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ABSTRACT 

Diffusion Tensor Imaging (DTI) is a technique for noninvasively examining 

diffusion of water molecules in each voxel of an image in directions parallel and 

transverse to the plane of neuronal axons. The quantitative characteristic of DTI 

allows for the characterization of physical properties of tissues. The unique 

characteristic architecture of the spinal cord allows DTI to characterize cord white 

matter, separate white from gray matter and assess structural damage of the cord. 

While studies on diffusion imaging of the spinal cord in adults, as well as in animal 

models have been reported, a comprehensive study of the pediatric spinal cord 

examining the accuracy and reproducibility of DTI measures has not yet been 

reported. The purpose of this study is to (a) evaluate the accuracy of cervical spinal 

cord DTI in children using a newly developed inner-Field-of-View (iFoV) sequence 

with spatially selective 2D RF excitations, (b) investigate reproducibility of the DTI 

measures and (c) examine correlation of DTI with standardized clinical exams.  

Twenty-five pediatric control subjects and ten pediatric patients with Spinal 

Cord Injuries (SCI) were recruited. The iFoV DTI pulse sequence was implemented 

on a 3 Tesla MRI scanner. The protocol was optimized for imaging the pediatric 

spinal cord and tested on phantom models, human cadaveric spine and adult 

subjects. All thirty-five pediatric subjects underwent two DTI scans of the spinal 

cord. Imaging results were compared between controls and patients with SCI. 

Statistical analysis was performed to examine reproducibility of DTI parameters and 

their correlation with standard clinical examinations.   
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Results showed reduced FA and increased diffusivity values (AD, RD and MD) in 

patients compared to controls.  Reproducibility of the different DTI parameters showed 

moderate to strong agreement between the repeated-measurements scans.  Correlations 

between clinical examinations (ISNCSCI and MRI scores) and DTI values showed that 

DTI predicts sacral sparing outcomes, motor and MRI levels in the injured spinal cord 

with good to strong accuracy.   Results also revealed that DTI values differ between 

children with and without cervical SCI and between children with SCI who have 

incomplete injuries and complete injuries.   Finally, the study showed DTI to have 

relatively low specificity values for AC and DAP, compared with specificity for S4-5 

sensation, and that the combination of the three DTI parameters FA, AD and RD was the 

strongest predictor of both motor level and MRI level of injury.  This study was the first 

to demonstrate the feasibility of pediatric spinal cord DTI and produced accurate and 

reliable DTI measures. 
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CHAPTER 1. INTRODUCTION 

Motivation and Clinical Significance 

Each year, an estimated 11,000 new spinal cord injuries occur in the United States.  

Among these injuries, approximately 5.4% are reported in children [1].  Although 

spinal trauma is relatively infrequent in pediatric patients compared to adults, 

disability and mortality rates are higher; 40% in pediatrics vs. 20% in adults [2, 3].  

Due to the distinctive biomechanics and anthropometrics of children’s spinal cords, 

60 to 80% of all pediatric cord injuries are cervical [4].   

Currently, the evaluation and classification of neurological impairment in adults and 

children with SCI is assessed using the International Standards for Neurological 

Classification of SCI (ISNSCI) published by the American Spinal Injury Association 

(ASIA) [5].  These standards involve the testing of sensory and motor function of the 

limbs, trunk and anorectal area, and are used to predict recovery of neurological 

function, plan treatment and determine treatment effectiveness.  Although being an 

internationally recognized and widely used technique for assessing pediatric 

patients with SCI and considered the gold-standard assessment for both prognosis 

and outcomes, the ISNSCI have low utility in the pediatric population and can lead to 

unreliable assessment of neurological abnormalities.  A recent study has shown that 

children under six years of age were unable to understand and follow test 

instructions, children as old as ten were extremely anxious during the examination 

and adolescents as old as 15 withdrew from the study due to discomfort with the 
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anal examination [6].  Moreover, these examinations do not provide a direct 

assessment of damage to white matter tracts within the spinal cord.   

Additionally, the ultimate outcome in SCI depends on the sparing of nervous tissue 

and preventing disease progressions.  The ideal strategy is to stop the secondary 

phase that expands the injured area of the spinal cord and, in turn, limit function 

loss and allow regenerative phenomena to occur in spared tissue [7-9].  Effective 

therapies will require combined approaches and, most importantly, will have to be 

applied early [10, 11].  For several reasons, such as spinal shock, medical instability, 

concomitant brain injury or coma, the ASIA assessment within the first 24 h of SCI 

was shown to be inherently unreliable as a predictor of the subject's future 

functional disability or capacity [12, 13].  In order to improve care, treatment and 

rehabilitation methods for patients with SCI it is important to develop a fast and 

reliable test which can objectively reveal the level of injury and quantify the amount 

and extent of neuronal loss.   

Diffusion Tensor Imaging (DTI) is a Magnetic Resonance Imaging (MRI) technique 

for noninvasively examining diffusion of water molecules in each voxel of an image 

in directions parallel and transverse to the plane of neuronal axons.  The 

quantitative characteristic of DTI allows for the characterization of physical and 

biophysical properties of tissues.  The unique characteristic architecture of the 

spinal cord allows DTI to characterize cord white matter and separate white from 

gray matter, which may be useful for characterizing morphologic features of the 

cord and monitoring spinal cord injury and subsequent treatment.  DTI has the 
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potential to fill the void left by conventional MRI and ISNCSCI in the assessment of 

damage to white matter tracts within the spinal cord.  For example, DTI can reveal 

the precise location of the injury which conventional MRI often fails to show.  

Parameters generated from DTI data may provide new metrics in the evaluation of 

subjects with SCI and improve accuracy in the classification of injury severity.  DTI 

can also be used to extract different bundles of white matter tracts in the spinal cord 

for analyzing motor and sensory functions separately.  DTI has the potential to 

become a reliable and valid method to evaluate and classify the neurological 

consequence of SCI.   

Objectives 

While studies on diffusion imaging of the spinal cord in adults, as well as in animal 

models have been reported, a comprehensive study of the pediatric spinal cord 

examining the accuracy and reproducibility of DTI measures has not yet been 

reported.  This is mainly due to technical challenges in DTI of the spinal cord.   As a 

result, this study focuses on the implementation of DTI in the pediatric spinal cord.  

In order to achieve this main objective, a thorough understanding of the diffusion 

characteristics of the healthy spinal cord is essential for the clinical interpretation of 

images of the injured spinal cord.  If DTI proves to be a feasible, accurate and 

reliable method for quantifying diffusion changes in the pediatric spinal cord, it may 

be a useful neurodiagnostic supplement to conventional MRI.  Normative DTI values 

will provide a basis for which to compare DTI values from children with spinal cord 

injuries allowing for classification of the consequence of injury based on deviation 

from normal values.   
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Specifically, the goals of this study are to (1) design an imaging protocol most 

suitable for imaging the pediatric spinal cord, (2) design a phantom for testing and 

optimization of the imaging protocol, (3) determine the feasibility of DTI in children 

with and without spinal cord injuries (4) verify reproducibility of the DTI 

parameters and (5) examine the correlation of DTI with standardized clinical tests. 

Document outline 

This project focuses on the implementation, testing and evaluation of the clinical 

utility of DTI in the pediatric spinal cord.   

This document is structured as follows: Chapter 2 provides an overview of MRI 

concepts necessary in understanding DTI and the study design.  Chapter 3 presents 

background information on DTI including diffusion concepts, data acquisition 

methods and their limitations.  Chapter 4 provides information on spinal cord 

anatomy, pathophysiology and injury evaluation and treatment.  Chapter 5 details 

the methods and results of the study.  Finally, a summary of the results, limitations 

of the study and recommendations for further work towards this project are 

provided in Chapter 6.   
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CHAPTER 2. CONCEPTS IN MAGNETIC RESONANCE  

                    IMAGING (MRI) 

Introduction 

The central notion behind Magnetic Resonance Imaging (MRI) is the manipulation of 

protons inside the human body.  These subatomic particles possess a charge and 

when they spin rapidly, a magnetic field is produced.  Under normal conditions the 

magnetic field associated with each proton is randomly oriented, however, in the 

presence of an external magnetic field the net magnetization of the protons change.  

It is this process that is exploited to enable the transmission and interpretation of 

biological information.  MRI is based mostly on the presence and characteristics of 

water protons which make about 80% of all body tissues.  When these 

characteristics are altered, following injury or disease, MR detects the changes in 

magnetism of the nucleus; which makes MR very sensitive as a diagnostic method.  

The MR signal that provides diagnostic information is produced in the patient’s 

tissue in response to radiofrequency (RF) pulses.  RF pulses are electromagnetic 

waves in the radio frequency range of 3-100 MHz of the electromagnetic spectrum.  

The electromagnetic spectrum 

Electromagnetic waves are composed of a stream of light photons traveling at the 

speed of light (c=3x108 m/s).  These waves have two components: an electric field 

(E) and a magnetic field (B), perpendicular to each other (i.e. 90o out of phase) and 

have the same frequency.  According to Maxwell’s wave theory, change in the 

electric field generates a magnetic field, while change in the magnetic field generates 
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an electric field.  Electromagnetic waves are therefore self-propagating, oscillating 

and transverse waves of electrical and magnetic fields.  These waves can be 

classified according to two criteria: wavelength and energy (Table 1):  

Table 1 Characteristics of different electromagnetic waves [14] 

 Wavelength 
(m) 

Frequency (Hz) Energy (eV) 

Gamma rays, x-rays 10-16 1024 1010 
Visible light 10-7 1015 101 
Microwaves 10-4 1012 10-2 
MRI 100 108 10-6 
Radiowaves 102 106 10-8 

 

MRI uses wavelengths in the radio frequency (RF) range of 3 to 100 MHz.  Hence, 

the electromagnetic pulses applied in MR are referred to as RF pulses.  Turning 

these RF pulses on and off in a prescribed manner enables the collection of MRI 

data.   

Proton interactions  

Magnetic Resonance Imaging (MRI) involves the study of the nucleus.  Any isotope 

with an odd number of protons or neutrons can be used in MRI.  Examples include 

Hydrogen (1H), Carbon (13C), Sodium (23Na) and Fluorine (19F).  The nucleus in 

hydrogen atom is mostly used due to its abundance in the body (60% of the body is 

water).  The hydrogen nucleus is a single positively-charged proton that possesses a 

magnetic dipole with south and north poles referred to as spins.  When the 

hydrogen proton spins, it creates its own small magnetic field known as a magnetic 

moment.   



7 
 

Under normal conditions the magnetic field associated with each proton is 

randomly oriented and the protons spin about their own axis.  However, when 

placed in an external magnetic field (B0) the proton spins align with the applied field 

and begin to precess.  The frequency of this precession is described by the Larmor 

Equation 2.1 and is proportional to the strength of the applied field.  

  
 

2.1  

Where w0 is the resonance frequency, γ is the gyromagnetic ratio which is 42.56 

MHz/Tesla for the hydrogen proton.  All protons present in a magnetic field precess 

at the same Larmor frequency.   

Detecting magnetization 

As previously mentioned, the natural magnetization in the body that is due to the 

spinning charged particles is very small (1µT) and therefore impossible to detect 

when placed in a much larger external magnetic field (1.5T, 3T or 7T) [15].  

Consequently, MRI involves the application of RF waves generated by transmitter 

coils which surround the body.  After these RF waves are sent into the body, they 

penetrate the tissue, cause spins to change their alignment and generate a signal 

that is measured by receiver coils (Figure 2-1).   
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Figure 2-1 RF pulses penetrate the tissue and reflect back, producing a signal 

The detected signal is received from the entire body, however, applying a technique 

called spatial encoding, images pertaining to specific parts of the body are created 

(Figure 2-2).  Spatial encoding is performed using gradient coils [16].  Gradients are 

short-term spatial variations in magnetic field strength produced by three sets of 

gradient coils built into the bore of the magnet, one for each direction (x, y and z).  

The goal of spatial encoding is to link signal measurements with the spatial locations 

where they originated.  A series of RF pulses are applied in addition to those used 

for excitation and refocusing.  These pulses are called gradient pulses and by 

introducing known inhomogeneities in the magnetic field, typically in a linear 

fashion, it becomes possible to distinguish where each signal component originates.  

This is accomplished by ensuring that each point along the imaging region is 

assigned its own resonant frequency.  The three gradients applied along each axis, 

which may vary depending on the desired slice orientation, are the slice-select 

gradient (Gz), the frequency-encoding (Gx or readout) gradient, and the phase-

encoding gradient (Gy).  Each of these gradients performs a specific function critical 

to the interpretation of the received signal.  To image a particular portion of the 

body one must specifically target the spins local to that region.  This is done with the 

Transmitted RF pulse Received signal
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slice-select gradient.  Turning on the slice-select gradient during the application of 

the excitation pulse ensures that only the spins within the desired slice are 

saturated.  However, to get the spatial information corresponding to the x and y 

direction within that slice requires the use of the other two gradients.   

 

Figure 2-2 Spatial encoding scheme achieved through application of phase and frequency gradients [14]. 
 

Inspection of Figure 2-2 shows that applying a linear gradient in the y-direction 

causes a phase change which provides a unique phase for each row of spins. 

Applying a similar gradient in the x-direction gives each column of spins its own 

unique precessional frequency. These gradients provide a unique value for each 

pixel within the selective slice which in turn provides the necessary spatial 

information.  This spatial information is sampled and stored in a matrix, called the 

k-space [14, 15]. 
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Simply stated, the k-space of an image is represented in the spatial frequency 

domain that has been scaled to form a symmetric matrix.  Each row of the k-space 

contains the information specific to a given phase-encoding gradient.  The center of 

the k-space contains the phase encoding step with the weakest gradients and 

therefore the maximum signal.  SNR is inversely proportional to the square root of 

the number of phase encoding steps and the number of averages (excitation).  The 

periphery of the k-space contains phase encoding steps with the largest gradients 

and thus the least signal. Data in the middle of k-space contain contrast information 

for the image and overall brightness.  Data at the outside of the image contain the 

information determining the image resolution. At the end of the scan, the k-space is 

full and the data are mathematically processed to produce the desired image.  This is 

performed by taking the inverse Fourier transform of this data yields the desired 

image.  The resolution of the reconstructed MR image depends on the extent to 

which the k-space is sampled.  Understanding K-space is necessary in understanding 

some fast scanning techniques in MRI, such as EPI, explained in the following 

section. 

Modeling magnetization 

MR is based on magnetization induced in the body when placed in the scanner.  

Initially, the magnetization is aligned with the main field of the scanner (denoted B0) 

or static magnetic field.  After the protons are placed in a magnetic field, some of the 

spins line up in the direction of the magnetic field and others in the opposite 

direction (Figure 2-3, left).  As more protons line up with the magnetic field, a net 
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magnetization is created.  The magnetization grows exponentially until it reaches its 

steady state limit (Figure 2-3, right).   

The time it takes the magnetization to reach this limit is referred to as T1 and is 

described by the equation: 

 
 

2.2  

   

Figure 2-3 The two different orientations of the magnetic moments of the spinning particles (left).  The 
curve of the right shows T1 growth along the main magnetic field.  

Applying an RF pulse introduces the protons to a new magnetic field and causes 

aligned magnetization to change and creates transverse magnetization in the x-y 

plane (Figure 2-4).  Subsequently, the signal decays in the transverse plane as the 

spins begin to dephase.  This characteristic time constant is called T2 and relates to 

the overall signal as follows: 

 
 

2.3  
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Figure 2-4 Applying an RF pulse causes the spinning charged particles to flip their magnetization from 
the z plane (B0) to the transverse x-y plane (left) causing signal decay (right). 

