, fast flip angles for
generating a gradient-echo with a steady state precession of protons. Short TRs are
integral to the sequences that use the magnetic field inhomogeneity to acquire high-
contrast images with good temporal resolution (41). The imaging sequence that will be
used in this work also represents a steady state gradient-echo sequence (2D HYCE S
sequence) where the TR of the image is specifically encoded to be short. This sequence
is also sensitive to inhomogeneity of the magnetic field, as well as to static
inhomogeneity of the B,. The rf and gradient time evolution for 2D HYCE S sequences is
similar to other fast dynamic sequences in terms of the timings for the slice selecting
gradient, the phase encoding gradient and the frequency encoding gradient. The
sampling frequency in the streaming sequence is optimized for each selection of the TR,
in line with the RF pulse and capacity of the field gradient to obtain the maximum image
signal to noise (S/N) ratio. The TE (echo time) assigned to the sequence is the same as
TR/2. The maximum thickness of the slice selected in this sequence is allowed up to
10mm.

In the preceding sections of this chapter we have reviewed that aberrant
segmental motion instability of spine may be best defined in the dynamic perspective
where the segmental motion is analyzed as it moves through the complete ROM. This
analysis may provide information that is crucial to explain the association of spine
mobility and LBP, both from the clinical and biomechanical perspectives. Such analyses
serve as a platform where visualization of distinct and demonstrable ‘structural’

etiologies of LBP can be approached from a more ‘functional’ perspective of segmental
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spine motion. Understanding the clinical presentation of LBP, for example, secondary to
spondylolisthesis and intervertebral disc degeneration from a perspective of
biomechanical stability of the spine may enhance our current understanding of the
patho-physiology of LBP(359, 401, 413, 452). Accordingly, a more dynamic relationship
of the force-displacement behavior at any given point within the spine ROM has been
suggested as a possible approach for understanding the causes of LBP. As a result,
more and more imaging protocols (as is being developed in this study) are being
explored to track spine motion (179, 459). Since currently available imaging techniques
applied for the assessment of inter-vertebral displacements in the clinical set-up
constitute the diagnosis of static anatomy of the spine, the outcome of this dissertation
work in the long run focuses on developing a potential tool for quantifying spine
segmental kinematics using an MR-only technique (240, 255, 344, 401, 433, 452, 467).
Specifically, the technique does not use ionizing radiation for its analysis, can potentially
perform motion visualization both from single and biplanar perspectives, can be used in
the weigh-bearing mode situation thereby enhancing its utility and application in the
clinical setting (144, 295).

Defining clinical instability at the lumbar spine. Several researchers have
used cadaveric models to analyze the accuracy and repeatability of spine motion
quantifying techniques used experimentally to investigate lumbar spine motion
characteristics (120, 350, 433). Several studies have also reported a number of
variables that may influence the accuracy of the techniques in question. Variables such
as image quality, differences in the approach of quantification, method of data
acquisition and calculation of the kinematics may all have their influence on the
quantified results (89, 120, 179, 346, 351, 398, 433, 474). Most of these techniques

have been tested in the laboratory and not been extensively validated with concomitant
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and regular use in the clinical setting. Since most of the clinical diagnosis of LBP is
based on palpatory examination and analysis of static spine images, it is not surprising
that about 80-90% of all LBP patients do not demonstrate any detectable patho-
anatomical origin for their LBP and about 15% of them have an identifiable anatomical
pathology explaining their symptoms, with ~30% of such patients believed to have some
sort of spine-motion dysfunction based on clinical evaluation and end-of-range imaging
(4, 21, 108). White and Panjabi, and Pope and Panjabi have defined clinical spine
instability as “the loss of the ability of the spine under physiologic loads to maintain its
pattern of displacement so that there is no initial or additional neurological deficit, no
major deformity, and no incapacitating pain” (360, 459, 460). A translation of greater
than 4 mm of one vertebra relative to another in the sagittal plane has been considered
to be the most reliable indicator of spine instability at the lumbar region (344).
Accordingly, the specific norm adopted by clinicians has followed a similar outlook for
diagnosing segmental instability, as defined by the American Academy of Orthopedic
Surgeons, “an abnormal response to applied loads characterized by motion in the motor
segment beyond normal constraints” (144, 179). However, regardless of the suspected
association of excessive spine motion and LBP, absolute correlation with the degree of
instability and the severity of LBP (indicating a liner relationship of the load-displacement
curve) has not yet been conclusively proven (144, 179, 256, 401, 467). The lack of
precise in-vivo spine motion quantification techniques is responsible for this lack of
consensus in defining clinical stability from an image-analysis perspective (311, 312).
Accordingly, there have been reports of over- or under-diagnosis of instability induced
LBP and consequently, of surgical interventions that minimize the ill effects of such an
instability. Therefore, procedures such as lumbar inter-vertebral fusions have possibly

demonstrated variable outcomes in patients where such instrumentations had been
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performed to modify segmental kinematics, reduce pain levels and to alter segmental
motion in associated spine segments (164, 256, 433).

Experimental models for segmental motion assessment. By the turn of the
twentieth century, the use of roentgenograms was becoming popular as tools to detect
disruptions in the structural integrity of the spine. Researchers were using x-rays for
morphometric studies of anatomy of human spines (54). In 1944 Knuttson popularized
the end-range (maximum flexion and maximum extension) radiograph technique for the
sagittal plane inter-vertebral translation analysis that eventually established the criteria
used till date to define spine instability in the clinical setting (234). Additionally, in the
mid-twentieth century, improvements in earlier proposed techniques were undertaken
with the inclusion of quantifying inter-vertebral angles and end-of-range rotation being an
important criterion for such assessments. Comparison of such parameters in the sagittal
plane were attempted to detect differences between symptomatic and asymptomatic
patients with LBP (25, 54, 462). As x-ray imaging and video-fluoroscopy techniques
advanced in the 1980’s with the ability of acquiring images of moving objects in real-
time, these techniques were stating to be used for LBP diagnostic (roentgenography) or
interventional (fluoroscopy) purposes, mostly in the 2-dimensional perspective (115, 120,
170, 398, 430).

The need to study the more complex nature of coupled-motion in the spine
necessitated the development of a biplanar imaging technique that used two x-ray
sources from two different planes (418). The technique entailed imaging of the end-
range static positions of the spine from two different orientations. Sagittal and coronal
plane images of the spine were processed by digitizing the images with the selection of
nine anatomical landmarks on each vertebra in each image. The calibration of these

points in each perspective view of the spine was used to develop a three-dimensional
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coordinate system for the imaging space. Linear transformation of the coordinates of
each of these points was obtained from their positions at different static positions of the
imaged spine. Relative 3-dimensional translations and rotations of the vertebrae were
then computed from the displacements of landmarks observed from the orthogonal
views obtained from the biplanar images (346, 349, 350). Development of the two-plane
fluoroscopy technique helped the progression from a biplanar static observation of the
end-range motion of the spine to the acquisition of biplanar dynamic images. The
images cast on the image intensifier were recorded as a stream of images (de-
constructed video footage) for analysis, as some uniplanar fluoroscopy studies had
applied earlier for quantification of real-time lumbar spine motion (69-71, 89, 129, 337).
Therefore, the assessment of in-vivo spine motion was completed in a more
physiological context that included physiologic spine-loading, involved the passive and
active spine stabilizing systems and was acquired during actual voluntary motion (144,
255, 312, 433). Further advancement of such visualization has led to the development of
customized 3-D models in combination with video dual-fluoroscopy of active movement
trials o the lumbar spine (256, 401, 452, 467). This technique used x-rays as the imaging
source and was capable of calculating three-dimensional real-time coupled-motion of
spine segments in individuals performing active movements within the fluoroscopy
imaging space. Regardless of the uniqueness of this DFIS technique, it uses x-ray
exposure and as such repeated or regular application of this technique will not be
possible in human subjects for due to potentially hazardous radiation exposure with such
application. On the other hand, although the use of MRI was being put to use and was a
technique that eliminated x-ray exposure, such imaging was not performed in
physiologic load-bearing conditions and did not have the ability to image actively moving

objects within the machine (144, 295).
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Repeatability and accuracy of techniques. Results from in-vivo studies

measuring absolute spine ROM at the cervical, thoracic and the lumbar regions, or
kinematic assessments of segmental ROM at the lumbar spine have been variable.
Such variability has mostly resulted from two important reasons. Firstly, the limitation of
the image resolution, orientation and geometrical distortion embedded in the 2-D
rendition of 3-D objects in the images and other physiological limitation such as
individual variability in the ROMs may have resulted in such wide range of outcomes
(141, 170, 312). Additionally, assessment of displacements in 2-D did not capture
coupled inter-vertebral motion profiles of lumbar vertebrae and the variability observed
with inter-vertebral motion in some studies may have resulted from dividing the full ROM
of the spine merely into three segments (cervical, thoracic or lumbar) without considering
the individual characteristics of each regional ROM separately (25, 459, 462). In pursuit
of formulating the radiological and clinical definition of spine instability, assessment of
inter-vertebral displacements were bring developed in the earlier half of the twentieth
century, mostly using sagittal plane imaging and using the superior or inferior endplates
of adjacent vertebra as anatomical landmarks for such quantification (46, 115, 142, 462).
Some of these studies had reported inconsistent observations due to potential limitations
involved with the techniques (142). Advancements in the techniques in terms of
improvements in repeatability and accuracy of the results involved the usage of
additional landmarks for quantification and improvement in image resolution (170).
Introduction of automated digitization of specific image features related to the
displacements have yielded consistent results. The use of cut-offs such as Root Mean
Square (RMS) values of <2 mm for translation and 1.5° for rotation as indicators of
instability have been reported to be more acceptable parameters for diagnosis. Breen et

al. have reported mean absolute errors of 0.56+0.37° for the coronal plane and



80
0.84+0.87° for the sagittal plane rotation as of critical importance in rotation stability of
lumbar segments (120, 337). Additionally, similar RMS error values have been reported
to be critical for rotational stability obtained from a 2-dimensional fluoroscopic evaluation,
after performing corrections for optical (0.46+0.28°) for (89). However, the value of this
was reported to be more than doubled without the correction, even when the images
were digitized for quantification indicating the importance of image quality and distortion
correction as a determining factor in such quantification. The reliability and accuracy of
such measurements have been reported to be closer to the to the actual values of
experimental displacements and have been shown to go up with selection of the exact
anatomical landmarks selected for manual digitization (54). Highly improved outcomes
depended on techniques that used the selection of four corner points of a vertebra for
digitization on the mid-sagittal plane and then calculated the midpoints of the sides for
further quantification (141). The same method was applied to measure changing
endplate angles between two adjacent vertebrae across the string of images to calculate
the rotational displacements. Some studies have reported calculating inter-vertebral
translation as the distance between the perpendicular projections to the centers of two
adjacent vertebra drawn from the bisector of the segmental angle at a given vertebral
level, the bisetrix (details discussed in Chapter 5). The measure of this value was
standardized by calculating a ratio by dividing that number with the length of the
adjacent end-plate. This method resulted in better resolution of their radiographic images
and repeated digitization of the landmarks as an important process for enhancing the
accuracy of the results, as reported by some other studies (141, 171, 337, 433).

Recent advancements have moved towards generating 3-D data in spine using
additional segmented models of the vertebrae superimposed upon the x-ray images of

the motion to quantify and analyze their movement patterns (256, 401, 467). The
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vertebral models are first registered with the fluoroscopic images and assigned joint co-
ordinate systems between the vertebral elements. These registrations are performed for
each image frame in the stream of images representing the entire video. The three-
dimensional coordinate systems assigned to the vertebral models yield the kinematic
measurements between the vertebral elements as the images are displayed in a
separate image-viewing software (144, 256, 401, 467). Similar studies using MRI and
static imaging of a spine that was axially rotated through different rotated trunk positions
has reported small errors in tracking the rotational parameter through the entire ROM of
ten healthy individuals (144). Comparing manual with the currently applied semi-
automate and automated voxel based volume rendition techniques for segmentation and
motion analysis systems have reported a non-significant differences in assessment of
rotation and translation parameters between semi-manual quantitative motion analysis
(QMA) and digitized manual techniques (144, 351). Comparison of displacement
quantification errors between the manual and QMA techniques using the standard errors
of measurement (SEM) offers relatively larger divergent values, including substantially
higher intra-observer and inter-observer reliability values for the QMA technique (474).
Regardless of diversity of the levels of agreement between these techniques, the use of
standardized values within each technique to determine the relative kinematic changes
in the lumbar inter-vertebral displacements have reported to better assist clinicians to
diagnose and objectively measure the outcomes of interventions in lumbar instability in
instance where techniques based on orthogonal fluoroscopy (Roentgen Stereo-
photogrammetry/RSA) were performed (details discussed in Chapter 3) (79, 429, 442).
Since anomalous behavior of spine is not limited to a purported exaggerated
displacement at the end-range-of-motion, small and aberrant inter-vertebral motion

within the segmental ROM may be a cause of pain and hence, accurate and reliable
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methods that may objectively validate any existing association between LBP and altered
segmental motion at the symptomatic region.

Statistical analyses for reliability and accuracy assessment. The other
reason for discrepancy between results of quantification studies is the type of statistical
approach selected for analyzing the results. One method of describing the results have
been in terms of reporting the standard deviations from several quantification trials and
several rounds of image processing to provide an estimate of the variance associated
with the outcomes of a method (223). Literature reporting standard deviations (SD) from
assessments of translations range from of 0.5 to 0.7 mm for translation and ~1.0° for
rotation. These studies attempted to measure the accuracy of techniques involving
humans or other replicable models mostly including x-ray exposure for imaging (54, 69-
71, 89, 141, 170, 208, 350, 398, 430, 452). Some of these reports have attempted to
validate techniques measuring in-vivo inter-vertebral motion with experimental cadaveric
models that were moved through a pre-determined distances within the imaging volume
(430). We shall discuss in details in the next chapter on the limitation of using techniques
based on tracking surface markers to quantify inter-vertebral motion. Variability
associated with imaging techniques, especially radiographic imaging, have involved
RMS errors in translation and for rotational measures associated with positioning of the
spine models in the radiographic imaging plane, with simulation of a physiological
imaging scenario by placing an animal tissue or water as an optical medium between the
vertebrae and the x-ray source, and with uncorrected optical distortions present in the x-
ray images (69, 70, 89, 350). Some authors have reported SDs of 0.4 - 0.8 mm for
translation and 0.74 -1.64° for rotation observed through a range of 5-15° of flexion-
extension images at different levels of the lumbar spine whereas others have reported

errors of less than 1°with ~0.3° SD in quantifying sagittal and coronal plane rotations at
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5° increments through a range of 20° (54, 141). Some researchers have attributed
differences observed in their respective observations to the selection of their designs
and statistical approaches for the reporting (141, 433). However, quite a few studies did
not report any comparison between their outcomes and the results of other relevant
studies, although a general overview of these studies revealed that regardless of the
manual or automated evaluation of spine kinematics, rotations were more accurately
quantified than translations (208, 351, 418). Additionally, the displacements analysis
results with RMS errors of less than 0.5 mm for translation and 1.0° for rotation with
standard deviations less than 0.5 mm and 0.75° respectively have been reported in
available literature on the accuracy levels for techniques for such assessments (170,
208, 351, 418). Analysis of intra- and inter-observer data from within the same or
between separate studies can provide important information on the reliability and
accuracy of such quantification techniques, as reported by several studies that have
attempted to develop quantification techniques and applied them as intra- and inter-
observer differences (120, 295, 351, 398, 474). Reporting of Intra-class correlation
coefficients (ICC) have been used as additional tools to compare between observer
measurements in studies, with a value of 0 being no agreement and 1 being complete
agreement between assessments. Some studies, as a norm, do only report percent
differences between observations standard statistical technique for calculating a
method’s repeatability (120).

Summary of the statistical approach and technical improvements
associated with the dissertation work. The primary focus of this dissertation work was
to test the feasibility and reliability of the technique with the use of a pair of geometrical
objects and a pair of porcine motion segments respectively. The feasibility of the

techniques was determined by assessment of displacement between two solid body
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objects that were moved within the scanning volume of the MRI through pre-determined
translations and rotations. The reliability of displacement data obtained from two
rotoscoping sessions (scanned using two MR sequences) was verified by calculating the
ICC, CV and the Bland-Altman analysis. For the main part of the experiments, two
porcine motion-segments were used to further demonstrate the reliability of the
quantification technique being developed that was based on a rotoscoping process
involving matching-up of morphological landmarks between the 3-D models and
corresponding areas visible in the background images. These models used for imaging
translation and rotation displacement trials with eight data points sampled (without
replacement) from the proposed -5 mm to 5 mm range of motion. To avoid skewing of
the samples, the range of translation in both the sagittal and the coronal planes were
divided into two blocks (-5 mm to -1 mm and 1 to 5 mm) and four data points selected
without replacement from each block. Similarly, the range of sagittal plane (flexion-
extension) rotation was divided into four blocks (-5 to -1, 1 to 5, 6 to10, and 11 to15
degrees). Two samples were selected without replacement from each of these blocks.
The range of coronal plane rotation (lateral bending) was blocked into four segments (-
10to -6, -5t0 -1, 1 to 5, and 6 to10 degrees). Two data points were selected without
replacements from each of these four blocks. For the flexion-extension trials eight
translation trial points were permutated to generate a series of thirty-two trials (2 levels
of spines and 2 levels of sequences). For the rotation displacement, eight data points
were sampled without replacement from the proposed -5° to +15° range of motion. The
order of these eight rotation trials were permutated to generate a series of thirty-two
trials (2 levels of spines and 2 levels of sequences). For the lateral bending translation

displacement, eight data points were sampled without replacement from the proposed -5
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mm to 5 mm range of motion on both sides of the neutral position. The order of these
eight translation trials were permutated to generate a series of thirty-two trials (2 levels
of spines and 2 levels of sequences). For the rotation displacement, eight data points
were sampled without replacement from the proposed -10° to +10° range of motion
across the neutral position. The order of these eight rotation trial points were permutated
to generate a series of thirty-two trials (2 levels of spines and 2 levels of sequences). All
displacement trials were quantified twice with a gap of at least one week between the
two assessments by a single, blinded rater (or two raters, contingent to the availability of
time and resources). The magnitudes and directions of displacements were coded and
the rater was blinded for the type of trial. Statistically, the accuracy of the main part of
the experiment involving the porcine spine model was measured by creating the
following linear mixed-effects model Bias = 3¢ + 31Displacement + R;Sequence + bsession
+ bspine +€, Where bias was the difference between true and observed values (Bias =
YTrue —Y). Bo was the intercept, and B+ and B the regression coefficients representing
the displacement and pulse fixed effects. bsession and bspine represented spine and
assessment random effects, and € represents the residuals. This formula evaluated
accuracy as any non-zero intercept or coefficients. That is, Bo of 0.2 indicated bias of 0.2
mm with sequence A, while B2 of 0.5 indicated additional bias introduced by sequence B,
relative to sequence A. Any interaction between the levels of spine, session and
orientation of the scans were calculated by the linear mixed effects model. Average
percentage error of the technique was obtained by dividing the absolute value of Bias by
the true value and multiplied by 100: Average % error = (YTrue — Y)/YTrue * 100. Intra-
Class Correlation Coefficients (ICCs) were calculated to ascertain the reliability of the

technique.
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Between-session ICCs were calculated separately for the two sequences and the
orientation (coronal and sagittal) used in the study. Reliability was also tested by
computing the coefficient of variations (CV) between the two sessions as the intra-rater
reliability. The use of the regression model also allowed the examination the agreement
between outcomes from the use of the T1and 2D HYCE S sequence both for the plane
of motion and for translation and rotation. Trials were obtained from blocks of intervals
created within the range of motion in order to maintain uniformity of selection of data
points through the entire range of translation or rotation in both the coronal and sagittal
plane experiments. The rater was blinded for the type of trial quantified during the
analysis. The magnitudes of displacements in this work had been selected after
comparing the range of motion tested in other studies and the accepted displacements
considered as indicators of lumbar instability (54, 70, 89, 120, 170, 171, 179, 346, 351,
398, 459, 474). Additionally, the hybrid 2D HYCE S streaming sequence used in this
study was a steady state sequence that is capable of dynamic MR imaging. Although the
current study was limited to the use of the 2D HYCE S sequence in a static context, it
nevertheless validated the capability of its usage in capturing images of satisfactory and
reliable resolution that can be used with the technique reported here, for quantifying
inter-vertebral motion. Additionally, the Intra and inter-observer assessments used for
analysis determined the repeatability of the technique that was also supported by the
calculation of the between-session ICCs.

