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ABSTRACT

Quantitative magnetic resonance imaging (MRI) measurements of the pediatric spinal cord
is important for both diagnostic and treatment planning. In recent years several quantitative
MRI (gMRI) techniques that have been developed and tested to measure functional and
structural information of the spinal cord tissue and microstructure. Several of the existing
structural and functional imaging biomarkers (i.e., diffusion tensor imaging (DTI)) have
demonstrated potential for providing microstructural information about the spinal cord.
However, due to the lack of a standard anatomical template of the pediatric spinal cord,
quantification of the spinal cord tissue has been challenging. Therefore, one of the goals of
this work is to develop and test tools for quantification as well as the creation of a standard
structural template of the typically developing (TD) pediatric spinal cord. This will allow
automated measurement of normative values of the spinal cord cross-sectional area
(SCCSA) at various levels of the spinal cord. Furthermore, to examine the white matter
(WM) microstructure of the pediatric cord we developed a processing pipeline for the atlas-
based generation of TD pediatric spinal cord WM tracts. This will facilitate the
measurements of normative diffusion values for various WM tracts.

A group of 30 TD subjects (age range of 6-17 years old (12.38 +2.81)), who had no
evidence of spinal cord injury or pathology were recruited. We utilized a multiparametric
MRI protocol, including high-resolution 72-w structural and diffusion-weighted MRI
images to scan the subjects on a 3T MRI scanner. The diffusion data were acquired using
anovel iIFOV DTI sequence. For quantification, a post-processing pipeline was utilized to

generate the structural pediatric template. Next, WM tracts were generated using an atlas-
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based approach, and diffusion metrics (FA, MD, RD and AD) were quantified in 34 tracts
identified in the processing pipeline. Normative SCCSA and DTI diffusion indices were
generated for the TD population.

Lastly, we demonstrated that DTI indices (i.e. FA) can be a predictive measure of
components of the clinical test for spinal cord injury, as well as an indicator of the white
matter tracts integrity. Therefore, in the final step of this work, we expanded our
quantitative analysis to look at the microstructural and macrostructural changes in 15
children with chronic spinal cord injury (SCI) (AIS A-D, mean age of 12.8 + 3.1 years).
This included measurements of SCCSA, diffusion metrics and T2* WM/GM ratio of
various white matter tracts in the patient population. We also examined the relationships
between all the metrics and the ISNCSCI clinical scores in SCI subjects. We then compared
these measurements between the TD and SCI patients to evaluate the diagnostic utility of
these techniques and biomarkers. Statistically significant difference was observed between
the two populations in the studied metrics. The results show that the proposed techniques
may have the potential to be used as surrogate biomarkers for the quantification of the

injured spinal cord.
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CHAPTER1

INTRODUCTION

1.1 Background

Magnetic Resonance Imaging (MRI) is a non-invasive medical imaging modality. It offers
a powerful technique to monitor traumas affecting the spinal cord (i.e. traumatic and non-
traumatic spinal cord injury). The unique advantages of MRI in evaluation of the spinal
cord makes it an indispensable tool in the assessment of spinal cord injuries, tumors, and
degenerative conditions. Particularly, spinal cord injury (SCI) which is a condition that
arises from mechanical damage to the spinal cord resulting in disruption of the spinal cord
column. Most of the current clinical MRI protocols for imaging the spinal cord in SCI rely
on conventional techniques (i.e. detecting spinal cord atrophy) that lack the ability to study
the spinal cord complications at the microstructural level. Quantitative MRI (qMRI),
however, has huge potential to provide intrinsic and normative values to tissue properties
that are useful for diagnosis, prognosis and monitoring the treatment progress.

Spinal cord is a signaling pathway between the extremities and the brain, and it plays a
crucial role in the human body. The primary sensory and motor functions are conducted by
the spinal cord which makes it a vector between the brain and the peripheral nervous
system. Like other anatomical structures, the spinal cord can be affected by various
complications (i.e.SCI) and neurodegenerative diseases such as Amyotrophic Lateral
Sclerosis (ALS) and Multiple Sclerosis (MS). In particular, SCI is an insult to the spinal
cord resulting in a temporary or permanent change, in the cord’s normal motor, sensory, or

autonomic function.



According to a report from the World Health Organization, the prevalence of spinal cord
injury is estimated to be between 250,000 and 400,000 people in the United States , with
an incidence of approximately 12,000 new cases per year [1]. The majority of spinal cord
injuries occur in young men between the ages of 15 and 35, and the leading cause of spinal
cord injuries is motor vehicle accidents. Other causes of spinal cord injuries include falls,
violence, sports injuries, and medical malpractice. Novel gqMRI techniques (e.g., diffusion
imaging) were shown to provide efficient biomarkers can be utilized for diagnosis,
prognosis and objective assessment of new treatments (i.e. drugs, nano-medicine)[2]—[4].
These techniques are sensitive to underlying microstructure and metabolism, hence
providing insights into the pathogenesis of neurological diseases [5]. However, most of
these techniques are not currently applied to the pediatric spinal cord studies, due to the
smaller cord size in children and perhaps lack of appropriate image analysis tools dedicated

to the children’s spinal cord.

1.2 Anatomy of the spinal cord

1.2.1 Neurons and neuronal tissue

Neurons are the fundamental structure of the nervous system. They comprise three parts:
1) the cell body, 2) dendrites, and 3) axon. The cell body contains the nucleus and other
organelles responsible for the neuron's metabolic functions. Dendrites are small, branch-
like structures that receive signals from other neurons or sensory receptors. The axon is a
long projection that carries signals from the cell body and transmits them to other neurons
or muscles or glands. The speed of axon transmission is raised by the insulator named

myelin sheath (figure 1).


https://paperpile.com/c/pomup0/bfYr
https://paperpile.com/c/pomup0/ZktV+axnj+0x1sD
https://paperpile.com/c/pomup0/tdoX
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Figure 1: Illustration of a neuron, showing the soma (cell body), dendrites and an axon.
Axons and dendrites are referred to as neurites. The figure was adapted from an image

by L.Darin licensed via Adobe Stock https://stock.adobe.com/

Neurons contain various types of glial cells (i.e., astrocytes and oligodendrocytes). Glial
cells help support the function of the neurons, like production of myelin and immune
response. Neuronal tissue, on the other hand, is divided into gray matter (GM) and white
matter (WM). GM embodies neuronal cell bodies, glial cells, as well as afferent and
efferent myelinated and unmyelinated axons and capillaries. WM consists primarily of

myelinated axons and connects the GM regions to other GM areas and to the periphery.

1.2.2. The human spinal cord structure and anatomy

The spinal cord is made up of 31 segments, each of which is associated with a pair of spinal
nerves that emerge from the cord and innervate different parts of the body. The cord is

divided into four regions: cervical (upper), thoracic (middle), lumbar (lower), and sacral
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(bottom). The anatomical structure of the spinal cord consists of the butterfly-shaped region

referred to as GM and bundles of ascending and descending pathways carrying the signal

to the brain and peripheral nervous system known as WM. The spinal cord WM contains

a wide range of fibers that are different in size, density, and functionality. A graphical

representation of spinal cord anatomy is shown in (figure 2) (Standring 2008).
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Figure 2: The structure of the human spinal cord . Representation of the vertebral levels

and spinal segments (Sagittal view) (A), same representation in coronal view (B). Axial

view of the cord showing gray matter and white matter along with the descending

(motor) and ascending (sensory) tracts of the white matter adapted from (Standring

2008).

The WM of the spinal cord is essentially divided into 3 major columns: a) the dorsal

column, b) the lateral spinal cord and c) the anterior column.

a) The dorsal column (posterior spinal cord): consists of ascending sensory pathways and
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engages in two modes of proprioception; pressure and vibration sensation and epicritic
touch (differentiation of two points). The Dorsal column consists of two pairs of fascicles:
the left and right gracile fascicle of Goll (that transfers information from the lower body)
and the cuneate fascicle of Burdach (sends information from the upper body).

b) The lateral spinal cord contains both ascending (sensory) and descending (motor) tracts.
The sensory pathways transfer pain, temperature and gross touch information. These
pathways consist of the spinoreticular, the spinocerebellar, the spinothalamic and the
spinotectal fascicles. Whereas, the motor tracts of the lateral spinal column are
corticospinal, reticulospinal fascicles and rubrospinal tracts. These descending pathways

control voluntary movements.

c¢) The anterior cord also consists of ascending and descending pathways. The ascending
spinotectal tract of the anterior cord is responsible for reflex of eye and head movements.
The spino-olivary sensory tract is responsible for relaying light touch information to the
cerebellum and the ascending ventral spinothalamic tract transfers the deep touch and
pressure sensations. The motor pathways of the anterior cord are comprised of
vestibulospinal, medial reticulospinal and anterior corticospinal tracts. All these 3 motor
tracts are responsible for movement control. A cross-sectional view of the spinal cord

with all the detailed WM tracts is presented in (figure 3) (Deer 2019).
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Figure 3: The cross-sectional view of the spinal cord white matter along with the

sensory and motor tracts. (adapted from (Deer 2019)).

1.3 Diseases/injuries affecting the spinal cord (Neurodegenerative disease,
Traumatic injury)

1.3.1 Traumatic Spinal Cord Injury (primary injury):

As mentioned before, despite its small size, the spinal cord has major functions such as
sending motor commands from the brain to the body and sensory information from the
body to the brain, and coordinating reflexes. Therefore, pathologies associated with the
spinal cord can have severe consequences on these vital functions. As there are various
known spinal cord complications, study of spinal cord WM and characterizing its
microstructure is essentially helpful in early diagnosis of disease and pathologies (i.e.
autoimmune or neurodegenerative diseases). Neurodegenerative diseases are a group of
disorders that involve the progressive loss of function and affect the neurons in the brain

and/or spinal cord. Some common examples of spinal cord neurodegenerative diseases
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include; Amyotrophic lateral sclerosis (ALS) and Multiple sclerosis which is an
autoimmune disorder that affects the myelin sheath that surrounds the nerve fibers in the
spinal cord. Injury to the spinal cord can result from both traumatic and non-traumatic
processes. Traumatic spinal cord injury (tSCI) is a condition that affects the spinal cord
after a traumatic event (i.e. motor-vehicle accidents). The initial mechanical forces
inserted to the spinal cord at the time of injury is known as primary injury which is
identified by four different characteristic mechanisms. The primary injury is where there’s
“disc materials and bone fragments or tear into the spinal cord tissue” [6]-[8]. When the
spinal cord is subjected to a sudden and severe impact, the vertebrae may fracture or
dislocate, causing damage to the spinal cord. The most common type of primary injury is
impact plus persistent compression, which happens through bone fragments compressing
the spinal cord or through fracture-dislocation injuries [7], [9], [10]. Regardless of the
form of the primary injury, the mechanical insult to the cord damages the WM pathways
and disrupts blood vessels and cell membranes[4], [11]. This can result in spinal block,
vasospasm, ischemia, systemic hypotension and neurotransmitter accumulation[12].
Therefore, it’s paramount to understand the underlying cellular and molecular
mechanisms at the microstructural level in SCIs to enhance the effective treatments for
this condition. In general, the severity and location of the injury (i.e. extent of primary
injury) determines the clinical outcomes of the SCI which could result in partial or
complete loss of sensory and/or motor functions in these patients. Overall, SCIs are
divided into either complete or incomplete. Patients with incomplete injuries preserve
some functions, whereas neurological assessments show no spared motor/sensory

functions below the level of injury in complete patients[13].
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1.3.2 Traumatic Spinal Cord Injury (secondary injury):

The term of secondary injury refers to the injury that occurs shortly after the initial injury
and continues for weeks/months which leads to progressive damage of the spinal cord[6].
In fact, secondary injury is a complex phenomenon involving a cascade of cellular,
molecular and biochemical events [14], [15] and is often associated with major clinical
disabilities. This type of injury is divided into acute and sub-acute and chronic phases. The
acute phase starts immediately after the injury. Cord inflammation, edema, necrotic cell
death, excitotoxicity and calcium influx are phenomena occurring during the acute phase
[16], [17]. Following the acute phase, comes the sub-acute phase of the injury. This phase
involves apoptosis, Wallerian degeneration, demyelination of surviving axons and
appearance of glial scar around the injury site. In the chronic phase of the injury the cystic
cavities begin to form and glial scars start to mature [18]—[20]. The (figure 4) adapted from
Anam Anjum (2020), summarizes the types of spinal cord injury and the pathophysiology

of traumatic spinal cord injury.
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Figure 4: Spinal cord injury (SCI) (A) different phases of SCI, (B) schematic of
the cycle of the secondary injury (C) pathophysiological events according to SCI

phases, (adapted from Anam Anjum(2020)).



1.3.3 Clinical Classification System for Spinal Cord Injury:

To measure the severity of injury, functional classification of SCI has been developed,
which provides a reproducible scoring system. The International Standards for
Neurological Classification of Spinal Cord Injury (ISNCSCI) scoring system, developed
by the American Spinal Injury Association (ASIA), determines the level and severity of
SCI. The system can facilitate the measurement, comparison and correlation with the
clinical grades [16]. As mentioned before the SCI can be classified as either complete or
incomplete. Among all the other scoring systems, the ASIA system is the most accepted
one for scoring SCI (figure 5). The accuracy and reproducibility of ASIA system in
prediction of patients' outcome have made it a reliable clinical scoring system in SCI. The
classification includes the assessments of motor, sensory and sacral functions. Majority
of the other systems became obsolete due to some disadvantages in the evaluation method

of these functions.

10


https://paperpile.com/c/pomup0/RZ0Z

INTERNATIONAL STANDARDS FOR NEUROLOGICAL Pl Dete/Teme of Exarm
AS*R cussircanonof semaccoo oy |SC @S
c e e msn,  Examines Name . Signature _
MOTOR SENSORY SEony MOTOR
RlGHT KEY MUSCLES KEY Sy WEY SENSORY PONTS Y MUSCLES LEFT
Ught Touch UTR) Pin Prick (PPR) Ught Touch L) PinPrick FPL)
c2 c2
c3 c3
c4 c4
cs €5 Elbow fexers
UER c6 C6 Wrist extensors UEL
(Upper Extremity Right) c7 C7 Elbow extensors  (Upper Extremity Loty
cs C8 Finger fexors
™ T1 Finger abdectors (e fogeri
(Comments ton-key Muscie? Resson for W17 Pan) T2 T2 MOTOR
3 3 REVERSE SI0E)
T4 T4 FR——
5 T5 1 = pakutie or visile costracton
% TB | 3o b ot it gty
1 T
T8 8 3 novm commetn b et g
m T& NT = nof testadle
T10 Ti0 SENSORY
™ ™ (SCORING ON REVERSE SIDE)
T2 T2 [0 2 = o
L L2 Hip flesors
LER L3 L3 Knee extonsors LEL
(Lower Extremity Right) L& L4 Ankle dorsflercrs  (Lower Extremity LeR)
L5 L6 Long toe extensars
$1 §1 Ankle plantar flexors
52 52
(VAC) Voluntary Anal Cq i Sﬁg 8 (DAP) Deep Anal Pressure
(wl_] L 54-5 E (Yes/No)
RIGHT TOTALS | | [ ]mrr TOTALS
paAXIMUM) (50) (56) (56) (58 (56) (500 (MAXIMUN)
MOTOR SUBSCORES SENSORY SUBSCORES
ver[— Jeve [ J=vemsrom [ ] e[ Jewn [ Jecemsrom ] mm[_Jen [ J=wrrom[ ] e[ Jern [ J=rrrom[ ]
ar (25) (25 (50) MAY (25) (28 (50) wr (ss) 56 12 Y (55) ) 2
NEUROLOGICAL R NEUROLOGICAL 4. COMPLETE OR INCOMPLETE? e iy b
LEVELS :smnr:][__‘_] :mnsmrl:l it b,mumuwm-vsum ZONE OF PARTIAL SENSORY
Sps 1-§ r lssication 2WDD ) 5. ASIA SCALE (A1S) I —_:'R;ESEHVAMN MOTOR

This form may be copied Ireely but should not be altered without permission from the American Spinal Injury Association.

L

Figure 5: ASIA scoring for neurological classification of the SCI; a sample scoring

sheet used for ASIA scoring in clinical setting. (adapted from:http://asia-

spinalinjury.org)

The impairment score (AIS) ranges from (AIS A) referring to complete loss of sensation

and movement to (AIS E) presenting a normal neurological function. It is important to

first identify the neurological level of injury (NLI) in the SCI patients to be able to use the

AIS scoring more accurately. If a patient is identified with the complete injury (AIS A),

some segments below the NLI could maintain some sensory or motor function. In the

case of complete loss of motor and preservation of some sensory functions the injury is

classified as AIS B. If the motor function is also partially maintained in addition to the
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sensory score (below the NLI) the AIS score is C or D [12].

As per clinical management of SCI, the neurological assessment decision is normally
made within 72 hours after injury using ASIA scoring system[21] . It is shown that 72
hours time frame provides a more accurate assessment of neurological impairments after
injury[22] . Patients with incomplete SCI, could gain some of the motor and sensory
functions back. Most of the functional recovery occurs during the first 3 months and
usually reaches a plateau 9 months post injury [12]. The adaptation and recovery process
of the spinal cord functions after injury is known as neuronal plasticity [23]. The spinal
cord reorganization and recovery process post injury can be better assessed by utilizing
the quantitative and functional MRI techniques (i,e, DTI, NODDI, BOLD).