The T1 and T2 values, representing the grow and decay parameters respectively, are 

tissue specific and help to differentiate between anatomical structures once the MR 

signal has been reconstructed.  Depending on these values, different contrasts can 

be achieved which provides unique structural and tissue information [17].  In order 

to understand how these different contrasts are calculated, one must first define the 

parallel and perpendicular components of the magnetization with respect to the 

main magnetic field B0.  Since the B0 field is oriented in the z direction, the 

longitudinal, or parallel, component of magnetization is simply: 

  2.4  

While the transverse, or perpendicular, component is a combination of the x and y 

magnetic contributions 

  2.5  

 

The overall change in magnetization is described by 



13 
 

 
 

2.6  

Evaluating equation 2.6 with respect to its longitudinal and transverse components 

yields  

 
 

2.7  

And 

 
 

2.8  

It is important to note that these equations assume that the spins are not interacting 

with each other.  To account for proton interactions requires the addition of 

relaxation parameters, T1 and T2.  For equation 2.7, the growth rate is inversely 

proportional to the difference between the equilibrium magnetization and its 

longitudinal component. 

 
 

2.9  

By solving this 1st order differential equation, the longitudinal magnetization is 

modeled as a function of time. 

 
 

2.10  
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The transverse magnetization (equation 2.5) is modified in a similar fashion by 

subtracting the decay rate term from the differential equation.  This term depicts the 

exponential decay of the transverse magnetization as spins dephase.  This is 

outlined in equation 2.11. 

 
 

2.11  

 

The equations describing the magnetization of spins due to interactions with an 

external field as well as each other can be combined to form the Bloch Equation as 

shown below 

 
 

2.12  

This equation completely models the magnetization process for static fields.  The 

only caveat is that in order for it to hold, the external field must be oriented along 

the z-axis [17] . 

Tissue contrasts 

The growth and decay parameters, T1 and T2, introduced in the previous section 

have unique properties specific to a given tissue type.  The T1 of a tissue describes 

its ability to give off energy to or absorb it from the surrounding lattice. T2 of a 

tissue describes the time taken for spinning protons to diphase.  The most efficient 

energy transfer occurs at the Larmor frequency (equation 2.1).  In pure water, 

hydrogen protons have a natural motional frequency that is much higher than the 

Larmor frequency of pure hydrogen, w0.  This is in contrast to solids where the 



15 
 

natural frequency of the hydrogen protons is slower than w0 and in fats where the 

natural and Larmor frequencies are almost equal.  For most biological systems, 

water is not pure but attached to other molecules such as protein.  This chemical 

bound slows down the natural frequency of water making it closer to Larmor 

frequency and yielding a more efficient energy transfer.   

Another type of weighted imaging is proton density (PD).  A PD-weighted image is 

produced by controlling the values of scan parameters to minimize the effects of T1 

and T2, resulting in an image mainly dependent on the density of protons in the 

imaged volume.  T1-, T2- and PD-weighted images are produced by varying the 

values of TE and TR parameters and may differ between different tissues in the 

same image.  In water, the distance between hydrogen protons and between 

neighboring molecules is large thereby causing fewer spin-spin interactions and less 

dephasing.  In solids, however, the tissue structure is compact, allowing for more 

interactions between protons and therefore more dephasing.  Proton spins in fat 

and proteinaceous materials dephase more than in water but less than in solids.  

Table 2 summarizes these properties.    

Table 2 Signal characteristics of different tissue types 

 Tissue Types 

Features Water (pure) Solids Fat Proteinaceous 

Motional 

frequency 
    



16 
 

 

T1 and T2 relaxation times depend on the type of tissue being imaged and contribute 

to image intensity.  Images with contrast that depend on T1 are called T1-weighted 

images, and images with contrast that depend on T2 are called T2-weighted images.  

Here lies the true value of MRI, where imaging sequences and contrast can be made 

sensitive to different characteristics of water and produce quantitative parameters.   

T1 

Short 

TR/ 

Short 

TE 

Longest, low 

signal intensity 

(dark) 

Intermediate 

signal intensity 

Shortest, high 

signal intensity 

(bright) 

Short (less bright 

than fat) 

T2 

Long 

TR/ 

Long 

TE 

Longest (slow 

dephase), high 

signal intensity 

(bright) 

Short (rapid 

dephase), low 

signal intensity 

(dark) 

Intermediate 

signal intensity 

Short or 

Intermediate 

(depends on 

protein content) 

PD 

Long 

TR/ 

Short 

TE 

Lowest signal 

intensity 
Intermediate 

Highest signal 

intensity 

High signal 

intensity 
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Figure 2-5 T1-weighted (left) and T2-weighted (right) images of the cervical spinal cord. 

      

A myriad of quantitative MRI techniques exists.  The following discussion will be 

limited to the most widely available and reliable techniques:    

Functional MRI (fMRI) measures signal changes in the brain that are due to changes 

in neuronal activity via a mechanism referred to as the BOLD (blood-oxygen-level 

dependent) effect.  The BOLD effect is used to quantify the amount of oxygen 

present in a given region of the brain by looking at susceptibility differences in the 

tissue.  An increase in neural activity leads to a higher demand for oxygen, which 

leads to an increase in the amount of oxygenated hemoglobin relative to 

deoxygenated hemoglobin.  Because deoxygenated hemoglobin is paramagnetic, it 

causes MR signal attenuation, which is believed to relate to the neuronal activity 

[18, 19].  

Magnetization Transfer (MT) is the process by which protons associated with 

unbound water molecules exchange their spin energy with protons bound to 
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macromolecules (lipid content in axonal myelin). When a saturation off-resonance 

pulse is applied, energy (magnetization) from the pool of bound molecules will 

move (transfer) to the pool of unbound molecules, reducing the total observed MR 

signal, thereby providing an indirect marker for myelin content.  In tissues where 

there is no energy exchange, the water proton signal intensity in unchanged.  In 

tissues where is exchange in energy, the water signal intensity decreases.  The 

intensity of a region in an image obtained using MT also represents the density of 

protons in that region. Analysis of MT data requires the calculation of the MT ratio 

(MTR) based on magnetization with the saturation pulse and magnetization without 

the saturation pulse [20-22]. 

Magnetic resonance angiography (MRA) is used to selectively detect and evaluate 

flow effects or contrast differences in blood vessels based on two main techniques: 

Time-of-Flight (TOF) and Phase Contrast (PC).  TOF angiography uses gradient-echo 

pulse sequences to examine flow-related enhancement- the first imaging slice where 

blood flow enters.  As flowing blood enters the area being imaged it has not yet been 

subject to a RF pulse and it therefore not saturated, whereas adjacent stationary 

tissue remains saturated due to previously applied RF pulses.  MRA pulse sequences 

use short echo time and flow compensation to make flowing blood brighter than 

stationary tissue.  PC angiography is used to generate flow velocity maps based on 

the concept that the phase gain of flowing blood through a gradient is proportional 

to its velocity [14, 23, 24] 
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Magnetic resonance spectroscopy (MRS) is used to measure the concentrations of 

different chemical compounds or metabolites.  The basic pulse sequences used in 

MRS are Point Resolved Spectroscopy (PRESS) and Stimulated Echo Acquisition 

Mode (STEAM). The most common protons studied in MRS are hydrogen, 

phosphorus, carbon, sodium and fluorine.  Scanning parameters TR and TE are 

varied depending on which metabolite is to be detected.  For example, a short TE of 

20 to 35 ms is used for metabolites with short relaxation times [25].  The received 

MR signal produces a spectrum of resonances that correspond to different 

concentrations of compounds being excited allowing the evaluation of tumor 

metabolism.  MRS is challenged by a relatively poor resolution and low SNR because 

the metabolites have very low concentrations compared with water [26].   

Another important parameter that can be quantified non-invasively using MRI is 

diffusion.  Diffusion MRI is the main subject in this study and will be discussed in 

detail in the following chapter.   
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CHAPTER 3. CONCEPTS IN DIFFUSION TENSOR 

                    IMAGING (DTI) 

Introduction  

Chapter 2 provided basic MR physics necessary in future understating of how 

diffusion-weighted imaging is performed.  Briefly reiterated, MR data acquisition is 

done by the application of gradient magnetic fields and radiofrequency in a 

prescribed sequence, referred to as a pulse sequence.  Applying additional gradient 

fields can make almost any MR pulse sequence sensitive to motion (or diffusion).  By 

using linear magnetic field gradients inhomogeneities are introduced whereby 

diffusion can be detected as signal attenuation.  The further water molecules travel 

between diffusion-sensitizing gradient, the greater the signal attenuation.  Diffusion 

MRI can measure the displacement (Brownian motion) of water molecules in the 5-

10μm range within any tissue.   Diffusion tensor imaging (DTI) is an MRI technique 

used to quantify diffusion of water molecules in each voxel of an image. 

Diffusion concepts 

Brownian motion  

Molecular diffusion refers to the constant, thermal and random motion (also called 

Brownian motion) of molecules.  This phenomenon was first observed in 1827 by 

botanist Robert Brown who noticed that pollen grains suspended in water move in a 

rapid and irregular manner.  He also reported that this random motion is present in 

both live and dead matter, at temperatures above zero degrees Kelvin [27-29].  An 

example commonly used for illustration of this concept is placing a drop of ink in a 
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glass of water.  The ink molecules slowly diffuse throughout the water in a random 

fashion.   

Fick’s law  

The physical law governing the natural diffusion phenomenon is called Fick’s law 

and is described by equation 3.1.  The law states that differences in solutes 

concentration in a medium leads to net flux of solute particles from high 

concentration to low concentration regions.   

 

 

 3.1  

Where J is the net particle flux (vector), D is the diffusion coefficient expressed in 

(m2/s), and C is the particle concentration.  The minus sign indicates that the 

particle is moving in the direction of decreasing concentration.  The diffusion 

coefficient (D) is an innate property of the medium.  Its value depends solely on the 

size of the particle, the temperature and structure of the environment.  

Furthermore, Fick’s law may imply that when the concentration gradients are zero, 

there is no net flux and therefore diffusion stops.  However, it has been proved that 

even with no net flux, particles still move and diffusion occurs [28].  Fick’s law 

depicts that on average, there is no net flux in equilibrium.  This principle becomes 

useful for understanding the diffusion of molecules within biological systems. For 

example, during a typical diffusion time of 50 ms, water molecules move in the brain 

on average over 10 µm.  These molecules undergo different displacement paths.  

They bounce, cross, collide and interact with other tissues and molecules.  A particle 
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experiences about 1021 collisions every second in a typical proton rich medium like 

water [28]. 

Einstein’s contribution   

Another key concept which describes the motion of a group of particles undergoing 

diffusion was introduced by Einstein.  Using the diffusion coefficient from Fick’s law 

and the displacement of particles described by the Brownian law, Einstein 

introduced the “displacement distribution” concept.  In free diffusion, provided a 

large number of molecules, Einstein came up with the prediction that after a certain 

time “t” a molecule will end up somewhere within a sphere of radius R.  This concept 

is expressed in “Einstein equation”:   

 

 

 3.2  

Where <R2> is the mean-square displacement of particles during diffusion time “t” 

and D is the diffusion coefficient from Fick’s law.  The displacement distribution is a 

Gaussian function whose width is determined by the diffusion coefficient D and with 

the peak being at zero displacement.  Equation 3.2 describes Gaussian diffusion in 

one dimension.   When extended to two dimensions, the radius R is equal to  

for an isotropic (invariant with respect to direction) medium with a circular cross-

section. In three dimensions, the distribution function is spherical and hence R 

equals   (Figure 3-1).  
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Figure 3-1 The “Displacement distribution” concept: Motion of a group of particles undergoing diffusion 

It is important to note that Einstein’s equation assumes the molecules do not 

encounter any interference during their random displacement. Therefore, the 

diffusion coefficient D computed using this equation appears to be lower than the 

diffusion coefficient observed in free water.  This coefficient is referred to as the 

Apparent Diffusion Coefficient (ADC).   

Diffusion Weighted Imaging (DWI) 

The concept of diffusion-weighted imaging (DWI) was introduced by Stejskal and 

Tanner in 1965 [30].  DWI is a one-dimensional technique in which imaging 

gradients are applied in one direction.  The MR diffusion signal is measured in one 

direction at a time according to the following equation:    

 

 

 3.3  

Where S is the diffusion-weighted signal being measured, S0 is the signal acquired 

without diffusion weighting (i.e. acquired from b=0 image), b is the diffusion factor 

which depends on the duration, strength, and temporal spacing of the diffusion-

sensitizing gradients, and ADC is the apparent diffusion coefficient.  
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The b factor is described by the following equation:  

 

 

 
3.4  

Where γ is the gyromagnetic ratio (γ=2.675x108S-1T-1 for water protons), G is the 

amplitude of the diffusion gradient, δ is the duration of each diffusion gradient 

pulse, and ∆ is the time interval between the two diffusion pulses, may be anywhere 

between 10ms and few hundreds of milliseconds.  

The ADC can be measured by acquiring images using two b-values (b1 and b2) and 

the subsequent signal intensities (S1 and S2) according to the following equations: 

 

 

 3.5  

 

 

 3.6  

Taking the ratio of equations 3.5 and 3.6 yields:  

 

 

 
3.7  

Knowing the signals intensities and the difference between the two b-values, the 

ADC is calculated as follows:  

 

 
 

3.8  
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The above equation is used for calculating ADC in one direction.  However, one may 

be interested in looking at diffusion in other directions.  The next, more complex 

method to model diffusion in the case where displacements are not the same in all 

directions involves construction of a 3x3 symmetric matrix, called a tensor. 

Clinical Application of ADC 

The most common clinical application of diffusion-weighted MRI has been brain 

ischemia.  Reported in the early 1990s, the discovery that water diffusion decreases 

at a very early stage of the ischemic event made DWI a reliable and well established 

method to determine abnormalities and monitor treatment response at an early 

stage of ischemic lesions [31-33].  The evolution of ischemic events is reflected in 

ADC maps.  The ADC changes during the different stages of an ischemic stroke.  At 

the initial acute cerebral ischemia, failure of ionic pumps leads to rapid migration of 

sodium and calcium ions into the cell.  Subsequently, cytotoxic edema occurs, the 

cell swells and the extracellular volume drops.  The onset of this edema was 

reported to correlate with a decrease in ADC as early as 30 minutes following 

ischemia [Davis 1994] and is seen as hyperintense signal on ADC maps.  Because a 

change in ADC can be detected early, it provides patients with the opportunity to 

receive suitable treatment at a stage when brain tissue might still be rescued [27, 

28].   

Diffusion tensor  

When water displacement is not equal in all directions, diffusion is characterized 

using tensors.   
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3.1  

The diagonal elements of this matrix (i.e. Dxx, Dyy and Dzz) represent diffusivities 

along the three orthogonal axes of the scanner reference frame.  The off-diagonal 

elements correspond to the correlation between molecular displacements in 

orthogonal directions.  For example, Dyz represents the correlation of displacements 

along the y- and z-axes.  When the off-diagonal elements are zero (i.e. there is no 

correlation between displacements in the orthogonal directions), the tensor is said 

to be diagonalized and its diagonal elements (Dxx, Dyy and Dzz) equal its eigenvalues 

(λ1, λ2 and λ3), which in turn reflect diffusivities along the principle axes of the 

diffusion tensor.   

Diffusion tensors can also be visualized geometrically.  When water displacement is 

equal in all directions, diffusion is said to be isotropic and the diffusion profile is 

modeled using a sphere.  However, when water diffusion is hindered (or restricted), 

diffusion is anisotropic and modeled using an ellipsoidal displacement profile 

(Figure 3-2).  

 

Figure 3-2 Diffusion patterns in isotropic (right) and anisotropic (left) media 
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In a highly anisotropic axonal-shaped medium, the geometric shape of the diffusion 

tensor is assumed to be ellipsoid and the three eigenvalues (λ1, λ2 and λ3) 

corresponding to diffusivities (Dxx, Dyy, and Dzz) along the principle axes of the 

diffusion tensor are sorted in the order λ1>> λ2~λ3. 