Our technique was one of the first ones applied segmentation methods to
generate 3-D models of the porcine spine segments, calibrated the MR imaging volume
to scan the movement trials and simultaneously registered the 3-D models to the T1 and
2D HYCE S images to measure the displacements. Our technique provides the option of

imaging and analysis of the displacements from the two orthogonal perspectives.
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Additionally, we envisioned that the reliability and accuracy of out technique was thought
to be further enhanced by using MR imaging instead of fluoroscopy as the MR images
allowed us to use ‘slices’ of images instead of 2-D x-ray images. The use of slices
permitted to match the positions of the 3-D models with the anatomical landmarks on the
background images better than that would have been possible with digitally uncorrected
x-ray images (89, 120). Also, the use of short TE, TRs and suitable pixel size allowed us
to enhance the image quality (433). The current project set out to address the feasibility
of developing a quantification technique based on an MRI-only approach for creating
segmented 3-D models, acquiring MRI scans of the spine models moved through pre-
determined distances relative to each other and using the rotoscoping technique for
quantifying the motion. Techniques using ionizing radiation need adjustment of the
exposure dosage depending upon the frame-rate of data capture, the total number of
frames, overall duration of the imaging, the field-size of the images, the size of the
patient and the thickness/density of the body part of interest, and exposure settings on
the hardware used. Unlike fluoroscopic imaging, MR scanning used in this study did not
used any ionizing radiation. Additionally, unlike fluoroscopy the MR images used were
very thin slices and did not require complex algorithms to correct geometrical distortions
for nonlinear pinch-cushion effects. From a long-term perspective, the goal of this work
was to create foundational research to enable the development of an MRI-only based

technique for accurate and reliable analysis of segmental spine motion in the future.
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Chapter 3. Development of a Morphology-Based Modeling Technique for Tracking

Solid-Body Displacements: Examining the Reliability of a Potential MRI-Only

Approach for Joint Kinematics Assessment

The material in this chapter has been published in the BMC Medical Imaging journal
(274).
Abstract

Single or biplanar video radiography and Roentgen stereophotogrammetry (RSA)
techniques used for the assessment of in-vivo joint kinematics involves application of
ionizing radiation, which is a limitation for clinical research involving human subjects. To
overcome this limitation, our long-term goal is to develop a magnetic resonance imaging
(MRI)-only, three dimensional (3-D) modeling technique that permits dynamic imaging of
joint motion in humans. Here, we present our initial findings, as well as reliability data, for
an MRI-only protocol and modeling technique. We developed a morphology-based
motion-analysis technique that uses MRI of custom-built solid-body objects to animate
and quantify experimental displacements between them. The technique involved four
major steps. First, the imaging volume was calibrated using a custom-built grid. Second,
3-D models were segmented from axial scans of two custom-built solid-body cubes.
Third, these cubes were positioned at pre-determined relative displacements (translation
and rotation) in the magnetic resonance coil and scanned with a T4 and a fast contrast-
enhanced pulse sequences. The digital imaging and communications in medicine
(DICOM) images were then processed for animation. The fourth step involved importing
these processed images into an animation software, where they were displayed as
background scenes. In the same step, 3-D models of the cubes were imported into the

animation software, where the user manipulated the models to match their outlines in the
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scene (rotoscoping) and registered the models into an anatomical joint system.
Measurements of displacements obtained from two different rotoscoping sessions were
tested for reliability using coefficient of variations (CV), intraclass correlation coefficients
(ICC), Bland-Altman plots, and Limits of Agreement analyses. Between-session
reliability was high for both the T+ and the contrast-enhanced sequences. Specifically,
the average CVs for translation were 4.31% and 5.26% for the two pulse sequences,
respectively, while the ICCs were 0.99 for both. For rotation measures, the CVs were
3.19% and 2.44% for the two pulse sequences with the ICCs being 0.98 and 0.97,
respectively. A novel biplanar imaging approach also yielded high reliability with mean
CVs of 2.66% and 3.39% for translation in the x- and z-planes, respectively, and ICCs of
0.97 in both planes. This work provides basic proof-of-concept for a reliable marker-less
non-ionizing-radiation-based quasi-dynamic motion quantification technique that can
potentially be developed into a tool for real-time joint kinematics analysis.

(Note: Alphabetic subheadings of all figures related to this chapter presented in the

figures section are provided at the bottom of the figure panels).

Introduction

Visualization of skeletal elements is central to three-dimensional (3-D) kinematic
analysis of joint motion. Indirect methods based on tracking surface landmarks (using
reflective markers attached to the skin surface) within a calibrated volume
(stereophotogrammetry) can contain artifacts (errors of transformation) due to
integumentary displacements relative to actual skeletal motion (79, 81, 84, 112, 378).
Direct visualization of bony elements during joint motion are typically accomplished via
fluoroscopy or cineradiography. Unfortunately, both of these techniques require the use

of ionizing radiation, and outcomes from these techniques are restricted mostly to two-
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dimensional (2-D) analyses as the majority of these systems use single-plane imaging
(68, 469). Emergence of the roentgen stereophotogrammetry (RSA) technique has
enabled in-vivo measurement of complex 3-D skeletal kinematics from a series of
radiographs acquired with biplanar, orthogonal fluoroscopy (38, 79, 397). Although this
technique is accurate, it commonly requires surgical implantation of markers in bones
(52, 65, 112, 283, 397), although model-based RSA techniques have recently begun to
appear in the literature (53, 202, 245).

Recording a series of joint-motion images using x-ray fluoroscopy and then
manually superimposing 3-D models of the same skeletal elements to match
corresponding outlines in the x-ray images has been used to quantify in-vivo joint
motion. (114, 213, 469, 479). More recently, Gatesy et al. reported using the scientific
rotoscoping (SR) motion analysis technique, which involves biplanar fluoroscopy to
image skeletal movements, creation of 3-D models of joint skeleton from high-resolution
computed tomography (CT) scans, followed by model-to-image matching and
registration (rotoscoping) performed over several frames of images yielding skeletal
motion animation and 3-D kinematic data (39, 68, 153, 154). SR was developed from
the X-Ray Reconstruction of Moving Morphology (XROMM) motion quantification
technique, which tracks implanted markers digitized in biplanar fluoroscopic images
captured within a calibrated imaging volume, instead of utilizing the model
superimposition technique (68). Though accurate, both SR and XROMM techniques
require corrections of geometrical distortions in images prior to the animation (29, 52,
283, 392, 429). While x-ray-based motion analysis techniques like SR, XROMM, and
RSA are clearly novel and advanced, their translation to clinical research (i.e., human
subjects research) has been limited due to health-related concerns associated with the

radiation exposure (64, 200, 229, 250, 300).
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From a clinical research perspective, understanding in vivo skeletal motion is of
interest to both scientists and clinicians (136, 176, 258). More specifically, x-ray-based
diagnostic imaging techniques measuring human inter-vertebral displacements have
focused mostly on imaging the spine at static end-of-range positions (121, 155, 176,
292, 338, 344, 348, 455, 474). However, qualitative and quantitative assessments of
spinal motion have been enhanced by quantitative radiographic techniques that track
displacements of pre-assigned coordinate points of specific anatomic locations on
orthographic spinal images and by real-time joint-motion evaluation with XROMM-like
techniques (using CT/magnetic-resonance-imaging-based 3-D models) and RSA (with
per-operative implanted vertebral markers) in human subjects (29, 300, 344, 347, 349,
391, 401, 426, 470, 472). Regrettably, these approaches still require exposure to
ionizing radiation and, at times, require marker implantation on the bones.

Magnetic resonance imaging (MRI), when used for quantifying inter-vertebral
motion, has mostly been restricted to the analysis of end-of-range sagittal-plane
displacements (92, 228, 254). However, dynamic cine-phase contrast (cine-PC) or fast-
phase contrast (fast-PC) imaging with ultra-fast gradient echo sequences have been
employed for evaluating joint kinematics, especially in ankle, knee, or shoulder motion
(47,97, 127, 366, 371, 400, 453). The main approach for these techniques has been the
use of pulse sequences that permit volume extraction from full 3-D motion datasets at
selected time points along the range of motion (ROM). However, these techniques can
be time-consuming. Additionally, the use of cine-PC sequences require a repeated,
cyclic, velocity-controlled motion to be performed at the joint of interest during scanning
to make the motion synchronized with velocity-encoded motion capture (126, 127). Also,
these images have low resolution and may present motion artifacts (97, 107, 126). More

recently, the combined use of segmented 3-D anatomical models (from high resolution,



92
~15 mins duration, static axial scans) registered to low resolution, volumetric images
acquired at different joint positions using high speed (~40 sec) T1sequences has been
reported (127). Although such techniques acquire multi-position data with much greater
speed, the segmentation of these low-resolution images still require multi-slice images of
the experimental quasi-dynamic joint positions. Accordingly, recent advancements in
these methods have focused on the acquisition of faster and fewer slices of joint motion
(without compromising image resolution) for model-to-image registration and without
reducing the accuracy of the technique (time-accuracy tradeoff).

Currently, no modeling techniques exist for quantification of inter-vertebral joint
displacements using single-plane or orthogonal magnetic-resonance (MR) image
templates for 3-D model registration. Accordingly, our long-term goal is to develop a 3-D
model-based technique that permits fast dynamic MR imaging of the human lumbar
spine using an open-bore weight-bearing musculoskeletal MRI. Our study focuses on
the lumbar spine as LBP is one of the most common reasons for seeking medical care
world-wide and accounts for over 3.7 million physician visits per year in the United
States alone (276, 280, 322, 390, 460). As such, LBP is arguably one of the most
debilitating and costly health disorders, and the development of technologies to aid
scientists and clinicians in better understanding the etiology of LBP—as well as in
monitoring the effects of therapeutic interventions— is desperately needed.

As a first step towards our long-term goal, we present in this article our initial
research and development findings for an MRI-only protocol involving imaging (using a
standard T1and a fast contrast-enhanced MRI sequences), a series of pre-determined
displacements between solid-body models, 3-D models (segmenting T1 weighted axial
scans), and a morphology-based rotoscoping strategy for animation and quantification of

the displacements. The use of the contrast-enhanced sequence will allow us, firstly, to
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test the feasibility and reliability of its use as a fast imaging tool and secondly, to
compare its outcome with that of the standard high-resolution T4 images. The feasibility
and reliability of this MRI-based technique is discussed here, and we anticipate further
developing this technique into a motion-assessment tool for the lumbar spine and other
di-arthrodial joints.

Materials and Methods

General overview of the experimental design. The experiment involved
scanning a pair of wooden cubes placed at pre-determined positions (displacement
trials) relative to each other in a custom-calibrated coil of an open-MRI system (0.3
Tesla; Esaote G-scan Brio, Genoa, Italy). Additional axial images of the solid cubes were
acquired and segmented using the AVIZO software (Hillsboro, OR, USA) to create 3-D
virtual models of the cubes. Next, the MR images of the displacement trials and the 3-D
cube models were transferred into an animation software (AutoDesk MAYA, San Rafael,
CA, USA); and animations of these displacement trials were performed to quantify the
relative motion incurred by the solid bodies. The technique involved four principal steps
(Figure 27A). First, the imaging volume of the MRI coil was calibrated using a custom-
built grid (Figure 28A). Second, 3-D models were segmented out from axial scans of the
solid-body cubes (Figure 2B ii-v). Third, the solid bodies were positioned at pre-
determined displacements (Figure 27B) relative to each other in the MRI coil and
scanned (Figure 28B i); and the digital imaging and communications in medicine
(DICOM) images were pre-processed into gray-scale TIF format. Fourth, these images
were imported into the animation software using calibration data acquired from the grid
used in the first step. These images were displayed as a series of background scenes in
the animation environment (Figure 28C & D i-iii). Next, the 3-D models were imported

into the animation software and manually manipulated by the user to “register” the



94
models to their outlines visible in the background images (Figure 28C & D). Lastly, inter-
cube translational and rotational displacements were calculated using this technique. All
measurements required for fabricating the grid and solid-body cubes and for measuring
the experimental displacements during scanning were performed by a digital caliper
(sensitivity = 0.02 mm) (Global Industrial, Port Washington, NY, USA). The details of
each step are described below.

Calibrating the MRI Imaging Volume. The volume of the MRI coil was
calibrated using a custom-built calibration grid (Figure 28A). Four square Perspex fiber
plates (area = 80 mm?; thickness = 2 mm) (Modular-Movement Tray-Set, Games
Workshop/NG, UK) were serially stacked with a distance of 30 mm between each plate
with three wooden dowels drilled across the plates and glued at all their contact points
for stability. Before fixing the dowels, sixteen holes, each 2 mm in diameter, were drilled
into each plate in a 4X4 array. Adjacent holes were drilled 20 mm apart from each other.
Each hole was fitted with a 2-mm-diameter water bead using a small amount of glue.
Three additional beads were embedded into two adjacent plates to define x, y, and z
coordinates of the grid (Figure 28A) (466). The x- and z-axes were located in the same
plane representing the plane of the grid plates, whereas the y-axis extended
perpendicular to the plane of grid plates (Figure 28A). These coordinates were assigned
as per the joint coordinate system (JCS) defined by the Standardization and
Terminology Committee of the International Society of Biomechanics for studying inter-
vertebral motion (466). To facilitate visualization of the beads in the MR images, the grid
was submerged in a 1% saline solution for 30 seconds and then air dried for 2 minutes
prior to scanning. The y-axis of the grid was placed along the longer axis of the MRI coil
bore (DPA Wrist Coil, Esaote, Genoa, Italy). Four non-contiguous axial 3-mm-thick slices

were acquired parallel to and across the grid in a way that each slice image included a
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single plate with all the 16 beads of a plate in view using a Fast Spin Echo T» sequence
(repetition time [TR] = 7810 ms, time to echo [TE] = 120 ms, field of view [FOV] = 200 x
200, Matrix = 256 x 256; resolution = 0.78 mm; voxel dimension = 1.82 mm?3). The four
DICOM files were then transferred to the AVIZO software, where all the beads were
segmented and images of all segmented individual plates were stored in the TIF format
using Photoshop software (Adobe Systems Inc., San Jose, California) for later use in
Step 4. Additionally, the surface rendition of the segmented beads representing a
composite view of the entire grid was saved as an .OBJ file for digitization in Step 4.

Constructing and segmenting the solid-body cubes. Two solid-body cubes,
with sides measuring ~40 mm, were cut from a wood block (Figure 28B). Hourglass
shaped holes (7-mm base diameters) were drilled through the center of both cubes with
a stepped-cone drill. These holes were drilled to create a distinct morphological feature
within the cubes and to facilitate the rotoscoping and model-to-scene matching process
in a later step. The cubes measured close to the average transverse dimensions of the
first lumbar vertebral body in humans, and the hourglass feature simulated the
appearance of the vertebral canal in a motion segment (39, 83, 329, 380). Adjacent
edges of the cubes were marked with a 20-mm scale with 1.0 mm graduations (Figure
28B). A neutral position was defined as zero displacement between the mid-lines of the
scales. The relative positions between these mid-lines on the scales were manipulated
by the user to perform the translation trials with a range of 20 mm in either direction of
the neutral position. The opposite sides of the cubes were marked with a protractor to
measure inter-cube rotations on both sides of a 0° neutral position at increments of 5°
through 90° of rotational displacement. Additionally, 3-D cube models were manually

segmented in AVIZO using contiguous high resolution (pixel = 0.78 mm) axial T+
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weighted scans (TR = 810 ms, TE = 30 ms, FOV = 200 x 200, Matrix = 256 x 256)
(Figure 28B).

Displacement trials. The solid-body cubes were immersed in ~1% saline for 30
seconds, wiped dry, and positioned within the MR coil. The long axes of the hourglass-
shaped holes in both the cubes were placed along the y-axis of the imaging volume and
scanned in the neutral position. The single-plane translations and rotations were
performed in the z-plane of the imaging volume. The axis for the rotation trials was
formed by the x-plane. The cubes were placed and fixed by double-sided tape on a flat
foam platform in the coil to avoid shifting during scans. After scanning the neutral
position, the platform was pulled out of the coil; and the cubes were re-positioned for the
next trail, with the displacements verified by the Vernier caliper before the platform was
re-positioned inside the MRI coil (Figure 28B). A gap of ~10 mm was maintained
between adjacent edges of the cubes during translation, a distance representing the
average dimension of a human lumbar disc space (198). For the rotation trials, the
center of rotation (COR) of the rotating cube was kept 50 mm away from the center of
the stationary cube. A high-resolution (0.78 mm) T1 weighted sequence (TR = 810 ms,
TE =30 ms, FOV = 220 x 220, Matrix = 256 x 256, slices = 3, gap = 0, thickness =5
mm, scan time = ~2 mins/scan) and a fast contrast-enhanced streaming sequence with
resolution 0.98 mm (2D hybrid contrast enhanced streaming sequence [2D HYCE S];
thickness = 8 mm, slice = 1, scan time = ~10 s/scan) were used to acquire single-slice
images of displaced positions in the mid-sagittal (zy-) plane with the central core of both
cubes in view (Figure 28C). The trials included translations between 0.0 — 20 mm in 5
mm increments (n = 35 trials; 7 trials/displacement) and rotations ranging between 0° to
20° in 5° increments (n = 30 trials; 6 trials/displacement) on both sides of the neutral

position [Table 4]. Biplanar translations were scanned in static positions after the cubes
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were displaced both in the z- and x-planes through a range of 5 mm increments in a 0.0
to 20 mm range (n = 20; 4 trials/displacement). All trials were number-coded and
randomly performed in three separate scanning sessions each designated for
translational, rotational, and biplanar trials, respectively. For the biplanar trials, additional
orthogonal slices were acquired with the central parts of both cubes in view.

Animation of the imaging volume and quantification in MAYA (68, 154,
324).The MAYA software was used to create the animation environment. The
environment essentially represented the calibrated MR imaging volume. The software
also provided a “camera-view” for the user to view the cube models and the background
scene in the calibrated animation environment (Figure 28D). The user manually
manipulated the 3-D models to match and register them to their outlines seen in the
background scenes. The steps for creating the animation environment are as follows:

Creating a MAYA framespec file (68). The composite grid .OBJ file created in
Step 1 was transferred to MAYA, all the beads were serially numbered according to their
actual positions in the grid system, and the centroid points for each segmented bead
was calculated by the program. Next, the values of the coordinate points for each bead
centroid were calculated in the context of all other beads, representing the entire grid
volume. The x, y, and z values of all bead coordinate points were merged together to
generate the MAYA ‘framespec’ file to be used for the next step of grid digitization.

Digitizing the beads. A MEL-script (MAYA Embedded Language-script)
command was run in Matlab. An image of a grid plate previously segmented in AVIZO
and stored in a TIF format in Step 1 was opened using the Matlab program, and all
beads in the plate were digitized serially by clicking over their central points. Next, the
framespec file created in the previous step was loaded into the program to yield the

Direct Linear Transformation (DLT) coefficient values for the concerned plate (68, 154).
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All four plates were digitized sequentially to generate the DLT coefficient value for each
plate image. The program allowed automated corrections for minimization of errors and
to contain coefficient values < 1 (154). This step was repeated for all four plates, and
each step yielded a plate coefficient value and a “xyz point” .csv file specific to the
concerned digitized plate. The data points of the xyz-point files from all the four plates
were collated to generate a common “four-plate xyz point” .csv file for the grid (466).
Next, the four-plate xyz-point and the framespec files were loaded into the Matlab
program using the MEL-script. One of the segmented plate-images were opened in the
Matlab and re-digitized. The four-plate xyz-point file was loaded into the program, and
the MEL-script was re-run to generate a “MayaCam”.csv file that was used to re-create
the MR imaging within the animation software and to create the camera-view for the
user.

Rotoscoping, animation, and quantification. The animation scene was
created using the MayaCam file. After the animation environment was created, the
background scene was introduced by importing the TIF format images of the trials into
MAYA (Figure 28C & D). These images were clustered into a series of frames, with each
series representing a specific trial type. Next, the two 3-D cube models were imported
into MAYA using a scaling factor of 0.1 (from segmentation environment in mm to the
animation environment in cm). The models were manipulated with the computer mouse
and keyboard functions to achieve maximum geometrically alignment and match
between the 3-D model and corresponding image outlines in the background scene. The
sharp external boundaries and outlines of the hourglass silhouettes within the solid
bodies were utilized to facilitate the model-to-scene match (Figure. 28C & D). This

process was called rotoscoping.
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Once rotoscoping in the first frame of the scene (neutral position in the series)
was achieved, an Anatomical Joint Axis (AJX) was assigned to the solid bodies. The
image of the background scene was then advanced to the next frame and the
rotoscoping repeated; this process was repeated for all remaining trial images. For the
biplanar translations, two orthogonal camera views were created to provide background
scenes of displacements from two different, the x- and z-plane, perspectives (Figure
28D). Although the animation software generated solid-body motion data for all
rotoscoped image frames in all six degrees of freedom, only applicable single-plane
measures were extracted for analysis and reporting. Two sessions (S1 and S2) of
rotoscoping and displacement quantification were performed separately for translational,
rotational, and biplanar motion by a single observer (NKM). All trials were number
coded, and the rater was blinded to the displacement type and the pulse sequence used
for the scan. The AJX created in Session 1 was used for rotoscoping in the
corresponding Session 2. The approximate time for rotoscoping (Step 4(c)) a series of
image frames representing a specific trial type, e.g., a seven-translation series, in this
study was ~40 minutes including matching of the neutral position at the start and
extracting displacement data from the series at the end.

Statistical analysis. Test-retest reliability for the outcomes involving the T+ and
2D HYCE S sequences from the two sessions were determined by coefficient of
variation (CV), t-test, intraclass correlation coefficients (ICC) (two-way random effects
model with a single measure of reliability), and 95% limits of agreement (LOA) analyses.
Variability between the outcomes from a single displacement quantified in two different
sessions was analyzed using CV. For example, if a particular displacement was
quantified as 11.5 mm in Session 1 and 10.8 mm in Session 2, the CV was calculated

as: Standard Deviation of the two sessions divided by the mean of the two sessions
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times 100. Thus, for this example, the CV = (0.5/11.15) x 100 = 4.44%. The sessions
were performed at an interval of one week. Additionally, we used dependent sample t-
tests to compare the values between testing sessions.