A comprehensive explanation of motor and sensory clinical assessment using ISNCSCI

scoring system is in appendix A.

1.4 Physics of Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is a non-invasive diagnostic imaging technique that
is used to create multi-dimensional anatomical and physiological images of the body. MRI
is based on the nuclear magnetic resonance (NMR) effect, which is the interaction
between nuclei magnetic moments and a static magnetic field. In theory MRI, uses a
strong magnetic field to produce images of the body's structures and organs. The
technique is based on the fact that the human body is composed of water molecules, which
contain hydrogen atoms. When a tissue is exposed to a magnetic field and an externally
applied radio frequency (RF) pulses, a contrast is created between and within-tissue. In

other words, the MRI scanner excites protons in water molecules of the human body using
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a strong magnetic field and RF excitation, then measures their response to this excitation.
In addition, MRI machines exploit spatially variant magnetics fields (magnetic field
gradients) to encode the position of the measured signals. Unlike other imaging modalities
(i.e. X-rays), MRI doesn’t use ionizing radiation therefore it is a favorable tool to image
the central nervous system (CNS) in the pediatric subjects.

An MRI protocol is normally designed in such a way that generates signals of a specific
tissue and suppresses the undesired areas. The available mathematical models are able to
measure the signals generated based on the tissue properties of the imaged structures (i.e.
myelin content). These quantitative approaches are often referred to as quantitative MRI
(gMRI). gMRI has the potential to provide novel and sensitive biomarkers capable of
enhancing diagnosis and prognosis in a number of conditions.

The focus of this thesis is utilizing new gMRI techniques and biomarkers on the healthy
pediatric spinal cord and children with spinal cord injury.

In this section, the basic concepts of magnetic properties of the nuclei are initially
introduced. We then described the different MRI contrasts and sequences used in this

study.

1.4.1 Spins and Magnetic Moments

Spin is a fundamental property of particles. Nuclei (with an even number of protons and
neutrons) are characterized by certain physical properties such as an intrinsic angular
momentum L, or otherwise spin. The angular momentum creates a magnetic moment |\
that interacts with the external magnetic fields. The following equation shows the

relationship between the angular moment and the magnetic moment.

p=yL (1.1)
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where y is the gyromagnetic ratio, its value depends on the nucleus in question.

In other words, protons are small magnetic dipoles that are also electronically charged.
The proton magnetic moment is the actual source of signals measured by MRI machines.
As the 70% of the human tissue is comprised of water, MRI imaging could be a helpful

tool for clinical use.

1.4.2 Precession

If a magnetic dipole is placed in a magnetic field (Bo) it experiences a net torque
equivalent to:

=pxBo (1.2)

The torque induces a potential energy of -pu to the dipole. Any rotation caused by the
torque will change the angular momentum in the direction perpendicular to both pu and
Bo. As mentioned in equation (1.1) the proton angular momentum (L) is parallel to p
which leads to proton magnetic moment to precess with the rate of yB in the magnetic

field (figure 6).
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Figure 6: Illustration of precession of the proton in the magnetic field of (BO0)

(adapted from R. Ansorge 2016).

Considering the temporal component of the angular momentum is written as

dZ—(tt) = 1(t), from equation (1.1), L(t)= %, and substituting the expression of 7(t) from

equation (1.2), the partial differential equation describing the spin dynamics induced by

an external magnetic field of BO is shown as:
du(t
e = Yu(® x BO(®) (1.3)

Equation (1.3) states that under a magnetic field of BO(?) the magnetic moment p(t),
rotates with an angular velocity of w(t) = —yBO0(t) proportional to the BO(t) at any given
time of . This phenomenon is called Larmor precession and the frequency of w(t) is

called Larmor frequency.
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1.4.3 The Bloch Equations and T1-weighted, T2-weighted MRI

Considering the magnetic moment of p for a single spin, we can define the net
magnetization of the spins in a volume as M. At equilibrium, the net magnetization vector
is aligned with the applied magnetic field B0 and is called the equilibrium magnetization
M. If the vector M is perturbed so it requires a component of M| perpendicular to BO.
M) will precess around B0 and produces a signal. The time evolution of M is shown with
an ordinary differential equation called Bloch equations[24]. The Bloch equation models
the Larmor precession of M about a static field, and describes the return of M to its

equilibrium state called Relaxation. The precession equation is as follows:

‘Z—":=yM X B0 (1.4)

After protons are excited in a magnetic field, it takes time for the proton spins to reach

equilibrium. The spins reach equilibrium in an exponential manner. The time constant

here is expressed by Ti, therefore:

amil _ (Mo-Ml)

- = 5 My)=Mo(l-e (- =) (1.5)

T1

In this equation (1.5), Ml is a component of the magnetization vector that is parallel to
B0 and has the equilibrium value of M0. Since the Ml is parallel to B0 it doesn’t precess.
As explained before, if the Ml is perturbed from being parallel to B0 it results in a net
component M in transverse (x-y) plane. The M) will start decaying exponentially with

the time constant of T2 which yields the Bloch equation [24]:

0;_’:’ = yM X B0 - M|/T2- (MI-Mol)/T1 (1.6a)

or
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aMll Ml-M dM M
aml _ _Mi-Mo and Ml _ ML (1.6b)
dt T1 dt T2

Where T1 and T2 are fundamentals of MRI imaging (figure 7).
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Figure 7: Illustration of A) The graph of recovery of longitudinal magnetization with
the growth rate of T1, B) The graph of transverse magnetization with the decay rate

of T2 and RF off (figures are adapted from https://mriquestions.com/).

Both T1 and T2 provide information about the structure and composition of tissues being
scanned. T1, refers to the longitudinal relaxation time, which is the time it takes for the
protons to realign with the magnetic field after RF excitation. In T1-weighted MRI
imaging, a short TR (repetition time) is used to minimize the recovery of longitudinal
magnetization between excitations, resulting in a relatively high signal from tissues with
short T1 relaxation times, such as fat. Whereas, T2, refers to the transverse relaxation

time, which is the time it takes for the transverse magnetization of protons to decay after
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excitation. In T2-weighted MRI imaging, a long TE (echo time) is used to allow the
transverse magnetization of protons to decay naturally, resulting in a relatively high signal

from tissues with long T2 relaxation times, such as water.

1.4.4 MRI Pulse Sequences:

In each pulse sequence, the timing of an RF pulse and gradient pulse could be adjusted.
Two important parameters of each sequence are TR and TE.

TR, is the time between successive RF pulses. It determines the overall length of the
imaging sequence and the amount of time allowed for the recovery of the longitudinal
magnetization of the protons in the tissue. TE, is the time between the initial RF pulse and
the detection of the resulting signal. When pulse programming, SE (spin echo) sequence,
is used to produce Tl-weighted and T2-weighted images. Another important and
commonly used sequence is GRE (gradient echo). T1-weighted and T2-weighted GRE
sequences are pulse sequences that use gradient magnetic fields and RF pulses to create
images with T1-weighted or T2-weighted contrast. In contrast to SE sequences, which use
two RF pulses to create a spin echo signal, GRE sequences use a single RF pulse and a
gradient magnetic field to create a gradient echo signal (figure 8). As shown in (figure 8a)
the diagram's top line illustrates the RF pulses. Starting with a 90-degree RF pulse followed
by a 180-degree RF pulse applied TE/2 later. The second line shows the timing of the slice-
select gradient (z Gradient), which is activated positively while the RF pulses are sent to
target only one slice of tissue. The slice-select gradient is intermittently reversed to reduce
dephasing of transverse magnetization. The third line demonstrates the timing of the
frequency-encoding or "readout" gradient (x Gradient), which separates signals in the

second in-plane direction perpendicular to both the slice-select and frequency-encoding
18



directions during signal measurement. The fourth line displays the phase-encoding (y
Gradient) gradient's timing, which is applied orthogonally to the slice-select gradient (z
Gradient) along one of the two in-plane directions. For each repetition of the pulse
sequence, the strength and duration of the phase-encoding gradient are different to provide
varying degrees of phase encoding. Lastly, the bottom line shows the signal from the
selected slice, with the highest echo signal appearing TE amount of time after the initial

90-degree pulse.

a Spin Echo b  Gradient Echo
90 180 90
RF Pulse | | RF Pulse
| :I;
z Gradient | I——| z Gradient |
- 1
x Gradient 1 T ] x Gradient — T
, L
y Gradient |_| y Gradient |—‘
P S U
Signal e g Tacq Signal [[Deq > |TAcq
«— e '« >
Te/2 Te/2 Te

Figure 8: Illustration of a) spin echo sequence b) gradient echo sequence (adapted

from Karl T. Edler, 2010)

In (figure 8b), a schematic of GRE sequence is shown. Each line of the diagram has a
similar explanation (figure 8a). A 90-degree RF pulse is applied (this Rf pulse could be
< 90°) . The 180-degree pulse is substituted with the reversal of the frequency-encoding
gradients (x Gradient) at TE/2. The signal echo still takes place at the TE. With this

approach, there’s no need to wait for the longitudinal magnetization to regrow [25].
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1.4.5 Principles of Diffusion MRI

Diffusion MRI (dMRI) is a non-invasive imaging method that relies on the physical
principles of diffusion NMR to assess water diffusion within a given spatial area in in-vivo
tissue. In theory, dMRI measures the movements of water molecules, which can describe
the structure of the underlying tissue microstructure. Water molecules in tissues move
randomly in all directions and this movement is known as Brownian motion [26]. The flux
of water molecules in each direction is explained by Fick’s first law ([27]) and can be

written as follows:

=DVC (1.7)

where J is the mass flux (units: mass/time), D is the diffusion coefficient (units: area/time)
and C is the concentration of water molecules (units: mass/volume). The estimated value
of the diffusion coefficient is generally referred to as the “apparent diffusion coefficient

(ADC)” [28], and it depends on the orientation of the tissue fibers.

If the water molecules are in a non-restricted environment (i.e. glass of water), they can
diffuse isotropically in any direction and the root-mean-square displacement of this

motion over a time interval of Td is:

r =V6DTd (1.8)

On the other hand, considering confined structures (i.e. fibrous tissues such as white
matter), the movements of water molecules will be restricted, and they tend to diffuse
along the fibers. In other words, structures like white matter are compartmentalized
structures that restrict the diffusion of water molecules. This type of diffusion is

characterized by anisotropic diffusion (figure 9). Based on this property of water diffusion
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in WM, some structural and geometric characteristics of WM can be extracted.

Isotropic diffusion

Anisotropic diffusion

Figure 9: Illustration of water molecules movement in different environments a)

Isotropic diffusion b) Anisotropic diffusion (adapted from Mori and Tournier 2014)

[29])

There are several reconstruction models proposed for diffusion MRI (i.e. diffusion tensor
imaging (DTI), neurite orientation dispersion and density imaging (NODDI), Q-Ball
imaging (QBI)). The most popular one is diffusion tensor imaging (DTI) [30]. Here we
will review DTI model as we have used it in our work. Using DTI, both equations (1.7)

and (1.8) could be generalized and the scalar diffusion coefficient can be written as
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Dxx Dxy Dxz
D= (ny Dyy Dyz) (1.9)

Dxz Dyz Dzz

D is referred to as Diffusion Tensor and represent the matrix of spins displacements.

In order to quantify diffusion, an MRI sequence is required, which includes two diffusion-
encoding gradients symmetrically placed around the 180-degree RF pulse. [31] (figure
10). The figure shows a schematic of dMRI sequence. ‘B’ represents the static magnetic
field which is uniform before applying the ‘g’ gradient. After the first gradient is applied
(right before the 180-degree pulse), the signal loses its uniform phase (‘Dephasing’
process begins: protons begin to precess at different rates of w. The color encoding shows
the amount of this precession rate). After the second ‘g’ is applied, the ‘Rephasing’
process begins, and the uniform phase is restored. ‘M’ is a vector component representing

the sum of the magnetic spin moments.
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Figure 10: A schematic of the dMRI sequence. ‘B’ represents the static magnetic
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field, ‘M’ is a vector component representing the sum of the magnetic spin

moments, ‘g’ is the diffusion encoding gradients. Image adapted from

Snoussi_Haykel PhD report.

1.4.6 Diffusion Tensor imaging (DTI)

One of the techniques that enable the measurement of the directional diffusivity of water
is DTT. MRI images can be acquired with applying diffusion-weighting in each of several
directions. For simple isotropic Gaussian diffusion, the signal attenuation for the diffusion

gradient pulses is measured with so-called Stejkal-Tanner equation as follows:

s/s0 = e~ PP (1.10)
where S is the diffusion-weighted (DW) signal, Sy is the signal without any DW gradients,
D (mm2/s) is the apparent diffusion tensor, and b (s/mm?2) is the diffusion-weighting (b-
values characterize the degree of diffusion sensitivity). Using the Stejkal-Tanner
equation, the diffusion tensor of D can be estimated. As described before, D contains 6
elements. Meaning that 6 scans (in 6 directions) are required for a simple diffusion
acquisition to measure the displacement of the water molecules.

Considering the shape of the molecular diffusion is represented with an ellipsoid, the
diffusion tensor matrix of D can be decomposed into its components as eigenvalues and
eigenvectors. In DTI, the eigenvalues and eigenvectors of the diffusion tensor describe
the direction and strength of diffusion in the tissue. The eigenvalues are the three values
that result from the diagonalization of the diffusion tensor, and they represent the
magnitude of diffusion along each of the three main axes of the tissue. The eigenvectors

are the corresponding vectors that describe the direction of the diffusion along each of the

23



principal axes. Therefore, if the diffusion tensor matrix of D is represented with its

components, we will have the following:

D=E. A.E’! (1.11)

Where E (eigenvectors) and A (eigenvalues) are as follows

A1l 0 O
E=(el,e2,e3) and A= 0 A2 O
0 0 A3

(figure 11) illustrates the eigenvector and eigenvalues in a diffusion tensor field.

[e;(r). Ay(r)]
[es(r), Rs(r)]

lea(r), Aalr)]

Figure 11: Ellipsoidal representation of the diffusion tensor field. Note that every
voxel corresponding to position r of a dMRI scan, is described by the eigenvectors
e (r) and eigenvalues lambda A(r) of the diffusion tensor D(r). Image source: A.

Leemans’s PhD report.

In DTI, eigenvalues and eigenvectors are used to compute a variety of measures that are

used in DTI analysis. These are so-called DTI metrics and are comprised of fractional
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anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD).
These measures can provide information about the microstructure of the tissue, such as the
presence of white matter tracts or the degree of tissue damage in neurodegenerative
diseases.

FA is generally used to measure the amount of diffusion anisotropy. Therefore, it is
expected that FA values obtained from WM tracts are higher when compared to that of GM
or cerebrospinal fluid (CSF). Unlike FA, MD values are higher in CSF as opposed to WM
structure. This is because of the fact that MD measures the average displacement of water
molecules. The next following equations describe the mathematical presentation of the DTI

metrics using eigenvalues.

MD="EE (1.12)
where Lambda bar is the average all the eigenvalues.
_ J(A1-1)2+(12-X)2+(13-1)2
FA=,/3/2 N T IEET (1.13)

AD, is a representative of diffusion along the lambda 1. Considering the WM structure,

AD represents the diffusion of water molecules along the axis of the axons.

AD=Li (1.14)

Despite AD, RD represents the rate of water diffusion perpendicular to the axons of white
matter tracts. In other words, RD represents the diffusion of water molecules across the

axons.

A2+A43
2

RD=

(1.15)

The DTI model is used increasingly in studying the spinal cord and its associated disease.
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The focus of these studies is to show the sensitivity of the DTI metrics to detect spinal cord
pathologies and diffusion changes at the microstructural level. The majority of these
studies are targeting adult population. Here we investigated the diffusion changes in the
pediatric spinal cord in healthy and spinal cord injury populations. We will explain this in

the next chapter of this manuscript.
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CHAPTER 2

STATE OF THE ART

2.1 Spinal Cord Quantitative MRI (qMRI)

In the last few decades, there has been a growing number of studies addressing the
potential of gMRI in the diagnosis and prognosis of spinal cord complications such as
multiple sclerosis (MS) [32], spinal cord injury (SCI) [15], [33], [34] or amyotrophic lateral
sclerosis (ALS) [35]. Contrary to the brain, studying spinal cord anatomy and its
complications is challenging. This is mainly because of the small size of the cord and its
specific anatomical arrangement, exacerbating its imaging [36], hence, warranting the need
for high-resolution scans to discern the cord structures (i.e. GM, WM). Other challenges
associated with imaging the cord are related to physiological artifacts (i.e. heartbeat,
breathing,...), which add distortions to the images [37], [38]. Other than physiological
artifacts, other types of distortions induced during MRI spinal cord acquisitions arise from
magnetic susceptibility between the spinal cord and the surrounding tissue. One way to
alleviate the consequences of these artifacts is to use cardiac gating or pulse oximetry
during the acquisitions [39]. Both methods allow the acquisition of images based on the
heart cycle of each individual (the period of the cardiac cycle happens where the flow
effects are minimal)[39].