Indices derived from the diffusion tensor 

Diffusion phenomenon has been demonstrated in various tissues, most convincingly 

in the Central Nervous System (CNS).  The oriented structure of the brain and spinal 

cord neural fibers provide a great degree of anisotropy.  To extract clinically 

relevant information from the diffusion data, few parameters (scalar values and 

parametrical maps) are derived from the estimated diffusion tensor.    

Trace is the sum of the three diagonal elements of the tensor, which is equal to the 

sum of the three eigenvalues.   

  3.2  

Dividing trace by three yields the averaged mean diffusivity.   

Mean diffusivity (MD), in /s, describes the overall mean-squared displacements 

of water molecules and the existence of any obstacles to diffusion but does not 

account for anisotropic diffusion.  Mean diffusivity is given by  

 

 

 
3.3  

Fractional anisotropy (FA) is the most commonly used anisotropy index.  It is a unit-

less parameter which characterizes the degree (or magnitude) of anisotropy, or how 
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the molecules displacements vary in space.  FA takes values from zero (isotropic 

diffusion) to one (anisotropic diffusion).  In gray matter for example, a low FA value is 

measured because the medium is isotropic (not organized in fibers as in white 

matter). 

FA is calculated by the following equation:  

 

 

 
3.4  

 

where 

 

 
3.5  

Relative anisotropy (RA) represents the ratio of the anisotropic part of diffusivity to 

its isotropic part. RA varies between zero (isotropic medium) to  (anisotropic 

medium).  

 
 

3.6  

Axial diffusivity (AD) represents diffusivity along the primary axis of the diffusion 

tensor parallel to the spinal cord tracts (AD = λ1).   

Radial diffusivity (RD) represents diffusivity perpendicular to the spinal cord tracts 

and is the average of λ2 and λ3.   

Finally, it is important to note that the diffusion parameters mentioned above 

represent the overall amount of diffusion (trace and MD), and the degree of 

anisotropy (FA and RD) in tensors where  or .   These 
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parameters do not provide any information on the form of the ellipsoid-shaped 

tensor; whether the ellipsoid is prolate (linear), oblate (planar) or spherical.  In order 

to characterize the tensor’s ellipsoid shape, the following three indices are used [34]: 

Linear anisotropy coefficient (Cl) describes the linearity of the ellipsoid, and is 

defined by 

 
 

3.7  

Planar anisotropy coefficient (Cp) is used to find how planar the tensor ellipsoid is 

 
 

3.8  

Spherical anisotropy coefficients (Cs) shows the ellipsoid’s spherical characteristics, 

and is determined by the following equation 

 
 

3.9  

Data acquisition  

MR and diffusion 

MR data acquisition is done by the application of gradient magnetic fields and 

radiofrequency in a prescribed pulse sequence.  Applying additional gradient fields 

can make almost any MR pulse sequence sensitive to diffusion.  By using linear 

magnetic field gradients, inhomogeneities are introduced whereby diffusion can be 

detected as signal attenuation.  The further water molecules travel between 

diffusion-sensitizing gradient, the greater the signal attenuation.   
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Pulse sequences 

Spin-Echo (SE) Pulse Sequence 

Initially proposed by Edwan Hahn in 1950 [35], the Spin-Echo (SE) sequence is the 

most basic sequence used in MR imaging and serves as the basis for many more 

advanced acquisition methods.  As previously described, in the presence of an 

external field the net magnetization of spins in the body align along the static field.  

In a SE sequence, a 90o RF pulse is applied to flip the longitudinal magnetization 

onto the transverse (x-y) plane.  While initially in phase, the spins begin to precess 

about B0 at different frequencies resulting in a loss of signal, called the free 

induction decay (FID).  The SE sequence can compensate for this loss of signal by 

applying an 180o pulse to refocus the spins (Figure 3-3).  Doing so provides 

maximum signal with the time between the application of the 90o pulse and 

maximum signal generation called the echo time (TE).   

It is important to note that any number of 180o RF pulses can be applied 

consecutively to create an echo, but the signal will decay according to the T2 

characteristics of the tissue [14].  The time between the first applied 90o RF pulse 

and the formation of the echo is referred to as TE and is twice the time between the 

two RF pulses.  The generated echo signal is detected by the MR receiver coil.  The 

pulse sequence timing can be adjusted to give T1-weighted, Proton or spin density, 

and T2-weighted images.   
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Figure 3-3 Diagram of the Spin-Echo pulse sequence design proposed by Hahn. 

In his SE experiment, Hahn noted a reduction in the MR signal and explained it to be 

due to molecular diffusion in an inhomogeneous magnetic field.  However, he did 

not provide a method to measure this signal reduction.    

Four years later, building on Hahn’s design, Carr and Purcell provided a complete 

mathematical model to quantify the effect of diffusion on the MR signal decay [36].  

In their modified SE design, they proposed that the echo signal could be made 

uniquely sensitive to the effects of diffusion by applying a constant magnetic field 

gradient throughout the whole SE scheme (Figure 3-4).  Because spins’ precession 

frequency is determined by the local magnetic field, if a magnetic field gradient is 

applied, then spins in different locations will experience different magnetic field and 

therefore precess at different frequencies.  After a certain time, the spins will 

acquire different phase shifts depending on their location.  This will result in phase 

dispersions among the spins and an overall loss of signal, which can be attributed 

solely to diffusion. 
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Figure 3-4 Diagram of the modified Spin-Echo pulse sequence introduced by Carr and Purcell. 

About a decade later, diffusion measurement by MRI was made possible by the use 

of Stejskal-Tanner imaging sequence.  This sequence is a derivative of the standard 

spin-echo (SE) sequence, initially proposed by Hahn and modified by Carr and 

Purcell with the primary difference dealing with the duration of the gradient pulse 

[30].  Stejskal and Tanner replaced the constant magnetic field gradient proposed by 

Carr and Purcell by short duration gradient pulses (Figure 3-5).  Theoretically, if the 

diffusion gradients are short enough then the diffusion taking place during the 

application of these pulses can be neglected thereby creating a more pronounced 

distinction between encoding time and diffusion time.  Given the random motion of 

molecules during excitation, there exists a subsequent phase dispersion that results 

in signal attenuation apart from the intrinsic T2 decay.  These loses can be attributed 

to the diffusion of spins. 
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Figure 3-5 Spin-Echo pulse sequence diagram as proposed by Stejskal and Tanner. 

In the diagram above, G is the amplitude of the diffusion gradient, δ is the duration 

of each diffusion gradient pulse, and ∆ is the time interval between the two diffusion 

pulses.  

The full sequence of events occurring during imaging with SE sequence is illustrated 

in Figure 3-6.  In summary, two RF pulses 90o and 180o are applied, separated by 

time TE/2 ms.  The slice-select gradient (Gz) is applied during each RF pulse.  By 

applying an RF pulse with proper frequency and bandwidth, a slice in selected at a 

specific position and with desired thickness.  The phase-encoding gradient (Gy) is 

applied right before receiving the echo.  The symbol for Gy depicts the multiple 

phase encoding steps necessary for a full acquisition cycle.  This step takes between 

1 to 5 msec.  The frequency-encoding gradient (Gx), also referred to as readout 

gradient, is applied when the echo is being read.  This step lasts about 10 ms [ref].  

An echo is received after a time TE after each 90o pulse.  Depending on the number 

of applied refocusing pulse per TR, SE images can be acquired with a single-echo or 

multiple-echo pulse sequence.   
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Figure 3-6 Pulse sequence timing diagram of SE design.  

Gradient Recalled Echo (GRE) Pulse Sequence 

The major purpose of GRE pulse sequence designs is a reduction in scan time [37].   

Acquisition speed in achieved by applying an RF pulse with a small flip angle (α) 

between 0 and 90o.  The consequence of using a low-flip angle excitation is faster 

recovery of longitudinal magnetization which allows shorter TR/TE and decreases 

scan time.  Unlike the SE design described earlier, there is no refocusing 180° RF 

pulse in the GRE scheme and the data are sampled during a gradient echo, generated 

by using a bipolar readout-gradient (Figure 3-6).  The gradient echo formation is 

achieved by dephasing the spins with a negatively pulsed gradient before they are 

rephased by an opposite gradient with opposite polarity to generate the echo.  The 

time during which the peak signal is obtained is called Echo Time (TE). 
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Figure 3-7 Gradient Recalled Echo (GRE) pulse sequence diagram 

GRE techniques are more sensitive to magnetic susceptibility artifacts than the spin 

echo sequences and limit the number of slices one can acquire in a single scan 

(acquiring additional slices increases the scan time because TR is very short).  

Echo Planar Imaging (EPI)  

Echo Planar Imaging (EPI) sequences are also used for rapid acquisition.  EPI is 

different from conventional pulse sequence, such as SE, in the manner in which its 

spatial encode gradients are applied.  Since EPI is a fast scanning technique it 

requires very high performance gradients that allow for rapid on-off switching.  This 

enables the acquisition of an image (i.e. filling the k-space) after the application of a 

single RF pulse, called single-shot EPI.  In single-shot EPI all k-space lines are filled 

by constant gradient oscillations thereby producing multiple gradient echoes in a 

single acquisition.  A multi-shot EPI sequence is also used where the filling of the k-

space can be broken up into segments.  This technique places less stress on the 
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gradients while also reducing phase error accumulations.  However, it takes longer 

than its single-shot counterpart and is more susceptible to motion related artifacts.  

Applying EPI to diffusion imaging requires the addition of a pair of diffusion 

gradients to be applied before and after the 180o pulse (Figure 3-7).  By dephasing 

the protons one can eliminate signals caused by diffusing protons and thus relate 

the signal attenuation to apparent water motion [38].   

 

Figure 3-8 Diagram of a diffusion-weighted Echo Planar Imaging (EPI) pulse sequence 

Diffusion-sensitive gradients are referred to as bipolar gradients and usually consist 

of two lobes with equal area.  In pulse sequences based on spin echo, the diffusion 

encoding scheme is unipolar- the two lobes have the same polarity and are placed at 

either side of the 180 refocusing pulse.  In this design, the net area of the diffusion-

sensitive gradients waveform before the refocusing pulse equals the net area after 

the refocusing pulse.  However, in gradient-echo based designs, the diffusion 

scheme is bipolar- the lobes have opposite polarity, yielding a net area of zero 

(Figure 3-9). 
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Figure 3-9 A comparison between diffusion-weighting gradients in SE and GRE design schemes. 

Artifacts in Diffusion Imaging 

As previously stated, a diffusion-weighting sequence is designed by making an MR 

sequence sensitive to water molecule movements.  Sensitization is performed by 

applying field gradients which cause signal attenuation.  While this is the main 

characteristic of a diffusion sequence, it is also its greatest challenge.  MRI is well 

known as being highly sensitive to physiological motion.  Therefore, one of the main 

difficulties encumbering the clinical use of DTI is the control of motion-related 

artifacts.  This type of artifacts is caused by random patient movement or pulsating 

periodic movements of blood vessels, CSF flow and cardiac/respiratory motion. 

Patient movement refers to the voluntary or involuntary translation and rotation of 

the head and/or body (e.g. coughing, breathing, and swallowing).  This artifact 

causes blurring of the image.  Several methods are used to eliminate or reduce this 

artifact; instructing the patient to remain still, sedation, and fast scanning.  While 

this type of artifact may be difficult to control it is easy to characterize and post-

process. 
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Artifacts caused by periodic motion are seen as ghosting, or smearing of data. 

Fortunately, some of these artifacts can be reduced with appropriate hardware, MR 

sequences and postprocessing techniques.  Promising results have been reported by 

the use of cardiac gating – synchronizing data acquisition with cardiac motion cycle, 

to reduce motion-related artifacts [39-43].  One rationale, though, to seek an 

alternative method to minimize this type of artifacts is the desire for a shorter 

experiment time.  When cardiac gating is used, images are only acquired when cord 

motion is minimal (i.e. during diastole), which extends the experiment time. Data 

averaging is also widely used on and offline to reduce artifacts and increase SNR.  A 

study demonstrated the effectiveness of selective averaging as a postprocessing 

technique to eliminate motion-corrupted images.  In this technique, averaging is 

performed off-line after identifying and discarding all corrupted images [16].  The 

drawback of this method is SNR loss as the number of averaged images is reduced 

[41, 43]. 

Apart from the motion-induced artifacts, two major sources of error in DTI are 

gradient related (i.e. they come from the physical application of gradients in MRI 

scanners):  

1- Eddy currents: the gradient coils which are supposed to create magnetic 

field gradient inside the scanner also generate electrical (or “eddy”) currents 

outside the scanner bore.  These currents affect the conductivity of the B0 coil and 

resist the applied diffusion-weighting gradients causing a delay in the system 

response. The main effect of this source error is image warping - distortion due to 
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induced changes in the magnetic field.  Eddy currents can be minimized by (i) 

insulating the gradient coils, (ii) measuring them for an individual scanner and 

accounting for their effect in the design of the gradient pulse and (iii) splitting the 

gradient 

2- Gradient non-linearity: the gradient coils are designed to create linearly 

increasing magnetic fields inside the image’s field of view and, at the same time, 

create rapidly decreasing magnetic fields outside the image’s field of view.  These 

two disagreeing requirements lead to local magnetic distortions and image artifacts.  

As such, there is a need for techniques to mitigate imaging artifacts in DTI.   Efforts 

can be taken to reduce subject motion by using sedation, cardiac and respiratory 

compensation.  However, in pediatric imaging, subjects may lack cooperation and 

these methods can increase their time inside the MRI scanner.   Therefore, the use of 

imaging protocols specifically optimized for pediatric patients and post-processing 

motion correction techniques provide an alternative to effectively reduce image 

artifacts in pediatric DTI without sacrificing patient comfort.     
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CHAPTER 4. THE SPINAL CORD 

Spinal cord structure  

The spinal cord is a bundle of nervous tissue continuous from the brain and 

connects it to the peripheral nervous system.  The average adult spinal cord is 45 cm 

in length and contains thirty-one bilateral projections called nerve roots emerging 

along its length: eight cervical, twelve thoracic, five lumbar, five sacral and one 

coccygeal (Figure 4-1, left).  The roots closest to the dorsal (back) aspect of the body 

are called dorsal nerve roots, and the roots closest to the ventral (front) aspect of 

the body are called ventral nerve roots.  Injury to the dorsal nerve roots results in 

loss of sensory function while injury to the ventral nerve roots results in loss of 

motor function.  In the cervical region of the cord, the transverse diameter increases 

from C3 to be largest at C5 segment.  C5 is 115.5mm in length, has the largest cross-

sectional area of 75mm2 and largest volume of 1173.9mm3.  The transverse 

diameter decreases gradually to T8 segment and remains constant along the lower 

thoracic region and increases again from T12 to L4.  These measurements were 

based on a study of 15 embalmed adult human cadavers [44]. 

The spinal cord has a natural curvature that forms an S-shape (Figure 4-1, right).  

Four curvatures are seen in the anteroposterior plane of the normal adult and 

pediatric spine cord.  These curves are oriented concave anterior in the thoracic and 

sacral regions, and are known as kyphosis.  In the lumbar and cervical regions the 

curves are convex anterior and known as lordosis.  A curvature less than 20 degrees 

is usually not a sign of abnormality, however it makes imaging the full cord in one 
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acquisition very challenging because only a small segment of the cord can be 

covered in a given scan. 

    

Figure 4-1 Coronal (left) and sagittal (right) views of the spinal cord [45].  
 

The spinal cord extends through a bony encasement called the vertebral column and 

is protected by three layers of membranes called meninges: the dura matter, the 

arachnoid matter and the pia matter.  These membranes extend over the brain and 

the spinal cord.  The space between the arachnoid and the pia mater is filled with 

clear, watery fluid called Cerebrospinal Fluid (CSFError! Bookmark not defined.).  