ICC was calculated using a (2, 1) two-way random effects model with a single
measure of reliability computed over the variance observed in the two sessions. A (2, 1)
model was chosen as it allows the determination of any existing systematic bias. The
statistical software SPSS (SPSS Inc., Version 21.0, Chicago, IL, USA) was used to
calculate the ICC. The main objective of the statistical analysis was to ascertain the
reliability of this technique. The relative reliability was assessed by calculating the ICC,
which assesses the reproducibility of a measurement relative to a sample of repeated
measurements. The absolute stability of a measure typically defines the contribution of
the main-error component in the observed variance. To fully understand the absolute
stability or reliability of a measure, it is essential to understand the contribution of
different components of the measurement error. (35, 94). Accordingly, the measurement
error was broken into two components. The first component was defined as the
systematic bias, and the second was termed the random error. The systematic bias
denoted the contribution of any learning effect on the part of the assessor in explaining
the between-session variability of the data, whereas the random error explained a
biological or mechanical effect (35, 56). The first step was to generate Bland-Altman
plots using the between-session means and differences data. The correlation (R?)
between the absolute differences and the means of the between-session values was
calculated to determine the spread of the dependent variable. R? values between 0 and
0.1 represented homoscedasticity, suggesting that there was no correlation between the
size of the error and the size of the measured variable. Heteroscedasticity was

considered to be present with R? values > 0.1 and indicated that the degree of error
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increased with increase in the values of the measured variable along the scale, e.g., the
error term increased as the technique attempted to measure larger displacements
(translation/rotation) in the experiment (35, 56, 94, 227). Finally, the ratio LOA was
calculated for verification of the absolute reliability of the measure using the following
equation: ratio LOA = [(SDdiffs’AVGmeans) x 1.96] x 100, where SDdiffs was defined as
the Standard Deviation of the difference of scores (Session 1 and Session 2),
AVGmeans represented the average of the mean scores (Session 1 and Session 2) for
each measurement, and the factor 1.96 specified the inclusion of 95% of observations of
the differences in scores. The ratio LOA was interpreted as the highest percentage by
which two tests will differ due to measurement error in either the positive or negative
direction (35).

Results

Summary of results. Descriptive statistics and CV and ICC reliability measures
obtained from the T4 and 2D HYCE S images for each type of displacement are provided
in Table 4. A high degree of between-session reliability was observed for both the T4 and
the contrast-enhanced dynamic pulse sequences. Specifically, the average CVs for
translation were 4.31% and 5.26% for the two pulse sequences, respectively, while the
ICCs were 0.99 for both sequences. For rotation measures, the CVs were 3.19% and
2.44% for the two pulse sequences with the ICCs being 0.98 and 0.97, respectively. A
novel biplanar imaging approach also yielded high reliability, with mean CVs of 3.39%
and 2.66% noted for translation in the z- and x-plane, respectively, along with ICCs of
0.97 in both planes. Additionally, all but one displacement variables showed
homoscedastic relationships with the Bland-Altman’s LOA analysis of the between-

session measurements and demonstrated a relatively low degree of systematic bias.
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Translation trials. Analysis of the between-session measurements of each of
the two sequences, applying a paired sample 2-tailed t-test, did not show any significant
differences in means between the T4 (p > 0.98) and the 2D HYCE S (p > 0.84) pulse
sequences. The reliability of the measured variables demonstrated high levels of
consistency, with the T4 sequence having CVs ranging from 1.1 to 14.63% and an ICC of
0.99. For the 2D HYCE S sequence, the CVs ranged from 1.6 to 13.5%, and the ICC
was also 0.99. The Bland-Altman plot with 95% confidence interval (£1.96*standard
deviation [SD]) analysis of the between-session data showed that all cases had a test-
retest difference within £1.24 mm (mean/bias=0.02mm) and £1.59 mm (mean/bias=-0.34
mm) for the T1 and the 2D HYCE S sequences, respectively (Figure 29A). The LOA
analysis for translation indicated a relatively low degree of systematic bias in the
between-session differences (p = 0.98 and 0.84) and a homoscedastic relationship
between the differences and averages of the between-session measurements for both
T4 and the 2D HYCE S pulse sequences respectively (R>= 0.07 and R?= 0.03) (Figure
29A). The homoscedasticity indicated that the random errors did not increase with the
increase of the measured displacement values. The follow-up ratio LOA analysis
demonstrated a systematic bias in the order of 0.02 and -0.34 and random error of
+14.14 and £13.68 for the T1 and 2D HYCE S sequences, respectively. The ratio LOA
analysis for translation suggested that the between-session measurement errors
obtained with the technique did not exceed 14.15% and 13.34% in either the positive or
negative direction with the use of T1and the 2D HYCE S pulse sequences, respectively.

Rotation trials. Analysis of the between-session measurements of the two
sequences applying a paired sample 2-tailed t-test did not show any significant mean
differences for the T4 (p > 0.94) and the 2D HYCE S (p > 0.96) sequences. The reliability

of the measured variables demonstrated high levels of consistency, with the T4
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sequence having CVs ranging from 1.2 to 7.6% and an ICC of 0.98. For the 2D HYCE S
sequence, the CVs ranged from 1.05 to 7.6%, and the ICC was 0.98. The Bland-Altman
plot with 95% confidence interval (+1.96*SD) analysis of the between-session data
showed that all cases had a test-retest difference within £1.27° (mean/bias= -0.14°) and
10.65° (mean/bias=0.09°) for the T1 and the 2D HYCE S sequences, respectively. The
LOA analysis for the rotation trials indicated a relatively low degree of systematic bias in
the between-session differences (p = 0.94 and 0.96) and a homoscedastic relationship
between the differences and averages of the between-session measurements for both
T+ and the 2D HYCE S pulse sequences respectively (R?>=0.06 and 0.04) (Figure 29B). A
homoscedastic relationship indicated that the random errors did not increase with the
increase of the measured values. The follow-up ratio LOA analysis indicated a
systematic bias in the order of -0.15 and -0.09 and random error of £14.55 and +20.10
for the T4 and 2D HYCE S sequences, respectively. The ratio LOA analysis for rotation
suggested that the between-session measurement errors obtained with the technique
did not exceed 14.40% and 20.01% in either the positive or negative direction using the
T+ and the 2D HYCE S pulse sequences, respectively.

Comparing outcomes between the pulse sequences. Analysis of the
difference between the averages of Session 1 and Session 2 translations obtained by T
and 2D HYCE S pulse sequences did not show any significant results using an
independent sample 2-tailed t-test (p = 0.83). The Bland-Altman plot with 95%
confidence interval (£1.96*SD) analysis of the between-sequence data showed a test-
retest difference within £1.50 mm (mean/bias=0.35 mm) (Figure 30A). A small
heteroscedastic relationship observed in the translation measures indicated that the T
vs 2D HYCE S between-sequence difference in measured translations increased with

assessments of larger magnitudes of translation (R?=0.24). The follow-up ratio LOA
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analysis demonstrated a systematic bias in the order of 0.35 and random error of
113.41. The ratio LOA analysis for translation suggested that between-sequence
measurement errors were within 13.77% in either the positive or negative direction.

Analysis of the difference between the averages of Session 1 and Session 2
rotations obtained by T1and 2D HYCE S pulse sequences did not show any significant
results using an independent sample 2-tailed t-test (p = 0.98). The Bland-Altman plot
with 95% confidence interval (+1.96*SD) analysis of the between-sequence data showed
a test-retest difference within £0.95° (mean/bias = 0.02°) (Figure 30A). A homoscedastic
relationship observed in the rotation measures indicated that the between-sequence
random errors did not increase with assessments of larger magnitudes of translation
(R?=0.03). The follow-up ratio LOA analysis demonstrated a systematic bias in the order
of 0.03 and random error of £14.28. The LOA ratio analysis for rotation suggested that
the between-sequence measurement errors with the T1 and 2D HYCE S pulse
sequences were within 14.31% in either the positive or negative direction.

Biplanar trials. Analysis of the between-session measurements with a paired
sample 2-tailed t-test did not show any significant difference for the z- (p = 0.79) and x (p
= 0.73) planes. The reliability of the measured variables demonstrated high levels of
consistency, with the z-plane having CVs ranging from 1.51 to 6.15% and an ICC of
0.97. The CVs for the x-plane measurements ranged from 1.32 to 3.95%, and the ICC
was 0.97. The Bland-Altman plot with the 95% confidence interval (+1.96*SD) analysis
of the biplanar between-session data showed that all displacements had a test-retest
difference within £1.41mm (mean/bias= -0.04 mm) and +2.70 mm (mean/bias = 0.10) for
the x- and z-planes, respectively (Figure 30B). The LOA analysis for the biplanar trials
demonstrated a relatively low degree of systematic bias in the between-session

differences (p = 0.79 and 0.73) and a systematic bias in the order of -0.04 and -0.01 and
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random error of £10.87 and £21.03 for the z- and for the x-planes, respectively. The ratio
LOA analysis for translation suggested that the between-session measurement errors
obtained with the technique did not exceed 21.03% and 10.76 % in either the positive or
negative direction for the x- and z-planes, respectively. The ratio LOA analysis for the
biplanar translation trials showed a homoscedastic relationship between the differences
and averages of the between-session measurements for the z-plane (R?=0.04),
indicating that the random errors did not increase with the increase of the measured
values. The x-plane data, however, showed a marginal heteroscedastic relationship
(R?=0.11), indicating that the random errors did marginally increase with the increase of

the measured values (Figure 30B).

Discussion

In this study, we describe a novel MRI-based approach that is conceptually
similar to some fluoroscopy-based modeling protocols with the major difference of not
requiring exposure to ionizing radiation, which has obvious implications for clinical
research (39, 68, 479). While this is the first step in the development of an MRI-based
protocol of this nature, our initial work indicates that this technique has promise as we
have successfully developed a logical and rational approach to the quantification of
motion and have also demonstrated relative and absolute reliability. Below we discuss
our findings within the context of the extant literature as well as our future directions.

As stated above, the primary innovation of this work is that it represents an MRI-
only, morphology-based modeling technique for tracking solid-body displacements,
which is similar to fluoroscopy-based approaches, such as RSA, SR, and XROMM, and
static x-ray-based techniques. The scope of application of these fluoroscopy-based

techniques is limited due to the ionizing radiation exposure. For instance, obtaining serial



106
measures involving significant radiation exposure over time in research studies requiring
oversight by an institutional review board (or other analogous committees charged with
approving, monitoring and reviewing biomedical research involving humans) could raise
questions about the cost-to-benefit ratio, particularly in light of the Institute of Medicine’s
recommendation on avoiding unnecessary medical radiation throughout life (229, 300).
Accordingly, we believe that an MRI-only-based modeling technique for investigating
joint kinematics has significant advantages, particularly for the advancement of clinical
research.

Available MRI modeling techniques have usually applied multi-slice imaging of
the objects of interest to capture the experimental displacements introduced into these
objects in the scanning environment. Our study has uniquely attempted a morphology-
based single-plane and an orthogonal imaging protocol to quantify experimentally
induced displacements in our models. Additionally, we have used a fast-scanning
protocol with dynamic contrast-enhanced pulse sequence and compared its outcome to
a standard high-resolution T1imaging. Both these methods have demonstrated high-
levels of reliability in quantifying displacements in objects within the MR imaging volume.
These findings provide basic proof-of-concept for the notion that a reliable non-ionizing-
radiation-based motion quantification technique can potentially be used to characterize a
quasi-static visualization of joint kinematics from a single and biplanar approach. The
use of dynamic sequence and image processing can be further explored to attempt
quantification of joint kinematics in synchronized motion. Additionally, while our single-
plane technique does not objectively address detecting out-of-plane motion, inclusion of
the orthogonal imaging in the biplanar approach helps manual positioning of the model

to match the corresponding out-of-plane shifts of the image silhouettes.
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While our initial development results are promising, our study has some
limitations. First, we have used static two-dimensional imaging for quantification
purposes; and we do not know whether comparable levels of reliability would have been
observed if the dynamic pulse sequence were used to scan the solid-bodies in real-time
during an un-synchronized motion with subsequent quantification of these images using
the technique reported here. The approach we chose was based on technology currently
available; to our knowledge, an MRI-compatible device that would permit real-time
manipulation of motion is not commercially available, and the custom development of
such a device would require significant resources. Second, the current approach
required manual segmentation and post-processing, which is very time intensive.
Accordingly, we do not know how the use of semi-automatic protocols or automatic
iterative segmentation algorithms would have changed our results. Third, while we
reported high levels of reliability for a novel biplanar imaging modality (i.e., quantification
of motion in two planes, or coupled motion), the orthogonal images obtained for this
analysis were not acquired simultaneously (i.e., an image slice was first acquired in one
plane and then acquired for the corresponding orthogonal plane) due to the inherent
limitation of MR imaging to do so. While this is not necessarily a limitation of the current
work, it could pose a limitation for future work that seeks to acquire simultaneous multi-
planar images of motion. Lastly, we only assessed reliability and did not assess
accuracy. We are currently conducting experiments that will assess accuracy of our
technique in a porcine spine model.
Conclusions

In summary, this work provides basic proof-of-concept for a reliable non-ionizing-
radiation-based marker-less imaging technique that can potentially be used to quantify

quasi-dynamic displacements between joint elements. Additionally, this morphology-
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based MRI-only technique could be explored further as a tool for real-time joint
kinematics analysis. Acknowledgement: All MEL scripts and animation related software
tools were used from XROMM resources developed at and made available by the Brown

University, RI, USA.
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Chapter 4. Quantification of Intervertebral Displacement with a Novel MRI-Based
Modeling Technique: Assessing Accuracy and Reliability with a Porcine Spine

Model

Abstract

The purpose of this study was to develop a novel magnetic resonance imaging
(MRI)-based modeling and model-to-image matching technique for measuring
intervertebral displacement in the spine. We present the accuracy and reliability of
developmental work using a porcine spine model. We fitted porcine lumbar vertebral
segments in a custom-built apparatus placed within an externally calibrated imaging
volume of an open-MRI scanner. The apparatus allowed movement of the vertebrae
through pre-assigned magnitudes of sagittal and coronal translation and rotation. The
induced displacements were imaged with a static (T+1) and a fast dynamic (2D HYCE S)
pulse sequences. These images were imported into animation software, in which the
images form a background ‘scene.’ Three-dimensional models of vertebrae were created
using static axial scans from the specimen and then transferred into the animation
environment. In the animation environment, the user rotoscoped the models (manually
moved the models to perform model-to-‘scene’ matching) to fit the models to their
outlines. Next, the vertebral models were registered into anatomical joint axes in the
animation software used to quantify the experimental displacements. Accuracy of the
technique was calculated as ‘bias’ using a linear mixed effects model, average
percentage error and root mean square errors (RMSE). Between-session reliability was
tested by computing coefficient of variation (CV) and intra-class correlation coefficient
(ICC). The model demonstrated a bias of 0.36 mm (+0.11) with the 2D HYCE S

sequence at zero displacement. The bias increased by a factor of 0.008 mm for every 1
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mm increase in the actual displacement. Additionally, the bias reduced by 0.06 mm with
the change of sequence to T4 from the dynamic 2D HYCE S sequence. Average
percentage errors for the T1 sequence was 12.5% and 14.9% for coronal and sagittal
translation, and 10.78% and 16% for coronal and sagittal rotation, respectively. The
percentage errors for the 2D HYCE S were 19.48% and 15.13% for coronal and sagittal
translation, and 14.8% and 20.2% for coronal and sagittal rotation, respectively.
Additionally, RMSEs of 0.31 mm, 0.40 mm, 0.68° and 0.72° were observed for
translation and rotation measured in the coronal and sagittal planes using the T4
sequence. RMSEs of 0.49 mm, 0.55 mm, 0.85° and 0.92° were observed for translation
and rotation measured in the coronal and sagittal planes using the 2D DHYCE S
sequence. Between-session ICCs (2,1) were 0.97 and 0.94, respectively for the T1and
2D HYCE S pulse sequences. No significant between-session differences in translation
measurements were detected between imaging sequences, spine motion-segment pairs,
or scan orientations. Strong correlation in the between-session translation
measurements was detected for translation (Pearson’s correlation coefficients of 0.90
and 0.88 for the T1 and 2D HYCE S pulse sequences respectively). High coefficient of
determination between the measured and actual translations were also observed with
the use of both the sequences (R?of 0.94 and 0.90 for the T1 and 2D HYCE S pulse
sequences respectively). The model demonstrated a fixed bias of 0.62° (+0.12) with the
2D HYCE S sequence. The bias increased by a factor of 0.04° for each degree of
increase in the actual rotation displacement performed. The bias reduced by 0.13° with
the change of sequence to the T1. Between-session ICCs (2,1) were 0.97 and 0.98,
respectively for the T1and 2D HYCE S pulse sequences. No significant between-session

differences in rotation measurements were detected between imaging sequences, spine
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motion-segment pairs, or scan orientations. Strong correlation in the between-session
rotation measurements was detected (Pearson’s correlation coefficients of 0.97 and 0.95
for the T1 and 2D HYCE S pulse sequences respectively). High coefficient of
determination between the measured and actual rotations were also observed with the
use of both the sequences (R?of 0.97 and 0.95 for the T4 and 2D HYCE S pulse
sequences respectively). To conclude, this novel quasi-dynamic approach to quantifying
intervertebral relationship demonstrates a reasonable degree of accuracy and reliability
using the model-to-image matching technique with both static and dynamic sequences in
a porcine model. Future work is required to explore multi-planar assessment of real-time
spine motion and to examine the reliability of our approach in humans.

(Note: Alphabetic subheadings of all figures related to this chapter presented in

the figures section are provided at the bottom of the figure panels).

Introduction

Visualization of skeletal motion is of great interest to a substantial number of
musculoskeletal scientists, as well as physicians. Radiological diagnosis of joint
instability, for instance, is best achieved by direct visualization of pathological
displacement between associated skeletal elements (301, 470). Indirect methods
visualizing skeletal displacement often measure changes occurring between markers
attached to bony landmarks on the skin. Although these techniques are performed within
a calibrated volume in space, errors may be introduced by inconsistent skin movement
relative to motion of the skeleton itself (79, 81, 112, 251, 378). Accordingly, direct
visualization modalities, such as functional radiography, quantitative fluoroscopy,
cineradiography, and computed tomography (CT), have offered options for assessment

of static arthrodial displacement and joint motion (36, 300, 470). Unfortunately, these
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techniques require the use of ionizing radiation, and the quantifiable outcomes of these
methods are primarily restricted to two-dimensional (2-D) analysis of static images of
displaced joint components (68, 469).

Several analytical techniques and approaches are available or are being
developed to study patterns of joint displacement at multiple positions or to analyze real-
time motion. Acquisition of single-plane images using x-rays plus manual positioning of
skeletal three-dimensional (3-D) models to the outlines of the acquired x-ray images
permit analysis of dynamic in-vivo relationship of joints (213, 469, 479). Similarly, the
scientific rotoscoping (SR) motion analysis technique uses biplanar fluoroscopic imaging
and 3-D skeletal modeling, followed by model-to-image matching (rotoscoping) that
allows extraction of 3-D kinematic data from these models (39, 68, 152, 154).
Nevertheless, in addition to the drawback of x-ray exposure, usage of such techniques
requires complex corrections of geometrical distortion and motion-blur in the images (29,
52, 283, 300, 429). Recent advancements in the roentgen/radio stereophotogrammetry
(RSA) technique, involving orthogonal radiographic imaging of joint motion, permit
assessment of joint kinematics, as well as the detection of pathological micromotion in
orthopedic implants (38, 79, 225, 397). Despite its accuracy, RSA commonly requires
surgical implantation of markers in the articular skeleton (52, 65, 84, 112, 283, 397).
However, model-based RSA techniques have recently begun to appear in the literature
(53, 202, 245, 442). Additionally, some newer techniques have used fluoroscopy and a
variety of 3-D model creating approaches (CT/magnetic resonance imaging [MRI]) for
such analysis (344, 401, 426, 472). While SR, RSA, and other x-ray based techniques
are clearly novel, they have limited application in clinical use and experimental human
research because of health-related concerns associated with x-rays (168, 200, 229,

250).
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Amongst all modalities, MRI has evolved as the preferred tool for
musculoskeletal imaging, primarily because of its outstanding spatial resolution and
avoidance of exposure to ionizing radiation (55). Because of technical limitations,
musculoskeletal MRI has been predominantly used as a tool for static 2-D imaging of
joints. However, cine-phase contrast (cine-PC) or fast-phase contrast (fast-PC)
sequences have been used for real-time imaging of human blood flow and cardiac
motion (41, 118, 209, 407). Use of these magnetic resonance (MR) sequences requires
performance of a repeated, cyclic, velocity-controlled motion at the area of interest
during scanning—a requirement that might be challenging to meet while scanning a
painful joint (97, 107, 126). The utility of such MRI-based techniques has been tested to
evaluate joint motion, but these attempts have been mostly restricted to use in the
assessment of ankle, knee, or shoulder joints (42, 47, 66, 366, 371, 399, 400, 453).
Typically, visualization of dynamic (real-time) or static multi-position (quasi-dynamic)
joint motion requires a series of complex, time-consuming processes, including (i)
volumetric extraction of images from time points along the full 3-D motion dataset, (ii)
automated segmentation of the models, and (iii) running iterative algorithms for model-
to-image registration (97, 107, 126, 127). Additionally, dynamic MR images have lower
resolution and may exhibit motion artifact, as a result of the time-accuracy tradeoff (107,
127). Accordingly, recent advancements in these MRI-based motion tracking methods
focus not only on faster scans but also on acquiring fewer slices from moving objects of
interest for faster data-extraction and quicker model-to-image registration (97, 107).