Despite the aforementioned challenges in imaging the spinal cord, most diffusion MRI
studies use DTI to quantify the diffusion changes in the spinal cord [40]. In recent years,
DTI has shown promise as a noninvasive imaging biomarker for evaluating tissue
microstructure [41]. The highly directional structure of the spinal cord enables DTI to

localize WM accurately, separate WM from GM, and assess structural damage of the cord

27


https://paperpile.com/c/pomup0/uhDS
https://paperpile.com/c/pomup0/6txk
https://paperpile.com/c/pomup0/RXks+LrGt
https://paperpile.com/c/pomup0/WH3S
https://paperpile.com/c/pomup0/XrYR
https://paperpile.com/c/pomup0/g4Cz+4krj
https://paperpile.com/c/pomup0/h2sX
https://paperpile.com/c/pomup0/h2sX
https://paperpile.com/c/pomup0/sRxc
https://paperpile.com/c/pomup0/cWxg

by modeling the direction and magnitude of water diffusion [42]. Therefore, it’s safe to
consider DTT as a biomarker that is sensitive to the integrity of the cord and specifically
WM. Numerous spinal cord studies used DTI to assess the WM microstructure in the adult
population [43], [44]. However, pediatric spinal cord studies have been rare [45], [46].
This emphasizes the importance of studying children's spinal cord anatomy at the
microstructural level, which also enables obtaining and establishing diffusion normative
values for various WM tracts. Hence, one of the objectives of this thesis is to establish
normative DTI values of the several WM tracts found in the pediatric spinal cord in
typically developing (TD) population and use those values as a potential imaging
biomarker to discriminate between TD pediatric cord and spinal cord injury (SCI) patients.
As an example, the corticospinal tract (CST), one of the descending tracts of the lateral
motor system, is among the most studied WM tracts [47]. Therefore, it’s crucial to probe
the disparity between dorsal column sensory tracts and lateral corticospinal tracts,
specifically in the pediatric cohort. Some studies [48], [49] have shown the usefulness of
normative DTI-derived values, presenting a good correlation with the values acquired from
clinical examination of motor and sensory levels in SCI patients. Few other works in
pediatric patients have demonstrated DTI indices differences between age and cord region
[45], [46] using manual region of interest (ROI) extraction. However, no studies, to date,
to our knowledge, have analyzed the WM tract diffusion changes in the pediatric cervical
spine using automated tract delineation as suggested in our work. Despite the feasibility of
pediatrics spinal cord DTI acquisitions with recent scanning improvements, there are still
efforts required to be made toward the development of publicly available processing tools

and imaging references targeting spinal cord MRI data. For instance, the lack of a common
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template makes it difficult to process multi-parametric data within a standard framework.
A common template of the spinal cord can facilitate the development of biomarkers
sensitive to white matter damage and neuronal function. A template would also provide the
researchers with a tool to process gMRI data and to compare results between groups and

subjects.

2.2 Spinal cord MRI template and atlases

The existing brain templates (i.e MNI template) have helped researchers for years by
allowing sharing, comparing, and validation of their findings between groups. However,
such templates are rare in the spinal cord and non-existent in the pediatric population.
Earlier works of several research groups have specified the spinal cord templates based on
their unique applications. In 2008 Stroman group [50] used fMRI data from 24 experiments
in eight volunteers that were normalized and combined to create the first anatomical (T2-
w) reference volume (figure 12). This template was then extended to 10 subjects and was

further modified to improve the representation of the spinal levels.
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Figure 12: shows the midline slice averaged over 24 experiments in eight
volunteers. (adapted from P. Stroman et al., Magnetic resonance imaging 26.6

(2008))

Later in 2009, Eippert et al. made a T1-w template of the cervical spinal cord [51]. The
template was created out of 15 images with the limitation of arbitrarily selecting one

subject that served as a target for registering all the other subjects (figure 13).
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Figure 13: The average structural image. The black box indicates the sagittal
section, and the red line indicates the transverse line. (adapted from F. Eippert et
al., Science (2009) )
Valsasina et al. [52] generated a T1-w template of the cervical spinal cord for use in spinal
cord atrophy. This was done by proposing a normalization procedure based on a semi-
automated segmentation approach. The template averages 90 images of healthy subjects to

create a straight template of the spinal cord (figure 14).
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B Coronal Sagittal Axial

Figure 14: The picture shows: A, Coronal, sagittal, and axial views of the cervical
cord template created as the average of all the healthy subjects in the study. B,
Coronal, sagittal, and axial sections of the corresponding color-coded normalized
region-label mask reporting the 24 reference anatomic regions (anterior, posterior,
left, and right sections of C1/C2, C3, C4, C5, C6, and C7) . (the figure and the
paragraph adapted from P. Valsasina ., et al, American Journal of Neuroradiology

(2012))
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After Valsasina group, El Mendili et al. [53] introduced a template of the cervical spinal
cord, based on a similar approach to Valsasina. The difference between the two templates

was using different normalization methods (figure 15).

Ch

Figure 15: The image illustrates the cervical spinal cord template along with the
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probability tissue map. (a) a coronal view is presented on the top left section, the
middle image represents a sagittal view and the top right figure is presenting axial
view of the cervical cord at different levels (from C2- C7). (b) the bottom row

shows the probability tissue maps. The probability map shows the voxel value from
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0 to 1. With 0 representing a voxel outside of the spinal cord and 1 being a voxel
that belongs to the spinal cord.
* (A, anterior; I, inferior, L, left, P, posterior, R, right; S, superior)

figure and the paragraph adapted from M. El Mendili et al., (2015))

AMU40 template was generated with Taso group in 2015 [54]. It was the first template to
enclose probabilistic white and gray matter atlases. This template was used to study the
morphometry mapping of the adult population based on age (figure 16). For example, the
group was able to show anterior gray matter atrophy in elderly volunteers when compared
to a young population. AMU40 is a T2*-w template of the cervical spinal cord from 40

healthy subjects.
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Figure 16: Illustrates the AMU40 template. The template represents the T2*-
weighted template of the cervical spinal cord from 40 healthy subjects (AMUA40).

(Image adapted from M. Taso et al., Neuroimage (2015) ).

In 2014, Fonov's et al,. [55] generated the MNI-Poly-AMU, an unbiased template of T2-
w scans from 16 healthy adult subjects (figure 17). The template covers from C1 up to T6
vertebral level, along with probabilistic atlases of the white and gray matter. The template
was then integrated into Spinal Cord Toolbox (SCT) [56]. The SCT is a comprehensive

and open-source software for analyzing multiparametric MRI data of the spinal cord. One
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of the limitations of this template is that it only covers C1 to T6 levels and is only available

in T2 contrast.

Figure 17: Illustrates MNI-Poly-AMU, T2-weighted template with
vertebral labeling. First three panels from left, represent coronal, sagittal
and labeled sagittal view of the spinal cord covering C1 to T6 levels. Panel
on the right shows axial views of vertebral levels, with an overlay of the
spinal cord and CSF contours. Figure and the paragraph are adapted from
(V.S. Fonov et al., Neuroimage (2014)) * (A, anterior; I, inferior, L, left, P,

posterior, R, right; S, superior)
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Finally and very recently (2017), De Leener et al, introduced, to date, the most
comprehensive template of adult’s population called PAMS0 [57] which addresses the
aforementioned limitations in the existing templates. PAMS50 covers the entire spinal cord
and is available in T1-w and T2-w contrasts (figure 18). The template is also compatible
with existing brain templates enabling the study of brain and spinal cord association.
Despite these past investigations on spinal cord templates, no group has proposed the
generation of a pediatric spinal cord template which is one of the main objectives of this

thesis work.

vortobros
segmentation

opinal cord
segmeniation

Figure 18: T1-w and T2-w sagittal views of the PAM 50 template, which
covers the brainstem and the full spinal cord along with segmentation of the

spinal cord and vertebrae. The PAMS50 template is registered with the
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ICBM152 “MNI” brain template at the level of the brainstem. Figure and

the paragraph are adapted from (B. DeLeener et al., Neuroimage (2018))

In this work, we have focused on developing, to our knowledge, the first standardized
spinal cord template of TD pediatric subjects as well as applying multiparametric MRI data
in measuring and quantifying the microstructural and macrostructural changes in TD
pediatric spinal cord and children with SCI. The next few chapters will explain the efforts

made in this study to achieve the result.
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CHAPTER 3

METHODOLOGY
Based on the previous chapters from the introduction to literature review, we can
summarize the following statements regarding the methods in qMRI data of the pediatric
spinal cord:
— The standardized normative template will facilitate group and single-subject analysis in
a standardized 3D space, thereby controlling for the variability among the subjects. In
addition, template base analysis of the cord allows for reproducible and comparable
analysis of the large group of patients providing enhanced diagnostic tools for spinal cord
disease.
— There are not many (adult) templates of the spinal cord in the literature that covers the
full spinal cord, and to our knowledge, no such template for the pediatric spinal cord exists.
— Normative references are a mainstay of pediatric practice and facilitate the interpretation
of values and clinical decision-making about treatment and treatment effectiveness. This
will also increase the specificity and sensitivity of these noninvasive biomarkers for
detecting lesions in children with SCI. In addition, these imaging biomarkers and the
template could be extended to other pediatric spinal cord diseases in the future.
— The DTI metrics of FA, MD, RD, and AD values obtained from TD subjects could
establish the normative range of diffusion metrics at defined vertebral levels. These values
can be used as a potential imaging biomarker to discriminate between TD pediatric cord

and SCI patients.

According to the above summary, the research question posed is, “ how to create MRI

pediatric template of the spinal cord that would allow the template-based analysis of the
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pediatric spinal cord as well as providing normative references that could be used as

imagining biomarkers to facilitate clinical decision making in children with SCI”.
Therefore, the main objectives of this PhD thesis are as follows:

Specific Aim 1: Develop a standardized pediatric spinal cord template using a high

resolution T2-w scan of 30 typically developed subjects with an age range of 6-17 years
old.
Aim 1.1: Establish normative values of spinal cord cross sectional area (SCCSA)
measurement using the isotropic T2-w scan in 30 typically developed subjects

between 6-17 years.

Specific Aim 2: Establish the atlas-based normative values of the diffusion tensor imaging
(DTI) indices for various white matter tracts in 30 typically developing subjects (age
range 6-16 years old) at the C3 level of the cervical cord.

Aim 2.1 : Compare the obtained DTI metrics (as well as other gMRI metrics) from TD
subjects to that of SCI patients. More specifically, to examine sites cephalad and caudal
to a lesion and compare those values with values of the TD population.

3.1 Structure of the dissertation

As illustrated in (figure 19), chapter 4 explains the efforts made as part of this thesis work
towards creating the T2-w pediatric template of 30 TD subjects (specific aim 1). It also
explains one of the main utilization of the created template in measuring and establishing
normative SCCSA values for selected levels of the cord (specific aim 1, aim 1.1). This
work has been presented in the American Society of Neuroradiology (ASNR) 57" Annual
Meeting in Boston, USA, 2019 as an oral presentation, which won the Derek Harwood

Nash award of 2019 at this conference (2019 ASPNR DEREK HARWOOD-NASH

40


https://aspnr.org/about/news/2019-aspnr-derek-harwood-nash-award/

AWARD). This award is granted for the most outstanding pediatric neuroradiology paper
at the ASNR annual meetings. This work was published in the proceeding of the
International Society of Magnetic Resonance in 2019, as well. [58]

Chapter 5, presents the work concerned with obtaining the normative values of DTI metrics
in TD subjects (specific aim 2). This work was published in the American Journal of
Neuroradiology (AJNR) in 2021, titled as “Atlas-Based Quantification of DTI Measures
in a Typically Developing Pediatric Spinal Cord” [59]. In this work, we developed a
processing pipeline for the atlas-based generation of the TD pediatric spinal cord WM
tracts that help with establishing the normative diffusion values. The age-related changes
in these normative DTI metrics were also investigated.

Chapter 6, extends the result of the previous article from chapter 5 by translating the clinical
applications of our findings in children with SCI (specific aim 2, aim 2-1). This study is
submitted to the Journal of Neurotrauma in 2023 as an original research article titled as
“Quantitative Magnetic Resonance Imaging to Characterize the Macro and Microstructural
Changes in Typically Developing Pediatric Subjects and Patients with Spinal Cord Injury”.
The purpose was to measure macrostructural and microstructural neurodegenerative
changes remote from a spinal cord injury lesion in children with SCI and compare them
with TD children using gqMRI measures. We hypothesized that the observed changes in

those regions of the cord can provide insights into the full extent of the injury.
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Figure 19: Illustration of the structure of this thesis based on the chapters

and the related specific aims of this thesis work.

3.2 Additional publications

The present dissertation introduces two original articles that have been
published/submitted during my Ph.D. work. Several other related articles and conference

proceedings were also published during this timeframe and are listed below:

3.2.1 Peer-review journals

1) C. Blanc, S. Shahrampour, F. B. Mohamed, and B. de Leener, “Combining
PropSeg and a convolutional neural network for automatic spinal cord
segmentation in pediatric populations and patients with spinal cord injury,” Int. J.
Imaging Syst. Technol., vol. n/a, no. n/a, Feb. 2023, doi: 10.1002/ima.22859. [60]

2) Middleton DM, Shahrampour S, Krisa L, Liu W, Nair G, Jacobson S, Conklin CJ,
Alizadeh M, Faro SH, Mulcahey MJ, Mohamed FB. Correlations of diffusion
tensor imaging and clinical measures with spinal cord cross-sectional area
measurements in pediatric spinal cord injury patients. J Spinal Cord Med. 2021 Dec
2:1-8. doi: 10.1080/10790268.2021.1997027. Epub ahead of print. PMID:
34855576.[61]
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3)

Saksena S, Mohamed FB, Middleton DM, Krisa L, Alizadeh M, Shahrampour S,
Conklin CJ, Flanders A, Finsterbusch J, Mulcahey MJ, Faro SH. Diffusion Tensor
Imaging Assessment of Regional White Matter Changes in the Cervical and
Thoracic Spinal Cord in Pediatric Subjects. J Neurotrauma. 2019 Mar
19;36(6):853-861. doi: 10.1089/neu.2018.5826. Epub 2018 Oct 3. PMID:
30113265; PMCID: PMC6484353.[62]

3.2.2 Conference abstracts

1)

2)

3)

4)

5)

6)

S. Shahrampour, 1. Vel, D. M. Middleton, M. Alizadeh, S.Naghizadehkashani, L.
Krisa, A. E. Flanders, S. H. Faro, J. Cohen-Adad, F. B. Mohamed; “ Magnetization
Transfer Imaging in Normal Pediatric Spinal Cord: Evaluation and Assessment of

Normative Data Across Various White Matter Tracts.” The Radiological Society
of North America (RSNA), Chicago, USA, 2022 (Oral presentation).

Colline Blanc, Shiva Shahrampour, Feroze B Mohamed, Benjamin De Leener.
“Automatic spinal cord segmentation in pediatric MR images: Preliminary
Results”. 31st International Society for Magnetic Resonance in Medicine (ISMRM)
Annual Meeting & Exhibition. London, UK, 2022.

J Heholt, S Shahrampour, F Mohamed, M Alizadeh, N Wintering, A Newberg.
“N-Acetylcysteine Administration Affects Cerebral Blood Flow as Measured by
Arterial Spin Labeling MRI in Patients with Multiple Sclerosis”. 59th Annual
Meeting of the American Society of Neuroradiology (ASNR). San Francisco, CA,
2021.

Shiva Shahrampour, Benjamin De Leener, Mahdi Alizadeh, Devon Middleton,
Laura Krisa, Adam Flanders, Scott Faro, Julien Cohen-Adad , and Mohamed FB.
"Atlas-based Quantification of DTI measures in Typically Developing Pediatric
Spinal Cord". 29th International Society for Magnetic Resonance in Medicine
(ISMRM) Annual Meeting & Exhibition. Virtual Meeting, 2021 (Oral
presentation).

Shiva Shahrampour, Benjamin De Leener , Devon Middleton , Mahdi Alizadeh ,
Laura Krisa , Adam Flanders , Scott Faro , Julien Cohen-Adad , and Feroze
Mohamed. “Atlas-based Quantification of DTI measures in Typically Developing
Pediatric Spinal Cord”.24th American Society of Spine Radiology (ASSR), virtual
conference, 2021.

Shahrampour S, De Leener B, Middelton D, Jonnavithula K, Alizadeh M,
Pediyakkal H, Krisa L, Flanders A, Faro S, Cohen-Adad J, Mohamed F.
“Development of a Standardized Normative Pediatric Spinal Cord structural
template”. 46th American Spinal Injury Association annual meeting (ASIA),
virtual meeting, 2020. Award nominee (Oral presentation).
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7) Shiva Shahrampour , Benjamin De Leener , Mahdi Alizadeh, Devon Middelton,
Laura Krisa , Adam Flanders , Scott Faro , Julien Cohen-Adad , and Feroze
Mohamed. "Development of Pediatric Spinal Cord White Matter Atlas: Preliminary
Analysis". 28th International Society for Magnetic Resonance in Medicine
(ISMRM) Annual Meeting & Exhibition. virtual conference, 2020.

8) S Shahrampour, B De Leener , D Middleton, M Alizadeh, L Krisa, A FLANDERS
,S Faro, J CohenAdad, FMohamed. Development of Pediatric Spinal Cord White
Matter Atlas: Preliminary Analysis. 58th American Society of Neuroradiology
meeting (ASNR), virtual conference, 2020.