CSF is produced within the ventricular cavities at a rate of 0.3 to 0.7ml/min and is 

withdrawn into the superior sagittal sinus.  In cross-section, the spinal cord consists 

of two nervous tissues.  The outside portion of the spinal cord is white matter.  

White matter consists of 40% of CNS in humans.  The white matter of the spinal cord 
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constitutes tracts in which the majority of axons run in an anterio-posterior parallel 

fashion.   The inner portion of the spinal is gray matter.  It forms an H-shape and 

surrounds the central canal.  It is composed of cell bodies of neurons and 

interneurons and does not contain myelin sheaths (Figure 4-2).  

 

Figure 4-2 Spinal cord in cross section shows the inner H-shaped gray matter, encircled with white 
matter [45]. 

The majority of white matter axons are surrounded by a lipid myelin sheath.   

Myelin is a membranous, non-continuous, protein-rich structure produced by 

oligodendrocytes (another type of neuronal cells present in the CNS).  These cells 

wrap concentric layers of lamellae 100 to 1700 µm in length at multiple locations 

along the axon.  Lipids constitute 70% of myelin’s dry weight, while proteins 

account for the remaining 30%.  The unmyelinated gaps along the axon are named 

Nodes of Ranvier and range from 0.8 to 1.1 µm.  Axons extend from the neuronal cell 

bodies and form the white matter tracts.  In a human adult, axons range from few 

micrometers to a meter in length.  Axons are roughly cylindrical with cross-sectional 

diameters varying from 0.1 to 20 µm.  The oriented structure of the white matter 

axons is believed to be the main factor in directionality of the diffusion of water in 

white matter (Figure 4-3). 
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Figure 4-3 Elements of the neuronal axon [46] 

The axonal cytoskeleton is a cellular matrix, made of proteins, contained within the 

axoplasm (axonal cytoplasm) and consists of microtubules, neurofilaments and 

associated proteins.  Microtubules constitute the tracks along which motor proteins 

transport organelles along the length of the axon, in both directions.  

Neurofilaments determine axonal diameters and provide structure to the axon [47].  

Neurofilaments and microtubules run parallel to the axon (Figure 4-3).  

Neurofilaments are more abundant than microtubules.  For example, on a cross-

section of a mouse optic nerve, the ratio on neurofilaments to microtubules is 

44/11.   

Anisotropy 

Water is a major component of white matter and the basis behind the measured 

signal in spinal cord DTI.  The further a water molecule travels between the 

diffusion-sensitive gradients, the greater the measured signal loss.  Water is located 
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intracellularly as part of the axoplasm, and also extracellularly at small amount due 

to the dens packing of axons.  Anisotropic diffusion occurs when water molecular 

displacement is not similar is all directions.  In an axon, water molecules move 

further, on average, along the axonal length than across.  The dense characteristics 

of the axon may seem to present a barrier to water diffusion perpendicular to the 

axon, however, several studies have ruled out the role of neurofilaments and 

microtubules in axonal anisotropy [48].  These studies examined large diameter 

axons, 300 μm, where water molecules do not encounter membrane barrier.  A 

typical diffusing water molecule travels a distance of about 5 to 11 µm within a 

diffusion time of 40ms.    Results from these studies showed that in the absence of 

membrane barriers, diffusion is isotropic, even if molecules encounter 

neurofilaments and microtubules [28, 47, 49, 50].  These studies eliminated the role 

of neurofilaments and microtubules in the observed axonal anisotropic diffusion.  

The other two structures believed to contribute to the restriction of water 

molecules movement are the axonal membrane and the myelin sheath.  A study has 

looked at diffusion characteristics in the naturally non-myelinated olfactory nerves 

of the garfish, which are 0.25 μm in diameter compared to cell-myelinated nerves 

[49, 51].  These studies revealed FA to be similar in all types on nerves, and proved 

cell membranes to be the main structure responsible for anisotropy. 

Spinal cord motion 

As briefly mentioned earlier, the space between the arachnoid and the pia mater is 

filled with CSF which is produced within the ventricular cavities.  CSF volume is 

estimated to be 125ml and moves in a pulsatile and synchronous motion in the 
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cranial and spinal cavities [52].  The reason behind CSF pulsation is believed to be 

the changes in the intracranial blood volume during the cardiac cycle and/or 

arterial pulsations [53, 54].   The spinal cord moves during CSF pulsation at a 

detectable amount.  Using MRI techniques, it has been observed that the spinal cord 

moves within the spinal canal at a maximum velocity of about 0.7 to 1.2 cm/s [53, 

55, 56].  Studies have revealed CSF pulsation amplitude greatest in the cervical 

segments (3-30 mm, mean 9.6 mm), smaller in the thoracic region, and smallest in 

the lumbar portion of the spinal cord (0-7 mm, mean 1 .7 mm)[57].  Understanding 

the MR appearance of spinal CSF is important in interpreting clinical spine images 

because the diagnosis of spinal pathology requires an accurate delineation of CSF 

from spinal cord [58-60].  Physiological motion of the cord is challenging in DTI 

because the technique requires discerning between small, voxelwise signal intensity 

changes while maintaining optimal spatial and temporal resolution [61, 62]. 

Spinal cord injury 

The spinal cord provides a major communication conduit between the brain and the 

peripheral nervous system.  Spinal cord injury (SCI) is caused by sudden or 

sustained trauma to the spinal cord from external forces or progressive 

neurodegeneration and can result in a loss of neurological function below the level 

of injury and adversely affects multiple systems within the body.   

Statistics  

Spinal cord injury is a devastating condition which had left more than 1 million 

people in the United States with significant permanent motor, sensory and 
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autonomic deficits.  Each year, an estimated 11,000 new spinal cord injuries occur in 

the United States.  The three most common causes of SCI are motor vehicle crashes, 

falls and gunshot wounds.  In general, 81% of injuries occur among males, with 

significant gender differences in auto accidents (30% for males, 50% for females); 

motorcycle accidents (7% males, 2% females); diving accidents (7% males, 3% 

females) and medical/surgical complications (2% male, 5% females) [1].  Injury to 

the cervical segment of the spinal cord is most common: 53% compared to 36% in 

the thoracic region, 11% in the lumbar region and 0.4% in the sacral region of the 

spinal cord.   

The most common age at injury is 19 years and approximately 25% of all injuries 

occur between the ages of 17 and 23 years, 50% of all injuries occur between the 

ages of 16 and 30 while 9% of all injuries occur at age 60 or older [1].  Although 

spinal trauma is relatively infrequent in pediatric patients compared to adults, 

disability and mortality rates are higher; 40% in children vs. 20% in adults [2, 3].   

In pediatrics, 60 to 80% of all cord injuries are cervical [4].  Among these reported 

injuries, 68% are C1 to C4 injuries, 15% are C5 injuries, 11% are C6 injuries and 5% 

are C7 injuries.  The next most common injury levels are T12 (7%) and L1 (5%) [1, 

2].  This is due to the distinctive biomechanics and anthropometrics of the pediatric 

spinal cord.  Children have a relatively large head compared with the body.  This 

weight shifts the fulcrum of movement (point of maximal mobility) to the upper 

cervical portion of the cord, with the greatest amount of movement at C2-C3 level in 

newborns and children less than five years of age.  The fulcrum changes to C3-C5 



47 
 

levels in children between six and 12 years of age, and reaches its maximum flexion 

in adolescents and adults at C5-C6 cord level.  These differences in the fulcrum of 

motion are the reason behind the majority of cervical SCI occurring between the 

occiput and C2 level in children less than nine years of age [63].  Additionally, the 

pediatric cervical spine is hypermobile and extremely fragile due to the elasticity 

and laxity of the ligaments and joints.  The facet joints in the pediatric spine are 

shallow and angulated more horizontally than in adults, leading to more 

translational, flexion and extension movements.  Also, the immature development of 

the uncinate processes, which normally restrict lateral and rotational movements in 

adults, also lend more flexibility to the spine.  Finally, because the developing 

vertebral bodies are not completely ossificated, they are wedged more anteriorly 

and allow forward slippage between motion segments [4, 64].  In summary, the 

developing skeleton, instability, flexibility and size of the pediatric spine leave 

children more vulnerable to cervical injuries.   

Spinal cord injuries are tragic at any age, but are especially devastating and costly in 

children.  Depending on the extent and location of injury, the average lifetime cost of 

treating a patient with SCI is between US$500,000 and $2 million.  In the United 

States, the total direct costs of caring for individuals with SCI surpass $7 billion/year 

[11, 63]. 

Pathophysiology 

Spinal cord injury (SCI) is caused by sudden or sustained trauma from a variety of 

external forces including flexion, extension, axial load, rotation and distraction [65].  
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SCI involves two pathophysiologic mechanisms: (1) a primary physical injury which 

cause central tissue disruption and leaves an intact rim of tissue, and (2) a 

secondary subsequent cascade of molecular and cellular events which ultimately 

leads to progressive degeneration of the spinal cord.   

The primary mechanical insult to the spinal cord causes a cord concussion with brief 

neurologic deficits and tends to damage mainly the central gray matter, with some 

sparing of the peripheral white matter [65].  It is believed that gray matter is 

irreversibly damaged within the first hour post-injury, while white matter is 

damaged within 72 hours after injury [66].  The tendency for primary damage to the 

gray matter is believed to be due to its softer consistency and greater vascularity 

[66].   

 

Figure 4-4 Spinal cord injury involves primary and secondary pathophysiologic mechanisms.  

The spared rim of tissue which survives the primary injury is vulnerable to 

pathophysiologic processes that quickly follow.  Secondary injury events trigger a 

series of necrotic and apoptotic cell death mechanisms including inflammation, 
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ischemia, production of free radicals, disruption of ion channels, axonal 

demyelination, astrogliosis, necrosis and programmed cell death.  This secondary 

mechanism attempts to homeostatically control and reduce damage caused by 

injury but at the same time creates an inhibitory milieu which blocks any effort to 

repair the damage site.  Therefore, the sooner neuroprotective treatments are 

applied, the more likely they will be effective. 

Wallerian degeneration  

In addition to damage at the lesion site, the spinal cord undergoes degeneration 

distal to the point of injury. This phenomenon is referred to as Wallerian 

degeneration and was first observed by Waller in 1850 [67] .  The degeneration 

occurs above (retrograde) and/or below (antegrade) the level of injury.  It includes 

the breakdown and degradation of the lesioned axons in the ascending tracts and 

descending tracts as well as their accompanying myelin sheaths [68-71].  In spinal 

cord injury, Wallerian degeneration is observed in the dorsal columns above the 

lesion and in the corticospinal tracts below the lesion [70]  Using MR, when 

wallerian degeneration is observed above the lesion, the spinal cord injury is 

inferred to have caused complete or partial interruption of the ascending axons in 

the posterior columns [69].  It is therefore very important to identify Wallerian 

degeneration when imaging the injured spinal cord.  

The fraction of dorsal columns that undergoes Wallerian degeneration in the case of 

a cervical injury is larger than in case of lumbar or thoracic cord injury.  This size 

effect is a function of the number of axons damaged by the injury and the 
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somatotopic arrangement of the ascending fibers in the dorsal column tracts.  The 

corticospinal tract contains fewer axons in distal than proximal regions and 

therefore becomes smaller in the lumbar region [72].   

Degradation of myelin follows axonal degradation at a relatively slower rate.   A 

study has shown that after 8 years or more was myelin completely removed from 

the degenerated white matter in the CNS  [73, 74].  

Anisotropy after injury 

Pathological changes to the spinal cord have a significant effect on anisotropy.  The 

primary phase of white matter lesion has a greater reduction in anisotropy, 

markedly increased average diffusivity, and increased diffusion parallel to the fibers 

compared to the secondary phase of injury [75].    Reduction in anisotropy seen in 

secondary white matter degeneration is often due to Wallerian degeneration of the 

longitudinal nerve bundles downstream from the primary lesion site [49, 76].  In 

either case, the loss of anisotropy is attributed to the breakdown of the longitudinal 

order given by the axonal membranes and/or the myelin sheaths. Significant 

reduction in anisotropy was observed in animal models and humans of pathology 

that demonstrate axonal loss and/or demyelination [47].  

Interestingly, even after acute ischemia where the longitudinal order of the fiber 

tracts is maintained, anisotropy reduction has been observed [48].  To fully 

understand the complicating factors leading to changes of diffusion anisotropy in 

neural fibers, non-invasive imaging techniques ought to examine multiple distinct 

compartments in tissue where water diffusion occurs: extra-cellular, extra-axonal, 
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and intra-axonal.  The proportion of extracellular water in white matter measured 

in rat corpus callosum and spinal cord was estimated to be on the order of 20–30% 

[77, 78]. 

Evaluation of SCI 

Clinical evaluation of the patients with SCI is performed according to the 

International Standards for Neurological Classification of Spinal Cord Injury 

(ISNCSCI), which is the internationally accepted and standardized method to 

evaluate and classify the consequence of spinal cord injury [RW.ERROR - Unable to 

find reference:396].  

The American Spinal Injury Association (ASIA) first published an international 

classification of spinal cord injury in 1982, referred to as the International 

Standards for Neurological and Functional Classification of Spinal Cord Injury.  The 

main goals of the ASIA examination are the determination of overall sensory-motor 

deficits following SCI and the general progression throughout rehabilitation.   

The evaluation involves strength testing of twenty key muscles (five in each arm and 

five in each leg) by way of manual muscle strength testing. These tests are scored on 

a scale between “0” (completely paralyzed) and “5” (normal strength).  The motor 

scores are used to classify the motor level (ML) of injury defined as the most 

cephalic level where muscle strength is normal bilaterally.  Sensory appreciation to 

sharp\dull discrimination and light touch are evaluated in 28 dermatomes on each 

side of the body, including S4-5 (Figure 4-5).  Deep anal pressure (DAP) and 

voluntary anal contraction (AC) were evaluated by digital examination.  Scores from 
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the evaluation are used to classify, the neurologic, motor and sensory level and the 

severity of injury (complete\incomplete). 

Sensory vs. motor level 

A dermatome is a patch of skin that is innervated by a given spinal cord level.  After 

SCI, dermatomes can expand or contract, depending on plasticity of the spinal cord. 

Each dermatome has a specific point used for evaluation (Figure 4-5):  

 C2-C4: The C2 dermatome represents the occiput and the top part of the 

neck.  C3 covers the lower part of the neck to the clavicle and C4 covers the 

area below the clavicle.  

 C5-T1: C5 covers the lateral arm at and above the elbow.  C6 covers the 

forearm and the radial side of the hand.  C7 covers the middle finger.  C8 is 

the lateral aspects of the hand, and T1 is situated at the medial side of the 

forearm. 

 T2-T12:  These dermatomes cover the chest and back to the hip girdle. T4 

covers the nipples.  T10 covers the umbilicus and T12 ends just above the hip 

girdle. 

 L1-L5: The L1 dermatome covers the hip girdle and groin area.  L2 and L3 

cover the front part of the thighs. L4 and L5 cover the medial and lateral 

aspects of the lower leg. 

 S1-S5: S1 represents the heel and the middle back of the leg.  S2 covers the 

back of the thighs.  S3 covers the medial side of the buttocks and S4-5 covers 

the perineal region.  
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The ASIA system also includes testing of ten key muscle groups: C5 represents the 

biceps, C6 the wrist extensors, C7 the triceps, C8 the finger flexors, T1 the pinky 

finger abductor, L2 are the hip flexors, L3 the knee extensors, L4 the ankle 

dorsiflexors, L5 the toe extensors and S1 the ankle plantar flexors.   

The anal sphincter represents the end of the spinal cord.  It is innervated by the S4-5 

cord and is a critical part of the evaluation. If the person has any voluntary anal 

contraction, regardless of any other finding, that person is by definition a motor 

incomplete injury. 

Classification of SCI severity:  

Spinal cord injury is classified into five categories on the ASIA Impairment Scale: 

 A indicates a "complete" SCI where no motor or sensory function is 

preserved in the sacral segments S4-S5. 