We have recently reported a morphology-based model-to-image registration
technique for quantifying displacements in solid-body objects (274). More specifically,
this MRI-only technique uses single or biplanar (orthogonal) images for manual image-

to-model registration, with high between-session reliability. In the earlier study, our aim
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was to present a developmental, proof-of-concept work of an imaging and modeling
technique that could quantify solid-body (i.e., wooden cubes) displacement. Here, we
present the accuracy and reliability of an MRI-based 3-D model superimposition
technique developed to objectively quantify experimental intervertebral displacement in
porcine vertebral specimens. We have focused on quantification of intervertebral
displacement in the lumbar spine for two major reasons. First, LBP accounts for over 3.7
million physician visits per year in the United States alone, with the prediction that 90%
of all adults will experience LBP during their lifetime (276, 460). Approximately 50% of
these individuals will have recurrent back pain, and about 10% will suffer pain-related
disabilities (280, 322). Second, conventional diagnostic imaging performed for qualitative
and quantitative assessment of vertebral instability in human degenerative disc disease
has primarily focused on evaluating end-of-range intervertebral displacement in the
sagittal plane (176, 338, 344, 363, 474). The technique presented in the current study
quantifies multi-positional, intervertebral translation and rotation across a wide range of
motion in both the sagittal and coronal planes, using standard static and fast contrast-
enhanced sequences. Use of such imaging, 3-D modeling, and morphology-based
model-to-image registration technique to quantify intervertebral motion is novel in the
literature. As our long-term goal, we anticipate further developing this technique into a
tool for dynamic MR imaging of the human lumbar spine, applying synchronized motion
imaging and image processing techniques to an open-bore weight-bearing
musculoskeletal MRI system.
Materials and Methods

General study overview. Figure 31 depicts a general overview of the study

design. The experiment involved scanning a pair of porcine lumbar motion-segments
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with the vertebrae placed at different positions (displacements) relative to each other,
within an open-MRI system (0.25 Tesla; Esaote G-scan Brio, Genoa, Italy). These
displacements were performed using an MRI-compatible custom built apparatus that
permitted predetermined magnitudes of intervertebral translations and rotations. All
displacements were performed in the lumbar coil after the scanning volume of the coil
was calibrated using a custom-built grid system; calibration was performed only once,
before commencing any of the study displacement trials. Axial images of the spine
specimens were acquired and segmented using the AVIZO software (Hillsboro, OR,
USA) to create virtual 3-D vertebral models. Thereafter, the images of the displacements
and the 3-D vertebral models were transferred into the animation software AutoDesk
MAYA (San Rafael, CA, USA) to recreate the animations of the series of intervertebral
displacements and to quantify the relative motion between the vertebrae.

As the first step, the imaging volume of the MRI coil was calibrated using a
custom-built grid (Figure 32A). Second, stand-alone axial scans of the vertebrae
acquired at the commencement of the displacement trials were segmented to create
virtual 3-D models of the spine segments. Next, a pair of corresponding vertebrae of a
motion-segment was secured within a custom-built apparatus (Figure 32B&C) that
allowed the upper vertebra to be either translated or rotated through predetermined
magnitudes relative to the lower one. The spine segments were scanned using two
different sequences (details given below) at each displaced position, and the Digital
Imaging and Communications in Medicine (DICOM) images were converted into gray-
scale tagged image format (TIF) images (pixel size = 0.85 mm). The images were then
imported into the animation software. These displacements were placed in the animation
‘scene’ (referred to as the ‘background’) (Figure 32D), followed by importing the 3-D

models into the MAYA program, in which the user manually manipulated (rotoscoped)
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the models to match (register) their corresponding outlines in the slice. Al
measurements used while creating the grid were performed with a digital caliper
(sensitivity = 0.01 mm) (Global Industrial, Port Washington, NY, USA).

Details of study steps. A summary of the steps outlined below has been
described in our previous work (274).

Step 1. Calibrating the MR imaging volume. The volume of the lumbar MRI
coil was calibrated (Figure 32A) with a custom-built calibration grid. Four square Perspex
fiber plates (20 x 20 mm; thickness = 2 mm) (Modular-Movement Tray-Set, Games
Workshop/NG, UK) were serially stacked with a distance of 35 mm between each plate.
The plates were stabilized by five wooden dowels drilled across the plates, and glue was
applied at all points of contact between the dowels and the plates. Sixteen 2-mm
diameter holes (in a 4 x 4 array) were drilled in each plate with adjacent holes separated
by 25 mm. Each hole was fitted with a 2-mm water-bead using glue. Three additional
beads were drilled into two adjacent plates to localize the x, y, and z coordinates in the
grid for use during segmentation at a later stage (Figure 32A) (466). The x- and y-axes
were situated in the plane of the grid plates. The z-axis extended perpendicular to the
plates. The coordinates assigned to the grid followed the definitions of the joint
coordinate system recommended by the Standardization and Terminology Committee of
the International Society of Biomechanics, in the context of the orientation of
intervertebral translations and rotations executed in our study (466). To facilitate
visualization of the beads in the images, the grid was submerged in a 1% saline solution
for 30 seconds and then air dried for 1 minute prior to scanning. The x-axis of the grid
was positioned along the anterior-posterior axis of the lumbar coil (DPA Lumbar Coil,
Esaote, Genoa, Italy) and represented the craniocaudal axis of our motion-segments in

the apparatus during all displacement trials (Figure 32A&C). Four consecutive non-
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contiguous slices parallel to the grid plates were acquired to scan the grid. Each of these
eight slices contained 16 beads in view. The four slices together contained all 64 beads
were acquired using a fast spin echo T, sequence (TR =7810 ms, TE = 120 ms, FOV =
220 x 220, matrix = 256 x 256, thickness = 3 mm). These images were then segmented
in AVIZO for later use in Step 5.

Step 2. Fabrication of the displacement apparatus. The MRI-compatible
apparatus (Figure 32B) included a clamp system consisting of a semicircular (top) and a
full horizontal (bottom) ring system. The semicircular ring was attached to the full ring at
the two ends of the diameter of the full ring by two pegs. The upper semicircular ring
accommodated an inner clamp that could rotate within (and in the plane of) the outer
ring. The upper vertebra was fixed to a vertical pair of screws in the inner clamp. This
clamp system was positioned on a wider base ring. The entire assembly with the base
ring was located on top of a three-base-plate system, in which the lowermost plate was
stationary and contained a pair of vertically oriented screws to fix the lower vertebra. The
upper two plates were hollowed-out at their centers to allow passage of the vertical
screws. The upper two plates could slide orthogonally in relation to each other in two
degrees of freedom (side-to-side, and anterior-posterior). The uppermost plate was
grooved on the inside of its upper rim to firmly support the clamp and the base-ring
system. A Vernier scale system was available on the base plate to measure the
experimental displacements. The lowermost plate was mounted on a wooden platform
that was fixed with Velcro to the base of the lumbar MRI coil to for stabilization. The
movement of the base plates allowed 10-mm orthogonal translations of the upper
vertebrae within the clamp system, and the clamp ring permitted rotation of the upper
vertebra in three degrees of freedom, as measured by a protector attached to the ring.

Sufficient space was made available within the ring system for orthogonal translation
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and sagittal (flexion-extension) and coronal (lateral bending) rotation of the upper
vertebra to encompass the range of motion defined as cut-off points for the clinical and
radiological diagnosis of spine instability (54, 71, 89, 120, 171, 172, 351, 398, 474).

The semicircular and the horizontal rings were 3-D printed with a MakerBot
Printer (Brooklyn, New York) using polylactic acid of the highest quality, 40% infill, and 5
shells to ensure the high accuracy and stiffness required for our experiments. The base
plates, inner clamp, and base-ring of the apparatus were constructed of Delrin (Fig. 32B
& C). Nylon set screws were used to fix the vertebrae to the apparatus and for locking
the base plates in their displacements. The materials used for fabrication possessed a
high modulus of elasticity and stiffness and did not distort MR images.

Step 3. Constructing and segmenting the porcine spine motion-segments.
Two fresh adult porcine spines were purchased from a local slaughterhouse. Porcine
specimens were chosen for their similarities to the shape and size of the human spine,
specifically in the areas used for morphological rotoscoping in this study (76, 83, 199).
Two lumbar vertebral segments (adjacent vertebrae) were dissected from each of the
lumbar spines and refrigerated at -20°C. Each segment was scanned on four different
sessions on 4 separate days. The vertebrae were fixed with screws, with a space of
approximately 15 mm between end-plates to approximate the average human disc
height at that spinal level (198). The specimens were thawed approximately 3 hours
before being attached to the plates. Drying was prevented by covering the specimens
with a piece of gauze that was intermittently misted with saline solution during the
sessions. Contiguous axial T1 weighted scans (TR =810 ms, TE = 30 ms, Fov = 220 x
220, matrix = 256 x 256) of the vertebral pair were acquired for manual segmentation
and 3-D model creation at a later stage. Prior to the displacement trials, the vertebral

pairs were scanned orthogonally in the non-displaced, neutral position.
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Step 4. Displacement trials. The apparatus was secured within the lumbar coil
with the aid of a rigid wooden platform (Figure 32B) that was fixed to the base of the
lumbar coil with Velcro straps to maintain consistent placement of the apparatus and
minimize motion during the scans. The craniocaudal axis of the motion-segment was
oriented in the y-axis of the calibrated imaging volume. Translations and rotations were
performed in the sagittal and coronal planes of the spine motion-segments. For the
rotation trials, the center of rotation (COR) passed approximately through the lower end-
plate of the upper vertebral body. Eight translations and eight rotations were performed
in each sagittal (flexion-extension) and coronal (lateral bending) plane. In order to
ensure an evenly distributed data set, the magnitude of each displacement was selected
from several bins that were created within the range of motion of interest [Table 5]. A
total of 32 displacements were scanned using two sequences for each of the two
motion-segment pairs, generating a set of 128 images. Separate daily sessions were
conducted to scan a different type of displacement, in a specific plane, each day for a
given motion-segment pair; a total of eight sessions were required to complete the
scanning. For each displacement trial, the apparatus was removed from the MRI console
and translated or rotated as needed for the next displacement trial. The accuracy of the
changes was verified using a Vernier scale placed along the sides of the base plates
and confirmed using a digital caliper. Rotation displacements were measured using the
protractor attached to the apparatus vertical ring, a goniometer, and an angular Vernier
scale placed on the outer clamp (resolution 1/10™ of a millimeter). A contrast-enhanced
streaming sequence (2D HYCE S; thickness = 8 mm, slice = 1, scan time = ~10
secs/scan) and a T1 weighted sequence (TR =810 ms, TE = 30 ms, Fov = 220 x 220,

Matrix = 256 x 256, slices = 3, gap = 0, thickness = 5 mm, scan time = ~2 mins/scan)
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were used for imaging. Slices for the translation and rotation trials were scanned in the
mid-sagittal and mid-coronal planes, with both vertebrae in view (Fig. 33).

Step 5. Animation and quantification. The MAYA software was used to create
a ‘camera-view’ (Maya Camera) of the MR imaging volume within the animation
environment (68, 154, 323). This Maya Camera was created for the user to ‘view’ the
displacement trials as a series of the background images in the animation ‘scene’
(Figure 33C). The Camera was first created and calibrated, then rotoscoping, animation,
and quantification were performed.

Creating a MAYA framespecs file. The grid images acquired in Step 1 were
segmented in AVIZO, creating an OBJ file for the grid. This image was then transferred
to and opened in MAYA (Figure 33E). The centroids of each bead were serially
numbered and assigned local coordinate points, thereby defining the volume of the grid
and fixing the orientation of the grid axes in space. All coordinate points from the beads
were merged to generate a ‘framespecs’ file for the grid to be used in the next step,
digitization (68).

Digitizing the beads. The Matlab program uses a Maya Embedded Language
(MEL)-script command to open and digitize each grid-plate image in order to create a
direct linear transformation (DLT) coefficient file for each plate (68, 154). A grid-plate
image segmented in AVIZO (Step 1; four axial and four sagittal slices, Ortho-Slice views)
and saved in TIF format (Photoshop; Adobe Systems Inc. San Jose, California) was
opened in Matlab, and the beads were numbered in sequence. Once numbered, the
MAYA framespecs file created in Step 5(a) was loaded to calibrate the beads. This
process calculated the DLT coefficient for the plate and returned a ‘xyz points’ file for
each plate. The ‘xyz points’ files of all four plates (oriented in the same direction) were

collated to generate a single four-plate ‘xyz point’ file for the plates. Next, any one of the
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plate images was opened using the Matlab MEL-script, and the beads were numbered
according to their positions in the grid. The framespecs file was then loaded into the grid
calibration. This process yielded an error coefficient for the grid calibration (0.36 in this
study) (Figure 33F). A coefficient value < 1 was considered favorable for use during
further steps in animation (154). The digitization also yielded a MAYAcam file for
creating the camera-view for the animation ‘scene’(466).

Rotoscoping. The background animation ‘scene’ was created by importing the
trial TIF images into MAYA. The scaling factor for this import was adjusted by a factor of
0.1 to account for the switch between MRI (mm) and MAYA (cm). Next, the vertebral
models of the motion-segments were imported into MAYA and manipulated manually
(rotoscoped) by the user to match and fit them into the corresponding vertebral image in
the background ‘scene’. Once the models matched the images in one frame, the
rotoscoping was ‘saved’ and the background ‘scene’ was advanced to the next
displacement image frame. The outlines of the vertebral canal silhouette, the spinous
processes, and the transverse processes observed in the background images were
utilized to fit the corresponding morphology of the 3-D models (Figure 33C&D).

Animation and quantification. The rotoscoping outcome of the first frame of the
background ‘scene’ was considered to be the ‘neutral’ position, and a joint axis was
assigned to the intervertebral joint. Once rotoscoping was performed for all displacement
trials in a given sequence, the outputs from the animation were generated, and the joint
axis data were exported as .csv files. Although the animation software output calculated
vertebral displacements in six degrees of freedom, we only extracted displacement data
in the plane applicable to our experimental trials for analysis and reporting. Two
rotoscoping sessions (S1 and S2), separated by a gap of 1 week, were conducted by a

single blinded observer (NKM) who quantified the trial results. All displacement images
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were coded for the magnitude of displacement, type of sequence used for scanning, and
pair of motion-segments used for the trials. Absolute values of quantified displacements,
regardless of their directions, were used for analysis.

Experimental manipulations. Table 5 shows an overview of the displacement
trials. The range of translation in both the sagittal and the coronal planes were divided
into two bins (-5 mm to -1 mm and 1 mm to 5 mm), and four data points were randomly
selected without replacement from each bin, to avoid skewing of the samples. Similarly,
the range of sagittal plane rotation (flexion-extension) was divided into four blocks (-5° to
-1°,1°t0 5°, 6° to 10°, and 11° to 15°), and two samples were randomly selected without
replacement from each of these blocks. The range of coronal plane rotation (lateral
bending) was likewise divided into four blocks (-10° to -6 °, -5° to -1°, 1° to 5°, and 6° to
10°), with two data points randomly selected without replacement from each of these
four blocks.

The order of the selected displacements was permutated to generate a series of
32 trials (translations and rotations in the sagittal and coronal planes). Each
displacement was performed for both pairs of spine-motion segments and each
displacement was scanned separately using the two pulse sequences. The total number
of displacement trial images generated was 128. These images were rotoscoped twice
in two separate sessions for quantification thereby extracting data from a total of 288
images (including 32 ‘neutral’ frames, one neutral frame in each type of trial sequence).

Statistical analysis. Accuracy was measured by creating the following linear
mixed-effects model: Bias=p,+p,Displacement+f,Pulse+bgession+Pspine +€, Where Bias
was calculated as the difference between true and observed values (Bias = Ytue—Y); Bo

was the intercept; 81 and B2 represented the regression coefficients of the actual



123
displacements and sequence fixed effects, respectively; bsession and bspine represented
the session and spine random effects; and € represented the residuals. This formula
evaluated accuracy as any non-zero intercept or coefficient. That is, a Bo of 0.2 indicated
a bias of 0.2 mm with the 2D HYCE S pulse sequence as the reference, whereas a 32 of
0.5 indicated additional bias introduced by T+ pulse sequence, relative to the T4 pulse.
Average percentage error was obtained by dividing Bias by the true value and
multiplying by 100: Average % error = (Yte— Y)/Y1rie * 100. Additionally, root mean
square errors of the quantified displacements, by sequence and by type of displacement
performed, were calculated as a measure of accuracy. Relationships between the
quantified and original displacements were ascertained by calculating the coefficient of
displacements and this was performed separately for the two imaging sequences.

Between-session intra-class correlation coefficients (ICCs) were calculated
separately for the two sequences to ascertain the reliability of the assessments.
Reliability was also tested by computing the coefficient of variation (CV) between the two
sessions. The student’s t-test was used to analyze the between-session differences in
outcome variables for the two sequences, two pairs of spine motion-segments, and two
orientations (coronal vs sagittal) of the scans. Additionally, the strengths of the
relationship between the measurements obtained during the two sessions were
calculated with Pearson’s correlation coefficient for each sequence and for each
orientation.

Results

Translation trials. The linear mixed effects model (REML criterion) was used for

analysis [Table 6]. The bias of the technique was calculated using the equation Bias =

+ 34Displacement + RSequence + bsession + bspine +€, Where the actual displacement and
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the two sequences were taken as the fixed effects and the sessions and the spines as
the random effects respectively. The model (repeated covariance type=scaled identity,
covariance type=compound symmetry) demonstrated an intercept constant 3, of 0.36
mm (£0.11) contributing significantly (p=0.008) to the bias at a zero actual translational
displacement with the 2D HYCE S sequence used as the reference sequence [Table
6A]. Additionally, increasing the actual displacement by one unit (1 mm) increased the
measurement bias by a factor of 0.008 mm. This change in the bias was not statistically
significant (p=0.69). The change in bias reduced by 0.06 mm with the change of
sequence to T+ from the dynamic 2D HYCE S sequence. This change was not
statistically significant (p=0.34). The random effects parameters session and spine had a
significant effect on the bias observed in the technique used for quantifying translational
displacements (p=0.78) [Table 6B]. Average percentage of error of translation quantified
by the technique by sequence and by orientation of the images (calculated as Quantified
~ Actual displacement/Actual displacement *100) show comparatively higher accuracy
for the T4 sequence (12.5% and 14.9% for coronal and sagittal translation, respectively)
than the 2D HYCE S sequence (19.4% and 15.1% for coronal and sagittal translation,
respectively) [Table 7]. Quantified translations demonstrated RMSEs of 0.31 mm and
0.40 mm in the coronal and sagittal planes for the T1 sequence, and RMSEs of 0.49 mm
and 0.55 mm in the coronal and sagittal planes for the 2D HYCE S sequence [Table 7].
High coefficient of determination between the measured and actual translations were
also observed with the use of both the sequences (R? of 0.94 and 0.90 for the T1 and 2D
HYCE S pulse sequences respectively) (Figure 34).

In terms of reliability, the between-session ICCs (2,1) were 0.97 and 0.94,
respectively for the T1and 2D HYCE S pulse sequences for coronal translation.

Between-session ICCs were 0.96 and 0.95, respectively for the T1and 2D HYCE S pulse
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sequences for sagittal translation. Comparisons of translation measurements (between-
sessions data) as coefficient of variation (CV) calculated between the pulse sequences
used, pairs of motion-segments tested, and imaging perspectives (sagittal and coronal)
acquired are shown in Table 8. No significant between-session differences in translation
measurements were detected between imaging sequences, spine motion-segment pairs,
or scan orientations. Strong correlations in the overall between-session translation
measurements were detected (Pearson’s correlation coefficients of 0.90 and 0.88 for the
T4 and 2D HYCE S pulse sequences respectively) (Figure 35). More specifically,
between-session Pearson’s correlation coefficients for coronal plane translations were
calculated to be 0.97 and 0.90 for the T1and 2D HYCE S sequences, respectively.
Pearson’s correlation coefficients for sagittal plane translations were 0.93 and 0.92 for
the T4 and 2D HYCE S sequences, respectively.

Rotation trials. The linear mixed effects model (REML criterion) was used for
analysis [Table 9]. The bias (i.e., accuracy) of the technique was calculated using the
equation Bias = 3¢ + R4Displacement + R,Sequence + bsession + bspine €, Where the
actual displacement and the two sequences were taken as the fixed effects and the
sessions and the spines as the random effects respectively. The model (repeated
covariance type=scaled identity, covariance type=compound symmetry) demonstrated
an intercept constant 3 of 0.62° (+0.12) contributing significantly (p=0.00) to the bias at
a zero actual rotational displacement with the 2D HYCE S sequence used as the
reference sequence [Table 9A]. Additionally, increasing the actual displacement by one
unit (1 degree) increased the measurement bias by a factor of 0.04°. This change in the
bias was statistically significant (p=0.00). The change in bias reduced by 0.13° with the

change of sequence to the T4 from the dynamic 2D HYCE S sequence. This change was
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not statistically significant (p=0.08). The random effects parameters session and spine
did not have any significant effect on the bias observed in the technique used for
quantifying rotational displacements (p=0.78) [Table 9B]. Average percentage of error of
translation quantified by the technique by sequence and by orientation of the sequence
(calculated as Quantified ~ Actual displacement/Actual displacement *100) show
comparatively higher accuracy for the T1 images (10.78% and 16% for coronal and
sagittal rotation, respectively), than the 2D HYCE S sequence (14.82% and 20.20% for
coronal and sagittal rotation respectively) [Table 7]. Quantified rotations demonstrated
RMSEs of 0.68° and 0.72° in the coronal and sagittal planes for the T1 sequence, and
RMSEs of 0.85° and 0.92° in the coronal and sagittal planes for the 2D HYCE S
sequence [Table 7]. High coefficient of determination between the measured and actual
rotations were also observed with the use of both the sequences (R? of 0.97 and 0.95 for
the T4 and 2D HYCE S pulse sequences respectively) (Figure 36).