9) Shiva Shahrampour , Benjamin De Leener , Devon Middelton , Kavya
Jonnavithula , Mahdi Alizadeh , Hiba F Pediyakkal , Laura Krisa , Adam Flanders
, Scott Faro , Julien Cohen-Adad , and Feroze Mohamed. "Development of a
Standardized Normative Pediatric Spinal Cord structural template: Demonstration
of an automatic estimation of Spinal Cord Cross Sectional Area measurements
(SCCSA)." ISMRM 27th Annual Meeting & Exhibition. Montreal, Canada, 2019.

10) S Shahrampour, B De Leener , D Middelton , K Jonnavithula, M Alizadeh, H
Pediyakkal, L. Krisa, A Flanders, , S Faro, J Cohen-Adad, F Mohamed.
“Development of Standardized Normative Pediatric Spinal Cord structural
template: Demonstration of automatic estimation of Spinal Cord Cross Sectional
Area measurements (SCCSA)”. The American Society of Neuroradiology (ASNR)
57th Annual Meeting & The Foundation of the ASNR Symposium. Boston, MA,
USA, 2019 (Oral Presentation).

11) Sona Saksena, Mohamed FB, Devon Middleton, Laura Krisa, Mahdi Alizadeh,
Shiva Shahrampour, Adam Flanders, Scott H. Faro. “DTI of Spinal Cord Lesions
of Varying Severity Based on MRI in the Entire Pediatric Spinal Cord”. 57th
Annual meeting of the American Society of Neuroradiology (ASNR), Boston,
USA, 2019.

12) S Shahrampour, B De Leener , D Middelton , A Flanders , S Faro , J Cohen-
Adad , M Alizadeh , L Krisa , F Mohamed. “Volumetric Analysis of Pediatric
Spinal Cord Structural MRI data using SCT”. The American Society of
Neuroradiology (ASNR) 56th Annual Meeting & The Foundation of the ASNR
Symposium. Vancouver, Canada, 2018. (Oral Presentation).

13) Devon Middleton, Shiva Shahrampour, Sona Sakesena, Chris J Conklin, Mahdi
Alizadeh, Scott H Faro, Laura Krisa, MJ Mulcahey, Mohamed FB. “Spinal cord
cross section and DTI by vertebral level correlate superior and inferior to injury”.
27th Joint Annual Meeting ISMRM-ESMRMB. Paris, France, 2018.

14) Jennifer Muller BS MS; Mahdi Alizadeh; Sara Thalheimer BA; John James
Pearce; Victor M. Romo MD; Shiva Shahrampour ; Feroze Mohamed ; Ashwini
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(ASNR), Washington, USA, 2016.
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Krisa, MJ Mulcahey. “Pediatric Spinal Cord Atrophy Imaging”. 4th joint meeting
of ISCoS and ASIA. Montreal, CA, 2015.
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CHAPTER 4

ARTICLE 1: DEVELOPMENT OF STANDARDIZED NORMATIVE
PEDIATRIC SPINAL CORD STRUCTURAL TEMPLATE: DEMONSTRATION
OF AUTOMATIC ESTIMATION OF SPINAL CORD CROSS SECTIONAL
AREA MEASUREMENTS (SCCSA)

This paper presents the development of the structural pediatric template and demonstrates
one of the utilization of the generated template as automated spinal cord cross sectional
computation (SCCSA).

This work has been presented and published in the :

- 46th Spinal Cord Injury Association annual meeting (ASIA) in 2020.

- 27th International Society for Magnetic Resonance in Medicine Annual Meeting
(ISMRM) in 2019.

- 57th American Society of Neuroradiology (ASNR) in 2019.

Title: Development of Standardized Normative Pediatric Spinal Cord Structural template:
Demonstration of automatic estimation of Spinal Cord Cross Sectional Area measurements
(SCCSA).

Authors: Shahrampour S., De Leener B., Middleton D., Jonnavithula K., Alizadeh M.,

Pediyakkal H, Krisa L., Flanders A., Faro S., Cohen-Adad J., Mohamed F.
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Abstract:

The purpose of this work was to create a structural MRI based template of the normal
pediatric spinal cord by combining T2w MR scans of several TD subjects and show its
utility. For that, T2w 3D images from 30 TD subjects (6-16 yrs) were acquired in two slabs
and stitched using a 3.0T MRI with the following imaging parameters: voxel size = 1x1x1
mm?, TR=1500ms, TE=122ms. The following pre-processing steps were performed on all
subjects before the actual template generation: (I) spinal canal centerline extraction.
(IT)Semi-automatic identification of intervertebral discs using a template-matching
detection algorithm. (IIT) Slice-based intensity normalization: to normalize image intensity
of the inside of spinal cord to the average intensity of the entire dataset. After successful
preprocessing, the following steps were performed: (I) the spinal cord centerline and the
intervertebral discs positions were semi-automatically extracted on all images using tools
from Spinal Cord Toolbox. (II) The cord was then straightened, and vertebral levels were
aligned using a Non-Uniform Rational Bezier Spline based nonlinear transformation. (III)
An unbiased left-right symmetric template was constructed using a hierarchical group-wise
nonlinear image-registration method (Automatic Nonlinear Image Matching and
Anatomical Labeling). The template generation algorithm computes the average of all
subjects iteratively and registers the images to this average nonlinearly. As a demonstration
of the utilization of this template, spinal cord cross sectional area (SCCSA) was computed
at disc levels in all the subjects.

We were able to illustrate the generated template, sagittal and coronal views along with the
labeled vertebral bodies and segmented cord. Probabilistic map of white and gray matter

and Cerebrospinal Fluid (CSF) as well as cord segmentation were also presented. The
47



similarity of the SCCSA measurements between the produced pediatric template and all
the 30 subjects suggests the intactness of the overall structure of the spinal cord after
straightening and deformation process during template registration.

To the best of our knowledge this work is the first to create a standardized template of
spinal cord in pediatric subjects. We demonstrated the utility of this template in
automatically estimating the SCCSA. Future work with a larger cohort with varied age

ranges and gender is warranted.

Objective and Background:

Creation of the templates will allow for examination of the spinal cord in a standardized
space for group studies and would remove, or greatly reduce, user variability during the
analysis process. Although an adult template was recently created [57], there are no
pediatric spinal cord templates which would enable group analysis and permit researchers
to share, compare, and validate their results [43], [55], [63], [64]. The purpose of this
study was to create the first known normative structural template for the pediatric spinal
cord in the typically developing (TD) population. The proposed approach was following
the process currently used by the Neuropoly team based at Polytechnique Montreal [65],
to generate pediatric templates across the pediatric age range that will produce an

unbiased average anatomical template of the pediatric spinal cord.

Methods and Materials:

a) Subject sampling: A sample of 30 TD children between 6 and 17 years of age (12.38
+2.81) were recruited for this study. Subjects and parents provided written information

assent and consent of the institutional review board (IRB) approved protocol. Children
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b)

were excluded if they were unable to tolerate MRI without sedation; have infantile,
juvenile or adolescent idiopathic scoliosis or any abnormality of the nervous and/or
musculoskeletal system, or chromosomal or genetic diagnosis. All subjects underwent
a single scan without contrast that will include data collection for aims one and two
outlined before. Prior to imaging data collection, subjects and guardians were
interviewed about the subjects past medical history and known disabilities. Subjects
also underwent a brief screen to assess muscle strength, balance, and sensation by

trained research personnel.

Image acquisition: The scans were performed using a 3T Verio MR scanner (Siemens,
Erlangen, Germany) with four channel neck and an eight-channel spine matrix coil.
All the subjects followed the scan protocol consisting of initial T2- w gradient-echo
scout sagittal acquisition of cervical and thoracic spinal cord. The sagittal scans were
used to prescribe axial sections of both cervical and thoracic spine. Imaging was then
followed by obtaining an axial T2- w gradient echo (GRE), a sagittal T2-w 3D SPACE
sequence; a sagittal turbo spin- echo (TSE) T1-w; a sagittal TSE T2-w and an axial
diffusion-weighted scans. Diffusion tensor images were acquired axially using 2
overlapping slabs, to cover the entire cervical and thoracic spinal cord using an inner
Field of View (iFOV) spin echo-based EPI pulse sequence with a tilted excitation
plane. The iFOV DTI sequence consists of a spatially selective 2D radio frequency
(RF) excitation profile[66]. The tilted excitation plane provides shorter 2DRF pulses
and excludes the sidelobes in the refocusing plane. This sequence has the advantage of
improving the signal to noise ratio (SNR) of the spinal cord as well as reducing

distortion artifacts in DTI scans by enabling shorter phase encoding readout in the AP
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direction. Manual shim and fat saturation volume adjustments were also performed
before data acquisition to restrict the adjustment volume to the anatomy of interest as
much as possible and to limit residual distortions and chemical-shift artifacts.

The imaging parameters of DTI acquisition for each slab is as follow: FOV=164 mm,
phase FOV=28.4% (47 mm), 3 averages of 20 diffusion directions, 6 b0 acquisitions,
b=800 s/mm?, voxel size= 0.8x0.8x6 mm?>, number of slices =40, TR = 7900ms,
TE=110ms, acquisition time= 8:49 minutes per slab. The T2-weighted SPACE
imaging parameters used were: voxel size 1x1x1 mm?®, TR= 1500ms, TE= 122ms, flip
angle= 140°, number of averages=2 and acquisition time=3 minutes and 17 seconds
(for each overlapping slab). Cardiac gating was not used in this study as this will
increase acquisition time which is not desirable in pediatric imaging. No subject was
anesthetized in this study.

b-1) Optimization of DTI acquisition using reduced-field-of-view sequence: In
order to optimize the rFOV sequence for imaging of the pediatric spinal cord, several
diffusion directions (6, 12, 20 and 30), multiple signal intensity averages (1 to 4), and
different b-values (0, 700, 800, 900, 1000 and 1200 s/mm?) were examined. The final
parameters (number of directions=20, b=800s/mm?, and number of averages=3) were
selected to ensure the relatively short acquisition time tolerable for pediatric imaging
while maintaining high spatial resolution that provides good accuracy for the estimate

of the diffusion tensor.

Image Processing: This processing step is following the approach by Neuropoly team
based at Polytechnique Montreal [67] . Initially, an intensity normalization procedure

was applied to all images to normalize image intensity of the inside of spinal cord (the
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cord as opposed to CSF) to the average intensity of the entire dataset. Then the
following sequence of steps were performed to generate the template: 1. The spinal
cord centerline was automatically identified using a regularized support vector
machine method trained on T2 images.[68] 2. The spinal cord was automatically
segmented using a 3D mesh propagation algorithm [69] 3. The intervertebral discs
positions were automatically extracted using a template-matching detection algorithm
[70] 4. The spinal cord was then straightened and vertebral levels were aligned using
a Non-Uniform Rational Bezier Spline (NURBS) based nonlinear transformation [71].
An additional step of straightening procedure was the vertebral level alignment using
vertebral based referential system [72] which was also performed. 5. An unbiased left-
right symmetric template was constructed using a hierarchical group-wise image-
registration method [73], (Figure 20) illustrates a summary of template creation steps.
The image registration method used in this procedure is based on the nonlinear
registration engine of Automatic Nonlinear Image Matching and Anatomical Labeling
(ANIMAL) [74]. Overall, this template generation algorithm was performed by
iteratively computing the average of all images and nonlinearly registering the images
on that average. This procedure was repeated several times with finer grid size and
blurring kernels: 4 iterations at 4 mm resolution, 4 iterations at 2 mm, 4 iterations at 1
mm and 4 iterations at 0.5 mm. Left-right symmetry was achieved by flipping all initial
images in the left-right direction and integrating them as input into the iterative
template generation procedure. While the original images have a 1 mm?® isotropic
resolution, the iterative nonlinear averaging process allowed to increase resolution of

the final template and to keep high-contrasted structures. Therefore, the final resolution
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of the template is set to 0.5x0.5x0.5 mm? for a size of 201x201x1200 voxels. A slice-
based intensity normalization procedure was also applied on the final template to
homogenize the image intensity inside the spinal cord and thus correct for the intensity
bias related to inhomogeneous transmit and receive B1 fields. 6. The white and gray
matter probabilistic atlas was registered to the generated template using BSplineSyN
transformation, as previously described [75]. This entire procedure was undertaken for
all the 30 subjects from various age groups, and a structural template was created.
Recently, this procedure has been well tested and used to create the first adult spinal

cord template by the Neuropoly team[65].
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Figure 20: Illustrates a summary of template creation steps. 1) shows pre-
processing of T2-w stitched spinal cord data. spinal cord canal is also semi-
automatically extracted. 2) shows the straightening process of the spinal cord for
each subject. 3) illustrates non-linear registration of T2-w images into PAM 50
space. The image and the paragraph were adapted from (De Leener. B. et al,

Neuroimage (2018)) .
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To perform the SCCSA measurements, T2-w images from both 3D isotropic
acquisitions were stitched together using Siemens composing software in order to
create a single contiguous volume containing the entire cervical and thoracic spinal
cord. Images were reviewed post-stitching in order to verify success of the operation
and to ensure a contiguous cord without gaps. Measurements of SCCSA were then
performed using volumetric spinal cord masks generated by the spinal cord toolbox
(SCT)[56] following the creation of the template, SCCSA measurements along with
the Coefficient of Varian (CV) were computed for both generated template and
individual TD subjects (averaged across the subjects) for selected cord levels. The Intra
Class Correlation (ICC) is used to examine the agreement of the measurements

between the two groups.

Results:

To illustrate the generated template, sagittal and coronal views along with the labeled
vertebral bodies and segmented cord are depicted (figure 21). Probabilistic map of white
and gray matter and Cerebrospinal Fluid (CSF) as well as cord segmentation are also

presented.
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Figure 21: Illustrates the, generated pediatric template. The left four images show the
(A) sagittal and (B) coronal view of the template along with the (C) vertebral labels
and (D) segmented cord in red. The right two images show (E) probabilistic map of
white and gray matter as well as (F) Cerebrospinal Fluid (CSF) and cord

segmentation.

The SCCSA of the produced pediatric template is computed as 46.5 mm? +£12.5 (average
across levels) and the same measurement of average SCCSA across all 30 subjects is 47
mm? +£9.6. Both SCCSA measurements are plotted and the similarity in the shapes of the
plots suggests the intactness of the overall structure of the spinal cord after the

straightening and deformation process during template registration (figure 22).
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SCCSA Across Levels of the Template
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SCCSA Across Levels of 30 Individual
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Figure 22: The graph shows the SCCSA of the pediatric template (average across
levels: 46.5 mm? £12.5)(top panel). This average is compared to average SCCSA
across all 30 subjects (average across levels: 47 mm? +9.6)(bottom panel). This
suggests that SCCSA is preserved between native subjects’ space and the

template.

The SCCSA measurements for both groups along with the Coefficient of Varian (CV) for
selected disc levels are shown in (table-1). The (ICC) of 0.94, indicates a strong agreement

between the measurements in both groups.
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Pediatric Template Average of all 30 Subjects
SCCSA CV% SCCSA CV%
mm?+Sd mm?+Sd
C1-C2 62.27+0.53 0.00% 64.08 £0.95 0.01%
C4-Cs5 68.78+ 0.6 0.00% 65.15+1.4 0.02%
C6-C7 48.62 +1.64 0.03% 57.23 £0.89 0.01%
C7-T1 44.72 +£1.03 0.02% 49.4 £0.71 0.01%
T3-T4 35+0.54 0.01% 42.93 £0.41 0.00%
T6-T7 33.33 £0.65 0.01% 35.16 £0.27 0.00%
T8-T9 38.89 +0.23 0.00% 43.67 +£0.38 0.00%
T11-T12 56.21 £1.76 0.03% 50.11£0.17 0.00%

Table-1 : Table shows comparison of SCCSA (mm?) measurements between the
generated template and the average of all the 30 subjects along with Coefficient of

Variation (CV) in selected intervertebral discs.
Conclusion:

To our knowledge, this work is the first to create a standardized template of spinal cord
in pediatric subjects. The utility of this template in automatically estimating the SCCSA

is also demonstrated and this will warrant future work with larger cohorts.
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CHAPTER 5

ARTICLE 2: ATLAS-BASED QUANTIFICATION OF DTI MEASURES IN A
TYPICALLY DEVELOPING PEDIATRIC SPINAL CORD.

Normative data characterizes what is usual in a defined population at a specific point or
period of time. Normative data contributes to research and clinical practice, improve the
understanding of the natural history of common conditions, and support the development
of appropriate standards of clinical care for physicians. Therefore, the motive for this article
was, to establish a range of atlas-based normative values of 34 white matter tracts at the
C3 level of spinal cord for children (male and female), ages 6-17 years old. To the best of
our knowledge such data sets are not currently available and will immensely help in
evaluation of pediatric spine neurodevelopment, comparisons with patients with SCI, and

have the potential to aid in clinical diagnosis.

This study has been published in the American Journal of Neuroradiology (ANJR) in Sep
2021, vol. 42(9), 1727-1734.