 B indicates an "incomplete" SCI where sensory but not motor function is 

preserved below the neurological level and includes the sacral segments 

S4-S5.  

 C indicates an "incomplete" SCI where motor function is preserved below 

the neurological level and more than half of key muscles below the 

neurological level have a muscle grade of less than 3 (active movement 

with full range of motion against gravity). 

 D indicates an "incomplete" SCI where motor function is preserved below 

the neurological level and at least half of the key muscles below the 

neurological level have a muscle grade of 3 or more. 
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 E indicates "normal" where motor and sensory scores are normal.  

Statistics show the number of neurologically incomplete tetraplegia to rank first 

(30.2%), followed by neurologically complete paraplegia (25.5%), neurologically 

complete tetraplegia (20.2%), and neurologically incomplete paraplegia (18.5%)[1]. 

 
Figure 4-5 Mapping of the boundaries of the dermatomes on the human body. 

Treatments of SCI 

Because of the multi-factorial nature of the SCI, there are currently no universally 

accepted treatments for this neurological disorder.  The ultimate outcome in SCI 

depends on the sparing of nervous tissue and preventing disease progressions.  The 

ideal strategy is to stop the secondary phase that expands the injured area of the 

spinal cord and, in turn, limit function loss and allow regenerative phenomena to 

occur in spared tissue [7, 10, 11].  So effective therapies will require combined 
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approaches and, most importantly, will have to be applied early [10, 11](Baptiste, 

Fehlings 2006, McDonald, Becker et al. 2004)(merged)[10, 11].   

One highly promising approach to SCI is the use of stem cells for tissue regeneration.  

Neural stem cells have allowed a new ground of discovery in the field of 

regenerative neuroscience because of their self-renewing nature [80].  However, 

even though these cells may provide an effective treatment for SCI, the 

transplantation procedure faces many challenges and requires close monitoring.  

For example, transplanted cells may not survive in the new environment, they may 

migrate away from the injury site, the residual undifferentiated cells or dividing 

precursors might continue to proliferate in vivo and generate tumors.  It is therefore 

key to monitor, noninvasively, the survival time of transplanted cells, track their 

movement, determine the extent of their migration and protect against unwanted 

differentiation [81, 82].   

MRI can be used to evaluate the progress of transplanted stem cells.  However, the 

cells need to be labeled with contrast agents in order to be visible in vivo which may 

reduce their viability [78].  The interpretation of MR images depends on changes in 

signal intensities from being high (bright) or low (dark) in T1- and T2-weighted 

images.  The changes in signal intensity are based on tissue features and pulse 

sequence parameters used to image different tissue types.  In the spinal cord, water 

and fluid-containing tissues appear bright and fat-containing tissues appear dark on 

T2 images.  The opposite is true for T1-weighted images.  Air, bony structures and 

dense fibrous tissue generate dark signal on T1 and T2 images (Figure 2-5).   
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Other more advanced imaging biomarkers such as diffusion tensor imaging (DTI) do 

not require contrast and may be used monitor the fate and migration of 

transplanted cells and facilitate the assessment of treatment regimens for SCI[9]. 

DTI of the spinal cord  

Diffusion Tensor Imaging (DTI) is a promising technique of examining the spinal 

cord in vivo.  It quantifies the diffusion of water molecules in each voxel of an image 

in directions parallel and transverse to the plane of neuronal axons.  The unique 

characteristic architecture of the spinal cord may allow DTI to localize white matter, 

separate white from gray matter and assess structural damage of the cord.  The first 

in-vivo DTI study of the human spinal cord was conducted in 1999 [83].  Since then, 

various reports showed the success of DTI to characterize different tissues of the 

spinal cord, and demonstrated changes in diffusion characteristics along injured 

spinal cords [58, 84, 84-89]. 

DTI of the spinal cord is technically limited by various factors.   The small cord 

volume (approximately 1cm in diameter) leads to a low Signal-to-Noise Ratio (SNR). 

Cerebral Spinal Fluid (CSF) pulsation and blood flow can produce prominent 

ghosting artifacts and degrade image quality. The spinal cord is also subject to 

respiratory and cardiac movements which cause image blurring and increased or 

decreased signal intensity.  Different tissue interfaces (bone, soft tissue or fluid) can 

create susceptibility artifacts.  Swallowing or related motion artifacts are mostly 

seen when imaging the cervical spinal cord [61, 62].  Finally, in pediatric imaging 

especially, the possibility of increased subject motion makes obtaining accurate and 
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reproducible DTI parameters values difficult [90, 91].  Artifact-reducing techniques 

can be employed to overcome some of these issues.  However, particularly in 

pediatric imaging, these techniques are not without challenges.  Cardiac gating and 

respiratory compensation may increase acquisition time, and sedation is typically 

not desirable in children.  Thus, fast, reliable and high-resolution imaging is needed 

to image pediatric subjects.   

Ideally, the goal is to obtain high-resolution artifact-free and reproducible images 

within minimal scan time.  The choice of optimal pulse sequences in pediatric spinal 

cord DTI is therefore critical.  The pulse sequences of choice have been Echo Planar 

Imaging (EPI) based designs.  While these sequences offer short acquisition times 

which reduce motion-related artifacts, they are highly sensitive to susceptibility 

artifacts and eddy-current distortions [58, 87].  Recent work using reduced Field-of-

View (FoV) imaging sequences showed great reduction in geometric distortions 

when imaging the spinal cord [92-95].  This approach takes advantage of the small 

diameter spinal cord morphology and applies a relatively small rectangular FoV to 

the area of interest.  In addition to pulse sequence choice, correcting motion-related 

artifacts may be a useful step in data analysis and can improve image quality.  

Artifacts reduction techniques can be applied during data acquisition which may 

increase imaging time or at the post-processing stage.   

While studies on diffusion imaging of the spinal cord in adults [84, 89, 96], as well as 

in animal models [97-100] have been reported, a comprehensive study of the 

pediatric spinal cord examining the accuracy and reproducibility of DTI measures 
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has not yet been reported.  The investigation of normative data of spinal cord DTI 

represents an additional important area of inquiry.  As in any imaging study, a 

thorough understanding of the diffusion characteristics of the healthy spinal cord is 

essential for the clinical interpretation of images of the injured spinal cord.  If DTI 

proves to be a feasible, accurate and reliable method for quantifying diffusion 

changes in the pediatric spinal cord, it may be a useful neurodiagnostic supplement 

to conventional Magnetic Resonance Imaging (MRI).  Therefore, the main purpose of 

this study is to investigate DTI of the normal and injured pediatric cervical spinal 

cord and the correlations between DTI and standard clinical endpoints.  
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CHAPTER 5. DTI OF THE PEDIATRIC CERVICAL  

                     SPINAL CORD 

Introduction  

This study is an implementation of DTI in pediatric spinal cord.  The goals are to (1) 

design an imaging protocol most suitable for imaging the pediatric spinal cord, (2) 

design a phantom for testing and optimization of the imaging protocol, (3) 

determine the feasibility of DTI in children with and without spinal cord injuries (4) 

verify reproducibility of the DTI parameters and (5) examine the correlation of DTI 

with standardized clinical tests.     

Methods  

MRI scanner 

The MRI scanner used for this project is a 3 Tesla wide bore whole body MRI 

scanner manufactured by Siemens (Magnetom Verio).  The 3T scanner is equipped 

with a 4 channel neck matrix and an 8 channel spine matrix coils that are adapted to 

image the pediatric spine. The scanner gradient has a slew rate of 200 T/m/s.   

DTI Sequence Implementation 

Single-shot EPI sequence with spatially 2D-selective RF excitations (“iFoV”). 

A newly developed reduced Field-of-View (FoV) pulse sequence was implemented 

into the MR scanner.  This inner Field-of-View (iFoV) sequence is based on a single-

shot EPI sequence for diffusion-weighted imaging with spatially 2D-selective RF 

excitations.  A blipped-planar trajectory for iFoV imaging, and a modified diffusion 

module with eddy-current-compensated preparation were implemented in this 
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sequence (Figure 5-1).  The slice-select RF excitation of a standard EPI sequence 

was replaced by 2DRF excitation using a blipped-planar trajectory.  Hence, the lines 

which define the direction of the 2DRF imaging trajectory were applied in the slice 

direction, and the blips were applied in the phase-encoding direction of the 

trajectory.  To avoid profile blurring and side excitations which could appear in the 

blip direction, a rectangular excitation profile is defined such as the magnetization 

plateau covers the desired FoV.  To avoid aliasing of the transition regions, the 

desired FoV is oversampled and the side excitations are positioned outside the 

imaged object to reduce unwanted signal contributions.   

By restricting the FoV, the readout duration needed for imaging is decreased, 

thereby reducing off-resonance induced artifacts.  This helps minimize geometric 

distortions and increase spatial resolution and maintain a high SNR.   Additionally, 

because of its long and narrow anatomy and small cross-sectional size, the spinal 

cord benefits from restricted FoV designs [93, 94, 101].  

 

Figure 5-1 MRI pulse sequence timing diagram of the iFoV echo planar diffusion weighted imaging 
sequence used in this study. 
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This pulse sequence was installed on the 3T scanner and modified for imaging the 

pediatric spinal cord.  Prior to testing the sequence on pediatric subjects, a phantom 

was designed to optimize the imaging protocol and many optimization steps were 

carried out to improve signal quality while maintaining a tolerable acquisition time.   

Phantom design  

A phantom was designed to emulate the human spinal cord and surrounding CSF at 

3T.   The phantom was designed with T1 relaxations times similar to the white 

matter (T1=863±23ms), gray matter (T1=972±17) and surrounding CSF 

(T1=2650ms) of the human spinal cord [102].  Mixtures of different concentrations 

of Agarose and Copper Sulfate were tested. The CuSO4 concentrations ranged from 

0mM to 10mM diluted in 1% Agarose solution (Figure 5-2).   

 
Figure 5-2 Different concentrations of CuSO4 in 1% Agarose solution used to build a phantom 

SNR measurements were calculated using the signal-background method.  The 

signal was given by the mean pixel value from a manually drawn Region of Interest 

(RoI) in an artifact-free region within each test tube (Figure 5-2).  T1 relaxation 

times were calculated for all solutions (Equation 2-2).  The solutions with T1 values 
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similar to those of spinal cord white matter, gray matter and CSF and were chosen 

and used to build a phantom. 

To mimic the T1 relaxation time of gray matter a 0.6mM solution of CuSO4 in 1% 

Agarose was prepared.  After empirical data collection it was shown that the 

dilution had a T1 relaxation time of 934ms which is close to the clinical standard 

mentioned previously.  The white matter was modeled with a 0.4mM CuSO4 

preparation and was found to have a T1 of 865ms, once again well within the clinical 

limits for spinal cord white matter.  Finally, the CSF phantom was created using a 

1% Agarose solution.  These solutions were used to build a phantom which, in turn, 

was used for pulse sequence testing and optimization (Figure 5-3).  

 

Figure 5-3 The final chosen concentrations of CuSo4 used for sequence optimization 

iFoV sequence – parameter optimization  

After implementation of the pulse sequence into the MR scanner, optimization of 

various DTI scanning parameters pertaining was performed (Table 3).   
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Step 1 – optimization of the number of diffusion gradient directions: 

In this step the gradient directions were varied at 6, 12, 20 and 30.   SNR 

measurements were performed for three test tubes representing CSF, white matter 

and gray matter.  For all diffusion gradient directions, b-value was kept at 1000 

s/mm², the number of excitations at 3 and the slice thickness at 3.  The acquisition 

times were all equal at 6:49 minutes.  The b-value was first set to 1000 as was 

common in literature of adult spinal cord imaging [20, 103, 104] and was further 

optimized in the following step. 

Step 2 – optimization of b-value 

The b-value was varied at 500, 700, 900, 1000 and 1200 s/mm².   For all diffusion 

gradient directions, the number of diffusion gradient directions was determined 

from step1, the number of excitations was fixed at 3 and the slice thickness at 3.  The 

acquisition times were 6:49 minutes long.  

Step 3 – optimization of the number of excitations (averages) 

Images were obtained at 1, 3 and 5 averages.  The optimal number of gradient 

directions and b-value were chosen from steps 1 and 2.   The acquisition times for 1, 

3 and 5 averages were 2:29, 6:49 and 11:10 minutes, respectively.   

Step 4 – optimization of slice thickness  

Axial slice thickness was varied at 1.2, 2, 3 and 5 mm.  The diffusion directions, b-

value and the number of excitations were determined from steps 1-3.  For axial 

acquisition of the pediatric cervical spinal cord (35-45 slices) the time was eight 

minutes.   
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Step 5 – non-physiological motion artifacts  

A cervical spinal cord and the vertebral column were harvested from an adult 

human male cadaver.  The harvesting was performed at the Gross Human Anatomy 

Lab in Temple Universality School of Medicine.  The specimen was immersed in an 

embalming fluid containing 2% formalin, 9% phenol, 11% methanol, 11% glycerin 

and 67% water.  The cadaveric specimen underwent T1, T2-weighted MRI scans as 

well as DTI scans using the iFoV pulse sequence, with optimized parameters 

obtained from Steps 1 through 4 (Figure 5-4).  This optimization step helped 

examine artifacts that are not related to physiological motion.   

 

Figure 5-4 Cadaveric spine: Sagittal T1 (A), Axial T2 (B) and color FA map (C) 

Step 6 – Cardiac gating 

The iFoV sequence was tested in conjunction with cardiac gating on one adult 

subject and one child.  When cardiac gating was employed, there was no significant 

improvement in neither SNR nor image quality and there were no statistically 

significant differences in FA values (p>0.05) (Figure 5-5). There was, however, a 
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significant increase in scan duration (>60%) which exceeded acceptable scan time 

limit.  Therefore, cardiac gating was not incorporated in this study. 

 

Figure 5-5 Cardiac gating and its effect of FA value in a pediatric spinal cord 

The optimization and testing of the iFoV sequence parameters led to a considerable 

increase in image resolution while maintaining a short scan time.  The final 

optimized parameters obtained with the iFoV pulse sequence are: voxel size = 1.2 

mm3, slices 35, distance factor = 0, phase oversampling = 40%, FoV = 230 mm, slice 

thickness = 3 mm, TR = 6100 ms, TE = 115 ms, bandwidth = 924 Hz/Px , Flip angle = 

90 deg, diffusion direction = 20, and b-value of 1000 s/mm², number of averages = 

3.  
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Table 3 SNR measurements were performed for three test tubes. 0mM concentration represents CSF, 
0.4mM represents white matter and gray matter is represented by 0.6mM. Shaded cells show the DTI 
parameters with highest SNR and which were used in the final imaging protocol.   