In terms of reliability, the between-session ICCs (2,1) were 0.97 and 0.91,
respectively for the T1and 2D HYCE S pulse sequences for coronal rotation. Between-
session ICCs were 0.98 and 0.97, respectively for the T1and 2D HYCE S pulse
sequences for sagittal rotation. Comparisons of rotation measurements (between
sessions data) as coefficient of variation (CV) calculated between the pulse sequences
used, pairs of motion-segments tested, and imaging perspectives (sagittal and coronal)
acquired are shown in Table 8. No significant between-session differences in translation
measurements were detected between imaging sequences, spine motion-segment pairs,
or scan orientations Very strong correlation in the overall between-session rotation
measurements was detected (Pearson’s correlation coefficients of 0.97 and 0.95 for the
T4 and 2D HYCE S pulse sequences respectively) (Figure 37). More specifically,

between-session Pearson’s correlation coefficients for coronal plane rotations were
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calculated to be 0.95 and 0.86 for the T4 and 2D HYCE S sequences, respectively.
Pearson’s correlation coefficients for sagittal plane translations were 0.98 and 0.97 for
the T4 and 2D HYCE S sequences, respectively.

Discussion

Given the limitations of routine end-of-range static spinal imaging in providing
clinically useful information on dynamic intervertebral relationships for diagnosing lumbar
instability, we have reported a quantitative technique that permits the assessment of
intervertebral displacement across a wide range of translation and rotation movements.
More specifically, in light of the multiple differential diagnoses available for non-specific
LBP and the drawback of frequent usage of ionizing radiation-based diagnostic imaging,
we have presented our results of a novel MRI-only motion tracking technique for
quantifying spinal motion, which avoids radiation exposure. We have also compared
outcomes of our imaging technique using a static T+ high resolution sequence and a fast
2D HYCE S dynamic sequence. The latter sequence can be used to scan dynamic
movements of the spine. Therefore, application of this sequence in conjunction with
image processing, MRI-based modeling, and a 3-D model superimposition technique
may permit us to further develop this method as a tool for assessing intervertebral
kinematics in the load-bearing human spine.

The results of this study demonstrate a relatively high degree of accuracy and
reliability with our technique, which was comparable to the accuracy and reliability of
many previous methods used to measure translation and rotation displacement (351,
398, 434, 474). Most of these earlier reports involved the use of x-ray-based techniques
to quantify intervertebral motion. A few studies have involved MRI-based quantification

methods that measured single-plane displacement, however. These studies was
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performed in the recumbent, non-weight-bearing position (228, 351, 398, 433, 434, 472,
474). Our technique has two distinct advantages compared to techniques that use
complex volume extraction from multi-planar scans for the purpose of reconstructing
quasi-dynamic motion in 3-D skeletal models: (i) acquisition of single image slices for
model-image registration in our technique considerably reduces the scanning time with
the contrast-enhanced, as well as the static sequence, and (ii) although our technique
relies on single-plane image acquisition, model-to-image superimposition with the help of
morphology-based rotoscoping potentially enhances the precision of model-to-‘scene’
matching. The apparatus used in this study allowed only single-plane movements in the
models. However, the precise morphology-based model superimposition used in this
technique should be able to track additional in-plane shifts of the object of interest by
matching anatomical landmarks in the model to corresponding contours in the
background ‘scene.’ More specifically, in the context of applying our technique to single-
slice sagittal-plane measurements routinely used in diagnostic imaging to detect spine
instability, our method can potentially quantify concomitant in-plane translation and
rotation with matching models with corresponding in-plane shifts of vertebral body angle,
end-plate, and spinous process images. The animation software we used measured
displacements in all degrees of freedom. However, our analyses included
measurements only from the plane of experimental displacement. One of the most
useful features of this technique is its ability to select image slices in any preferred
orientation in space. This freedom of image-slice selection in a quasi-dynamic multi-
position analysis of motion allows scanning of objects from any orthogonal perspective.
Accordingly, as we have reported earlier, orthogonal images used to create background
‘scenes’ facilitate precise model-to-contour matching and help track orthogonal out-of-

plane shifts in the background images.
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To our knowledge, this is the first study reporting the use of an MRI-only
morphology-based image registration technique. The advantage of using the slice-
based model-to-image registration technique over voxel-based MRI approaches is that
the former uses far less time in image acquisition that can be of great value while
working with painful joints. The most innovative aspect of this work is possibly the usage
of the 2D HYCE S pulse sequence for imaging. Results obtained from the quantification
of 2D HYCE S images showed reasonably comparable reliability and accuracy in
comparison to results from the T4 sequences. The results from using this streaming
sequence provide a foundation for examining the reliability of this technique for spine
motion quantification in humans. Additionally, the application of the technique (using the
2D HYCE S sequence) in individuals in a weight-bearing positional MRI systems while
performing dynamic spine motion may potentially permit analysis of real-time inter-
vertebral and overall spine motion.

Accuracy levels of sophisticated x-ray based techniques like the RSA used for
detecting micro-motions in joint prostheses have been in the order of tenths of a
millimeter (77, 272). X-ray and fluoroscopy techniques and voxel-based CT/MRI model
registration approaches applied to quantify segmental spine motion report lesser
degrees of accuracy (26, 318). More specifically, the fluoroscopy based RSA and
XROMM techniques are very accurate with the latter having a mean absolute accuracy
of £0.04 mm for tracking dynamic translations (39, 68). An MRI based study with
segmented three-dimensional vertebral models used for automated superimposition
(with a voxel-based registration technique) over static images of the neck taken at
different positions reports root mean square errors (RMSE) of rotational accuracy at
0.24° for flexion—extension, 0.31° for lateral bending, and 0.43° for axial rotation. The

accuracy reported in this study was validated using experimental MRI phantoms.
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Translational accuracy in this study was reported as root mean square errors with values
of 0.52 mm for supero-inferior, 0.51 mm for antero-posterior, and 0.41 mm for lateral
translation, over the tested range of neck motion (208). Evaluation of post-surgical
orthognathic changes studied by using CT scans has reported accuracies of 0.05
(£0.21) mm and 0.047 (+0.26) mm with separate voxel-based and a surface-based
registration technique, respectively. Both the approaches have indicated accuracies of
0.29 (£0.33) mm and 0.23 (x0.56) mm respectively for soft tissue superimpositions (26).
The estimated bias at zero displacements reported in our study (0.35 mm and 0.30 mm
for the T1 and 2D HYCE S sequences respectively) for translation and (0.63° and 0.49°
for the T1 and 2D HYCE S sequences respectively) for rotation. This constant offset in
the quantified displacements denotes a systematic error at zero displacement for the
technique. This error calculated by the model may have arisen due to several reasons
(discussed elsewhere) and may be addressed appropriately to reduce the overall
accuracy of the technique. However, the current RMSE values of our technique
calculated with the use of T1 (RMSE of 0.31 mm and 0.40 mm in the coronal and sagittal
planes for translation and 0.68° and 0.72° in the coronal and sagittal planes for rotation)
and with the 2D HYCE S (RMSE of 0.49 mm and 0.55 mm in the coronal and sagittal
planes for translation and 0.85° and 0.92° in the coronal and sagittal planes for rotation)
sequences respectively, demonstrate comparable results with the voxel-based MRI
study noted above. Moreover, the overall percentage error associated with the current
accuracy levels of our technique with the T4 (~12-15% and ~11-16% for translation and
rotation respectively) and with the 2D HYCE S (~15-20% for translation and rotation
trials) suggest that though the application of our technique for detecting very small

displacements may not be feasible, its use may be acceptable in a number of contexts
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(clinical settings as well as research settings) depending upon the range of error that is
permissible within the question being addressed. More specifically, our technique may
be applied in situations where the anticipated effect size exceeds the expected error.
The approach presented herein is clearly not as accurate as many of the gold-standard
existing techniques; however, it does not require surgical implantation of beads or
exposure to ionizing radiation, which holds many obvious advantages.

There are limitations in our study that should be noted. One limitation was opting
for a quasi-dynamic approach for testing the accuracy and reliability of our technique
instead of acquiring images of synchronized real-time vertebral motion using a motorized
MRI-compatible apparatus. This was a logistic limitation, as customization or
procurement of such sophisticated equipment was beyond the scope of funding for this
work. Although the use of single-plane imaging for creating the background ‘scene’ may
be considered a limitation, the technique in its current form, using a morphology-based
rotoscoping approach, permits reasonably accurate and reliable model-to-image
superimposition for tracking both sagittal and coronal plane intervertebral motion. Future
developmental work is certainly required, and focusing on using higher resolution fast
imaging sequences for accurate assessment of relatively smaller displacements is
warranted. Establishing advanced registration algorithms to enhance the precision of
model superimposition is another potential direction of future research.

It should be noted that we did observe some degree of systematic bias in the
results (as denoted by the significant fixed intercept Ro values). There are a number of
potential reasons contributing to this systematic bias, which could be corrected for
improved accuracy in the future or, perhaps, mathematically. The first potential reason
for some systematic bias relates to the calibration of the MRI volume space (431).

Developers and researchers working with the RSA technique have shown that using a
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combination of different grids for such calibration may improve the overall accuracy of
the technique (77). More specifically, Cai et al., demonstrated that using equal bead
spacing with different number of beads, and different bead spacing with equal number of
beads for their calibration cubes improved the simulation of the imaging volume during
digitization (77). Additionally, these investigators demonstrated greater accuracy of the
superimposition of joint phantom models with pre-fitted markers, with images acquired
from models that only had the positional markers in them. This was achieved with
inclusion of additional projection images for calibration of the image space (from
uniplanar to biplanar approach). Improvements with reduction of the size and increase in
the number of the beads used for calibration have also been attributed to improvement
of accuracy and precision outcomes of fluoroscopic techniques (319, 386). Therefore, in
context of our technique, greater precision of bead placement in fabricating the grid
system could be a starting point for improving accuracy and reducing the bias in the
system. Also, using a multiplanar approach to scan our grid (more than the two
orthogonal planes used in this study), segment and digitize them for calibration purposes
may improve the simulation of the imaging volume within the animation software. Using
smaller bead-sizes may be another consideration for improving the calibration approach.
Lastly, reduction in the values of the DLT coefficient for the individual grid plates and the
overall grid cube (digitized in any particular plane) may be achieved by more accurate
bead placement in the grid. Moreover, comparing and accounting for the differences in
coefficient values obtained from digitizing grid plates in relative orthogonal planes may
yield important information that may be used as a factor for potential correction in the
overall bias (Ro) encountered in this study. Another potential reason for some systematic
bias could relate to the rotoscoping approach. For instance, using more than a one-

camera view (even for single-plane analysis) to view the animation may help reduce the
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current offset. Biplanar (orthogonal or adjacent parallel plane) approach for rotoscoping
may be helpful to reduce any parallax error arising from the single-plane model-to-image
matching. Accuracy of the model-to-image matching approach has been demonstrated
to improve with addition of viewing planes into the model registration process (305, 418,
442). Additionally, any rater-bias or error introduced in the rotoscoping technique should
be accounted for, in reducing this fixed effect of error.

Conclusions

To our knowledge, this is the first reported MRI-based 3-D modeling technique
that has compared the outcomes from high (slow) and low (fast) resolution imaging to
quantify intervertebral displacements using an animation platform for model-to-image

registration.
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Chapter 5. Effects of Spine Loading In a Patient with Post-Decompression Lumbar
Disc Herniation: Observations Using an Open Weight-Bearing MRI

The material presented in this chapter has been published in the European Spine
Journal (275).
Abstract

Our objective was to use an open weight-bearing MRI to identify the effects of
different loading conditions on the inter-vertebral anatomy of the lumbar spine in a post-
discectomy recurrent lumbar disc herniation (RLDH) patient. A 43-year-old male with a
left-sided L5-S1 post-decompression re-herniation underwent MR imaging in three
spine-loading conditions: i) supine, ii) weight-bearing on standing (WB), and iii) WB with
10% of body mass axial loading (WB+AL) (5% through each shoulder). A segmentation-
based proprietary software was used to calculate and compare linear dimensions,
angles and cross sections across the lumbar spine. The L5 vertebrae showed a 4.6 mm
posterior shift at L5-S1 in the supine position that changed to an anterior translation >2.0
mm on WB. The spinal canal sagittal thickness at L5-S1 reduced from supine to WB
and WB+AL (13.4, 10.6, 9.5 mm) with corresponding increases of 2.4 and 3.5 mm in the
L5-S1 disc protrusion with WB and WB+AL, respectively. Change from supine to WB
and WB+AL altered the L5-S1 disc heights (10.2, 8.6, 7.0 mm), left L5-S1 foramen
heights (12.9, 11.8, 10.9 mm), L5-S1 Segmental Angles (10.3°, 2.8°, 4.3°), Sacral Angles
(38.5°, 38.3°, 40.3°), L1-L3-L5 Angles (161.4°, 157.1°, 155.1°), and the dural sac cross
sectional area (149, 130, 131 mm?). Notably, the adjacent L4-L5 segment demonstrated
a retro-listhesis >2.3 mm on WB. We observed that with weight-bearing, measurements

indicative of spinal canal narrowing could be detected. These findings suggest that
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further research is warranted to determine the potential utility of weight-bearing MRI in
clinical decision making.

(Note: Alphabetic subheadings of all figures related to this chapter presented in

the figures section are provided at the bottom of the figure panels).

Introduction

Lumbar disc herniation (LDH) secondary to degenerative disc disease is a
common occurrence, with as many as 40% of adults with disc herniation experiencing
LDH-induced LBP (93, 352). Although conservative treatment results in regression of the
size of the herniated disc tissue in a good number of cases, about 20% of LDH patients
with unresolved radicular pain require surgical treatment (80, 99). Around 5-18% of LDH
patients undergoing primary lumbar discectomy and decompression surgery have been
observed to develop recurrent lumbar disc herniation (RLDH), arising as a complication
from the primary surgery (80, 222, 420). Typically, RLDH is defined as a recurrence of
herniation at the same site of the prior operation, or at the same level on the ipsi- or
contralateral side, with at least 6 months of pain-free post-operative period (122, 421).

Different imaging techniques have been used for evaluating primary or
secondary disc herniation (43, 162). Specifically, Gadolinium enhanced magnetic
resonance imaging (MRI) with fat saturation, turbo-spin echo, inversion recovery
sequences have been used to detect the presence of extruding disc tissue (93, 156).
Predominantly, pre-operative assessments for LDH, or for revision surgeries in RLDH,
mostly depend upon the evaluation of encroachments into the spinal canal and the
lateral foramen from protruding disc fragments. Patient evaluations have rarely relied on
quantification of dynamic changes in inter-vertebral anatomy secondary to physiological

spine-loading (80, 265, 421).
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Only a few imaging studies have investigated the effects of axial spine loading in
healthy individuals and an even a smaller number have focused on symptomatic LDH
patients (85, 109, 128, 187, 212, 215, 330, 456). Almost all of these studies had induced
axial spine loading in the supine position and by using an external MRI-compatible
compression device to analyze changes in spinal canal dimensions and shifts in disc
protrusion sizes with such loading. Additionally, the loading protocols followed in these
MRI studies were, at best, simulations of more physiologic loading conditions observed
with upright weight-bearing postures of the spine and therefore some of these results
have demonstrated differences when compared to those obtained from actual weight-
bearing radiographs (109, 187, 224, 330, 421, 423). More recently a few studies have
reported MR imaging of the spine in weight-bearing upright positions (128, 215, 216,
385, 428). Additionally, majority of such reports have tested non-LBP individuals (215,
216, 385), whereas some others have focused on non-specific LBP cohorts (428, 457).
To the best of our knowledge, MR image analysis with different axial loading conditions
of the lumbar spine in a RLDH patient had never been reported. Accordingly, our
objective was to use an open weight-bearing MRI to identify the effects of different
loading conditions on the inter-vertebral anatomy of the lumbar spine in a post-

discectomy RLDH patient.

Case Report

The patient: A 43-year-old male (183 cm, 91 kg,) presenting with weakness in the
left leg and foot involving the L5-S1 distribution. He had been diagnosed with a left L5-
S1 herniation two years prior and had undergone a single-level, open discectomy with
laminar decompression one year prior to reporting to our facilities with symptom

recurrence. On a Numeric Pain Rating Scale (1-10), he reported an average score of 7
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for the last 7 days prior to the scan, with the pain being most aggravated in the supine
position.

MR Imaging Protocol: The patient was imaged using a G Scan Brio weight-
bearing MRI (Esaote S.p.A., Genova, Italy), which is an open-field magnet (0.25 Tesla)
with the ability to rotate from supine to a fully upright, weight-bearing (WB) position in 3°
increments. The patient was initially imaged in an upright, weight-bearing position (84°
tilt of the gantry) with his feet shoulder width apart, strapped securely at his pelvis. This
position is recommended in the literature as a safe position that allows optimal WB of the
spine without compromising postural stability (147). Next, the patient was brought to a
recumbent position by tilting the table to the horizontal position and imaged in the supine
position (0°). Lastly, the patient was imaged again in the WB position while additional
loads equivalent to 10% of his body weight (9.1 kg) was supported over his shoulders
i.e., containers filled with 5% of body weight, placed in two canvass tote bags, and one
bag (4.55 kg) was placed over each shoulder, in a weight bearing + axial loading
(WB+AL) position. Sagittal MR images of the entire lumbar spine were acquired at all the
three spine loading conditions using a Fast Spin Echo T, sequence (TR=3520ms;
TE=125ms; number of acquisition=1; Matrix=288 x 234; FOV=320 x 320;
Oversampling=185%; Slice thickness=4 mm; Gap=1 mm; acquisition time: 4min 41s).
Scanning time and sequences used for imaging performed in this study were similar to
those reported from earlier studies and took less than 5 minutes of scanning at each
position (428). Scores of 6, 7 and 9 were recorded on the pain rating scale during
imaging in the supine, weight-bearing, and weight-bearing+ axial loading conditions,
respectively. We also acquired additional images of the spine for purposes other than

those specified for this study. The total time taken to situate the patient at different
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positions, allowing ~5 minutes before initiating the scan, acquisition of all images and a
few minutes of rest in between, was ~90 minutes.

MRI Analysis: Images were transferred to a proprietary image analysis software
system (OrthoCAD, Esaote S.p.A., Genova, ltaly). The outlines of all lumbar and the first
sacral vertebral bodies including the spinal canal were semi automatically segmented
using the 3-D segmentation software. Segmentation was performed across all image
slices acquired with one blinded investigator (NKM) segmenting the trials. All images
were inspected for disc protrusion, evidence of spine stenosis and lateral foramen
narrowing. The software yielded volumetric contour models of the segmented elements
of the vertebrae and the spinal canal. Semi-automated quantification of several linear,
angular and cross-sectional area (CSA) parameters was performed across all the three
loading conditions, and compared. Following parameters were calculated [Table 10 and
11]:

e Inter-vertebral Listhesis: Calculated as the distance between the adjacent
corners of contiguous vertebrae in a motion segment (Figure 38A).

¢ Inter-vertebral Translation: Calculated as the distance (on the median bisector)
between the perpendicular projections to the centers of two adjacent vertebra
drawn from the median bisector of the segmental angle at a given vertebral level

(Figure 38B). This parameter evaluates the relative displacements between

adjacent vertebrae relative to its baseline value measured in the supine position

[Table 10].

¢ Spinal Canal Sagittal Thickness: The maximum mid-sagittal diameter of the dural

sac.
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Disc Height: Measured at the point of maximum distance between the superior
and the inferior end-plates.
Left Intervertebral Foramen Height: Measured as the height of the foramen
demarcated by the assessor over the sagittal images.
Intervertebral Segmental Angles: The angle between the end-plates between
adjacent vertebrae.
L5-S1 Segmental Angle: The segmental angle between the L5-S1 end-plates.
Lordosis Angle: The angle between the superior plate of L1 and S1.
Sacral Angle: The angle between the horizontal plane and the sacral endplate.
L1-L3-L5 Angle: The angle formed by the line joining the centers of the L1, L3
and L5 vertebrae.
Left inter-vertebral Foramen CSA: Measured as the vertical-plane sectional area
of the lateral canals. The area of each foramen was manually demarcated by
using a pencil tool in the software.

The spinal canal CSA: Calculated as the sectional area in the axial plane.

Sagittal-plane protrusion of the L5-S1 disc beyond the posterior limit of the vertebrae

were objectively measured using the ‘ruler’ tool in software [Zone: L5-S1, Table 10] and

presented as the increase in sagittal-plane posterior disc protrusions measured form the

disc-tip to the perpendicular bisectors drawn to the adjacent L5-S1 vertebral corners with

WB and WB+AL (taking the value at the supine position=zero/baseline). A new

parameter named the Absolute Vertebral Translation was formulated as the

displacement (forward or backward) incurred by the superior member of each vertebral

segment with the change in spine position from the supine to the WB and then to the

WBH+AL positions. This ‘absolute’ translation parameter was calculated assuming the
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inter-vertebral translation in the supine position to represent a zero displacement. A
negative sign to the value indicated a backward translation of the vertebral body and

vice versa.