DOI: http://dx.doi.org/10.3174/ajnr.A7221

Title: Atlas-Based Quantification of DTI Measures in a Typically Developing Pediatric
Spinal Cord.
Authors: Shahrampour S., De Leener B., Alizadeh M., Middleton D. , Krisa L., Flanders

A., Faro S., Cohen-Adad J., Mohamed F.
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Abstract:

Using multi-parametric MRI data of the spinal cord in typically developing pediatric
subjects, this study had three objectives: 1) to develop a processing pipeline for generating
pediatric spinal cord white matter tracts using atlas-based methods, ii) to derive normative
values of DTI indices for various white matter tracts, iii) and to examine age-related
changes in the normative DTI indices along the extracted tracts. For that, diffusion
weighted and T2 weighted scans of 30 subjects between the ages of 6 and 16 were acquired
and registered to a template in the Spinal Cord Toolbox. The DTI indices for various white
matter regions were extracted at C3 vertebral level and examined for the effects of
laterality, functionality, and age on all the 34 extracted WM regions. The atlas-based
approach used in this study proposed an automated pipeline incorporating post-processing
steps and template registration technique that improved the accuracy and speed of
measurements and provided normative values for white matter tracts in typically

developing pediatric subjects.

Introduction:

In humans, the spinal cord functions as a signaling pathway between the extremities and
the brain structures. All the primary sensory and motor functions are conducted through
the spinal cord. The spinal cord WM contains a wide range of fibers that are different in
size, density, and functionality [76]. For example, fasciculus gracilis, which is involved in
transmitting various functions such as vibration, conscious proprioception, and fine touch
sensations are composed of small size packed fibers whereas spinocerebellar tracts (which
carry proprioceptive and cutaneous information) are composed of large-size and less dense

fibers[77], [78]. Injury caused to the spinal cord due to traumatic or non-traumatic events
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and subsequently to these specialized white matter tracts in general leads to specific
dysfunction and various clinical disabilities. Clinical entities that lead to axonal loss (e.g
multiple sclerosis) [79] are associated with symptoms such as loss of motor functions and
sensation, while spinal cord injury can produce paraplegia or quadriplegia [80].
Therefore, study of spinal cord WM and characterizing its microstructure non-invasively
will help in accurate understanding and diagnosis of disease and pathologies. Furthermore,
identifying the WM pathways in the cord that may have been damaged is crucial in helping
the prognosis and functional recovery and disease management.

In recent years DTI, have shown promise as a non-invasive imaging biomarker for
evaluating the integrity of the spinal cord WM. DTI provides information related to tissue
microstructure and fiber organization of the WM in a non-invasive manner [41]. For that,
DTI is a strong biomarker candidate for detecting spinal cord pathologies through
quantification of its metrics such as fractional anisotropy (FA), mean diffusivity (MD),
radial diffusivity (RD) and axial diffusivity (AD) [46], [81]. Despite challenges associated
with spinal cord DTI imaging such as small area of the cord, reduced signal-to-noise ratio
(SNR), cerebral spinal fluid (CSF) pulsation, and patient motion, various improvements in
scanning methodologies and post processing methodologies, such as zoomed and reduced
field of view MRI techniques and optimized protocols has made spinal cord imaging
clinically feasible. In the last decade, numerous studies have demonstrated the utility of
DTI as a non-invasive tool to assess normal and abnormal adult spinal cord WM
microstructure [43], [44], [82]-[84]. However, studies addressing the pediatric spinal cord
have been limited [45], [46]. This stresses the importance of studying pediatric spinal cord

anatomy, specifically all the various white matter structures at a microstructural level, and
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establishing normative values for various diffusion-derived indices obtained from these
WM structures. This information could help with monitoring normal spinal cord
development in growing children and evaluating age-related differences in the specific
WM tracts (i.e. corticospinal tracts). Recent studies [48], [49]have shown the usefulness of
these normative values, showing a good correlation with the values acquired from clinical
examination of motor and sensory levels in patients. Few other works in pediatric patients
have demonstrated DTI indices differences between age and cord regions [45], [46].
However, all of these studies have used manual delineation of the white matter structures
in the pediatric spinal cord using expert pediatric neuroradiologists or neuroscientists [45].
Recently, automated methods have been developed for the extraction of various white
matter structures on the adult spinal cord. This enables better quantification and alleviates
any subjectivity not only in the identification of these small structures but also in accurate
measurements of functional and structural metrics. In this work, we have extended these
methods to the pediatric spinal cord. To the best of our knowledge, there are no studies to
date that have used automated methods to delineate WM structures in the pediatric spinal
cord. Therefore, the aim of this work was 3-fold: 1) to develop a processing pipeline for
the atlas-based generation of pediatric spinal cord WM tracts. ii) to derive atlas-based
normative values of the DTI parameters for various WM pathways at the C3 level of the
TD pediatric spinal cord. ii1) to examine the age-related changes in the derived normative

DTI parameters along the extracted pathways.
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Methods and Materials:

Study Design and Population:

All subjects provided written informed consent obtained under a protocol approved by
the Temple University institutional review board (IRB). The study used 30 typically
developing (TD) pediatric subjects (age range 6-16 years, mean age 12.38+2.81). All
subjects went through a brief assessment, using a standard neurologic screening form,
requesting information on medical history related to neurologic injuries as well as a
physical assessment of sensory and motor functions. Subjects with any abnormality of the
nervous system were excluded. Only subjects with no evidence of spinal cord injury or

neurologic deficit were included in the study.

MR Imaging Protocol:

The scans were performed using a 3T Verio MR scanner (Siemens, Erlangen, Germany)
with a four-channel neck and an eight-channel spine matrix coil. All the subjects followed
the scan protocol consisting of initial T2-weighted gradient-echo scout sagittal acquisition
of the cervical and thoracic spinal cord. The sagittal scans are used to prescribe axial
sections of both the cervical and thoracic spine. Imaging was then followed by obtaining
an axial T2-weighted gradient echo (GRE), a sagittal T2-weighted 3D SPACE sequence; a
sagittal turbo spin-echo (TSE) T1-weighted; a sagittal TSE T2-weighted and an axial
diffusion-weighted scans. We only used the 3D SPACE and diffusion data in this study.
Diffusion tensor images were acquired axially using two overlapping slabs, to cover the
entire cervical and thoracic spinal cord using an inner Field of View (iFOV) spin echo-
based EPI pulse sequence with a tilted excitation plane. The iFOV DTI sequence consists

of a spatially selective 2D radio frequency (RF) excitation profile [66]. The tilted excitation
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plane provides shorter 2DRF pulses and excludes the sidelobes in the refocusing plane.
This sequence has the advantage of reducing distortion artifacts in diffusion-weighted
scans by enabling faster k-space encoding via a reduction of phase-encoding steps. Manual
shim and fat saturation volume adjustments were also performed before data acquisition to
restrict the adjustment volume to the anatomy of interest as much as possible to limit
residual distortions and chemical-shift artifacts. The imaging parameters of diffusion
weighted acquisitions for each slab are as follows: FOV=164 mm, phase FOV=28.4% (47
mm), 3 averages of 20 diffusion directions, 6 b0 acquisitions, b=800 s/mm?, voxel size=
0.8%0.8x6 mm?, number of slices =40, TR = 7900 ms, TE=110 ms, acquisition time= 8.49
minutes per slab. The T2-weighted SPACE imaging parameters used were: voxel
size=1x1x1mm?>, TR=1500 ms, TE=122 ms, flip angle=140°, number of averages=2 and

acquisition time=3.17min (each overlapping slab).

Image Preprocessing:

To perform atlas-based analysis of WM tracts, the DTI data from all the individual
subjects were motion corrected and later registered to the template (PAM 50)[57]. In this
study, all the pre and post-processing of the data was performed within the framework of
the Spinal Cord Toolbox (SCT)[56]. A detailed description of these processes is stated

below and illustrated in (figure 23).
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Figure 23: Illustrates an Overview of the template registration pipeline. Initially,
T2-weighted scans are registered to the template (top row). DTI data acquired
during the same scan session are then registered to the anatomical data and PAM
50 objects are warped to diffusion data (bottom row) to generate the pediatric WM

spine atlas. (Shahrampour et al, 2021).

The initial motion-correction was done using a slice-wise algorithm from SCT. The
SliceReg algorithm, estimates the translation of the diffusion data in a slice-by-slice manner

and applies the regularization along the Z-direction.

Procedure for Data Registration to the Template:
After performing motion correction on the diffusion data, the data was registered with the

PAMS50[57] template (the PAMS50 template and atlas has been used in numerous studies
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and validated and well suited for our study as well [57], [85], [86]. This is done following
a two-step multimodal registration process within SCT. The multimodal registration
consists of a registration between the PAMS50 template and high-resolution anatomical (T2-
w) image of all the individual subjects. The second registration is between the template (in
anatomical space) and the diffusion data of the same subjects. In the end, the PAMS50 atlas
which contained the various WM tracts was warped to each subject-specific diffusion data.
The following steps describe the registration process in detail. For better clarity, these steps

are also identified in (figure 23).

1. Segmentation of the spinal cord using PropSeg [69]module: The cervical spine was
segmented using both structural T2-w image and diffusion data of each individual subject.

Segmentations were checked visually and corrected manually in case of any issues.

2. Labeling anatomical image: The anatomical images from the previous step, were
labeled resulting in a segmented cord labeled with vertebral levels. This was done using

the sct_label vertebrae module [70].

3.  Identifying two specific vertebral levels: To perform a more accurate registration
between the PAMS0 and the pediatric anatomical images two vertebral levels were
identified as landmarks (C3 and T1). This was done using sct label utils module. The

orange arrows in (figure 23) indicate these two levels.

4. Registration to the template: Each individual T2-w image was registered to PAM 50
using the sct_register to template module. In this step, the spinal cord is straightened first,
and then local deformations are applied using multi-step nonlinear registration constrained

in the axial plane and regularized in Z direction. The outputs of this step were the T2-w
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template in the anatomical space (template2anat), and the corresponding warping field

(warp_template2anat).

5. A second registration is then performed using the sct register multimodal module:
In this step, the image template2anat from the previous step was registered to each
subject’s diffusion data. This will yield the template in the individual’s diffusion native

space (template2diff) as well as the corresponding warping field (warp_anat2diff).

6. Concatenation of deformation fields: The warping fields from the last two steps of
registrations were concatenated to create a single global transformation between the

template and diffusion data (warp_template2diff).

7. Obtaining white matter atlas: The global warping field is used to warp template

objects (i.e. WM atlas) to the diffusion data.

Quantifying DTI Metrics Using the Atlas:

After the registration was verified visually for each individual subject, diffusion tensor
estimation was performed on the cervical cord. DTI metrics were extracted
(sct_extract_metric) for each subject at C3 level using a weighted average method [75].
This resulted in quantifying DTI metrics of FA, MD, AD and RD for 34 extracted WM
labels from PAM 50 template. The labels were automatically assigned to multiple locations
of the cord containing the effective voxels from the respective tissue. Of the 34 labels; 30
represent individual sensory and motor WM tracts; three represent combined labels of
dorsal funiculi (DF), lateral funiculi (LF) and ventral funiculi (VF), and one label was

assigned to represent the entire WM itself. The normative values were obtained by
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averaging all of these WM measurements across all 30 subjects. ROI names and

abbreviations are provided in Appendix B and C.

Statistical Analysis

To perform the statistical analysis we used, Prism — GraphPad 8.0 a DOS based scientific
graphing application. DTI normative measurements of all 34 labels were plotted using
violin plots. To check if there was a significant difference between the laterality (left/right),
functionality (motor/sensory) and age-related changes of all the tracts a one-way analysis
of variance (ANOVA) was used. Linear regression analysis was used to compare age-
related changes of DF, LF and VF labels using DTI metrics. To study the age-related
changes, the subject population was divided into two age groups: one group of younger
children from 7-11 years old and older group from 12-16 years old. The age groups were
defined based on a previous pediatric study [45]. Throughout the study, a P-value of 0.05

was used to determine the statistical significance.

Results:

a) Extracted WM tracts

(Figure 24), shows the results of the analysis of this study and it presents an image of the
extracted WM tracts. (Figure 24-A) shows a high-resolution spinal cord white matter atlas
derived from Gray’s Anatomy Atlas, adapted from Levy et al [75]. (Figure 24-B) illustrates
a subset of selected tracts overlaid on a b0 image at C3 level in a representative subject
from this study. The labeled WM tracts in this figure are as follows: green 1: right lateral
corticospinal tract, green 2: left lateral corticospinal tract, dark blue 3: right fasciculus

cuneatus, dark blue 4: left fasciculus cuneatus, red_5: right fasciculus gracilis, red 6: left
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fasciculus gracilis, yellow: gray matter, light blue: unlabeled white matter. (Figure 24-C)
shows a sagittal T2-weighted cross section of spinal cord marked at C3 level, the level

corresponding to the WM tracts shown in (figure 24-B).

ventrail corticospinal tract

tectospinal tract
ventral reticulospinal tract

cerebrospinal fluid
—\ lateral vestibulospinal tract
= / ventrolateral reticulospinal trac!
gray matter /_

spinocerebellar tract ———————e spino-olivary tract

Iateral reticulospinal tract —

rubrospinal tract
lateral corticospinal tract —_é‘ pi
fasciculus cuneatus /
fasciculus graciis medial reticulospinal tract

B C medial longitudinal fasciculus

spinal lemniscus (spinothalamk
and spinoreticular tracts)

Figure 24: Illustrates the spinal cord WM atlas: A. An atlas of spinal white matter
tracts derived from the Gray’s Anatomy atlas, adapted from Levy et al [75] B.
Generated white matter atlas of pediatric spinal cord overlaid on a b0 image. The
selected tracts are labeled with multiple colors. C. The C3 level is marked with

green color on the sagittal T2-weighted scan.
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b) Normative values:

The pipeline developed in this study was successful in delineating DTI values from all the
various tracts across all 30 subjects (figure (25A-D)). The violin plots are divided into the
dorsal, lateral and ventral funiculi as well as combined tracts (WM, DF, LF and VF). Closer
inspection of inter-quartile ranges in these violin plots showed low between-subject
variability in all the diffusion measurements. The FA appeared to be the highest in dorsal
column tracts with a range of 0.61 to 0.62 and a mean of 0.62 and std of 0.09 (0.62+ 0.09).
The corresponding values for lateral and ventral columns were 0.47 +0.12 and 0.28 +0.12
respectively. FA, MD and RD had higher level of dispersion in all the tracts including
dorsal, lateral and ventral when compared to AD. The coefficient of variation (CV) of the
measurements in FA was lowest in dorsal column with the value of 14.62% and highest for
ventral tracts with a value of 45.74%. The minimum and maximum measurements in MD
were 23.75% and 34.06% from dorsal to ventral tracts and in RD from 33.43% to 40.90%
respectively. AD showed less variability across all the tracts, with CV of 22% in dorsal
columns to 26% in ventral tracts. Ventral funiculi regions present larger variation compared
to other white matter tracts. Considering the “combined tracts” WM measurements, FA
had the lowest variation with CV of 18.6%, followed by the second lowest in AD
(CV=20.11%). VF has higher variation in all the metrics with an average CV of 33%

compared to DF and LF (CVr= 22%, CV(LF)=25%).
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Figure 25: Violin plots of normative FA (A), MD (B), AD (C), and RD (D) indices
averaged across 30 healthy pediatric subjects for 34 ROIs. ROIs are subdivided

in to 30 WM tracts; 3 combined labels of DF, LF, and VF; and 1 label for the entire
WM. IVST indicates lateral vestibulospinal tract; vVRST, ventral reticulospinal
tract; FC, fasciculus cuneatus; ICST, lateral corticospinal tract; TST, tectospinal
tract; SL, spinal lemniscus (spinothalamic and spinoreticular tracts); FG, fasciculus
gracilis; SOT, spino-olivary tract; mLF, medial longitudinal tract; vCST, ventral

corticospinal tract; VIRST, ventrolateral reticulospinal tract; IRST, lateral
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RD [mm?/s]

reticulospinal tract; RST, rubrospinal tract; vSCT, ventral spinocerebellar tract;
mRST, medial reticulospinal tract; WM, white matter; DF, dorsal column; LF,

lateral funiculi; VF, ventral funiculi; L, left; R, right.(Shahrampour et al., 2021)
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Figure 25- Continued
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Table-2 , compares the values obtained for selected tracts displayed in (figure 24). The ‘left
fasciculus gracilis” presents the highest FA of 0.66 which is averaged among all 30 subjects
with the lowest variation (CV=14.02%). FA was the lowest in “Right lateral corticospinal

tract” with higher CV of 18.26%.

Group WM tracts FA MD RD AD
(Averagex SD) | (Average+ SD) (Averagex SD) (Averagex SD)

1 Right lateral 0.56 £0.09 1.27 £0.20 0.87 £0.24 2.09 +0.27
corticospinal
tract

2 Left lateral 0.60 £0.08 1.17 £0.14 0.78 £0.18 1.95+0.24
corticospinal
tract

3 Right fasciculus 0.64 +£0.08 1.14 £0.18 0.72 +0.18 2.00 +0.31
cuneatus

4 Left fasciculus | 0.66 £0.08 1.13+0.15 0.68 +0.18 2.05 +£0.26
cuneatus

5 Right fasciculus | 0.65 +0.06 1.20 £0.19 0.72 £0.20 2.16 £0.33
gracilis

6 Left fasciculus | 0.66 +0.07 1.20 +0.19 0.72 £0.20 2.15+0.31
gracilis

Table.2. Results of DTI normative values for 6 selected tracts illustrated in

(figure24-B).
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C) Effects of Laterality, functionality, and age:

Results of ANOVA using FA, MD, RD and AD showed no effect (P>0.05) between a total
of 15 left and 15 right tracts. However, when tested for functionality (i.e. whether a tract is
sensory or motor), FA and MD showed significant differences (Pra=3.7E~, Pmp=0.043) ,
but not AD and RD.