 
  

 
  Parameter Value Concentration Signal SD1 SD2 SNR 

 

 

b-value  
(20dir,3avr) 

500 0mM 381 4.10 0.80 155.51 
 

 
  0.4mM 732.8 4.10 0.80 299.10 

 

 
  0.6mM 532.6 4.10 0.80 217.39 

 

 
700 0mM 339.20 1.40 1.40 242.29 

 

 
  0.4mM 725.60 1.40 1.40 518.29 

 

 
  0.6mM 511.80 1.40 1.40 365.57 

 

 
900 0mM 388.20 2.20 3.40 138.64 

 

 
  0.4mM 725.00 2.20 3.40 258.93 

 

 
  0.6mM 514.20 2.20 3.40 183.64 

 

 
1000 0mM 352.60 1.00 1.60 271.23 

 

 
  0.4mM 725.00 1.00 1.60 557.69 

 

 
  0.6mM 514.40 1.00 1.60 395.69 

 

 
1200 0mM 365.40 2.10 1.40 208.80 

 

 
  0.4mM 725.80 2.10 1.40 414.74 

 

 
  0.6mM 509.20 2.10 1.40 290.97 

 

 

Directions  
(b1000) 

12 0mM 572.40 2.80 2.80 204.43 
 

 
  0.4mM 892.20 2.80 2.80 318.64 

 

 
  0.6mM 154.80 2.80 2.80 55.29 

 

 
20 0mM 569.4 1.9 1.6 325.37 

 

 
  0.4mM 884.80 1.9 1.6 505.60 

 

 
  0.6mM 154.60 1.9 1.6 88.34 

 

 
30 0mM 571 2.4 1.4 300.53 

 

 
  0.4mM 869.80 2.4 1.4 457.79 

 

 
  0.6mM 156.4 2.4 1.4 82.32 

 

 

Averages  
(b1000,dir20) 

1 0mM 431.20 1.70 2.80 191.64 
 

 
 

0.4mM 728.20 1.70 2.80 323.64 
 

 
  0.6mM 496.60 1.70 2.80 220.71 

 

 
3 0mM 419.40 2.30 1.70 209.70 

 

 
 

0.4mM 729.20 2.30 1.70 364.60 
 

 
 

0.6mM 475.40 2.30 1.70 237.70 
 

 
5 0mM 420.2 2.3 0.7 280.13 

 

 
  0.4mM 719.20 2.3 0.7 479.47 

 

 
  0.6mM 463.60 2.3 0.7 309.07 

 

 

slice 
 thickness  

(b1000, 20dir) 

1.2 0mM 434.6 4.4 4.1 102.26 
 

 
  0.4mM 714.4 4.4 4.1 168.09 

 

 
  0.6mM 507.2 4.4 4.1 119.34 

 

 
2 0mM 426.8 3.2 2.3 155.20 

 

 
  0.4mM 712.6 3.2 2.3 259.13 

 

 
  0.6mM 503.6 3.2 2.3 183.13 

 

 
3 0mM 413.8 3 1.2 197.05 

 

 
  0.4mM 711 3 1.2 338.57 

 

 
  0.6mM 461.8 3 1.2 219.90 

 

 
5 0mM 373.6 1.4 1 311.33 

 

 
  0.4mM 683.8 1.4 1 569.83 

 

 
  0.6mM 454.6 1.4 1 378.83 
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Imaging protocol  

The scans were performed using a 3.0T Siemens Verio MR scanner with a 4-channel 

neck matrix and an 8-channel spine matrix coils.  All subjects underwent two 

identical scans (mean time between scans = 9 hours).  The protocol consisted of 

conventional sagittal Fast Spin Echo (FSE) T1- and T2-weighted scans, axial FSE T2 

weighted scans as well as axial DTI acquisition with the iFoV sequence.  As 

illustrated in Figure 5-6, the inner solid yellow rectangular line represents the iFoV, 

oversampled (dotted yellow line) to avoid aliasing.  DTI parameters included 20 

diffusion directions, b=1000s/mm2,voxel size =1.2x1.2x3 mm3, axial sections= 35–

45 (depending on the subject’s height), TR=6100–8000 ms, TE=115 ms, number of 

averages=3, and acquisition time=7 minutes.  Anesthesia was not administered to 

the subjects.  Cardiac and/or respiratory gating were not used.   

Subjects 

A total of thirty-five subjects (25 controls and 10 patients with SCI) with a mean age 

of 13.28 years (age range 7 to 21) were recruited.  Following explanation of study 

procedures, subjects and their parents provided written informed assent and 

consent of the IRB-approved protocol. 

Control subjects  

The control subjects were typically developing with no evidence of spinal cord 

injury or pathology.  They were excluded if unable to tolerate MRI without sedation, 

had teeth braces, had infantile, juvenile or adolescent idiopathic scoliosis or any 

abnormality of the nervous and\or musculoskeletal system.  If coincidental findings 
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were positive on the scan of a control healthy subject, he/she were set up for 

consultation with a neurosurgeon and their data were excluded from analysis.  The 

average age was 12.2 years.  Five male and 20 female subjects were scanned.   

Patients with SCI 

Children with SCI were asked to participate if they had a chronic cervical SCI 

without history of neuromuscular impairment, were independent from mechanical 

ventilation and, did not have cervical spine instrumentation or bullet fragments in 

the cervical canal. Children with SCI were also excluded if they had sustained a non-

continuous SCI, were unable to tolerate MRI without sedation, had teeth braces, had 

an underlying neuromuscular, chromosomal or genetic diagnosis, had a diagnosis of 

infantile, juvenile or adolescent idiopathic scoliosis, had medical problems that 

interfere with lying supine for 45 minutes, were one-on-one status for suicidal 

ideation, had a suspected conversion syndrome, had a thoracic, lumbar or sacral 

level injury without a cervical injury, had cardiac pacing or had implantable 

functional electrical stimulation systems in the chest or pelvic region (Table 4).   

Table 4 Characteristics of the patient group.  Average age = 13.2 years.  Gender ratio = 5:5. 

       

 

Patient Age at 

Scan 

(years) 

Gender Age at 

Injury 

(years) 

Etiology 

 
 

SCI_1 13 F 12 Transverse myelitis 

 
 

SCI_2 15 F 4 Motor vehicle crash 

 
 

SCI_3 11 M 0.04 Transverse myelitis 

 
 

SCI_4 13 M 2 Motor vehicle crash 

 
 

SCI_5 11 F 1 Motor vehicle crash 

 
 

SCI_6 14 M 12 Fall 

 
 

SCI_7 10 M 1 Fall 

 
 

SCI_8 17 M 13 Diving 

 
 

SCI_9 8 F 0.06 Motor vehicle crash 

 
 

SCI_10 20 F 16 Vascular 
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In this study, youths up to 21 years of age were included to obtain normative values 

for ages that parallel age groups typically seen in pediatric SCI centers.  Although 

they are not children, youth between 18 and 21 years of age are often in transition 

from pediatric to adult health care and, in the presence of SCI, are often cared for in 

specialized pediatric centers [105]. 

 

Figure 5-6 Localization image from which the axial cervical spinal cord image sections were prescribed. 
The inner solid yellow rectangular line represents the iFoV, which was oversampled (dotted yellow line) 
to avoid aliasing. A saturation band was applied to reduce flow-related artifacts. 

Clinical evaluation  

ASIA Exams 

The subjects with SCI underwent full neurological evaluation based on the ISNCSCI 

(Results shown in Table 5).  As previously explained in chapter 4, all exams were 

performed by a trained therapist in Shriners Hospital for Children.  Each subject 

with SCI had testing of 28 dermatomes on the right and left side of the body for 

sensitivity to sharp dull discrimination (via Pin Prick (PP) testing) and Light Touch 
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(LT).  At a specified point in each dermatome, sensitivity to PP and LT was evaluated 

and scored using the three-point scale consisting of “0” (absent), “1” (impaired) and 

“2” (unimpaired).  Summed sensory scores were calculated for right side PP and LT 

and left side PP and LT.  Total PP and LT scores were defined by summing the right 

and left PP and LT scores, respectively.  The sum of the total PP and LT scores 

results in the single sensory score.  Subjects also had a motor examination that were 

completed through the manual strength testing of ten key muscles bilaterally. The 

strength of each muscle were graded on a six-point ordinal scale between “0” 

(complete paralysis) to “5” (normal active movement, full range of motion against 

full resistance).  These scores were summed across myotomes and sides of the body 

to generate a single total Motor Score (MS).  Upper extremity and lower extremity 

muscles strength were summed across myotomes and sides of the body to generate 

an upper extremity and lower extremity motor score, respectively.  The anorectal 

examination was performed to evaluate deep anal pressure (DAP) and contraction 

of the external anal sphincter.  For this examination, the examiner applied pressure 

with the index finger to the rectal wall to test for deep anal pressure (DAP).  To test 

for Anal Contraction (AC), the person being examined was asked to squeeze the 

examiner’s finger as if holding in a bowel movement.  Scoring for both DAP and AC is 

dichotomous (yes/no).  The sensory, motor and anorectal examination scores were 

used to determine the highest Neurological Level (NL), Sensory Level (SL), Motor 

Level (ML), severity of injury (complete/incomplete), and Zones of Partial 

Preservation (ZPP; partially innervated dermatomes and myotomes in the complete 

injuries only).   
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Table 5 Results of clinical evaluation for patients with SCI. 

           

 

Patients ISNCSCI Clinical Variables MRI Level 

 

 

NL ML SL AIS AC DAP S4-5 

 

 
SCI_1 C6 C7 C6 C N Y N Mid C4 

 
 

SCI_2 C7 C8 C7 B N Y N C5-6 

 
 

SCI_3 C8 T1 C8 C Y Y Y C3-C4 

 
 

SCI_4 C7 C7 C7 A N N N Mid C5 

 
 

SCI_5 C5 C6 C5 A N N N C5-C6 

 
 

SCI_6 C1 C1 C1 B N Y Y Mid dens 

 
 

SCI_7 C1 C1 C1 D Y Y Y Negative 

 
 

SCI_8 C5 C7 C5 B N Y Y C4-C5 

 
 

SCI_9 C8 C8 C8 B N Y N C4-C5 

 
 

SCI_10 C1 C1 C1 D Y Y Y Mid C3 

            
MRI diagnosis  

The MRI spinal cord data was evaluated by a board certified neuroradiologist. MRI 

findings for each level of the cord were classified as “normal” or “abnormal” based 

on changes in cord volume and signal intensity.  Findings were considered abnormal 

if there was increased intramedullary signal on the FSE T2-weighted images with or 

without associated cord atrophy.  The MRI level of injury was identified by locating 

the transition point from normal to abnormal T2 cord signal.  The neuroradiologist 

who evaluated the MRI data was blinded to the clinical findings on the ISNCSCI and 

to results from DTI analysis.   

Data processing 

Motion Correction  

Initially, the diffusion data sets were corrected for motion-induced artifacts using 

the Automated-Image-Registration (AIR) package implemented in DTIstudio 

(www.mristudio.org) [106].  Two types of transformations paired with three cost 

functions were evaluated: Rigid Standard-Deviation (RdSD), Rigid Least-Squares 
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(RdLS), Rigid Scaled-Least-Squares (RdSLS), Affine Standard-Deviation (AffSD), 

Affine Least-Squares (AffLS) and Affine Scaled-Least-Squares (AffSLS).  The target 

images (20 directional images) were aligned with the reference image (b0) using 

each one of these six combinations.  The generated images were qualitatively 

assessed pre- and post-motion correction.  DTI parameters, FA and MD, were tested 

for statistical significance pre- and post- motion correction.   

Tensor Estimation 

After motion correction of the diffusion weighted images, the eigenvectors and 

eigenvalues of the diffusion tensor matrix were computed on a voxel-by-voxel basis 

from the axial DT images using MedINRIA software [107].   Various DTI indices were 

calculated and tabulated, namely, Fractional Anisotropy (FA), Axial Diffusivity (AD), 

Radial Diffusivity (RD) and Mean Diffusivity (MD). 

Regions of Interest  

Regions of interest were manually drawn on color FA maps at every axial slice 

location along the cervical spinal cord for both acquisitions and were validated by a 

neuroradiologist to ensure proper anatomical localization.  There was a consistent 

sparring of the outer margin of the cervical cord that represented approximately 

one voxel width to minimize volume averaging with the CSF (Figure 5-7).  Regions 

of interest were consistently defined throughout all slices.  DTI indices were 

reported at each disk level of the cervical spinal cord as well as the middle (mid) 

portion of the cervical vertebral body.  The values of each DTI parameter were 

averaged per cord level across all subjects.   
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Figure 5-7 DTI parameters obtained at disk and mid-level locations of the cervical spinal cord. 

Statistical Analysis  

Statistical analysis was performed to test the reproducibility of the datasets from 

the two scans per subject and to examine the correlations between DTI measure and 

the clinical examinations. Reproducibility was assessed by calculating the Intra-

Class-Correlation (ICC) coefficients for each DTI parameter for the entire cervical 

spinal cord as well as per cord level [108].  Mean and standard deviation (SD) values 

for DTI parameters were calculated by level of the cord based on the measurements 

from both scans of each subject. Mean values were compared by group using 

analysis of variance (ANOVA) for repeated measures.  Subjects with SCI were 

grouped based on presence or absence of AC, DAP, S4-5 sensation and by severity of 

injury (complete or incomplete).  Based on the ISNCSCI, cord levels were similarly 

designated as normal and abnormal.  Single and multiple variable logistic 
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regressions were used to analyze DTI parameters as predictors of abnormal findings 

for AC, DAP and S4-5 sensation and for the motor level and MRI level of injury.  

Sensitivities and specificities were calculated based on the best combination cut-

point chosen from the resulting receiver operating characteristic. Specificity reflects 

the degree to which a test can correctly identify a negative finding when the 

condition being tested for is truly absent.  Specificity, sensitivity, receiver operating 

characteristics area under the curve (ROC AUC) and corresponding 95% confidence 

intervals (CI) were calculated for each of the resulting models.  Jackknife (multiple 

samples of 1000 with replacement) and bootstrap (one subject out, n=35) 

resampling methods were used to validate the estimates from the final models. 

Results  

iFoV pulse sequence  

Imaging with the iFoV pulse sequence resulted in high spatial resolution of the 

diffusion tensor images.  Minimal eddy current distortions and distinctive 

delineation of gray and white matter structures were observed in most slices.  In the 

axial FA color images the spinal cord, the H-shaped gray matter can be clearly 

localized within the surrounding white matter. These results are consistent 

throughout the transverse slices of the cervical spinal cord (Figure 5-8) and are 

being demonstrated for the first time in the pediatric spinal cord. 
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Figure 5-8 Axial FA map (top left) and gray scale FA map (top right) along the 35 cervical slices of a 
control subject (bottom). 

In the reconstructed sagittal anisotropy maps, spinal cord white matter is well 

detected from the surrounding CSF.  It is worth noting that in FA color maps, blue, 

green and red color components correspond to the superior–inferior, the anterior–

posterior, and the left–right directions, respectively. Reducing the imaging FoV 

enabled high-resolution acquisition of the pediatric cervical spinal cord without 

pronounced geometric distortions. These results hold for both the controls and 

patients groups (Figure 5-9).  For the representative patient with SCI shown in the 

figure, the focal thinning of the spinal was observed in both T2-weighted and FA 

images. 
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Figure 5-9 Midline sagittal T2-weighted MRI and FA color map of a control subject (A,B) and patient with 

SCI (C,D)  Arrow represents level of injury (C5). 

Motion correction 

In both the controls and subjects with SCI, qualitative examination of image 

registration results showed rigid scaled-least-squares method to be reliable and 

effective in improving image quality.  This registration technique demonstrated 

more homogeneous signal within the cervical spinal cord as well as greater 

conspicuity of the cord/CSF interface on reconstructed sagittal FA color map (Figure 

5-10).  
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Figure 5-10 Midline sagittal FA color maps of a control subject (A1,A2) and a patient with SCI (B1, B2), 
pre- (A1,B1) and post- (A2,B2) image registration.  Arrow represents injury level (C5). 

The values of FA and MD were examined pre- and post- motion correction for all six 

registration methods (Table 6).  Using RdSLS there were no statistically significant 

differences in MD values (p=0.13).  There was, however, statistical significance in FA 

(p=0.007).  This difference could be due to an overestimation of FA values due to 

noise which was successfully corrected by RdSLS registration method [109].  

Overall, in both the controls and subjects with SCI, quantitative and qualitative 

analysis showed RdSLS registration technique superior to the other five algorithms 

[110]. 
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Table 6 DTI parameters pre- and post- motion correction 

  
Algorithm 

FA MD x10
-3

 (mm
2
/s)   

  Mean ± Std. Dev. Mean ± Std. Dev.   