Results

The descriptive statistics observed for all parameters evaluated are displayed in
Table 10 and 11. One of the most prominent findings was a notable posterior shift of the
L5 (4.6 mm) on the S1 in the supine position (Inter-vertebral Listhesis and Inter-vertebral
Translation in Table 10). The L5 shifted anteriorly on standing, and with axial loading of
the spine (Listhesis: from 4.6 to 3.2 to 2.9 mm). However, the L4 at the L4-L5 junction
demonstrated a posterior translation with WB and then a slight anterior shift on WB+AL
(Listhesis in Table 10: from 3.1 to 4.1 to 3.8 mm). Some other noticeable observations
were as follows. (i) Slight increases in spinal canal sagittal thickness at some vertebral
levels were noticed on WB [Table 10] (428). However, marked narrowing of this
dimension was noted at the level of L5-S1 junction on WB and with WB+AL (Figure
39A). (ii) Reduction in the L5-S1 Left Intervertebral Foramen Height (to <10 mm) with
WB+AL. (iii) Acute shortening of the L5-S1 angle on standing and reduced disc height at
the same level, with WB. (iv) In co116mparison to the supine position, the posterior mid-
sagittal bulge of the protruding L5-S1 disc demonstrated increases of 2.4 and 3.5 mm
with WB and WB+AL, respectively. Lastly, (v) dimensions of the left inter-vertebral
foramina CSAs increased slightly with WB at all levels, whereas it was reduced to 98
mm? at the L5-S1 space (Figure 39B), the spinal canal CSA demonstrated critical
narrowing (>15 mm?) (109) at the L5-S1 level from the supine to WB positions (Figure
39B). Figures 40 and 41 show the other changes occurring in dimensional changes in

disc heights, listhesis and absolute translations, as well a changes observed in lateral
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foramen, spinal canal cross sectional area (CSA) and sagittal spinal canal thickness with
three loading conditions in the lumbar spine.
Discussion

This work represents one of the first attempts to quantify changes in inter-
vertebral morphology, lateral foramen and spinal canal dimensions in response to
physiological loading of the spine, specifically in context of recurrent disc herniation. We
found that in the supine position the posterior limit of the L5 vertebra demonstrated a
prominent backward shift with relation to the S1 vertebral body, when compared to the
WB and WB+AL. This posterior shift of the L5 and reported accentuation of pain may
have resulted from the loss of dorsal support elements in the spine secondary to the
earlier surgical decompression procedure. This posterior shift of the L5 vertebrae,
however, did not alter the spinal canal sagittal thickness nor the CSA possibly due to the
absence of the laminae removed with the prior decompression. Marked reduction
noticed in L5-S1 disc height on WB and the formation of bony spurs at the anterior edge
of the inferior L5 end-pate (Figure 36B) may be suggestive of segmental instability (203).
Additionally, the L4 vertebra at the adjacent L4-L5 segment demonstrated a paradoxical
pattern of displacement. WB resulted in a backward slide of the L4 over the L5 vertebral
body, whereas additional loading with the WB+AL resulted in an anterior translation shift
of the L4. Altered motion patterns at neighboring vertebral levels on loading may indicate
initial stages of adjacent-segment pathology, as commonly evidenced with LDH or RLDH
(128, 218).

Studies with instrumented axial spine loading in the supine position have
reported clinically significant (>15 mm?), multi-level narrowing of the spinal canal in a

wide variety of LBP patients using MR imaging, often with re-enactment of the pain
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during such loading (85, 109, 187). The range of magnitude and duration of
instrumented spine loading in these studies demonstrate large variability. Instrumented
spine loading up to 50% of body-weight and the duration anywhere between 5-50
minutes of standing or additional axial loading have been applied to affect quantifiable
deformation of the spinal canal anatomy (109, 215, 385). In our case study, notable
narrowing of the L5-S1 spinal canal CSA, the left lateral foramen CSA, and the left L5-
S1 intervertebral foramina heights could be demonstrated with ~10 min of WB. However,
only smaller changes were noticed with ~10 min of additional spine loading (i.e., the
WB+AL conditioning). In our case, standing alone brought about the critical changes in
the canal spaces and accentuation of the disc protrusion. Notable changes were
observed when comparing the supine and WB parameters. Since additional L5-S1 disc
protrusion, spinal canal dimensions and aberrant L4/L5 translations could be detected
comparing the supine and WB images, WB MRI may be considered as an option for the
evaluation of crucial parameters required for clinical decision-making.

In summary, we observed that with weight-bearing MRI, measurements indicative of
spinal canal narrowing could be detected. These findings suggest that that further
research is warranted to determine the potential utility of weight-bearing MRI in clinical

decision making.
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Chapter 6. Conclusions and Future Directions

Conclusions

Low back pain results from a myriad of identifiable causes or may arise from a
non-detectable etiology. In about half of patients with an ‘undetected’ cause responsible
for their LBP are thought to have some sort of instability in their spine. A range of
stabilization exercises or expensive surgical treatments such as vertebral fusions focus
to reduce or eliminate inter-vertebral motion in the affected spine segment to overcome
the dysfunction in natural stabilization of the vertebrae. Though evidence points towards
a strong association between degenerative disc disease, spine pain and segmental
instability, a pathognomic relationship between radiologic evidence of disc degeneration
or instability and pain symptoms in non-specific LBP patients is yet to be established. A
major limitation in establishing or disapproving this relationship is the currently available
approaches for quantifying spine kinematics in the clinical setting. Most of the available
techniques do not provide assessments of inter-vertebral relationship in the dynamically
moving spine and most of the common techniques used in clinics require exposure to x-
ray radiation (e.g., dual fluoroscopy). This innovative imaging work was conceived with
an idea to remodel and restructure the XROMM technique (described in Chapter 3) and
apply it a new technique applicable for an MR imaging platform for the assessment of
spine segmental motion. The initial idea of developing orthogonal fluoroscopy for
assessment of spine kinematics involved potential multiple exposures to x-ray radiation.
This was a concern for using such technique for research involving human volunteers as
the use of high radiation equipment is not permitted for scientific investigations in certain
states in the US, including ours, Ohio. Additionally, joint kinematics evaluation tools

based on x-rays such as quantitative fluoroscopy and functional radiography have been
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the routine diagnostic approaches for the assessment of vertebral instability
assessment. Accordingly, my focus was to develop a quantification technique that
moved away from the x-ray approach to a radiation-free MRI platform that would be safe
to be applied in research as well as in the clinical field.

Thus, | pivoted to the idea of using the MRI as a substitute to orthogonal x-ray
imaging, which represented a major innovative in MR musculoskeletal imaging. After
several rounds of refinements in the imaging and image modeling technique developed
here, it is suggestive of becoming even a better alternative to the x-ray technique. This is
because of several reasons. While working through the AIM 1 (feasibility and reliability),
it has become apparent that the rotoscoping technique can be used not only with single
slice acquisitions, acquisition of additional multi-planar images at a given static
displacement may enhance the accuracy of the rotoscoping outcomes. The selection of
these additional orthogonal planes for visualizing a given inter-vertebral displacement
(virtually in any desired plane) potentially allows greater freedom to the user to include
desired anatomical landmarks within the selected image slices. Additionally, setting up
of orthogonal camera views in the Maya animation software permits the user to map out-
of-plane motion in vertebrae of interest. The use of morphology-based rotoscoping
enables the user to potentially choose any major anatomical landmarks of preference for
rotoscoping, thereby increasing the accuracy of model-to-image matching in the trial
scans. The use of the porcine spines for AIM 2 has provided evidence that accurate
quantification of the spine displacements could be achieved with the technique. The
innovative idea of building of calibration grids to calibrate the volume of the imaging
space has not been done earlier. The accuracy of the quantification also depended on
the accuracy of the volume calibration of the MR coils. The major achievement of this

project was to create a technique and unique workflow that permits quantification of un-



145

ipalanar and biplanar motion in rigid bodies and spine elements without the use of
ionizing radiation. Though voxel-based-morphometry (VBM) techniques are available for
use in functional MR imaging, the concept and usage of external calibration technique
applied in our study was very unique for two major reasons. First, VBM methods and
simultaneous 3-D image reconstruction techniques require acquisition of strict isotropic
scanned images to ensure spatial resolution of the final reconstructed images. The
reconstruction also requires acquisition of multiple isotropic image slices that scan the
entire object volume. Our study, on the other hand, uses morphology selective
anisotropic single image slices in the single or orthogonal plane, without performing any
reconstruction of image volumes. Therefore, minimization of effective slice numbers
drastically reduces the scan time without compromising the resolution of the images in
our approach. Secondly, we have greatly minimized the computation time for calculating
the displacements (solid-body or the porcine vertebrae) by introducing the data
processing and animation platform that are pre-loaded with segmentation and motion
analysis algorithms, when compared to the VBM approach that requires complex and
lengthy computations.

AIM 1 and AIM 2 of the project represent one of the first attempts to apply a MRI-
only technique for quantification of inter-vertebral motion with 3-D modeling and
animation. Especially, the use of motion capturing hybrid 2D HYCE S sequence will
permit us to apply the technique to skeletal motion analysis in humans as a step ahead
from being restricted to analyzing positional changes in vertebrae from static images
(acquired at the end-ranges of movement) to developing a tool to enable mapping of
spine motion in a more dynamic context. Application of this technique may facilitate
validation of accuracy and reliability of spine motion imaging and clinical techniques

usually applied detect abnormalities in the lumbar spine segment motion. In the light of
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fast progress in made in the discipline of MRI sequence development, this work in
combination of real-time, high-resolution image acquisition, can develop into a novel
approach for quantification of lumbar spine motion. In conclusion the work described in
AIM 1 has successfully shown that it is feasible to use an innovative non-ionizing, MRI
based 3-D modeling technique to quantify biplanar translational and rotational motion, in
solid-body objects. The work described in AIM 2 of this project has enabled us to
quantify ex-vivo inter-vertebral motion in porcine spine segments with reasonable
accuracy and reliability across single-rater quantification sessions. Accomplishment in
executing AIM 2 of this dissertation has validated our technique for reliability and
accuracy. The third exploratory aim proposed to examine changes in inter-vertebral
motion under different spine loading conditions in a case of recurrent disc herniation,
using commercially available, semi-automatic segmentation software (OrthoCAD®,
Esaote SpA). The technique used to scan the patient in an open-MR system in the
supine and then in progressive loading spine-position shows that this particular
technique is non-claustrophobic for the patient, and can detect a number of geometrical
properties of the vertebral bodies and spinal canal that can be calculated to objectively
asses the use of a MRI based semi-automated segmentation technique as a proof of
concept tool that picks up changes in inter-vertebral morphology introduced due to
differential loading of the lumbar spine.

Significant time and resources were allotted to work out the feasibility of the
technique using several pilot trials for this purpose. The outcomes of this novel work in
terms of validating a non-radiation based MR imaging and analysis protocol was close to
what was initially expected. Outcomes of AIM 2 provide the foundation for future
development of even more reliable and accurate technique to permit quantification of in

vivo vertebral motion. This technique developed exclusively on a MRI-based 3-D
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animation technique may be considered a safe tool that can be used for advancement of
our understanding about normal and pathological motion in spine or other different joints
in the body. In the long-term these findings have the potential to change the concepts of
diagnosis and treatment in the fields of physical medicine and rehabilitation, orthopedics,

as well as physical therapy, especially in context of LBP.

Future Directions

The discussion sections of Chapters 3, 4 and 5 of this document as well as the
conclusion segment above have suggested a number of avenues for future research
toward improving techniques and approaches for the assessment spine kinematics.
Below, | will provide three broad perspectives on future directions for studies on spine
kinematics, mostly as further development and refinement of the techniques such as the
one that has evolved from this dissertation work and their potential applications to
enhance our understanding of motion of joints in general and in studying inter-vertebral
kinematics in particular.

Improvement and application of the current technique. This dissertation work
is one of the pioneering efforts to develop a quantification technique that allows 3-D
animation for assessment of complex spine motion on a MR imaging platform. Due to
the current limitation of costs and time, and for investigating the preliminary feasibility
(Aim1), reliability and accuracy of the developed technique, uncoupled spine motion was
used as experimental displacements for the study. However, given the ability of the
animation to track movement of the 3-D models in all 6 degrees of freedom in space, this
technique can potentially be applied to map out-of-plane motion in images acquired in
appropriate planes needed for such quantification. Therefore, the next logical steps in

improving this technique should focus on (i) quantifying real-time inter-vertebral motion
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in a dynamically moving spine where coupled motion in motion-segments can be elicited
using robotic equipment with feedback mechanisms. Such MRI-compatible equipment
should be capable of generating sustainable torques across the spine joints to induce
pre-determined ranges of flexion-extension or lateral bending moments in experimental
models. Such motion can be imaged using dynamic streaming sequences (e.g., the 2D
HYCE S sequence used in this work), and the vertebral displacements can then be
analyzed using 3-D animation. An alternative to this could be imaging and quantifying
dynamic motion of the spine in human volunteers who could perform standardized
bending tasks inside the magnet. (ii) This technique permits the creation of more than
one view or perspective of looking at a given spine motion. Maya Cameras can
potentially be created having a single-plane, orthogonal plane or multiple slice (at
different levels but in the same plane) views of a motion trial. Future studies can apply a
combination of these views to enhance the accuracy of the model-to-image matching
(rotoscoping). Development of faster multi-slice and multi-plane imaging sequences can
be applied to acquire minimum number of images of a trial for the morphology-based
rotoscoping approach developed in this work. Accordingly, this novel approach should
be immensely helpful to potentiate the utilization of a great number of anatomical
landmarks available close to joint skeletons for accurate 3-D rotoscoping in high
resolution MR images. (iii) Currently available voxel-based 3-D reconstruction of MR
images is time consuming and susceptible to motion-artefacts. The technique developed
in this study, on the other hand, does not need complex corrective measures and
acquires minimum number of image slice at a much faster rate. Therefore, clinical
application for quantifying joint displacements using this technique in individuals with
joint pain will be more favorable when compared to volume based reconstruction

techniques. Application of advanced and faster dynamic MR sequences in imaging spine
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motion in the weight-bearing position (as positioned in Aim 3) will enhance the temporal
resolution of data acquired in motion trails with the improvement of the frame capture
rates closer to the current rates of acquisition in quantitative fluoroscopic techniques. (iv)
Lastly, the relevance of the developed technique to be used for experimental application
and for comparison with other techniques like the RSA cannot be over-emphasized.
Given the level of reliability and accuracy results of the technique in detecting sagittal
single-plane displacements, is expected that the use of this technique may be explored
in its current form in a clinical setting. The process and the quantification time for the
trials can be shortened with automation of some maijor steps in the technique. The use
of stronger magnetic field strengths may increase the accuracy and reliability of this
technique. Use of open MRI systems for clinical and research data collection may be
explored in situations where the individual being examined is more comfortable, feels
less claustrophobic during scanning, and imaged in weight-bearing spine position so that
potential unexpected inter-segmental behavior secondary to axial loading of the trunk
can be unmasked. Use of MRI compatible EMG systems to detect muscle onsets and
fatiguing patterns in conjunction with muscle functional MRI may be used to study the
relationships between pain, muscle function and inter-vertebral displacements in health
and in disease.

Scope of improvement in image-based analytical techniques. A number of
segmentation techniques used with MR and computed tomography (CT) imaging may be
developed as fully automated processes to enhance accuracy in model reconstruction
(27, 252). Further, development of automated digitization and registration processes can
significantly reduce image processing time required for trial reconstruction. Development

of isotropic real-time imaging options may facilitate faster multi-axial data acquisition of
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moving joints, rapid reconstruction of models, real-time animation and quantification of
joint motion.

Clinical correlation of quantified inter-vertebral motion. Accurate, dynamic
and 3-D motion analysis is the long-term goal. Abnormalities in lumbar inter-vertebral
motion detected with functional radiography or fluoroscopy may or may not be
associated with LBP. In cases where radiologic abnormal motion co-exists with LBP, it is
not yet clear if the abnormal motion is the primary reason of pain or is a result of other
factors triggering the pain. Although evidence suggests a link between aberrant vertebral
motion in degenerative disc disease and back pain, the temporal relationship between
the onset and duration of pain episodes and radiologically detected motion anomaly has
not yet determined except for a very few studies (128, 241). Additionally, clinically
detected exaggerated spine motion (e.g., with the prone instability testing) in the lumbar
spine has not yet been validated or correlated with radiological observations. One of the
primary reasons for existent gaps in delineating mechanistic relationships between back
pain and aberrant segmental motion is the lack of techniques that can be safely and
frequently used for the evaluation of in-vivo skeletal motion in humans. Most of the
common imaging tools used for this purpose apply ionizing radiation exposure which
ultimately limit their use. Techniques like functional radiography do not enable real-time
3-D evaluation of spine motion, thereby restricting wider application of such techniques
in analyzing planar or coupled spine motion patterns in symptomatic LBP. In this
dissertation | have developed a novel imaging technique and modelling approach that
can potentially be applied to analyze inter-vertebral motion using real-time data
acquisition on an MRI-only platform. Application of multi-planar image acquisition
approach to the current technique will further improve the accuracy of quantification and

will enhance our understanding of the association between vertebral motion and LBP.
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Table 1. Typical values of Neutral zones (in degrees), Elastic zones (in degrees),
and NZR (%) for some levels through the spine.

One-side ax
Flexion Extension One-side lat, bend rotation

NZ EZ ROM NZR NZ EZ ROM NZR NZ EZ ROM NZR NZ EZ ROM NZR

C0-C JA e K M il 4 i | 4 L/ RO 5 Al g ¥ 55, i P 4 o | Tl T iy © iy e
C1-C2 32 83 ILS N8 32 17 109 294 12 55 67 179 6 93 B9 7.l
Lowcervical 104 69 173 601 36 35 701 507 93 43 136 o684 S8 92 150 37
Lumbar 1S 61 76 197 15 23 38 35 16 50 66 242 07 LT 24 292
L5-SI 30 70 100 300 30 48 78 WS 18 37 55 T 04 10 14 286

NZ = neutral zone, EZ = elastic zone, ROM = range of motion, NZR = neutral zone ratio

Table adapted from Panjabi MM. The stabilizing system of the spine. Part Il. Neutral
zone and instability hypothesis. J Spinal Disord. 1992 Dec;5(4):390-6. Used with
permission.

Table 2. Orientation and force distribution of the lumbar fascicles of the Erector
Spinae muscle in cadaver specimen.

The parameter OP represents the fascicle length as seen in the radiographs. BS=lateral
displacement of the caudal attachment as seen in the postero-anterior (PA) views.
W=obliquity of the fascicle with respect to the longitudinal axis of the vertebra of origin as
seen in the PA view. y= same as (W) as seen in lateral view.

Orlentation and Force Distribution of the Lumbar Fascicles of Erector Spinae as Seen in Cadavers (N = 5) and
Clinical Radiographs (N = 21)

Orientations (Mean Degrees & SD)
Froportions of Force Exerled
Fascicle {by origin) Cadavers Clinical (%)
BC oF W sD ¥ S0 ¥ so ¥ sD Long. Post. Lal,

Longissimus thoracis pars lumborum

L1 17 224 4 08 20 06 5 16 21 19 0.88 0.12 o
L2 15 191 5 16 26 15 7 24 25 1.8 081 0.18 0.01
L3 1 140 . 9 26 3 20 9 23 KT} 26 0.712 026 0.02
L4 16 89 14 28 40 13 16 25 40 24 056 040 0.05
L5 3 44 27 33 46 44 26 41 48 29 042 0.49 0.10
lliocostalis lumborum pars lumborum

L1 9 224 3 1.2 20 1.7 5 22 20 1.8 0.88 012 0.0
L2 8 162 5 24 24 08 5 25 23 1.8 0.85 0.15 0.01
L3 4 102 5 2.4 a0 3 7 2.8 28 22 0.75 023 0.01
L4 3 54 15 24 K[:] 15 18 a3 39 30 057 037 0.05

Table and content for Table legend adapted from Macintosh JE, Bogduk N. The
attachments of the lumbar erector spinae. Spine. 1991; 16(7):783-92. Used with
permission.
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Table 3.Type distribution and sizes (mean diameters) as recorded at different sites
of the lumbar muscles.

Inter-individual standard deviations are given in parentheses.

MFd (L4-5) MFs ILd ILs MFd (L3-4) MFd (L3-51)

(n=21) n=12) (n=12) (n=12) n=12 {n=12)
Type 1 (%) 62.6 574 66.6 66.3 69.6 61.7
Type 1 diameter (jim) 34.0(9.2) S1.1{108) 559 (10.2) §7.1(15.2) 529 (1.0 57.8(10.2)

Type 2 diameter (jm) 35.4(88) B (700 352 (02 B3N BIALY M5 (1§

MFd, Deep multifidus; MFs, superficial multifidus; ILd, deep iliocostalis Tamborum; TLs, superficial iliocostalis lumborum
Differences between biopsy regions statistically insignificant

Table and content for table legend adapted from Rantanen J, Rissanen A, Kalimo H.
Lumbar muscle fiber size and type distribution in normal subjects. European spine
journal: official publication of the European Spine Society, the European Spinal
Deformity Society, and the European Section of the Cervical Spine Research Society.
1994;3(6):331-5. Used with permission.