Examining the effect of age with each single individual tract as well as combined tracts
revealed significant difference between the maturation of some tracts and age. Here, among
all the 34 selected tracts only the left spinal lemniscus (spinothalamic and spinoreticular
tracts ) showed an effect with age using MD, RD and AD (P<0.05). Moreover, linear
regression analysis results showed a positive correlation between FA and age (figure 26),
while MD, RD and AD showed a negative correlation in all three selected combined tracts
(dorsal, ventral and lateral funiculi). MD showed significant differences with age in VF
and DF (P<0.05), whereas AD showed an effect in LF and VF but not DF. Similar analysis
showed no significant differences for FA but a significant effect for RD in all three

combined tracts of DF, LF and VF (P<0.05).
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Figure 26: Linear regression plots showing the relationship between age and
FA (A), MD (B), AD (C), and RD (D) in the ventral, lateral, and dorsal
funiculi. Solid lines indicate the age-related trend, and dashed lines indicate

95% confidence intervals.
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Discussion:

In this study, we showed the feasibility of acquiring spinal cord DTI data on the entire
spinal cord of all 30 typically developing children. We also developed a processing pipeline
for the automatic generation of pediatric spinal cord WM tracts. This pipeline is unique in
terms of registering the diffusion data to an external template and enabled the extraction of
spinal cord white matter tracts in healthy pediatric cohorts. The quantification of DTI
indices was performed using PAM 50[57] from SCT and was followed by establishing DTI
normative values for 34 WM tracts. Former studies have addressed the generation of the
spinal cord atlas in the adult population [56], [75], however, no atlas of white matter
pathways in the pediatric spinal cord is currently available. This study is the first to propose
a pipeline for automated WM tract extraction in pediatrics enabling atlas-based analysis of
the cord.

WM tract generation pipeline:

WM atlas of spinal cord based on DTI, provides new anatomical information by
delineating WM tracts and enables automated atlas-based analysis of WM pathways. The
extracted tracts in this study are aligned with PAM 50, T2-weighted template which makes
quantification of DTI metrics more accurate by minimizing the interpolation errors during
diffusion metric extraction. Registration of the diffusion data to the template guarantees
that the tracts are also aligned with the individual subject’s spinal cord.

In SCT a digitized version of Gray’s Anatomy spinal cord white matter atlas [87] is merged
with PAMS50. This atlas is probably the most complete atlas of human anatomy with one
limitation that it doesn’t account for inter-subject variability of the spinal cord shape which
is a contributing factor as shown in previous studies [88] A multi-step registration method

was used to register the pediatric DTI data to the adult PAMS50 atlas. To make this process
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more feasible we used a tool from SCT to create two landmarks at C3 and T1 vertebral
levels of the cervical cord in the anatomical image of each subject. Using these two labels
a series of affine and non-linear transformations were performed to register the anatomical
image to the template. This method considers the height difference between the adult and
pediatric populations and rectifies the discrepancies. In the final step of the multi-scale
registration, we used a BSplineSyN [89] algorithm to maintain a smooth deformation of
the cord shape. We visually examined the outcome of the registration in each individual
subject and the result was satisfactory. There is currently no known automatic method to
delineate the exact location of WM tracts in vivo. The suggested method provides a more
reliable (free from user-bias and objectivity) and more accurate measurements compared
to manual ROI drawing that is heavily dependent on the user knowledge of anatomy and

prone to partial volume effect contamination [45], [90]-[93].

DTI metrics quantification of the spinal cord

In this work the normative values of diffusion data were extracted at C3 vertebral level for
ventral, dorsal and lateral spinal cord funiculi and other subsets of WM tracts in TD
pediatric population. These values could be useful when comparing healthy and patient
populations [94]. Differences in quantitative metrics in specific WM pathways may
provide some additional insight into disease progression. Although there are several
animal studies that have investigated the DTI indices in various WM structures such
measurements in the pediatric spinal cord don’t exist yet [95]-[97].

Injury to the spinal cord can cause severe consequences to the individual’s quality of life

by leading to a kind of clinical disability or dysfunction. Hence, it’s important to investigate
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WM tract damage, to better assist with prognosis and manage the disease treatment and
recovery.
In this study, we focused only on a single C3 level of the spinal cord to perform our
analysis. This was due to the better performance of proposed segmentation and registration
algorithms with lower interrater variability that was reported by Prados et al [98]. In
another study performed by Losseff et al [99], they found that measurements done at C2/C3
level are the most reproducible ones when looking at spinal cord atrophy. Stevenson et al
[100], also highlight the importance of studying the cord at the C2/C3 level and recommend
that measurements at this level could eliminate and reduce the variability that occurs using
measurements at other cord levels. This could be because of the excellent contrast of the
CSF and the cord at the C3 level.
Investigating the function of age and DTI indices, the DTI indices trend of change in the
brain WM during maturation are characterized by increasing FA and decreasing AD, RD
and MD, with cognitive regions developing later than sensorimotor regions [101],
[102]Generally, AD shows weaker development pattern across regions and a decreasing
pattern with age in cortical white matter [102], [103] While our observed age-related trend
of DTI indices matches that of other spinal cord studies [45], [104], the lack of significant
effect with decrease in AD observed in dorsal columns suggests that proportion of larger
sized axons increases with the child growth [46].

While examining the effect of age on each individual tract in this study we found no
significant difference between FA values of lateral, ventral and dorsal funiculi. However,
radial, axial and mean diffusivities values of the ventral funiculi showed significant effects

with age-related changes. These differences could reflect the variability of axon diameter,
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axon density, and spacing between these funicles [76] containing different kinds of tracts.
Although there was no significant difference observed between FA and age, the correlation
of age with FA specifically and other DTI-derived indices generally, was consistent with
former studies [45], [104], [105] [106].

In this study, we observed that there is a relationship between diffusivity metrics and the
maturation of some tracts (i.e. Spinothalamic tract). This could be because of the
myelination process in different tracts. Myelination constitutes the last stage of the
development of the WM which begins in utero in the second trimester of pregnancy and
continues up to the end of adolescence[107]-[110] There are several factors that affect the
rate of myelination including the type of fiber; where faster rates are observed in sensory
compared to the motor [111]. We believe this could justify the significant difference of
Spinothalamic tract (a somatosensory tract) maturation with DTI indices in our study.

We also showed that there’s no significant difference in the laterality (left/right) of the
tracts that suggest structural similarity between the left and right-sided tracts. In a study
done by Duval et al [112], they have shown similar average axon diameters in identical
tracts from the left and right side of the spinal cord. Although there was no significant
difference in the laterality of the tracts in our work, ANOVA showed a significant
difference between sensory (i.e. fasciculus gracilis, fasciculus cuneatus) and motor (i.e.
CST) pathways. We tend to believe this is related to the microstructural organization of
sensory and motor WM tracts. Data on axonal morphometry in spinal cord is scarce and
there’s very little data in the literature regarding myelin sheath thickness. In general, the
tracts show variation in morphometric features like axon density, axon diameter and

spacing. The anatomic variation of axon diameter is pronounced whereby the dorsal
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column fasciculus gracilis contains predominantly small diameter axons, whereas the
corticospinal tract in the lateral and ventral columns contain a combination of large and
small diameter axons [113]. The other anatomic variation to consider is the fiber density
variation along the entire length of the spinal cord especially at the exit points of brachial
and lumbosacral plexus[87]. In a study by Ohnishi group [114], they reported a decrease
in a number of myelinated fibers of the fasciculus gracilis in humans between C3 and T5.
Terao et al [115], also reported an association of axonal diameter variation with the
vertebral level in human lateral CST. These observations are in accordance with previous
histology work [116] in human, emphasizing the importance of broader studies of

histological validation in ex vivo human spinal cord.

Limitations:

One limitation in this study was the accuracy during the registration of the diffusion data
to the template space. Due to diffusion data SNR limitations and smaller size of the cord
in children, there could be higher intra subject variability resulting from spatial
misalignment during registration. This limitation highlights the need for tools that provides
robust pre-processing, normalization and motion correction for spinal cord diffusion data.
Another limitation stems from the intrinsic variability of spinal cord diffusion imaging
which induces inaccuracies in metrics quantification. This issue along with the selected
registration algorithm, metric extraction method and partial volume effects contribute to
both inter-subject variability and inter-ROI variability, particularly in a smaller cord size.
An additional limitation is the small number of subjects as well as the narrow age range of

our population as opposed to other pediatric diffusion studies[46]. All these limitations

78


https://paperpile.com/c/pomup0/y9fh
https://paperpile.com/c/pomup0/mmO6
https://paperpile.com/c/pomup0/m3iK
https://paperpile.com/c/pomup0/80eB
https://paperpile.com/c/pomup0/Yg7G
https://paperpile.com/c/pomup0/qQWx

could be contributing factors in observed discrepancies in our results compared to other

similar studies.

Conclusions:

We showed the feasibility of a fully automated WM tract extraction in the pediatric spinal
cord. We also established normative values for DTI-derived indices by looking at specific
WM regions of the cord. These results show that presented values are microstructure-
sensitive and evolve in the pediatric spinal cord during development. This warrants future
work with spinal cord patients (i.e. spinal cord injury) as well as examinations of DTI-

derived metrics in the entire cord as compared to a single C3 slice.
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CHAPTER 6

ARTICLE 3: QUANTITATIVE MAGNETIC RESONANCE IMAGING TO
CHARACTERIZE THE MACRO AND MICROSTRUCTURAL CHANGES IN
TYPICALLY DEVELOPING PEDIATRIC SUBJECTS AND PATIENTS WITH
SPINAL CORD INJURY

In this study we extended the application of DTI to investigate the microstructural and
macrostructural changes in pediatrics with spinal cord injury. The overall goal of the study
was to incorporate qMRI to quantify these changes remote from the lesion in SCI children
and to determine whether DTI and other metrics of the study provide insights and measures

of cord abnormalities.

This study has been submitted to the Journal of Neurotrauma in March 2023 and is under

review.

Title: Quantitative magnetic resonance imaging to characterize the macro and
microstructural changes in typically developing pediatric subjects and patients with spinal

cord injury.

Authors: Shiva Shahrampour, Benjamin De Leener, Mahdi Alizadeh, Devon M.

Middleton, Laura Krisa, MaryJane Mulcahey , Adam E. Flanders, Scott H. Faro, Julien

Cohen-Adad, Feroze B. Mohamed
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Abstract

Lack of clarity about the neurological consequence of SCI in children causes speculation
about diagnoses and treatment effectiveness. This study aims to measure macrostructural
and microstructural neurodegenerative changes remote from a spinal cord injury lesion
in children with SCI and compare them with TD children, using gMRI. We hypothesize
that the observed changes in those regions of the cord can provide insights into the full
extent of injury.

Fifteen SCI patients (AIS A-D, mean age of 12.8 + 3.1 years) and fifteen TD children

(mean age 13.4 + 2.3 years) were recruited. The scans were obtained using a 3T Verio
MRI scanner. Diffusion tensor imaging (DTI) metrics of FA, MD, RD and AD along
with the CSA of the whole cord, WM and GM were quantified at C2-C3 and T2-T3 levels
using spinal cord toolbox (SCT). An atlas-based approach was used to extract the DTI
metrics in 7 selected WM tracts. To examine the difference between the two populations,
diffusion metrics as well as T2* WM/GM intensity ratios and CSA measurements were
computed for both groups. A two-sample #-test was used to test the effect of all the
aforementioned imaging metrics between SCI and TD subjects. Relationships between
all the metrics and clinical scores in SCI subjects were assessed using Pearson
correlation.

Results of #-tests showed a significant decrease in FA measurements in all the 7 WM
tracts in SCI patients when compared to TDs. MD, AD and RD metrics a showed
significant increase in SCI subjects (p<0.05). Significant atrophy was observed in the
whole cord, WM and GM of the patients compared to TDs in both upper cervical and

upper thoracic measurements (p<0.05).
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A significant decrease was also found in T2* WM/GM intensity ratio measurements of
the SCI subjects in comparison to TDs. Results of the Pearson correlation revealed a good
correlation between all the qMRI metrics. The correlation between the gMRI metrics and
the ISNCSCI scores in SCI patients was moderate.

This study shows the feasibility of utilizing advanced qMRI protocols that are sensitive
to spinal cord pathology and have the potential to predict outcomes in children with SCI.
When comparing normal and SCI pediatrics, DTI was sensitive in detecting functional
changes of the spinal cord in chronic SCI in regions remote to the injured site. Atrophy
measurements also showed potential to become a powerful clinical tool in SCI. The
findings for T2* WM/GM intensity ratio are encouraging and indicate the use of this
potential biomarker to quantify WM injury.

Keywords: Pediatric, Spinal Cord Injury (SCI), Diffusion Tensor Imaging (DTI), qMRI

Introduction:

Traumatic spinal cord injury (tSCI) is a condition that arises from a mechanical damage
to the spinal cord resulting in disruption of the spinal cord [117] . However, non-
traumatic injury could be caused by various reasons such as developmental (i.e. spina
bifida) and vascular anomalies (i.e. angiomatous malformations), inflammation (i.e.
transverse myelitis), ischemia (i.e. cord infarction), pressure on the cord due to expanding
lesions (i.e. abscess or tumor extrinsic or intrinsic to the spinal cord). The neurological
consequences of SCI from both conditions could lead to demyelination[118]-[121] ,
axonal damage of spinal nerve fiber tracts (damage to the white matter) [122], [123] or
ischemic changes [120], [124]. The degree of neurologic damage is clinically expressed

by a level and severity of injury which is based upon clinical assessment of motor and
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sensory function as described by the International Standards for Neurological
Classification of Spinal Cord Injury (ISNCSCI)[125]. Therefore, SCI can negatively
influence the life expectancy and functional capacity of the patients. To help guide
therapies and improve functional recovery of these patients, it is paramount to identify

the underlying pathophysiology that occurs at the microstructural level.

Prior studies suggest that[62], [64], [126], [127] quantitative magnetic resonance imaging
(qMRI), and in particular diffusion tensor imaging (DTI), can infer microstructural
changes in patients with spinal cord injury. The spinal cord abnormalities can be detected
at the microstructural level with the metrics offered by DTI. In an earlier study, Saksena
et al[62] , utilized DTI to investigate the microstructural changes in a select few WM
regions remote from the lesion in pediatrics with SCI using a manual method. Poplawski
et al[33], performed a study on 23 acute cervical SCI patients. The focus of the study was
to determine the accuracy of DTI parameters in predicting the neurological injury in adult
cervical SCI. These studies used the manual method to identify the region of interest to
obtain DTI metrics. In addition to DTI, CSA measurements are shown to be a strong
indicator of spinal cord atrophy and can be computed using T2 [61]and T2* weighted
scans. T2*-w images provide good contrast between GM and WM structures, facilitating
their segmentation and CSA calculation[128]. Middleton et al[61], successfully deployed
a semi-automated method to measure CSA of the whole spinal cord using T2-w scans.
Cohen-Adad et al [35], [129] has shown that injured spinal cord WM is hyperintense on
T2*-w images due to pathologic conditions. Moreover, injury to the WM can lead to
decreased gray-white contrast and this can be quantified by measuring the T2* WM/GM

signal intensity ratio.
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In this study, to determine the severity of the neurodegenerative changes induced by the
injury, we compared the macrostructural and microstructural derived metrics in typically
developing and children with SCI at two different sites of C2-C3 (upper cervical) as well
as T2-T3 (upper thoracic). These measured regions were remote from the isocenter of the
injury. All prior published pediatric spinal cord studies have employed manual delineation
of WM structures in the pediatric spinal cord [62], [126]. In this study, however, we
utilized a fully automated atlas-based approach to identify the seven WM regions to
further describe the observed DTI changes remote from the lesion. To measure the cord
atrophy, we also incorporated an automated CSA measurement of the cord, differentiating
WM and GM at selected cord levels (i.e. C2-C3 and T2-T3 levels). The atlas-based
approach in our study alleviates any subjectivity in identifying WM structures which to

the best of our knowledge has not been used in other pediatric studies.

The purpose of this study was to employ automated extraction of WM (atlas-based
approach) in a pediatric spinal cord injury population compared to normal TD controls to
derive whole cord CSA, WM, and GM CSA, FA, MD, RD, AD, and T2* WM/GM ratio

metrics to distinguish the two population.