  Controls SCI Controls SCI   

  No correction 0.55 ± 0.17 0.43 ± 0.15 0.67 ± 0.26 0.75 ± 0.28   

  AffLS 0.52 ± 0.14 0.36 ± 0.14 0.62 ± 0.23 1.07 ± 0.82   

  AffSLS 0.54 ± 0.14 0.34 ± 0.13 0.64 ± 0.23 0.74 ± 0.24   

  AffSD 0.53 ± 0.15 0.35 ± 0.18 0.62 ± 0.24 1.77 ± 1.42   

  RdLS 0.52 ± 0.14 0.37 ± 0.12 0.61 ± 0.20 0.73 ± 0.23   

  RdSLS 0.52 ± 0.14 0.36 ± 0.12 0.61 ± 0.19 0.73 ± 0.23   

  RdSD 0.53 ± 0.15 0.35 ± 0.12 0.63 ± 0.23 0.77 ± 0.26   

Normal pediatric spinal cord 

The control subjects showed averaged mean ± standard deviation FA=0.50±0.11, 

AD=0.97±0.20x10-3mm2/s, RD= 0.41±0.13x10-3mm2/s, MD=0.59±0.15x10-3mm2/s, 

RA=0.35±0.08, VR=0.03±0.00, Cp=0.13±0.07, Cl=0.29±0.09, and Cs=0.58±0.11.  The 

mean ± standard deviation for each DTI parameter, as a function of cord level, is 

illustrated in Figures 5-11 and 5-12.  There was a variation in the parameter values 

along the spinal cord.  Between C1 and T1 levels, there was a progressive decrease 

in FA (15%, *p=0.01), AD (16%, p=0.09), MD (9%, p=0.20), RA (23%, p=*0.02), and 

Cl (27%, p=*0.004), and an increase in RD (1%, p=0.45), VR (11%, *p=0.01), Cp 

(36%, *p=0.006), and Cs (7%, p=0.08).   

Studies involving adult subjects show a large range of values in DTI parameters.  A 

study on the intact adult spinal cord using 1.5T MRI scanner showed FA=0.49±0.05, 

AD=1.41±0.05 x10-3mm2/s, RD=0.57±0.04 x10-3mm2/s, MD=0.85±0.03 x10-3mm2/s, 

VR=0.73±0.05 [88].  These results are different from another study also performed 

on a 1.5T scanner which revealed FA=0.68±0.08 x10-3mm2/s, AD=1.73±0.15 x10-

3mm2/s, RD=0.49±0.07 x10-3mm2/s, MD=0.90±0.10 x10-3mm2/s [111]. 
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Figure 5-11 DTI parameters averaged for all controls and plotted as a function of cord levels. Data from 1 
scan are shown. Error bars represent SDs. *p-value indicates significant differences in DTI values 

between C1 and T1 cord levels.  
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Figure 5-12 Tensor visualization indices (Cs, Cl, and Cp) averaged for all controls and plotted as a 
function of cord levels. Data from 1 scan are shown. Error bars represent SDs. 

Controls grouped per age  

DTI parameters in controls were also compared per age group.  The 25 controls 

were divided into 12 subgroups: 6 year olds (n=1), 7 year olds (n=3), 9 year olds 

(n=1), 10 year olds (n=1), 12 year olds (n=5), 13 year olds (n=2), 15 year olds (n=2), 

19 year olds (n=2), 20 year olds (n=2), 21 year olds (n=1).  The results are shown in 

Figure 5-13.  No statistical comparisons were performed due to the low and un-

matched sample size.  
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Figure 5-13 DTI parameters averaged for controls per age group and plotted as a function of cord levels. 
Data from 1 scan are shown. 

Injured spinal cord  

The patients with SCI showed averaged mean ± standard deviation FA=0.30±0.10, 

AD=1.07±0.28 x10-3mm2/s, RD=0.73±0.25 x10-3mm2/s, MD=0.85±0.26 x10-3mm2/s, 

RA=0.20±0.06, VR=0.04±0.01, Cl=0.16±0.07, Cp=0.12±0.07, Cs=0.74±0.09. The mean 

± standard deviation for each DTI parameter, as a function of cord level, is 

illustrated in Figures 5-13 and 5-14.   Fluctuations in DTI parameters values were 

observed between C1 and T1 levels of the spinal cord in subjects with SCI.  
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Figure 5-14 DTI parameters averaged for all patients  and plotted as a function of cord levels. Data from 

1 scan are shown. Error bars represent SDs. 

 

 
Figure 5-15 Tensor visualization indices (Cs, Cl, and Cp) averaged for all patients and plotted as a 

function of cord levels. Data from 1 scan are shown. Error bars represent SDs. 
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Comparisons between controls and patients  

When examining group differences in DTI measurements, results show significantly 

(p<0.05) lower FA and higher diffusivity values (MD, AD and RD) in patients with 

SCI compared with controls (Figure 5-15).  “Quartile 1" and "Quartile 3" represent 

the 25th and 75th percentiles, respectively.  

 

Figure 5-16 Box plots of DTI parameters averaged in the controls and patients groups.  
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DTI results of each individual patient were compared to the averaged controls 

(Figures 5-17 to 5-26).  In every graph, the red arrow points to the MRI level of 

injury.  For some patients differences in diffusion measurements are especially 

detected around the lesion site (Figures 5-18 and 5-21).  In others, these differences 

were not limited to lesion sites but were also observed at regions remote from the 

injury site (Figures 5-19 and 5-26).    

Additionally, statistical analysis was performed to examine how each patient’s DTI 

parameters values differ from the controls’.  This was done using a special case of t-

test [112].  This test is based on the assumption that each patient is representative 

of the whole SCI population.  The test was repeated for each patient under the same 

assumption.   * near red arrow implies statistical significance (p<0.05). 
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Figure 5-17 Figure 5 17 DTI parameters from patient with Mid C4 MRI level of injury (red arrow) and 
AIS=C, compared to averaged controls, * = p<0.05. 

 

Figure 5-18 DTI parameters from patient with C5-C6 MRI level of injury (red arrow) and AIS=B, 
compared to averaged controls, * = p<0.05. 
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Figure 5-19 DTI parameters from patient with C3-C4 MRI level of injury (red arrow) and AIS=C, 
compared to averaged controls, * = p<0.05.  

 

Figure 5-20 DTI parameters from patient with Mid C5 MRI level of injury (red arrow) and AIS=A, 
compared to averaged controls, * = p<0.05.     
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Figure 5-21 DTI parameters from patient with C5-C6 MRI level of injury (red arrow) and AIS=A, 
compared to averaged controls, * = p<0.05. 

 

Figure 5-22 DTI parameters from patient with Mid dens MRI level of injury (red arrow) and AIS=B, 
compared to averaged controls, * = p<0.05. 
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Figure 5-23 DTI parameters from patient with negative MRI results and AIS=D, compared to averaged 
controls. 

 

Figure 5-24 DTI parameters from patient with C4-C5 MRI level of injury (red arrow) and AIS=B, 
compared to averaged controls, * = p<0.05. 
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Figure 5-25 DTI parameters from patient with C4-C5 MRI level of injury (red arrow) and AIS=B, 
compared to averaged controls, * = p<0.05. 

 

Figure 5-26 DTI parameters from patient with Mid C3 MRI level of injury (red arrow) and AIS=D, 
compared to averaged controls, * = p<0.05. 
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Reproducibility 

All subjects in the study underwent two identical DTI scans.  Statistical analysis was 

performed to test the reliability of the datasets by calculating the ICC coefficients for 

each DTI parameter for the entire cervical spinal cord as well as per cord level.  ICC 

values greater than 0.7 reflect high agreement between the two scans, values less 

than 0.7 reflect moderate agreement and values below 0.2 reflect poor agreement.  

Prior to statistical analysis, DTI parameters values (FA, MD, RD and AD) of the two 

scans were graphed as a function of cord level for the controls group (Figures 5-18) 

and the patients group (Figure 5-19).  This visualization step was done in order to 

get a graphical view of the data.   

 

 

Figure 5-27 DTI parameters of all control subjects compared between the two scans. 
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Figure 5-28 DTI parameters of all patients compared between the two scans. 

When examined at the whole cervical cord, ICC values for reproducibility tests 

showed moderate to strong agreement between the two scans in all the subjects for 

all DTI parameters.  For the averaged DTI parameter values across all levels, the 

ICCs and their 95% Confidence Intervals (CI) were FA [ICC = 0.87, CI (0.78–0.97)], 

AD [ICC = 0.97, CI (0.92– 0.99)], RD [ICC =  0.91, CI (0.83– 0.98)], MD [ICC = 0.95, CI 

(0.92– 0.98)], RA [ICC = 0.93, CI (0.88–0.98)], VR [ICC =  0.82, CI (0.69–0.95)], Cp 

[ICC =  0.77, CI (0.58–0.95)], Cl [ICC = 0.91, CI (0.85– 0.97)] and Cs [ICC =  0.72, CI 

(0.50–0.94)].   

The ICCs were also examined as a function of cord level for DTI parameters FA, MD, 

RD and AD (Table 7).  The results showed moderate to strong agreement between 
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the two scans for each level of the cervical cord with slight fluctuations in the upper 

and lower cervical levels. 

Table 7 ICC coefficients of all DTI indices per cord level. 

FA MD RD AD FA MD RD AD

C1 0.59 0.68 0.70 0.73 0.50 0.94 0.92 0.90

mid dens 0.55 0.70 0.69 0.70 0.62 0.94 0.91 0.86

mid C2 body 0.55 0.71 0.73 0.73 0.60 0.93 0.93 0.87

C2-C3 0.56 0.76 0.76 0.76 0.61 0.89 0.93 0.87

mid C3 0.61 0.76 0.76 0.77 0.69 0.87 0.88 0.87

C3-C4 0.58 0.76 0.74 0.76 0.69 0.87 0.82 0.90

mid C4 0.59 0.73 0.71 0.75 0.75 0.87 0.83 0.92

C4-C5 0.63 0.72 0.69 0.71 0.71 0.92 0.87 0.89

mid C5 0.57 0.68 0.64 0.65 0.58 0.90 0.88 0.89

C5-C6 0.58 0.61 0.61 0.59 0.82 0.95 0.94 0.94

mid C6 0.62 0.39 0.39 0.51 0.89 0.93 0.93 0.91

C6-C7 0.68 0.51 0.46 0.48 0.82 0.88 0.90 0.88

mid C7 0.70 0.54 0.45 0.56 0.81 0.87 0.89 0.82

C7-T1 0.43 0.57 0.48 0.61 0.82 0.80 0.84 0.82

Controls Patients

 

Clinical correlations  

Correlation of DTI values with values from the ISNCSCI and MRI was performed to 

examine the strength of DTI as a clinical biomarker to evaluate spinal cord damage.  

As previously detailed in the Methods section, mean and standard deviation values 

for DTI parameters were calculated based on the measurements from both scans of 

each subject. Mean values were compared by group using analysis of variance 

(ANOVA) for repeated measures.  Subjects with SCI were grouped based on 

presence or absence of AC, DAP, S4-5 sensation and by severity of injury (complete 

or incomplete).  Mean values were also compared by region of the cord at the 

ISNCSCI motor and MRI levels to regions remote from motor and MRI level of injury.  
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Specificity, sensitivity, receiver operating characteristics area under the curve (ROC 

AUC) and corresponding 95% confidence intervals (CI) were calculated for DTI 

values as predictors of AC, DAP, S4-5, motor level and MRI level. Jackknife and 

bootstrap resampling methods were used to validate the diagnostic findings.  

patients with SCI were grouped based on presence or absence of AC, DAP, S4-5 

sensation and by severity of injury (complete or incomplete) and cord levels were 

designated as being “normal” or “abnormal”.  Single and multiple variable logistic 

regressions were used to analyze DTI parameters as predictors of abnormal findings 

for AC, DAP and S4-5 sensation and for the motor level and MRI level of injury.  

Sensitivities and specificities were calculated based on the best combination cut-

point chosen from the resulting receiver operating characteristic. Specificity, 

sensitivity, receiver operating characteristics area under the curve (ROC AUC) and 

corresponding 95% confidence intervals (CI) were calculated for each of the 

resulting models.  Jackknife and bootstrap resampling methods were used to 

validate the estimates from the final models. 

Results show significant differences in FA mean values between the control group, 

the SCI group with intact sacral sparing and the SCI group with absent sacral 

sparing. Likewise, FA mean values differed between the SCI group with complete 

injuries and the SCI group with incomplete injuries.   AD values were significantly 

different among the control group and the SCI group with AC and the SCI group 

without AC. However, for the remaining comparisons of both AD and RD, differences 

were significant only between the control group and SCI group with absent DAP and 
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S4-5 sensation and with complete injuries (Table 8). Note: *Indicates significant 

difference, adjusted p<.003.   

Table 8 Mean±SD Values for DTI parameters for controls and several groups of SCI 

FA AD RD

SCI Absent 0.28*±0.13 1.23*±0.44 0.87*±0.47

SCI Intact 0.34*±0.05 0.71*±0.29 0.43±0.18

Control 0.51*±0.08 0.98*±0.27 0.41±0.11

SCI Absent 0.24*±0.12 1.28*±0.68 0.99*±0.68

SCI Intact 0.31*±0.11 1.01±0.37 0.67±0.35

Control 0.51*±0.08 0.98±0.27 0.41±0.11

SCI Absent 0.26*±0.14 1.30*±0.44 0.94*±0.48

SCI Intact 0.35*±0.05 0.75±0.26 0.45±0.16

Control 0.51*±0.08 0.98±0.27 0.41±0.11

SCI Abnormal(I) 0.24*±0.12 1.29*±0.68 0.99*±0.68

SCI Normal (C) 0.31*±0.11 1.01±0.37 0.67±0.34

Control 0.51*±0.08 0.98±0.27 0.41±0.12

SCI-Motor Level of Injury 0.28±0.13 0.81*±0.43 0.60*±0.43

SCI-Remote to Motor Level of Injury 0.31±0.11 1.2*±0.43 0.80*±0.45

Control 0.51*±0.08 0.98*±0.27 0.41*±0.12

SCI-MRI Level of Injury 0.23*±0.13 1.26*±0.49 0.96*±0.52

SCI-Remote to MRI Level of Injury 0.35*±0.08 0.92±0.38 0.55*±0.27

Control 0.51*±0.08 0.98±0.27 0.41*±0.12

Clinical 

Endpoints

AC

DAP

S 4-5

Severity 

of Injury

Region of 

Spinal 

Cord MRI 

Level

Motor 

Level

 

There was a strong association between FA, RD and AD and AC, DAP, S4-5 sensation, 

MRI and severity of injury. FA was the strongest overall predictor of each clinical 

endpoint. However, DTI values in combination showed strong diagnostic accuracy 

for predicting AC (AD,RD), S4-5 sensation (FA, RD), motor level (FA, AD) and MRI 

level (FA, AD, RD). Bootstrap and Jackknife median values from the re-sampling 

procedures were similar to the values from the final model indicating consistency of 

the parameter estimates (Table 9). 
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Table 9 Multivariate Analysis showing specificity, sensitivity, ROC (AUC) and 95% CI. 

Predictor Specificity (CI) Sensitivity (CI) ROC AUC (CI)

AC AD,RD 0.74 (0.71,0.77) 0.80 (0.75,0.84) 0.93 (0.91,0.94)

DAP FA 0.53 (0.50,0.56) 0.70 (0.60,0.79) 0.88 (0.85,0.90)

S4-5 FA,RD 0.81 (0.78,0.83) 0.80 (0.75,0.85) 0.93 (0.92,0.95)

Motor Level FA,AD,RD 0.67 (0.65,0.70) 0.85 (0.78,0.90) 0.92 (0.91,0.94)

MRI Level FA,AD,RD 0.83 (0.80,0.85) 0.89 (0.84, 0.93) 0.92 (0.90,0.94)
 

Discussion 

DTI can offer a comprehensive understanding regarding structural anisotropy of 

axonal white matter in any tissue.  Diffusion measurement is particularly promising 

in the spinal cord because the inherent direction of anisotropy is aligned with the 

cord.  In the pediatric spinal cord, the utility of DTI in quantifying diffusion changes 

has not been well studied.  The small volume of the cord, CSF flow, 

cardiac/respiratory activity, and susceptibility artifacts from adjacent bony 

structures limit the accuracy and reproducibility of DTI values.  Additional 

challenges include keeping a child motionless for several minutes without the use of 

sedation and the absence of normative DTI data for comparison.  Although diffusion 

changes in the pediatric brain have been reported [113-115], no comprehensive 

study of the pediatric spinal cord has been conducted.  Despite these difficulties, DTI 

parameters in the normal and injured cord were successfully obtained in this study 

using a well-optimized scanning protocol.   