Table 4. Actual displacements scanned and their quantified values.
Mean values and standard deviations, between-session average coefficient of variation
(CV) and intra-class correlation coefficients (ICC) for the solid-body displacements.
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Scanned Meant SD Meant SD Mean ICC
. for S1 for S2 R (95%
Displacements (mm) (mm) CV (%) cl)
0.0 mm 0.90+0.64 | 0.73:0.47 | 14.63
Translation in T 5.0 mm 5.53+0.32 | 5.30+0.44 1.07 0.99
(n;;'/r;?sil'::e'r: ent) |__10-0mm 11.60£041 | 11.30£045 | 280 | (0.98
15.0 mm 15.01£0.54 | 15.27+0.52 | 1.22 0.99)
20.0 mm 20.84+0.43 | 21.13+053 | 1.81
0.0 mm 1.09+0.69 | 1.32+0.65 | 13.50
Translation in 5.0 mm 5.34+0.75 5.20+0.40 4.68 0.97
§ 2D HYCE S 10.0 mm 10.35+0.59 | 10.97:0.59 | 4.12 (0.98-
o | (n=7/displacement) 15.0 mm 14.70+1.05 | 15.20+0.60 | 2.39 | 0.99)
o 20.0 mm 19.79+0.72 | 20.25+0.44 | 1.61
© 0° 0.21+0.18° | 0.22+0.13° | 2.29
2 Rotation in T 5° 5.43+0.77° | 4.89+0.64° | 7.41 0.98
@ | (n=6/displacement) 10° 10.14£0.95° | 10.38+0.75° | 1.67 | (0-97-
15° 14.44+1.22° | 15.15+1.72° | 3.37 0.99)
20° 20.60+0.59° | 20.95+0.64° | 1.19
0° 0.1120.05° | 0.12+0.09° | 7.59
Rotation in 5° 5.08+0.11° | 5.01+0.06° | 1.10 0.98
2D HYCE S 10° 10.39+0.17° [ 10.56+0.35° [ 1.17 (0.97-
(n=6/displacement) 15° 14.92+0.35° | 15.20+0.21° | 1.30 0.99)
20° 20.20+0.63° | 20.51+0.42° [ 1.05
o 0.0 mm 0.65+0.31 0.92+0.61 3.61
. Zganf('gt;; in 5.0 mm 544x0.42 | 5.03:032 | 615 0.97
:; 2- plane 10.0 mm 10.54+0.59 | 11.29+0.61 | 4.84 (0.98-
% 1 (n=a/displacement) 15.0 mm 14.99+0.31 | 14.71+0.99 | 1.32 0.99)
= 20.0 mm 20.94+0.89 | 21.39+0.98 | 1.51
S | o 0.0 mm 0.88+0.52 | 0.83+0.41 3.95
-y ;Baﬂfl'gt;g in 5.0 mm 533:033 | 512:045 | 2.80 0.97
@ | x- plane 10.0 mm 11.40+0.28 | 10.95+0.50 | 2.82 (0.98-
(n=4/displacement) 15.0 mm 15.06£0.48 | 15.58+0.40 | 2.41 0.99)
20.0 mm 20.88+0.58 | 21.27+0.69 | 1.32
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Table 5. Overview of the number of displacement trials in each plane for the
differing displacement values.
All displacements were scanned twice, once with the T1 sequence and once with the fast
contrast-enhanced 2D HYCE S pulse sequence. All scans were performed on two sets
of porcine spine motion-segments, yielding 128 (32 x 2 x 2) image frames representing
the displacements. Each image frame generated a displacement data point. All 128
displacements were quantified twice, in two separate sessions with 1 week between

sessions.
Plane Translation (mm) Rotation (degrees)
-5 to -1 1t05 -10to -6 | -5to -1 1t05 6to 10 1110 15
Coronal 4 4 2 2 2 2 -
Sagittal 4 4 - 2 2 2 2
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Table 6. Table showing the output of the linear mixed effects model analysis in
SPSS for translational displacements.
A. Shows the estimates and levels of significance of the Sequence and the Actual
displacements as the fixed effects parameters of the model. B. Shows the levels of
significance of the Session and Spine as the random effects in the model.

A. Estimates of Fixed Effects

95% Confidence Interval
Parameter |Estimate |Std. Error [df t Sig.
Lower Bound |Upper Bound
Intercept |.356664 |111686 [11.075 [3.193 .008 111050 .602278
Sequence [.058811 [059079 |11.075 }.995 .341 -.188734 .071113
Disp_A .008051 [019990 [11.075 403 .695 -.035911 .052012
B. Estimates of Covariance Parameters
Parameter Estimate | Std. Wald | Sig. 95% Confidence Interval
Error  (Z Lower Upper
Bound Bound
Repeated . .070336 .010677 |16.588 |.000 |.052236 .094709
Variance
Measures

Intercept + CS diagonal .150422 .005527 |27.215|.000 |.139970 .161655
Session +  offset
Spine -.050140 .000000

[subject= CS covariance
ID]
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Table 7. Table showing the average% error and the root mean square errors
(RSME) of translation and rotation quantified by the technique (by sequence and

orientation of the images).

The average error was calculated as: Quantified ~ Actual displacement/Actual
displacement *100. The standard deviations are shown in parentheses.

T4 2D HYCE S
Coronal Sagittal Coronal Sagittal
Translation | 4, 540, 14.97% 19.48% 15.13%
Average %
Error (17.86) (17.66) (17.86) (11.35)
Rotation 10.78 % 16.0% 14.82% 20.20%
Average %
Error (9.28) (15.25) (9.73) (18.19)
RMSE. 0.31 mm 0.40 mm 0.49 mm 0.55 mm
Translation
RMSE 0.68° 0.72° 0.85° 0.92°
Rotation

Table 8. Comparisons of between-session measurements.
Translation and rotation for each pulse sequence, pair of motion-segments tested, and
imaging perspective (sagittal and coronal) shown. None of the 2-tailed pairwise t test

comparisons show a significant value at the p=0.05 level. (CV=coefficient of variation)

*Between-session Comparisons

Displacement | Statistic | By Sequence By Spine By Orientation
(2D HYCE S, Ty) (Sp_lne 1, (Cor_onal,
Spine 2) Sagittal)
Translation CV% 16.58, 9.36 10.28, 15.66 14.23, 11.71
Rotation CV% 13.33,7.28 10.50, 10.01 11.01, 9.59

* Session1 versus Session 2

CV = coefficient of variation
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Table 9. Table showing the output of the linear mixed effects model analysis in
SPSS for rotational displacements.

A. Shows the estimates and levels of significance of the Sequence and the Actual
displacements as the fixed effects parameters of the model. B. Shows the levels of

significance of the Session and Spine as the random effects in the model.
A. Estimates of Fixed Effects

Parameter Estimate | Std. df t Sig. 95% Confidence Interval
Error
Lower Upper
Bound Bound
Intercept .629690 |.126022 (65.600 [4.997 .000 .378049 .881330
Sequence -.132278 |.070716 |65.600 [-1.871 .066 -.273482 .008926
Disp_A .044565 |.008775 [65.600 [5.078 .000 .027042 .062088
B. Estimates of Covariance Parameters
95% Confidence
Interval
. Std. Wald | ..
Parameter Estimate Error Z Sig. Lower Upper
Bound Bound
“R/lepeated Variance |.130916 |.023133 [5.659 |.000 |.092594 |.185099
easures
CS
Intercept + diagonal .000000 (.000000
Session + offset
Spine cs
[subject = ID] . .001181 [.001482 .797 |.425 |-.001724 [.004086
covariance
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Table 10. Lumbar and lumbo-sacral linear (in mm) and angular (in degrees)
parameters across the three spine-loading conditions.

LINEAR Lumbar Supine | Weight Weight Bearing
Levels Bearing + 10% body
(WB) mass
(WB+AL)
1. Inter-vertebral L1-L2 2.5 2.4 2.2
Listhesis* L2-L.3 3.3 2.9 2.1
L3-L4 3.3 2.7 1.8
L4-L5 3.1 4.1 3.8
L5-S1 4.6 3.2 2.9
2. Inter-vertebral L1-L2 3.0 3.1 3.6
Translation™ L2-L3 3.1 3.3 2.5
L3-L4 2.9 3.9 3.1
L4-L5 3.2 5.2 3.4
L5-S1 4.2 2.1 2
3. Spinal Canal Zone: L1-L2 | 13.0 13.08 12.9
Sagittal Zone: L2-L3 | 13.2 14 .4 12.4
Thickness Zone: L3-L4 | 12.2 13.6 12.7
Zone: L4-L5 | 13.5 14.3 14.2
Zone: L5-S1 | 13.4 10.6(2.4) 9.5(3.5)
4. Disc Height L1-L2 14.06 13.47 13.1
L2-L3 14.88 14.84 13.54
L3-L4 15.54 15.14 13.93
L4-L5 14.98 13.81 13.22
L5-S1 10.29 8.61 7.06
5. Left Intervertebral | L1-L2 18.21 17.88 15.71
Foramen Height L2-L3 18.96 17.93 17.09
L3-L4 19.92 18.16 17.65
L4-L5 20.74 15.71 16.43
L5-S1 12.92 10.89 9.95

#measured as the distance between the postero-inferior corners of the superior vertebra
to the postero-superior corner of the lower vertebra. The positive values indicate
overhanging of the superior vertebra the inferior one at that level. ##measured as the
distance between perpendicular planes drawn at the central points of the adjacent
vertebrae (see Figure 1B). Numbers in parentheses in Zone: L5-S1 represent in the
increase in sagittal-plane posterior disc protrusions measured form the convex disc tips
to the perpendicular bisectors drawn to the adjacent L5-S1 vertebral corners with WB
and WB+AL (taking the supine value=zero/baseline). Notable changes are represented

in bold.
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Table 11. Lumbar and lumbo-sacral angular parameters (in degrees) and cross
sectional area (CSA) (in mm?) dimensions across the three spine-loading

conditions.
ANGULAR Lumbar Supine Weight Weight Bearing +
Levels Bearing 10% body mass
(WB)
1. Inter-vertebral L1-L2 3.5 8.3 4.0
Segmental Angles L2-L3 2.8 10.7 7.5
L3-L4 7.3 7.3 9.3
L4-L5 7.5 12.9 11.2
2. L5-S1 Segmental L5-S1 10.3 2.8 4.3
Angle
3. Lordosis Angle L5-S1 53.4 59.2 57.5
4. Sacral Angle S1 38.5 38.3 40.3
5. L1-L3-L5 Angle L1-L5 161.4 157.1 155.1

CSA Lumbar Supine Weight Weight Bearing +
Levels Bearing 10% body weight
(WB)
1. Left inter-vertebral L1-L2 120 127 121
Foramen CSA L2-L3 101 107 104
L3-L4 110 115 111
L4-L5 111 113 118
L5-S1 106 98 100
2. Spinal Canal CSA Zone: L1-L2 | 155 146 142
Zone: L2-L3 | 163 144 138
Zone: L3-L4 | 168 143 152
Zone: L4-L5 | 164 155 159
Zone: L5-S1 | 149 130 131

Notable changes are represented in bold.
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Figure 1. Nonlinear load-deformation curve in soft tissue or joint.
The Neutral zone (NZ) is highly flexible whereas the Elastic Zone (EZ) stiff.
NZ+EZ=Range of Motion (ROM).

Figure and content for figure legend adapted from Panjabi MM. The stabilizing system of
the spine. Part Il. Neutral zone and instability hypothesis. Journal of spinal disorders 5:
390-396; discussion 397, 1992. Used with permission.



200

Erect standing posture

44% 48% 8% 1% 41% 40%

Lamellae of
annulus fibrosus

Nucleus pulposus
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A. Cut out section of a normal disc showing the central nucleus pulposus and the fibrous
annulus fibrosus. B. Generation of hoop stress (T) on compressive loading allowing
equal distribution of forces at the endplate. C. Load shifts shown between the anterior &
posterior sections of the vertebral body and the facet joints. Note the loading difference
at the facte joints in normal and degenerated disc conditions. np=Nucleus pulposus;
af=annulus fibrosus; pll=posterior longitudinal ligament; aj=apophyseal joint;
il=interspinous ligament.

Figure and content for figure legend adapted from Raj PP. Raj PP. Intervertebral disc:
anatomy-physiology-pathophysiology-treatment. Pain practice: the official journal of
World Institute of Pain 8: 18-44, 2008. Used with permission.
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Figure 3. Innervation of Disc and Facet Joints and Facet Topism.

A. Top view of a vertebrae showing ALL (anterior longitudinal ligament), PLL (posterior
longitudinal ligament), and sensory distribution of the ventral and dorsal primary rami to
vertebral tissues of the motion segment. B. Facet topism. Angular differences between
the two facet articular surfaces ar and a..

Figure and content for figure legend adapted from Berven S, Tay BB, Colman W, Hu SS.
The lumbar zygapophyseal (facet) joints: a role in the pathogenesis of spinal pain
syndromes and degenerative spondylolisthesis. Semin Neurol. 2002; 22(2):187-96.Used
with permission.
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Figure 4. Schematic representation of the innervation sources of the paraspinal
muscles, facet joints (zJ).

zJ= facet joints; vr=ventral rami; Ib=lateral branches; mb=medial branches;
ibp=intermediate branch plexus; is=interspinous branch; a=articular branch;
TP=transverse processes.

Figure and content for figure legend adapted from Kalimo H, Rantanen J, Viljanen T, et
al. Lumbar muscles: Structure and function. Ann Med 1989; 21:353-9. Used with
permission.
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Figure 5. Schematic repreentation of transverse section through the back muscles
(at L4).

MF=multifidus; MD=medial division of Erector Spinae, LT=longissimus; LD= lateral
division of Erector Spinae, IL=ilio-costalis; I=interspinalis; esa=erector spinae
aponeurosis; lia=lumbar intermuscular aponeurosis; fs=fat filled space; ap=accessory
process; IM=intertransversii muscles; dltf=dorsal thoraco-lumbar facsia.

Figure and content for figure legend adapted from Kalimo H, Rantanen J, Viljanen T, et
al. Lumbar muscles: Structure and function. Ann Med 1989; 21:353—-9. Used with
permission.
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Figure 6. Schematic diagram of the fascicular attachnments of the parts of the
Erector Spinae (ES).

A. Shows the lumbar part medial division of the erector spinae (ES) (Longissimus
thoracis pars lumborum). B. Shows the lumbar part of the lateral division of the ES
called the llio-costalis pars lumborum. LIA=lumbar intermuscular septum.

Figure and content for figure legend adapted from Macintosh JE, and Bogduk N. 1987
Volvo award in basic science. The morphology of the lumbar erector spinae. Spine 12:
658-668, 1987. Used with permission.
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Figure 7. Orientation of components of the back muscles.

A. Schematic representation of caudal attachment og the thoracic and lumabr parts of
the longissimus and ilio-costalis on the dorsal aspects of the sacrum and ilium. B.
Topographic anatomy of the multifidus and the four parts of the ES.

Figure and content for figure legend adapted from Macintosh JE, Bogduk N. 1987 Volvo
award in basic science. The morphology of the lumbar erector spinae. Spine.
1987;12(7):658-68. Used with permission.
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Figure 8. Schematic representation of muscle fascicular bands of multifidus.
The fascicles arising from the L1 and L3 vertebrae to show the disposition of the
fascicles.

Figure and content for figure legend adapted from Kalimo H, Rantanen J, Viljanen T,
Einola S. Lumbar muscles: structure and function. Ann Med. 1989;21(5):353-9.
Used with permission.
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Figure 9. Distribution of Muscle Fibre-types in the thoraco-lumbar back muecles.
A. Relative number (mean) of muscle fibres of each type (I, IIA and 1IB) within each
individual muscle sample that were independently rated. Dark (black), cross-hatched
(medium) or light (colourless) staining intensity for NADH-diaphorase. B. Relative
occupation of each type of fibre at the T10 and L3 levels.

Figure and content for figure legend adapted from Mannion AF, Dumas GA, Cooper RG,
Espinosa FJ, Faris MW, Stevenson JM. Muscle fibre size and type distribution in
thoracic and lumbar regions of erector spinae in healthy subjects without low back pain:
normal values and sex differences. Journal of anatomy. 1997;190 ( Pt 4):505-13.

Used with permission.
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Figure 10. Ligaments associated with a Motion-Segment.

A. lllustration of the spinal ligaments in profile. ALL=anterior longitudinal ligament;
PLL=posterior longitudinal ligament; IVD=inter-vertebral disc; LF=ligamentum flavum;
FC=facet capsule; ISL=inter-spinous ligament; SSL=supra-spinal ligament. B. PLL as
seen schematically from behind. af=annulus fibrosus; vr=ventral rami; svn=sinuvertebral
nerve; gr=grey ramus; p=pedicle.

Figure and content for figure legend adapted from Adams MA, and Dolan P. Spine
biomechanics. Journal of biomechanics 38: 1972-1983, 2005. Used with permission.
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Figure 11. Common measure of stiffness and stability as displayed by the load
displacement relationship.

Application of the same magnitude of load (L) results in a greater displacement (dz) in a
relatively more unstable system (U) than the displacement (d+) in a relatively more stable
system (S). This relationship is often equated unequivocally to the stiffness and stability
of the spine system.

Figure and content for figure legend adapted from Pope MH, and Panjabi M.
Biomechanical definitions of spinal instability. Spine 10: 255-256, 1985. Used with
permission.
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Figure 12. The energy-well concept of stability.

A. The ball and well examples demonstrate that the system on the top is more stable in
comparison due to the least potential energy associated with the system in comparison
to those below. The steepness of the walls in the example represents greater stiffness of
the system, and therefore thought to impart greater stability to the ball. B. The ball and
well example demonstrates that the system on the left is more robust than the one on
the right.

=

A

Figure and content for figure legend adapted from Reeves NP, Narendra KS, and
Cholewicki J. Spine stability: the six blind men and the elephant. Clinical biomechanics
22: 266-274, 2007. Used with permission.



210

Neutral Zone Size

‘

Physiclogical
Ragiea

< e

Decroase MUSCLE FORCE FUNCTION Increass

\\_._

A B

A
I
Figure 13. The role of lumbar muscles as stiffness modulators of the segments as
shown to regulate physiological Neutral Zones with increase or decrease in
muscle activity.

Basic construct of muscle control for spinal stability. A. Propriceptive feedback shown to
come from the interspinous ligaments during spine flexion. B. Reflex activation of back
extension.

Figure and content for figure legend adapted from Panjabi MM. The stabilizing system of
the spine. Part Il. Neutral zone and instability hypothesis. Journal of spinal disorders 5:
390-396; discussion 397, 1992, and Adams MA, and Dolan P. Spine biomechanics.
Journal of biomechanics 38: 1972-1983, 2005. Used with permission.
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Figure 14. Controller hypothesis for spine motor adjustments.
A. Multiple output single control; B. Single output multiple control; C. Multiple output
multiple control.

Figure and content for figure legend adapted from Reeves NP, Narendra KS, and

Cholewicki J. Spine stability: lessons from balancing a stick. Clinical biomechanics 26:
325-330, 2011. Used with permission.
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Figure 15. Changes in equilibrium of segmental spine configurations in two
different contexts.

A. In a static context changes show as equilibrium and disturbed positions; B. In a
dynamic context shown as intended and disturbed trajectories. In a stable spine, the
disturbed configurations quickly resolve into the equilibrium or the intended ones. C.
Multiple feedback controller system of the lumbar spine stabilizing mechanism.

Figure and content for figure legend adapted from Reeves NP, Narendra KS, and
Cholewicki J. Spine stability: the six blind men and the elephant. Clinical biomechanics
22: 266-274, 2007. Used with permission.
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Figure 16. Schematic demonstrating the relative positions of the different magnet
coils comprising the MR machine.

A. The patient is positioned within the bore of the machine and is surrounded by coils
that lie concentric to each other and in the following order (from furthest to closest to the
patient): main magnet coils, gradient coils and radiofrequency (RF) coils. For
neuroimaging, a further RF coil is placed around the patient’s head to improve signal to
noise ratio. B. Schematic and table show the x-, y-, and z-axis gradients (Gx, Gy, and
Gz, respectively) that are used for section selection and for phase and frequency
encoding during acquisitions in the most common imaging planes.

Gradients Used for:

Figure and content for figure legend adapted from Currie S, Hoggard N, Craven |J,
Hadjivassiliou M, and Wilkinson ID. Understanding MRI: basic MR physics for
physicians. Postgraduate medical journal 89: 209-223, 2013 ; Bitar R, Leung G, Perng
R, Tadros S, Moody AR, Sarrazin J, McGregor C, Christakis M, Symons S, Nelson A,
and Roberts TP. MR pulse sequences: what every radiologist wants to know but is afraid
to ask. Radiographics : a review publication of the Radiological Society of North
America, Inc 26: 513-537, 2006. Used with permission.
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Figure 17. Basic physics of the MR signal.

A. As 1H nuclei spin, they induce their own magnetic field (tan), the direction (magnetic
axis) of which is depicted by an arrow (yellow). The 1H nuclei initially precess with a
wobble at various angles (1-6), but when they are exposed to an external magnetic field
(Bo), they align with it. The sum of all magnetic moments is called the net magnetization
vector (NMV). B. When an RF pulse is applied, the net magnetization vector is flipped at
an angle (a), which produces two magnetization components: longitudinal magnetization
(Mz) and transverse magnetization (Mxy). As the transverse magnetization precesses
around a receiver coil, it induces a current (i). When the RF generator is turned off, T1
recovery and T2 and T2* decay occur.