Methods and Materials:

a) Patients Demographics:

All subjects provided written informed consent obtained under a protocol approved by the
Temple University institutional review board (IRB). A retrospective study used 15, TD
pediatric subjects (mean age 13.4 + 2.3 years old) and 15 chronic SCI subjects (mean age

of 12.8 £ 3.1 years old) who underwent spinal cord imaging in 2014-2017. (Table-3), shows
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the demographic information of the TD and SCI subjects along with the extent of the lesion
in SClIs as defined by conventional structural MRI scans. The superior and inferior margins
of the lesion presented on MRI in these subjects were determined based on the neurological
level of Injury (NLI) by the ISNCSCI examination (table-3). After a brief assessment of
TD subjects using neurological screenings, those with any pre-existing abnormality of the
nervous system were excluded. The inclusion criteria for SCI subjects were: stable SCI,
being at least 6 months post-SCI. The exclusion criteria included being unable to tolerate
MRI without sedation, scoliosis, any abnormality (not associated with the SCI) of the
nervous or musculoskeletal system, or orthodontic hardware or other internal metallic
material. There were 8 patients who had non-traumatic SCI caused by reasons other than
motor vehicle accidents: subjects 118 and 142 had spinal cord infarction and subjects 115,
202, 206, 216, 219, and 220 had focal transverse myelitis (TM) with chronic residual

neurological symptoms.
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Group
Variable TD (n=15) SCI (n=15) P-value
Age 13.43 +2.38 12.86 £3.13 0.57
Sex M=7, F=8 M=7, F=8
Superior and Inferior ISNCSCI score
SCI subj | margins of the lesion NLI AIS grade
D present on MRI
motor scores | sensory scores
115 mid C5 to mid C6 C6 B 45 108
118 mid T10 to mid T12 T10 B 50 70
142 T11 to mid T12 L2 C 50 112
202 mid C5 to mid C7 L2 - % 50 112
204 C6/C7 to conus T3 A 50 44
206 -k Cl D 50 68
207 -k Cs D 42 112
208 mid C6 to C7-T1 C8 A 50 36
209 T8/T9 to conus T9 A 50 64
212 T10to T11 T12 A 50 79
215 mid C6 to T1/T2 C8 A 50 31
216 mid T12 to upper L1 L2 D 50 112
219 mid T4 to mid T6 T4 D 50 81
220 mid T8 to mid T10 L3 D 50 109
221 C6/C7 to mid T6 T3 B 50 44

*  Couldn’t determine the score since the subject didn’t complete the AISA

%% No abnormal signal and no hemorrhage observed on MRI

Table-3: The table illustrates the demographic of participants of this study (including
15 SCIs and 15 TDs).
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All of the SCI subjects underwent a full neurological evaluation based on ISNCSCI
which included the ASIA Impairment Scale (AIS). The assessment consisted of manual
muscle strength testing of five upper and lower extremity muscles bilaterally, testing of
light touch and sharp—dull, and a rectal examination of sensory and motor function[125]
. The upper extremity and lower extremity total motor possible scores ranged from 0 to
25 for each limb. The sensory score ranged from 0 to 56 for each modality on each side.
The ISNCSCI total motor score refers to the sum of the bilateral upper extremity and
lower extremity motor scores, and the ISNCSCI total light touch sensory score is the sum
of right and left light touch scores. (table-3), summarizes these scores, and based on the
scores the patients were graded as follows: five AIS A, three AIS B, one AIS C, five AIS

D, and one unknown.

b) MR Imaging Acquisition:

All the subjects underwent scanning on a single 3T Verio MR (Siemens Medical
Systems) using a similar scan protocol. Scans were all acquired in two slabs, to cover
both the cervical and thoracic spine. Scan protocol consisted of an initial T2-weighted
gradient-echo scout sagittal acquisition of the cervical and thoracic spinal cord. Followed
by an axial T2-weighted gradient recalled-echo (MEDIC-GRE) sequence with
parameters as follows: FOV= 159 x 159 mm?, Matrix size=384 x 384, TR= 878 ms,
TE=7.8 ms, slice thickness= 6 mm, flip angle=25°, read-out bandwidth= 280 Hz per pixel
and the acquisition time= 2 minutes and 7 seconds (per slab). The scan protocol

continued by acquiring a sagittal T2-weighted 3D sampling perfection with application-
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optimized contrasts by using different flip angle evolution (3D-SPACE) sequence and
axial diffusion-weighted scans. The T2-weighted SPACE imaging parameters used were:
voxel size = 1 x 1 x 1 mm?, TR = 1500 ms, TE = 122 ms, nominal flip angle = 140°,
number of averages = 2, and acquisition time= 3 minutes and 17 seconds (for each
overlapping slab, i.e. cervical slab and thoracic slab). Diffusion images were acquired
axially using an inner FOV spin-echo-based EPI pulse sequence with a tilted excitation
plane. The inner FOV diffusion-weighted sequence consists of a spatially selective 2D
radiofrequency excitation profile [66] . The imaging parameters of the diffusion
acquisition for each slab(two slabs in total) are as follows: FOV = 164 mm, phase FOV =
28.4% (47 mm), 3 averages of 20 diffusion directions, 6 b = 0 acquisitions, b = 800
s/mm?, voxel size = 0.8 x 0.8 x 6 mm?, number of slices = 40, TR = 7900 ms, TE =
110 ms, acquisition time = 8 minutes and 49 seconds per slab.

Cardiac and respiratory gating was not used to keep the scans as short as possible [61].

¢) Image processing:

To process the images, the spinal cord toolbox (SCT) [56] was used, which is an open-
source library of tools and contains modules for analyzing the multi-parametric MRI scans
of the spinal cord.

c-1) Data pre-processing:

All the diffusion images were motion-corrected using sct_dmri_moco module from SCT.
SliceReg is one of the key features of the applied motion correction algorithm, which
estimates the slice-by-slice in-planar translations within the diffusion image to correct for

intra-participant motion and eddy current artifacts.
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c-2) Diffusion tensor imaging (DTI) measurements:

To perform an atlas-based analysis of WM tracts, the pediatric diffusion data from all 15
TD and 15 SCI subjects were registered to the PAMS0[57]. The registration procedure is
done following a 2-step registration process[59], using diffusion data as well as the
corresponding T2-w scans of each subject. The first step of the registration involves
registering the anatomical scan of each subject to the PAM 50 space. This is followed by
the second registration between the anatomical data and the diffusion data of the same
subject. Next, the warping fields from these 2 registrations are concatenated to produce
a single transformation field between the PAM 50 and the diffusion data. Then, all DTI
maps of FA, MD, AD, and RD are obtained by fitting a diffusion tensor model to the
motion-corrected data, using a robust tensor fitting algorithm[130]. Finally, to extract the
desired WM tracts, the single warping field that was obtained before, is warped into the
DTI maps. After visually verifying the successful registration for every single subject,
all the four DTI metrics are quantified at the C2-C3 (upper cervical) and T2-T3 (upper
thoracic) for both TD (figure 27-a) and SCI (figure 27-b) subjects. This step resulted in
DTI values of FA, MD, RD, and AD for 7 extracted WM labels from PAMS50 atlas (figure
27-c). The WM labels selected in this study consist of 4 sensory tracts of right/left
fasciculus gracilis, right/left fasciculus cuneatus, 2 motor tracts of right/left lateral

corticospinal tract (CST), and 1 label that represents the entire WM itself (figure -28).
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Figure 27: Illustrates (a) The C2-C3 and T2-T3 levels are marked as green on the
sagittal T2 scan of a TD subject. (b) The same representative levels on a sagittal T2
scan of an SCI subject with an injury at C7-T1 level and AIS grade of A. (¢) a panel
of gMRI metrics of our study demonstrating the measurements at C2-C3 level. The
DTI maps of FA, MD, RD and AD along with WM, GM CSA and WM/GM map are
presented at the top of the panel. The ‘atlas’ image at the bottom of the panel

corresponds to the selected WM tracts in this study for the atlas-based analysis.

c-3) Spinal cord cross-sectional area measurements:

Spinal cord cross-sectional area (CSA) measurements were performed for the whole
cord, WM, and GM at the aforementioned levels. Initially, the spinal cord in all the 30
subjects (TD as well as SCI) is segmented automatically using a deep learning algorithm
(sct_deepseg sc) in SCT[56]. The segmentation is performed on the T2-w and T2*-w

images of each subject. After each segmentation is performed, the segmented masks were
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revised and corrected manually by the user in case of an error in the generated mask.
Following the segmentation step, the segmented T2-w scans of each individual subject
were first registered to PAMS50, to match the vertebral levels of all the pediatric data to
that of the PAMS50 template. This will produce two forward (-initwarp) and backward (-
initwarpinv) warping fields that were used in the next step. Then, T2*-w scans were
registered to the PAM 50 template using the warping fields from the initial registration.
This registration was done by applying the sct _register multimodal module that will
register the images nonlinearly to the template/atlas in SCT. Finally, the WM and GM
cross-sections were calculated automatically for corresponding vertebral levels (figure
27-c & figure 30). To measure the whole cord CSA, the T2-w segmentations are used to
extract the cord area. Subsequently, T2* WM/GM signal intensity ratios are computed
for 7 previously described labels (WM tracts) by using the SCT probabilistic atlas (figure
29). This atlas-based method corrects for the partial volume effects by applying the

maximum posteriori[75].

d) Statistical Analysis:

GraphPad Prism software 9.0 (GraphPad Software), a DOS-based scientific graphing
application, was used for the statistical analysis of the data. For ease of visualization,
CSA measurements of the WM, GM, and the whole cord were plotted using violin plots.
Comparison of MR imaging metrics (i.e. DTI metrics, T2* WM/GM ratio) between TD
and SCI were made using a two-sample t-test for the selected tracts. Line plots with error
bars were used to demonstrate the difference between the two populations. Relationships
between normalized MR imaging metrics (i.e. T2* WM/GM ratio, WM-CSA, GM-SCA,

cord-CSA, FA, MD, RD and AD) were assessed using Pearson correlation coefficients
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and presented in the correlation matrix (figure 31). This relationship is also analyzed

against ISNCSCI clinical scores.

Results

a) Tract Specific Microstructural Changes:

The results demonstrate that atlas-based DTI analysis of WM tracts in SCI subjects shows
significant changes in diffusion metrics across the various WM structures when
compared with TD controls. The results were consistent for both upper cervical and upper
thoracic measurements. The line plots (figure-28) demonstrate the difference between
the two populations for all the extracted diffusion metrics in all 7 tracts. (Figure-29)
shows the significant difference in T2* WM/GM intensity ratio between TD and SCI.
a-1) Upper-Cervical (C2/C3) analysis of the cord comparing SCI and TD:

There were statistically significant changes observed in FA between the two populations
at C2-C3 level. The FA in the dorsal column tracts ranged from 0.56 to 0.46 with a mean
of 0.54+ 0.01 in TD subjects as opposed to the mean FA of 0.48+ 4E* in SCI (figure
28). The corresponding values for the right and left lateral corticospinal columns were
0.49+0.03 and 0.40+ 4E, respectively. This shows a combined 8 to 20 percent decrease
in FA when comparing SCI with TD subjects(P<0.05). MD (P = 0.019) and AD (P =
0.0068) were both significantly increased in the patients compared to TDs (figure 28-c,
28-g). However, there were no significant changes observed in the increased RD in SCI
patients (Figure 28-¢). The increase in MD values associated with SCI patients varies
from 19% in dorsal columns to 22% in motor tracts of lateral corticospinal columns.
Comparing SCI with TDs, the total increase ranges from 12% and 25% in AD and RD,

respectively.
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The diffusion measurements showed higher levels of dispersion in SCI patients as
opposed to TD. This variation was also higher in left and right corticospinal tracts when
compared to dorsal columns. The coefficient of variation (CV) of the measurements in
FA ranged from 23% to 38% in SCIs compared to 16 to 21 percent in TD cases. The CV
was less in AD measurements for SCI, with a maximum of 15% in the left lateral
corticospinal tract and 19% in TD for the same WM tract. These variations were 36% in
RD in SCI patients and 29% for MD. The corresponding values in TD subjects are 27%
and 18%, respectively. In SCI patients, the mean FA across the WM tracts ranged from
0.27+ 0.061 to 0.44+ 0.09. These patients are identified with neurological injury levels
(NLI) at the cervical cord. The AIS grade for these patients was AIS B, and AIS D,
respectively.

a-2) Upper-Thoracic (T2/T3) analysis of the cord comparing SCI and TD:

Similar analyses have been done for the upper thoracic (T2-T3) level measurements. The
FA changes in TD subjects at T2-T3 level ranged from 0.52+ 0.12 to 0.47+ 0.11; with
0.52 observed in the right fasciculus gracilis tract and 0.47 observed in the right
corticospinal tract (figure 28-b). However, the maximum FA observed at this level in SCI
patients is 0.34+ 0.13 followed by the minimum FA of 0.28+ 0.13. The max and min FA
observations in SCI patients represent the right fasciculus gracilis and right lateral
corticospinal tract. The percentage decrease in FA of the SCI patients compared to TDs
ranges from a minimum of 31% decrease in FA of the left fasciculus cuneatus tract to a
maximum of 39% decrease in FA of the right lateral corticospinal tract. The MD (figure
28-d), AD (figure 28-h), and RD (figure 28-f) all significantly increased in SCI patients

when compared to TDs. The mean increase in MD is 28% (P<0.0001), followed by a
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39% increase in RD measurements in SCIs (P<0.0001). The lowest mean increase is

observed as 0.11 % in AD values of SCI patients as opposed to TD subjects.
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Figure 28: Illustrates DTI metrics of FA (a, b), MD (c, d), RD (e, f) and AD (g, h)
averaged across all TD and SCI subjects for 7 WM tracts showing mean and standard
deviation bars. The 7 WM tracts are: FG, fasciculus gracilis; FC, fasciculus
cuneatus; LCST, lateral corticospinal tract; WM, white matter. L, left; R, right. Figs
(a), (c) and (e) and (g) represent measurements at C2-C3 level and Figs (b), (d) , (f)
and (h) are corresponding measurements at T2-T3 level . There was a significant
decrease observed in mean FA of our SCI subjects compared to TDs. MD, RD and

AD showed significant increase in SCIs. (*p <0.05; **p <0.01; ***p <0.001).

The CV of the measurements at the T2-T3 level followed the same trend as upper cervical
measurements. The variations of values obtained in patients were higher compared to TD

subjects, and essentially higher in motor tracts than sensory ones. A CV 0f42% is observed
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in FA and RD values of SCI patients with CV of 29% in AD measurements. The
corresponding values in TD subjects are CV of 27% in FA and 28% in RD. The
measurements in AD show less dispersion in both SCI and TD populations. In the patient
population, the mean FA across all the selected WM tracts ranged from 0.14 + 0.01 to
0.41+ 0.05. The SCI patient with FA of 0.14 had an NLI of C8 with an AIS grade of A,
whereas the FA of 0.41 was associated with a patient with NLI of T12 and AIS grade of
A.

a-3) T2* WM/GM ratio performance:

There were significant differences between SCI patients and TD subjects when comparing
the T2* WM/GM ratio at both upper cervical and upper thoracic levels (figure-29a & b).
Two-sample #-tests of these measurements showed a significant decrease in SCI patients
when compared to TDs (P=0.0023) at C2-C3 level. The corresponding p-value for T2-T3
level measurements was 0.01. Normative data extracted from C2-C3 level showed that T2*
WM/GM ratio, compared to other imaging metrics, had the smallest inter-subject CV of
3.3% for TD subjects and 4.3 % for SCIs. These values for upper thoracic measurements

are 3.5% in TDs and 5.4 % in SCI subjects.
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Figure 29: T2* WM/GM ratio averaged across all TD and SCI subjects for 7

WM tracts. The 7 WM tracts are: FG, fasciculus gracilis; FC, fasciculus

cuneatus; LCST, lateral corticospinal tract; WM, white matter. L, left; R,

right. The graphs show mean and standard deviation bars. Significant

differences (decrease) were observed between our SCI patients and TD

subjects when comparing the T2* WM/GM ratio at both upper cervical and

upper thoracic levels (a & b). Fig (a) represents measurements at C2-C3 level.

Fig (b) represents measurements at T2-T3 level.

(*p <0.05; **p <0.01; ***p <0.001).

b) Macrostructural (Cross-Sectional Area) Changes:

-o- TD
-= SCI

The violin plots (figure-30) show the changes in the spinal cord cross-sectional area

measurements. The results show that the total cross-sectional area (figure-30 a & b) of the

spinal cord significantly decreased in SCI patients in both upper cervical (p=0.0002) and

upper thoracic (P=0.0038) measurements when compared with TD subjects. Similar

measurements for gray matter area at the corresponding levels resulted in a significant

decrease in SCI patients (P_upperCervical=0.0035, P_UpperThoracic=0.0002). The WM
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cross-sectional measurements showed a significant decrease in upper cervical (C2-C3
level) measurement in SCI (P=0.0023). The measurement at the upper thoracic level (T2-
T3) also decreased in SCI when compared to TD but didn’t show any significant changes
(P>0.05). (figure-30 ¢ & d), present WM-CSA changes in SCI and TD followed by (figure-

30 e & f) illustrating the observed changes for the GM-CSA measurements.
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Figure 30: Violin plots of averaged cross-sectional area of the whole spinal
cord (a,b), white matter(c,d), and gray matter(e,f) in all the15 SCI and 15 TD
subjects. Figs (a), (c) and (e) represent measurements at C2-C3 level and
Figs (b), (d) and(f) are corresponding measurements at T2-T3 level. Smaller
spinal cord, gray matter, and white matter area is observed in SCI when
compared with TDs. The observed difference was significant in cord atrophy

comparing SCI and TD Groups (*p < 0.05; **p < 0.01; ***p <0.001).
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¢) Correlation of MR imaging metrics and clinical scores:

Significant correlation between imaging metrics was observed in SCI subjects using
Pearson correlation analysis (figure-31). This relationship was also tested against
ISNCSCI total motor and light touch sensory scores. In SCI patients at upper cervical
measurements (figure-31a), there was a moderate correlation observed with T2*
WM/GM ratio and WM-CSA (r=0.55, P=0.035). FA correlated fairly well with GM-
CSA (r=0.59, P=0.019), WM-CSA (r= 0.58, P=0.023) and Cord-CSA (r=0.56,
P=0.030). A strong but negative correlation is also shown between RD and FA (r=-0.87,
P=3E~), RD and WM-CSA (r= -0.65, P=0.009). MD followed the same pattern as RD
and showed a strong correlation with WM-CSA (r=-0.61, P=0.017) and FA (r=-0.65,
P=0.008). The total motor score showed moderate correlation with GM-CSA (r=0.41,
P>0.05), WM-CSA (r=0.52, P=0.049), Cord-CSA (r= 0.40, P> 0.05), RD (r=-0.41,
P> 0.05) and MD (r=-0.42, P>0.05). Total light touch sensory scores revealed a positive
correlation with AD (= 0.43, P> 0.05) and total motor scores (= -0.41, P> 0.05). At
the upper thoracic level (figure-31b), T2* WM/GM ratio showed a positive correlation
with total light touch sensory score (r=0.48, P=0.049) and WM-CSA (r=-0.49, P=0.05).
GM-CSA also showed a correlation with FA (r=0.64, P=0.01) and Cord-CSA (r=0.77,
P=0.001). The total motor score had a moderate correlation with GM-CSA (r=0.42,
P>0.05), Cord-CSA (r=0.44, P>0.05), RD (r= -0.55, P=0.034) and MD (r= -0.56,

P=0.031).
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Figure 31: Correlation matrix for MR imaging metrics. Pearson correlation
coefficients calculated between MR imaging metrics at C2—C3 (a) and T2-T3
(b) levels are color-coded to represent the degree of cross-correlation by using

data from all 15 SCI subjects.