 The iFoV was installed on the MRI scanner and pilot tested on phantom models and 

adult subjects, as well as children to optimize scanning parameters.  The scans were 

performed using several diffusion directions, multiple signal intensity averages, 
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different b-values, and with cardiac gating.  Qualitative assessments of the images 

and SNR calculations were performed for each combination of parameters.  The 

optimal pulse sequence parameters were chosen based on maximum spatial 

resolution and maximum SNR while maintaining good image quality and minimum 

scan time.  For axial acquisition of the pediatric cervical spinal cord (35– 45 slices), 

the scan time was determined to be approximately 8 minutes.  When cardiac gating 

was used, there was no significant improvement in either SNR or image quality. 

There was, however, a significant increase in scan duration (60%), which exceeded 

acceptable scan time limit.  Therefore, cardiac gating was not incorporated in this 

study.  The optimization and testing of the iFoV sequence parameters led to an 

increase in image resolution while maintaining a short scan time.  As a result, the 

gray and white matter structures could be clearly visualized across cord sections for 

most subjects.   

Incorporating motion correction at the post-processing stage before DTI analysis 

also proved to be valuable in data analysis.  This step was accomplished via image 

registration using AIR with a rigid body transformation technique.  This registration 

method uses information taken from the reference image (B0 in this case) and the 

target images (20 gradient directions) and creates a cost function, which quantifies 

the amount of mutual information between the images.  Rigid body registration 

assumes the movement of the imaged area is rigid (free of deformation).  It is 

commonly used in medical applications where the imaged structure is assumed to 

be encased within a bony structure (e.g., the brain) [116].  As a result, the rigid body 

registration method was chosen in this study because the spinal cord is also encased 
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and protected by a bony structure—the vertebral column.  Furthermore, a study 

investigating quantitative and qualitative analysis of several image registration 

methods showed that the rigid registration technique was superior to other 

registration methods [110].  Although the image registration approach was 

effectively capable of reducing artifacts caused by rigid displacement of the spinal 

cord, particularly motion in the anteroposterior direction, some motion-related 

artifacts remained: CSF pulsation, sporadic swallowing, and subject bulk motion. 

Additionally, the motion correction technique used in this study was chosen based 

on what is commonly used for brain data and its performance was assessed 

qualitatively.  There may be other correction methods more suitable for the spinal 

cord.  The reliability of such method should be assessed quantitatively. 

In this study, 25 control subjects were scanned twice.   Various DTI parameters 

were calculated and plotted as a function of cord level, namely, FA, AD, MD, RD, RA 

and VR.  DTI visualization indices were also extracted and plotted per cord level: Cp, 

Cl, and Cs.   Results showed variations in data in lower levels: there was a gradual 

decrease in FA, AD, MD, RA, and Cl values, and a gradual increase in VR, Cp, and Cs 

values along the length of the spinal cord in the superior to inferior direction (C1 to 

T1), while RD remained relatively constant.  This variations pattern can be 

attributed to the following effects: 

a) In the upper cervical spinal cord, there is a higher attenuation of large-

diameter axons compared with the upper thoracic region and, consequently, an 

increased axial (or longitudinal) diffusivity (AD) [114, 115].  Subsequently, all the 
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DTI indices (FA, MD, RA, and Cl) that are proportionally related to AD also showed a 

decrease in the thoracic region, and the parameters that are inversely proportional 

to AD showed an increase.  This pattern is similar to that reported in other studies 

involving adult subjects [88, 117].  

b) The geometric shape of the diffusion tensor is assumed to be ellipsoid and 

the three eigenvalues (λ1, λ2, and λ3) corresponding to diffusivities along the 

principal axes of the diffusion tensor are sorted in the order λ1>>λ2~ λ3.  In a highly 

anisotropic axonal-shaped medium, AD represents diffusivity along the primary axis 

of the diffusion tensor parallel to the spinal cord tracts (AD=λ1).  RD represents 

diffusivity perpendicular to the spinal cord tracts and is the average of λ2, and λ3.  It 

was therefore expected that RD would remain constant across cord levels.  

c) Cardiac gating was not used in this study.  The lowest cervical levels (C4–

C7) are the most sensitive to cardiac motion [61, 62].  Therefore, some cardiac-

related artifacts may have biased the quantification of DTI parameters.  While this 

may be considered a limitation in the study, it is important to note that gating 

increases acquisition time and does not prevent subject motion.  Keeping the 

acquisition time relatively short was a priority for imaging the pediatric population. 

In addition to investigating DTI in the normal cord, ten patients with chronic SCI 

were scanned twice.  Results showed fluctuations in DTI values when averaged for 

all patients (Figures 5-13 and 5-14).  A plausible explanation could be the variability 

of the level of cord injury among the subjects with SCI.  The patients were injured at 

different cervical cord levels but their DTI values were averaged.   When compared 
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to the controls groups, patients showed reduced FA and increased diffusivity values 

(AD, RD and MD) especially around the injury site.  This pattern is similar to the one 

reported in other studies of the adult spinal cord [89, 118].    

An interesting observation was the differences in the extent of injury among 

patients with SCI.  In some, differences in diffusion measurements are especially 

detected around the lesion site. In others, the differences were not limited to lesion 

sites but were also observed at regions remote from the injury site.   These 

variations can be attributed to Wallerian degeneration.   

This study also examined reproducibility of the DTI measures.  With the absence of 

any studies or results of DTI in the pediatric spinal cord, this test–retest 

methodology was used to ensure accurate and reproducible quantification of 

diffusion changes in the spinal cord.  Reliability of a quantitative imaging test is a 

critical feature that may allow for monitoring in vivo changes due to disease 

progression and treatment effectiveness.  Poor reproducibility limits the potential 

clinical application of any medical imaging technique.  To evaluate the 

reproducibility of these results, all subjects were scanned twice, using the same 

acquisition protocol, within an average time interval of nine hours.  Image 

registration and DTI analysis methods were identical in both datasets, and the 

regions of interest were drawn the second time by the same observer.  The 

reproducibility of the different DTI parameters was evaluated using the ICC and 

showed moderate to strong agreement between the repeated-measurements scans 

(0.72– 0.97).  However, examining the ICC values as a function of cord level revealed 
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slight fluctuations in lower levels.  Signal intensity drop-offs at the edge of the neck 

coil may have been a contributing factor to these differences because the lower 

cervical and upper thoracic levels were positioned at the extremities of the neck 

coil, where SNR decreases. 

Additionally, this study looked at correlations between clinical examinations 

(ISNCSCI and MRI scores) and DTI values [119].   The results showed that DTI 

predicts sacral sparing outcomes, motor and MRI levels in the injured spinal cord 

with good to strong accuracy.  The study showed that DTI values differ between 

children with and without cervical SCI and between children with SCI who have 

incomplete injuries and complete injuries (Table 8).   Similar to what has been 

reported in studies of adult injuries, FA differed between children with and without 

SCI and between complete and incomplete injuries are consistent with adult studies 

[118, 120, 121].  The finding that FA values are different between subjects with SCI 

and sacral sparing and those who do not have sacral sparing is being reported for 

the first time in this study.   This shows the importance of FA as a highly sensitive 

biomarker for evaluating spinal cord injury in children.  There were significant 

differences in diffusivity values between controls and patients with complete SCI. 

However, no differences were observed between controls and patients with 

incomplete SCI with the exception for subjects with AC. This finding shows 

diffusivity measures to be less sensitive compared to FA.  A possible reason behind 

these results could be the variability in the patients group.  
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Also in studying the correlations between DTI and clinical endpoints, the sensitivity 

and specificity of DTI were evaluated for sacral sparing endpoints defined by the 

ISNCSCI, specifically S4-5 sensation, DAP and AC [119].  Results showed DTI to have 

relatively low specificity values for AC and DAP, compared with specificity for S4-5 

sensation: specificity for AC and DAP was 0·74, 0·53, respectively, yielding a 26% 

and 47% false positive, and specificity of DTI for S4-5 was 0·81.  These values could 

be due to the limitations of the DAP and AC examinations as reported in a previous 

study [122].  Furthermore, the specificity of DTI for ISNCSCI motor level of injury 

and for MRI level of injury was examined in this study.  The combination of the three 

DTI parameters FA, AD and RD was the strongest predictor of both motor level and 

MRI level of injury.  FA reflects the magnitude of anisotropy, AD represents 

diffusivity parallel to the spinal cord tracts and RD characterizes diffusivity 

perpendicular to the spinal cord tracts.  These parameters provide unique 

information about the spinal cord, and therefore, are strong predictors of motor and 

MRI levels of injury when combined.  

Correlation of DTI values with values from the ISNCSCI and MRI was performed to 

examine the strength of DTI as a clinical biomarker to evaluate spinal cord damage. 

Subjects with SCI were grouped based on presence or absence of AC, DAP, S4-5 

sensation and by severity of injury (complete or incomplete).   Specificity, 

sensitivity, ROC AUC and corresponding 95% CI were calculated for DTI values as 

predictors of AC, DAP, S4-5, motor level and MRI level. Jackknife and bootstrap 

resampling methods were used to validate the diagnostic findings.  Patients with SCI 

were grouped based on presence or absence of AC, DAP, S4-5 sensation and by 
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severity of injury (complete or incomplete) and cord levels were designated as 

being “normal” or “abnormal.”  Single and multiple variable logistic regressions 

were used to analyze DTI parameters as predictors of abnormal findings for AC, DAP 

and S4-5 sensation and for the motor level and MRI level of injury.  Sensitivities and 

specificities were calculated based on the best combination cut-point chosen from 

the resulting receiver operating characteristic. Specificity, sensitivity, receiver ROC 

AUC and corresponding 95% CI were calculated for each of the resulting models.  

Jackknife and bootstrap resampling methods were used to validate the estimates 

from the final models.  The results show that DTI values differ not only between 

uninjured and injured cords but also between complete and incomplete 

injuries.  This finding is clinically relevant as the ability to distinguish 

between complete and incomplete injuries in children using the clinical 

examination is difficult and, when performed yields high false positives 

(suggesting injury is incomplete when it is actually complete). 

While the results of this study provide compelling evidence that DTI can be reliably 

used as a neuroimaging biomarker and indicate its potential for use in examining 

the pediatric spinal children, more work is needed before it can be used clinically.   
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CHAPTER 6. CONCLUSIONS 

This study demonstrated the feasibility of pediatric spinal cord imaging using DTI 

and produced accurate and reliable measures.   The objectives were successfully 

implemented, tested and assessed using an iFoV pulse sequence which made 

reliable and high-resolution DTI possible, by extensive optimization of the imaging 

protocol, by including motion correction in the data analysis steps, and by 

examining correlations between DTI and standard clinical exams.    

Limitations 

There are few limitations in this study.  The SCI sample (n=10) is small and there is 

a large variability in injury characteristics.  The etiology of injury included traumatic 

and non-traumatic causes and chronicity varied from one to 12 years.  There was 

also a slight variation in the mean age of the control group and SCI group (12.2 vs. 

13.2 years) and the samples were not age- and gender-matched.  Previous studies 

on DTI in brain white matter reported differences in parameter values related to sex 

[123] and age [124-126].  In addition, the use of manually drawn regions of interest 

in the small pediatric spinal cord may have introduced partial volume 

contamination, especially in the lower cervical regions.  The challenge in ROI 

drawing was especially seen in subjects with SCI because the cord tissue was 

difficult to identify.   

Further work 

The long-term goal of this work is to validate DTI as an imaging biomarker for the 

entire pediatric spinal cord; this study examined the cervical portion of cord solely 
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in order to avoid challenges related to respiratory and cardiac artifact which are 

more pronounced in other regions of the cord.  Future work will capture DTI values 

for the thoracic, lumbar or sacral regions of the pediatric cord.   

This study excluded patients with newly acquired injuries because of the 

pathophysiological changes that may occur during this injury phase.  Further work 

can examine DTI during the acute phase of SCI.   Further research is also needed to 

examine whether DTI values differ between traumatic non-traumatic injury cases. 

DTI could be used in longitudinal studies to monitor children from the acute phase 

of injury through to the chronic phase of injury.  This study also excluded patients 

with metallic implants even though most traumatic SCI are managed acutely by the 

use of instrumentation.  Further studies could investigate the impact of metallic 

artifacts in pediatric DTI. 

Finally, to further investigate problems related to ROI drawing, work in underway to 

examine inter- and intra-reader variability in data analysis.  Future work will also 

define DTI values for separate dorsal and ventrolateral quadrants of the spinal cord 

and compare them to clinical values obtained from children with complete and 

incomplete spinal injuries.  This will allow more accurate RoI measurements and 

consequently, stronger correlations with the clinical examinations.  

Conclusions 

This study demonstrated the feasibility of pediatric spinal cord imaging using DTI 

and produced accurate and reliable DTI measures.  This study is the first to report 

the feasibility and diagnostic accuracy of DTI in children with and without cord 
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pathology.  The differences in DTI values between control subjects, patients with 

complete SCI and those with incomplete SCI, along with the predictive accuracy of 

DTI for sacral sparing endpoints, motor level of injury and MRI level of injury show 

the utility of DTI as a robust imaging biomarker evaluating the consequence of SCI 

in children.  
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APPENDICES 

A- ACRONYMS 

AUC Area under the curve 

2DRF Two Dimensional Selective Radio Frequency 

AC  Anal Contraction 

AD  Axial diffusivity 

AIS  American Spinal Injury Association Impairment Scale 

ANOVA  Analysis of Variance 

AS  Anal Sensation 

ASIA  American Spinal Injury Association 

C  Cervical 

 CI  Confidence Interval 

Cl Linearity coefficient 

Cp Planar coefficient 

Cs Spherical coefficient 

CSF  Cerebral Spinal Fluid 

D  Diffusivity 

DTI  Diffusion Tensor Imaging 

EPI  Echo Planar Imaging 

FA  Fractional Anisotropy 

fMRI Functional MRI 

FoV  Field of View 

GRAPAA  GeneRalized Auto-calibrating Partially Parallel Acquisitions 

GRE Gradient recalled echo 

ICC  Intraclass Correlation Coefficient 

iFoV  inner Field of View 

ISNCSCI  International Standards for Neurological Classification of SCI 

L  Lumbar 

 LT  Light Touch 
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MRA Magnetic resonance angiography 

MRI  Magnetic Resonance Imaging 

MRS Magnetic resonance spectroscopy 

MT Magnetization transfer 

MTR Magnetization transfer ratio 

NL  Neurological Level 

PC Phase contrast 

 PD Proton density 

 PP  Pin prick 

 PRESS Point resolved spectroscopy 

RA  Relative anisotropy 

RD  Radial diffusivity 

RF  Radio Frequency 

RF Radio frequency 

ROC receiver operating characteristics  

ROI Region of interest 

S  Sacral 

 SCI  Spinal Cord Injury 

SD Standard deviation 

SE Spin echo 

SHC  Shriners Hospitals for Children 

SNR  Signal-to-Noise Ratio 

STEAM Stimulated echo acquisition mode 

 T  Thoracic 

 TE  Echo Time 

TOF Time of flight 

TR Relaxation time 

VR  Volume ratio 

WIP  Work-In-Progress 
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