Figure and content for figure legend adapted from Bitar R, Leung G, Perng R, Tadros S,
Moody AR, Sarrazin J, McGregor C, Christakis M, Symons S, Nelson A, and Roberts
TP. MR pulse sequences: what every radiologist wants to know but is afraid to ask.
Radiographics : a review publication of the Radiological Society of North America, Inc
26: 513-537, 2006. Used with permission.
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Figure 18. Magnetization relaxation and decay.

A. (Top) T+ recovery (spin-lattice relaxation) involves recovery of the longitudinal
magnetization (yellow) because of the release of energy (green) into the environment.
The lattice is indicated in tan. (Middle) T2 decay (spin-spin relaxation) is decay of the
transverse magnetization because of the interaction of the individual magnetic fields of
spinning nuclei. Note that all nuclei initially spin in phase (as indicated by the similar
position of the red bands at the bottom of each circle), then move out of phase (with red
bands in different positions). (Bottom) T2* decay is decay of the transverse
magnetization because of magnetic field inhomogeneity (Fi). a= flip angle, Bo= external
magnetic field. B. Schematic and corresponding MR images (original) show the
characteristics determined by data at the periphery of k-space (ie, spatial resolution, or
definition of edges) and those determined by data at the center of k-space (ie, gross
form and image contrast).

Figure and content for figure legend adapted from Bitar R, Leung G, Perng R, Tadros S,
Moody AR, Sarrazin J, McGregor C, Christakis M, Symons S, Nelson A, and Roberts
TP. MR pulse sequences: what every radiologist wants to know but is afraid to ask.
Radiographics : a review publication of the Radiological Society of North America, Inc
26: 513-537, 2006. Used with permission.



215

T1T2T2"

T1 recovery T2 decay L) & Y X, Q

TR TR
v v Y . Fat 90° 180°
b 0"
u u Short Long fime (msc) Short Long 'ime (msc) < %

TE TE TR TR TE TE

A 3\ B Y TR TR
90° 180° 180° 180° DD G S oo se @
180° 90-° 180°

G NN TN

n Rest of
/ Tissue

g AL TI, NMV is:
: ‘\AI‘J_L Radiofrequency (RF) pulse I /'d
W‘ Echo or Hahn Echo I/

P s Upward (positive) Gradient

Tm
Downward (negative) Gradient

C % Phase encoding Gradient D

Figure 19. Basic anatomy of MRI sequences:

A. Schematic representation of TR and TE with the graphs showing the effects of short
and long TR (left) and short and long TE (right) on T4 recovery and Tz decay in fat and
water: TR relates to T1 and affects T1weighting, whereas TE relates to T, and affects T»
weighting. Msc= milliseconds, Mxy= transverse magnetization, Mz= longitudinal
magnetization. B. Application of an SE pulse sequence. (a) Diagram shows the
application of an initial pulse at a 90° flip angle to redirect the net magnetization vector
into the transverse plane; a subsequent interval of T+, T2, and T2* relaxation,
accompanied by the gradual dephasing of the transverse magnetization; and a second
pulse applied at a flip angle of 180° to bring the spinning nuclei again into phase so that
an echo is produced. Note the locations of the section-selective (Slice) and phase- and
frequency encoding (Readout) gradients (G). C. Fast SE pulse sequence. G = gradient,
n =number of repetitions. Definitions of common symbols used in pulse sequence
diagrams (below). D. Conventional inversion-recovery sequence diagram shows a 180°
preparatory pulse applied to null the signal from either fat or water. At a predetermined
inversion time (TI), a 90° pulse is applied, and the SE sequence is continued. G=
gradient. Diagrams show T+1 recovery in water and in tissue with use of a conventional
inversion-recovery sequence. Nulling of the water signal is seen at Tl, when there is
virtually no net magnetization vector (NMV) in water. When the 90° pulse flips the net
magnetization vector into the transverse plane, little or no transverse magnetization (Tm)
is present, and, therefore, no signal is detected in water. Lm= longitudinal magnetization.

Figure and content for figure legend adapted from Bitar R, Leung G, Perng R, Tadros S,
Moody AR, Sarrazin J, McGregor C, Christakis M, Symons S, Nelson A, and Roberts
TP. MR pulse sequences: what every radiologist wants to know but is afraid to ask.
Radiographics : a review publication of the Radiological Society of North America, Inc
26: 513-537, 2006. Used with permission.
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Figure 20. Spine displacement Measurement Techniques.

A. Axial rotation measurement by use of a lumbar rotameter (top); Flexion measurement
by use of a lumbar spondylometer (bottom); B. Radiographic Measurement Technique:
Roentgenogram in sagittal plane in extended (left) and in sagittal plane in the flexed
position; C. Schematic showing kinematic measurement technique developed by Pearcy
et al.in 1985.

Figure and content for figure legend adapted from Taylor J, Twomey L., 1980. Sagittal
and horizontal plane movement of the human lumbar vertebral column in cadavers and
in the living. Rheumatology and Rehabilitation 19, 223-232; Hanley, Jr, E., Matteri, R.,
Frymoyer, J., 1976. Accurate Roentgenographic Determination of Lumbar Flexion-
Extension. Clinical Orthopaedics and Related Research 115, 145-148; Pearcy, M.,
Portek, I., Shepher, J., 1985. Pearcy M, Portek I, and Shepherd J. Three-dimensional x-
ray analysis of normal movement in the lumbar spine. Spine 9: 294-297, 1984. Used
with permission.
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Figure 21. Images from a DFIS video fluoroscope.

A. Direction and degree of extension in lateral flexion. B. Direction and degree of sacral
descent in lateral flexion. C. Rotation of the spinous process on lateral flexion. The
distance from the spinous process to the lateral margin of the vertebrae is to be noted.
D. Direction and degree of extension in rotation.

Figure and content for figure legend adapted from Lee BW, Lee JE, Lee SH, Kwon HK.
Kinematic analysis of the lumbar spine by digital video-fluoroscopy in 18 asymptomatic
subjects and 9 patients with herniated nucleus pulposus. J Manipulative Physiol Ther.
2011 May;34(4):221-30. Used with permission.
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Figure 22. Inter-vertebral displacements: Perspectives for measuring translation
and rotational motion.

A. Coordinate system used for defining kinematic measurements. B. Example setup of
testing the accuracy of a measurement technique using a cadaveric model. C.
Schematic showing kinematic measurement technique developed by Frobin et al.
Example of a protocol to measure dorsoventral displacement from a lateral radiograph of
the lumbar spine. Displacement Dl is determined as the distance of the projection of the
dorsal corner of the cranial vertebra from the respective dorsal corner of the caudal
vertebra; displacement is measured along the tangent to the endplate of the caudal
vertebra (continuous line). This protocol, however, is not symmetric with respect to the
two vertebrae. If a tangent is drawn to the endplate of the cranial vertebra and the rule is
followed accordingly (dotted lines), a different displacement D2 results. Furthermore, if
both vertebrae are imagined to rotate simultaneously, but in opposite directions about
their appertaining center points CP, so that no net dorso-ventral translation occurs, DI
and D2 change nevertheless. These findings suggest that the current definition of
‘displacement’ may not be optimally chosen.

Figure and content for figure legend adapted from Fujii, R., Sakaura, H., Mukai, Y.,
Hosono, N., Ishii, T., lwasaki, M., Yoshikawa, H., Sugamoto, K., 2007. Kinematics of the
lumbar spine in trunk rotation: in vivo three-dimensional analysis using magnetic
resonance imaging. European Spine Journal 16, 1867-1874; Cholewicki, J., McGill, S.,
Wells, R., Vernon, H., 1991. Method for measuring vertebral kinematics from
videofluoroscopy. Clinical Biomechanics 6, 73-78; Frobin, W., Brinckmann, P., Leivseth,
G., Biggemann, M., Reikeras, O., 1996. Precision measurement of segmental motion
from flexion-extension radiographs of the lumbar spine. Clinical Biomechanics 11 (8),
457-465. Used with permission.
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Figure 23. Biplanar Fluoroscopy-Modeling technique for quantification of lumbar
inter-vertebral motion.

A. Performance of maximum flexion within the DFIS set up with minimum hip joint
movement. B. The projection of the DFIS acquired image frames in a software
environment to allow manual positioning (rotoscoping) of the MR generated 3-D model
within the fluoroscope images, one frame at a time.

Figure and content for figure legend adapted from Xia Q, Wang S, Kozanek M, Passias
P, Wood K, and Li G. In-vivo motion characteristics of lumbar vertebrae in sagittal and
transverse planes. Journal of biomechanics 43: 1905-1909, 2010. Used with permission.
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Figure 24. Images from a sagittal MR scan, as used for motion quantification.
A. Intervertebral translation in flexion. B. Intervertebral translation in extension. C.
Rotational changes at specific vertebral levels in flexion (left) and D. In extension.

Figure and content for figure legend adapted from Tan Y, Aghdasi BG, Montgomery SR,
Inoue H, Lu C, Wang JC. Kinetic magnetic resonance imaging analysis of lumbar
segmental mobility in patients without significant spondylosis. Eur Spine J. 2012
Dec;21(12):2673-9. Used with permission.
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Figure 25. Positional MR technique involving static rotational displacements.

A devise was designed to rotate the trunk as reproducibly as possible. MR imaging was
taken at nine positions, one in the neutral plane and at 15, 30, 45 and at maximum
rotation. The maximum trunk rotation was defined as the position in which the trunks
were rotated as much as possible without the bilateral shoulders pulled away from the
MR table.

Figure and content for figure legend adapted from Fujii R, Sakaura H, Mukai Y, Hosono
N, Ishii T, Iwasaki M, Yoshikawa H, Sugamoto K. Kinematics of the lumbar spine in trunk
rotation: in vivo three-dimensional analysis using magnetic resonance imaging. Eur
Spine J. 2007; 16(11):1867-74. Used with permission.
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Figure 26. Overview of the morphology based XROMM technique using the
scientific rotoscoping (SR) of alligator walking.

A. Dorsal x-ray views of the walking (top and bottom panels, A1 and A2). B. Walking as
seen in lateral standard video used for animation and quantification of the right sided
pectoral girdle and the forelimb marionette (B1 and B3). C. Shows the right forelimb
marionette within a rotoscoping environment against orthogonally placed dorsal
radiographic (C1) and a video (C2) frames. Our study uses a pair of orthogonal MRI
views of the quantification of the biplanar translation trials in Aim1. A single-plane
approach has been used for the quantification of inter-vertebral translation-rotation
motion in Aim 2, for rotoscoping.

Figure and content for figure legend adapted from Gatesy, S. M., Baier, D. B., Jenkins,
F. A., & Dial, K. P. (2010). Scientific rotoscoping: a morphology-based method of 3-D
motion analysis and visualization. J Exp Zool A Ecol Genet Physiol, 313(5), 244-261.
Used with permission.
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Figure 27. Steps involved in the technique and types of displacements quantified.
A. Overview of the quantification technique. B. Number of trials for each type of
displacement performed. Note that for each displacement paradigm, data from two
different pulse sequences were obtained.



224

Figure 28. Overview of the animation processes leading to the quantification of a
single-plane and biplanar displacements.

A. Imaging volume calibration: (i) the calibration grid with orientation of the plates in
space, (ii) MRI coil with orientation of the imaging volume, (iii) & (iv) pre- and post-
digitized bead images from the grid. B. (i) shows positioning of a translation trial. The
solid-body models are spaced ~10 mm apart flat on a foam platform. The lower cube has
been translated by 0.5 mm to the right relative to the upper cube, indicated by a wooden
pointer (asterisk) and measured by the caliper. The orientation of the displacement has
been shown by the coordinate axis. (ii) View of the wooden cubes. (iii) High-resolution
axial T4 image slice through a cube. (iv) Representative 3-D model of a segmented cube.
(v) Model as viewed after being imported into the animation environment. C. (i)
Representative image from a single-plane translation trial with the T4 sequence. (ii)
Representative image from a single-plane rotation trial with the contrast-enhanced
sequence. D. (i) Representative single-plane rotoscoping “scene.” The image slice
(white background) lies obliquely across the figure. The solid-body shadow is visible with
its outline in the image slice (lower arrow). Upper half of the superimposed cube model
is visible (upper arrow) with the anatomical axis. (ii) Image frame from a translation trial
viewed from the top of the animation scene. The two cube models are cut through by the
image slice (dark horizontal plane) across the hourglass holes within the models. (iii)
Orthogonal image slices with registered 3-D models.
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Figure 29. Bland—-Altman plots for the translation and rotation trials.
A: Plots of the translation displacements quantified with the two sequences. The dashed
lines representing the 95% confidence interval of test-retest differences for all
translations show that the between-session differences were within £1.24 mm
(mean/bias=0.02 mm) and +1.59 mm (mean/bias= -0.34 mm) for the T+ (left) and the 2D
HYCE S (right) sequences, respectively. B: Plots of the rotation displacements
quantified with the two sequences. The dashed lines representing the 95% confidence
interval of all rotations show that the test-retest differences were within £1.27°
(mean/bias= -0.14°) and £0.65° (mean/bias=0.09°) for the T+ (left) and the 2D HYCE S
(right) sequences, respectively. The central narrow line denotes zero difference mark.
The dark line at the center represents the trend line. Homoscedasticity (R? values < 0.1)
indicated that the between-session differences in the measurements did not increase
with an increase in the magnitude of the measured displacement. Heteroscedasticity
was represented by R? values > 0.1, indicating that the between-session differences in
the measurements increased with an increase in the magnitude of the measured
displacement.
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Figure 30. Bland—-Altman plots comparing the measurements between two
sequences, and outcomes of biplanar translations using 2D HYCE S sequence.
A. Plots comparing outcomes using T1 and the 2D HYCE S sequences. The dashed
lines representing the 95% confidence intervals show that the between-session
differences in the measurements obtained with the T4 and the 2D HYCE S sequences
fell within £1.85 mm (mean/bias = 0.35 mm) for translations (left) and within +0.95°
(mean/bias= 0.02°) for all rotations (right) quantified. B. Bland—Altman plots for biplanar
2D HYCE S translations. The dashed lines representing the 95% confidence intervals
show that the test-retest differences for translations fell within £1.77 mm (mean/bias = -
0.01 mm) and £1.41 mm (mean/bias= -0.04 mm) for the z- and x-planes, respectively.
The central narrow line denotes zero difference mark. The dark line at the center
represents the trend line. Homoscedasticity (R? values < 0.1) indicated that the random
errors did not increase with an increase in the magnitude of the measured values.
Homoscedasticity (R? values < 0.1) indicated that the differences in the measurements
did not increase with the increase in the magnitude of the measured displacement.
Heteroscedasticity was represented by R? values > 0.1, indicating that the differences in
the measurements increased with the increase in the magnitude of the measured
displacement.
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Scan equipment/Software Used
0.25T Open MRI Scanner
Avizo, Maya, Photoshop

Step 1. Calibrating Imaging Volume
Construct Grid
Scan and Segment Grid
Calibrate volume

V

Step 2. Building Apparatus
Fabricate Displacement Apparatus

V

Step 3. Creating 3-D Spine Models
Dissect Lumbar Spine
Scan and Segment Models

V

Step 4. Scanning Displacement Trials
Randomize Trials
Position & Scan Trials
Process Image

\Y4

Step 5. Animation and Quantification
Set-up Maya Camera
Import Trial Images and 3-D Models
Rotoscope, Animate and Quantify

Figure 31. Workflow of the reported technique showing the steps leading to
animation and quantification.

Calibration of imaging volume, building of the displacement apparatus, and dissection of
the spine models were completed before execution of the trials. Scanning for static axial
images for model segmentation was performed at the beginning of the first trial session.
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Figure 32. The grid, displacement apparatus and calibration outputs.

Clockwise from top left: A. The four-plate grid system shown with the coordinates for
bead numbering. B. The assembled displacement apparatus shown mounted on the
wooden platform. The clamp system consists of a semicircular (top) and a full horizontal
(bottom) ring system (black). The upper semicircular ring accommodates the inner clamp
(white) system that can rotate in the plane of the outer (black) ring. The upper vertebra is
fixed to the vertical pair of screws in the white clamp. The upper half ring is connected to
the lower full black ring orthogonally at two joints that allow the upper ring to change its
vertical angulation as required. This clamp system is positioned on a wider-base axial
rotating ring. The entire assembly with the base ring is located on top of a three-base-
plate system in which the lowermost plate is stationary and provides a pair of screws to
fit the lower vertebra. The upper two plates are hollowed at their centers and can slide
orthogonally in relation to each other. The uppermost plate is grooved on its upper
surface to firmly support the clamp and the base-ring system. Note the Vernier scale
system used to measure the actual experimental displacements. C. The apparatus
assembly shown with a pair of porcine motion-segments attached to the device. D.
Scanning the grid plates. E. View of the segmented grid beads in the animation software
MAYA, in which the centroids for each bead are calculated to generate the
framespecs.csv file. F. Digitized grid plate showing the beads in the 3-dimensional
perspective, according to the coordinate system assigned, and the calibration coefficient
outputs, as calculated by MEL-script.
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Figure 33. Segmentation, scene and rotoscoping.

A. View of a segmented vertebra using AVIZO software. B. 3-dimensional model as
viewed in the animation software. C. Representative image from a rotation trial acquired
with a fast contrast-enhanced MRI sequence. D. Projection image from one of the
animation frames, as seen from above. Notice the animation background ‘scene’ or
image slice stretching obliquely across the figure from top left to bottom right. Observe
the models cutting across the scene as a model-to-image match is being performed in
the sagittal plane. E. Screenshot of a representative animation image from a rotation trial
showing a motion-segment model registered to the image scene.
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Translation measured in mm
Session 1 & Session 2
N
;
Translation measured in mm
Session 1 & Session 2
D

0 T T T T T ) 0 : T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Actual translation performed (in mm) Actual translation performed (in mm)
Session 1 & Session 2 Session 1 & Session 2)

Figure 34. Relationship between translations quantified in both rotoscoping
sessions and the actual translations performed.

A. Translational displacements measured using a T1 sequence. B. Translational
displacements measured using a 2D HYCE S sequence.
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Figure 35. Strength of relationship between translations quantified in the two
rotoscoping sessions.

A. Translational displacements measured using a T1 sequence. B. Translational
displacements measured using a 2D HYCE S sequence. r = Pearson’s correlation
coefficient.
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Figure 36. Relationship between rotations quantified in both rotoscoping sessions
and the actual rotations performed.

A. Rotational displacements measured using a T1 sequence. B. Rotational
displacements measured using a 2D HYCE S sequence.
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Figure 37. Strength of relationship of between rotations quantified in the two
rotoscoping sessions.

A. Rotational displacements measured using a T4 sequence. B. Rotational
displacements measured using a 2D HYCE S sequence. r = Pearson'’s correlation
coefficient.

Figure 38. Weight-bearing MRI and Orthocad measurements parameters.
A. Photo of the weight-bearing (WB) MRI (G-Scan Brio) with the ability to rotate from
supine to a fully upright, weight-bearing position in 1° increments. B. Sagittal view of the
segmented vertebrae in WB. Open arrow shows the ‘Intervertebral Listhesis’ parameter
that is calculated as the distance between the adjacent corners at the posterior ends of
contiguous vertebrae. Arrow demonstrates the bony spur at the anterior end of the lower
vertebral edge of L5. C. Open arrow demonstrates the ‘Translation’ parameter calculated
as the distance between the two perpendicular projections drawn to the centers of two
adjacent vertebrae from the median bisector of the segmental angle at a given vertebral
level (L4-L5, here). The arrow points to the bulging L5-S1 disc on WB.
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Figure 39. Parameters as measured at the L5-S1 segment in the supine, WB
(weight bearing) and the WB+AL (weight bearing and additional loading).

A. Changes in disc heights, Intervertebral Foramen Height (left side) and L5-S1 sagittal
plane dimension. B. Alterations in L5-S1 left inter-vertebral foramen cross sectional area
(CSA), L5-S1 spinal canal CSA (in cm?), Inter-vertebral Translation calculated as the
distance (on the median bisector) between the perpendicular projections to the centers
of two adjacent vertebra drawn from the median bisector of the segmental angle at a
given vertebral level, and the change in sagittal-plane posterior disc protrusion
measured form the disc-tip to the perpendicular bisectors drawn to the adjacent L5-S1
vertebral corners (represented here taking the value of the supine
position=zero/baseline).
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Figure 40. Dimensional changes in disc heights, listhesis and absolute
translations with three loading conditions.

A. Changes in disc heights across the three imaging conditions. Note the reduction at
the L5-S1 level with progressive weight-bearing (WB) load. B. Changes in listhesis
across the three imaging conditions. Note the reduction at the L5-S1 with WB and the
increase at the L4-L5 space with WB. C. Changes in absolute translation across the
three imaging conditions. Note the large linear displacements at L5-S1 and L4-L5 (in
opposite directions) with WB, and the relatively large shift with WB+AL at L4-L5.
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Figure 41. Dimensional changes in lateral foramen, spinal canal cross sectional
area (CSA) and sagittal spinal canal thickness with three loading conditions.

A. Changes in left inter-vertebral foramen CSA across the three weight-bearing (WB)
conditions. Note the reduction with WB at the L5-S1 level. B. Changes in spinal canal
CSA across the three WB conditions. Note the change at L5-S1, L3-L4 and L4-L5 with
WB, and increase at the L3-L4 level with WB+AL. C. Changes in spinal canal sagittal
thickness across the three loading conditions. Sagittal dimension of the spinal canal.
Note the marginal increase in this dimension at the upper three levels with WB, and
gradual decline lowest two levels with WB and WB+AL.
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