Discussion

In this study, we used multiple qMRI metrics to distinguish between the healthy (TD)
and pediatric subjects with spinal cord injury. An in-house generated processing
pipeline[59]was utilized to automatically extract WM tracts in the spinal cord of both
populations. The DTI indices were quantified in the extracted WM tracts at two different
levels of the spinal cord; upper-cervical (C2-C3) and upper-thoracic (T2-T3). The
diffusion metrics, as well as 4 other gMRI metrics (WM-CSA, GM-CSA, whole cord
CSA and T2* WM/GM ratio), were compared. The comparisons between these qMRI
measures demonstrated significant results in terms of group differences and clinical

correlations. Previous studies in animal models with SCI have shown changes above and
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below the site of injury[131][132],[133] . Some diffusion studies have addressed the
differences in the diffusion metrics in adults’ healthy and SCI cervical spinal cord. These
differences were studied in the WM regions that appeared normal on conventional MRI
scans[134],[135],[136],[137]. To our knowledge, this is the first study that combines DTI
metrics, T2* WM/GM intensity ratio, and CSA measurements in the injured pediatric

spinal cord using an atlas-based approach.

DTI and atrophy (CSA) measurement findings:
Based on the distribution of the neurological level of injury (NLI) in our SCI population,

the C2-C3 level measurements are considered caudal to the injury site for one SCI patient
(with NLI at C1) and rostral to the injury site for 14 other patients. Whereas, T2-T3 level
are the measurements caudal to the injury site for all the SCIs with cervical NLI and
rostral to the injury site for the patients with thoracic and upper lumbar injuries.
Considering the heterogeneous SCI population in our study (with various AIS grades),
significant differences were still observed between controls and SCI patients for all the
diffusion metrics (FA, MD, AD and RD), and all the CSA measurements.

At the microstructural level, previous studies in adults[134], [138] show that
neurodegenerative changes in remote cord regions are evident in traumatic SCI (tSCI).
The results of our study are in concordance with the findings of similar studies when
comparing FA changes between the two populations[134][136][34]. The FA, which is a
measure of white matter integrity in the spinal cord is decreased in our SCI population in
all the extracted WM tracts. These changes are reflected in both C2-C3 and T2-T3
measurements and are important findings in studying pediatric SCI populations.

Decreased FA values suggest anterograde (Wallerian) and retrograde degeneration of the
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WM tracts[139]. The retrograde neural degeneration is resulting from axonal loss [140],
demyelination [141],[142], and neural atrophy [143]. Secondary pathological processes,
including ischemia, inflammation, and excitotoxic events, may also have occurred[144].
Moreover, the lower FA in SCI subjects could be the result of the reduced number of
fibers due to injury, which causes increased diffusivity in the extracellular space[145]. In
contrast to FA, MD, which is a measure of membrane density and is more sensitive to
changes in cellularity, edema, and necrosis was increased in SCI subjects. The increased
MD values in SCI subjects indicate disorganization within the fiber tracts[146]. This rise
in MD with an accompanying fall in FA in tSCI has been observed in other studies as
well [147],[148],[149]. In terms of directional diffusivities, both axial and radial
diffusivity are increased in our SCI patients as opposed to TDs. These findings are
supported by some other studies that used animal models of traumatic SCI and reported
increased RD and AD remote from the lesion epicenter, at both ex vivo and in vivo
experiments[ 148],[150]. Previous studies performed on animal models with
demyelination and axonal damage indicated that RD and AD could predict axonal
demyelination and degeneration, respectively[151],[152],[153]. In other works done by
Herrera et al, in 2008[154] and Sun et al, in 2006[155], they reported dependencies
between these two diffusivity metrics, resulting in the reduced specificity of these
measures.

At the macrostructural level, the use of automated cross-sectional area measurement
techniques enabled us for effective and fast characterization of spinal cord atrophy in SCI
patients. In all cases of spinal cord injury, atrophy of the cord is expected following the

degenerative processes that happen from sub-acute through chronic phases of injury,
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resulting in a decrease in cross-sectional area of the cord. In previous adult studies,
cervical cord atrophy remote from the injury site was reported in tSCI patients[138],[156]
when compared with the healthy controls. In this work, an automated method from the
spinal cord toolbox was used, to extract the cross-sectional area of the WM, GM and the
whole cord. The method was successful in quantifying significant atrophy in all three
regions of the cord in SCI patients when compared to TDs. As shown in the CSA
measurements on violin plots, an increase in the variance of the measurements in SCI
patients is also expected due to different injury locations and severities.

In summary, the observed macrostructural and microstructural changes in this study are
consistent with axonal injury and degenerative processes that occur after the chronic

injury in both retrograde and anterograde directions.

12*WI WM/GM ratio: A potential biomarker of WM injury:

T2*-w imaging provides good image contrast between spinal cord GM and WM,
allowing their segmentation and cross-sectional area measurement[157]. The idea of
using T2* WM/GM intensity ratio stems from the presence of hyperintensity in T2*-w
scans which is an indication of WM injury[129], [158], [159].

The hyperintensity itself reflects gliosis, demyelination or increased calcium and non-
heme iron stored in ferritin[160]. T2*-w signal intensity, on the other hand, is not an
absolute value and requires normalization for quantitative use. The GM signal intensity,
as a reference, has been found[161] to produce more consistent results when compared
to CSF due to signal variability of the CSF. In our work, T2* WM/GM intensity ratio

was successful in discerning the SCI and TD populations in both upper cervical and upper
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thoracic measurements of the cord. Additionally, we found a good correlation between
the T2* WM/GM ratio and WM-CSA. However, the moderate correlation observed
between T2* WM/GM ratio and other metrics of this study didn’t show a clear pattern.
This may be due to the fact that these findings are an indication of multiple pathologic
processes occurring simultaneously. This requires an in-depth histological investigation
to discover the underlying changes in the cord more accurately. Although not specific,
its simplicity and sensitivity suggest that T2* WM/ GM ratio could be a helpful potential
imaging biomarker[161].

Correlation Results:

We tested the correlation of all the metrics in this study with one another and with
ISNCSCI total motor score, as well as the ISNCSCI total light touch sensory score for
the WM regions. At C2-C3 level, we observed a strong correlation between T2*
WM/GM ratio and WM-CSA. FA also correlated positively with all three CSA
measurements of the WM, GM and the whole cord. These correlations may provide
evidence of microstructural changes occurring during the atrophy process superior to the
injury epicenter, which provides useful information in the examination of the injured
spinal cord. The total motor score showed a good positive correlation with GM, WM and
cord CSA and a moderate negative correlation with RD and MD. Essentially, the remote
neurodegenerative changes within the cervical white and gray matter in SCI patients (i.e.
atrophy) were associated with upper limb motor function and strength of upper limbs.
Microstructural tract-specific changes (RD and MD) above the level of injury had a better
correlation than FA and AD with ISNCSCI total motor score. This applies to both upper

cervical and upper thoracic measurements in our study. Freund, P. et al and Grabher, P.
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et al reported similar findings showing the association between clinical impairments and
MRI-derived measures of the cord macrostructure and microstructure in the cervical
spinal cord[156][162]. In addition to motor scores, total light touch sensory scores
revealed a positive correlation with AD. At the upper thoracic measurements, T2*
WM/GM ratio showed a strong correlation with total light touch sensory score and WM-
CSA. Overall, these associations suggest that remote reorganizational changes, such as
remodulation of intraspinal circuits,[163] play a role in the level of upper limb function
in SCI subjects. It is important to note that these findings present a link between
functional and microstructural changes in the cord by means of DTI and clinical
measures. Therefore, the combination of these qMRI measurements could be a
complementary biomarker to conventional MRI and could provide a more accurate
assessment of the clinical state of the SCI patient.

These findings are particularly important given the inaccuracies of some of these
measurements at the site of injury due to the presence of debris from the injury or the
placement of metal hardware for stabilization after surgery.

Limitations of the Study

One of the limitations of the study is the lack of high SNR, DTI scans. This could be
because of the intrinsic nature of diffusion imaging and longer scan times, which add
motion artifacts due to breathing and swallowing, and cardiac motion. Studying the
pediatric population with smaller cord size as opposed to adults also exacerbates the
issue. This problem can be improved by using higher-field MRI scanners or high-

performance gradients, and improved coils with reduced imaging times.
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Another limitation is the observed intrasubject variability resulting from spatial
misalignment during the registration of diffusion and structural scans. This warrants the
need for preprocessing, normalization, and motion correction tools for diffusion data of
the spinal cord. In addition, the age range of the subjects in our small sample size study
was broad, so the age variation could impact the observed changes in DTI metrics[45].
This issue, along with the selected registration algorithms as well as the partial volume
effects, plays a role in inter-subject variability. In addition to the limitations presented by
DTI scans, T2*-w scans are also challenging to be used for the purpose of WM and GM
segmentations. Since these scans are acquired axially with thicker slice selections, the
contrast of the gray and white matter is usually low. The issue can be addressed by
incorporating better registration techniques.

Conclusion

Multi-parametric qMRI provides sensitive markers of demyelination and degeneration,
enabling longitudinal studies that target therapeutic strategies in pediatric patients with
spinal cord injury. In this study, we showed the feasibility of utilizing advanced qMRI
protocols that are sensitive to spinal cord pathology and have the potential to predict
outcomes in children with SCI. In addition, we utilized tract-specific information to
predict macrostructural and microstructural changes remote from the injury (specifically
at the upper cervical level), which is significant given the inconsistencies with some of
these measures at the isocenter of the injury. We showed that DTI, with its quantitative
indices, is a valuable tool in the assessment of the cord injury in cases of spinal cord

trauma when compared with a normal cord.
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Atrophy measurements also showed the potential to become a powerful clinical tool in
SCI. T2* WM/GM findings show potential to be used as a novel biomarker of spinal cord

WM degeneration.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

In this research we demonstrated that multiparametric MRI is a powerful tool for
studying the pediatric spinal cord at the microstructure and macrostructure levels. We
presented the clinical utility of these biomarkers which specifically addresses a
significant knowledge gap between clinicians and researchers. This is helpful in
objectively determining the extent of severity and level of injury in pediatric SCIs. This
work could also aid clinicians to potentially assess neurological recovery and evaluate
treatment effectiveness in clinical trials.

Most importantly, we demonstrated the successful generation of; to date, the first, known
structural template of the pediatric spinal cord. This is comprised of a generic template
of the full spinal cord in T2-w contrast. The template is a major advancement in the
neuroimaging field and specifically in the pediatric spinal cord imaging and enables the
objective quantitative comparisons of imaging biomarkers between TD controls and
children with spinal cord diseases. We were able to propose normative values for DTI
metrics in addition to normative SCCSA values. This will increase the specificity and
sensitivity of these noninvasive biomarkers for detecting lesions in children with SCI. In
addition, these imaging biomarkers and template could be extended to other pediatric
spinal cord diseases in the future.

As a part of future effort, more comprehensive work on analyzing larger cohorts of
subjects is warranted. As of today, a workflow of collecting a group of 240 biological
age and sex-matched typically developed subjects between 6-17 years is in place. We are

extending the template creation pipeline proposed in this study to the new cohort and
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aiming to develop a standardized spinal cord template using a high-resolution (1pum3)
isotropic T2-weighted scans in 240 biological age and sex matched TD subjects. This
data collection also incorporates 50 subjects with chronic SCI (>12 months) that are
identified as motor complete (AIS A and B). This will address one of the limitations of
the current study which is a small sample size and heterogenous population of injured
subjects with SCI (i.e. 15 SCIs used for this work). More specifically, the small SCI pool
could also limit the comparison of specific injury sites to healthy control subjects. Despite
the small cohort of subjects used in this study, we were able to show significant
differences (p-values) when comparing the TD and SCI subjects.

In addition, the MRI sequence used in this research work could be modified to allow
multishell acquisition which has the potential to fully characterize the diffusion. This will
also help in extending the normative values to a range of diffusion imaging metrics such
as diffusion kurtosis imaging (DKI) and Neurite orientation dispersion and density
imaging (NODDI). The current diffusion-sensitized, multishell iFoV pulse sequence has
enabled us to acquire high in-plane resolution diffusion images of the pediatric spinal
cord. Using the new sequence, we can collect DTI, DKI and NODDI of the spinal cord

in one acquisition in a reasonable clinically acceptable time. This requires additional

optimization of the sequence used in this work to reduce physiological noise. The
proposed modified sequence allows for a fast acquisition rate without compromising
SNR. In addition, we will implement multiband imaging (simultaneous multi-slice, SMS)
which will reduce the scan time and will allow us to perform cardiac gating. To acquire

all the data outlined before, the total estimated scan time is 45 minutes. This will reduce
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the total acquisition time from 60 minutes (total scan time in this study) to 45 minutes

with the new proposed sequence, which is helpful considering intolerance in the scanner.
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APPENDIX A

ASIA SCORING TEMPLATE

The International Standards for Neurological Classification of Spinal Cord Injury
(ISNCSCI), referred to as the ASIA Impairment Scale (AIS), was developed by the
American Spinal Injury Association (ASIA).

The neurological assessment based on this system is divided into motor and sensory
examinations. During a sensory examination, a key point in each of the 28 dermatomes
(figure 32) is tested bilaterally using light touch and pin-prick. A three-point scale of 0 to

2 is used for scoring. O=absent, 1=impaired or partial appreciation, 2= normal or intact.

Deep anal pressure examinations include a gentle pressure to the anorectal wall by the
examiner’s finger. The pressure perceived from this exam is scored as absent or present.
Motor examination consists of testing key muscle functions of the myotomes (C5-T1) and
(L2-S1). The scale of 0 to 5* is used for scoring motor functionality.

0= total paralysis

1= palpable contraction

2=active movement (full range of motion with no gravity)
3=active movement (full range of motion against gravity)

4= active movement (full range of motion against gravity and moderate resistance in a

muscle specific position)

5= active movement (normal)= full range of motion against gravity and full resistance in

a muscle specific position expected from an otherwise unimpaired person.
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In addition, the ISNCSCI total motor score is considered as the sum of upper and lower
extremity motor scores with the max of 100. Total sensory score is the sum of left and right
sensory scores. The light touch and pinprick max scores are 112 for each category. The
ISNCSCI total score is defined as the sum of total motor score and total sensory with the

maximum score of 324.
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Figure 32: The figure illustrates actual scoring template used for neurological

assessment of SCI patients. The figure is adapted from the https://asia-

spinalinjury.org/
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APPENDIX B

ROI NAMES

The list of 34 ROI names that was used from the WM atlas in Article-2. All regions of

interest have both a left (L) and right (R) label.

FG: fasciculus gracilis; FC: fasciculus cuneatus; ICST: lateral corticospinal tract; vSCT:
ventral spinocerebellar tract; RST: rubrospinal tract; IRST: lateral reticulospinal tract; SL:
spinal lemniscus (spinothalamic and spinoreticular tracts); SOT: spino-olivary tract;
VIRST: ventrolateral reticulospinal tract; IVST: lateral vestibulospinal tract; vRST: ventral
reticulospinal tract; vCST: ventral corticospinal tract; TST: tectospinal tract; mRST:
medial reticulospinal tract; mLF: medial longitudinal tract; WM: white matter; DF: dorsal

column; LF: lateral funiculi; VF: ventral funiculi.
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APPENDIX C

GROUP REGIONS NAMES

WM dorsal column: DF (FG+ FC)
WM lateral funiculi: LF (ICST+ vSCT+ RST+ IRST+ SL)
WM ventral funiculi: VF (SOT+ vIRST+ IVST+ vRST+ vCST+ TST+ mRST+ mLF)

WM: DF+ LF+ VF
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