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ABSTRACT OF THE DISSERTATION 

 

Structural, Microstructural, and Functional Magnetic Resonance Imaging Measures 

of the Brain and Spinal Cord are Associated with Neurological Symptoms and Chronic Pain  

in Patients with Cervical Stenosis 

 

by 

 

Davis Christopher Woodworth 

Doctor of Philosophy in Biomedical Physics 

University of California, Los Angeles, 2018 

Professor Benjamin M. Ellingson, Chair 

 

Cervical stenosis (CS), or tightening of the spinal canal, that causes long-term neurological 

impairment including neck pain and motor weakness, is termed cervical spondylotic myelopathy 

(CSM). However, substantial compression of the spinal cord does not necessarily entail more 

severe symptomatology and evaluations of clinical magnetic resonance imaging (MRI) scans are 

only weakly associated with patient symptom severity and have shown limited value in predicting 

patient disease progression or response to treatment. Thus, non-invasive imaging biomarkers that 

better reflect patient symptoms are in great need. While the spinal cord is the primary site of injury 
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in CSM, the brain can also present with degenerative or compensatory changes in relation to patient 

symptoms. The purpose of this dissertation was to evaluate, via advanced MRI scans, the 

associations between structure, function, and microstructure, of the spinal cord and brain, with 

neurological symptoms and pain severity in patients with CS.  

High-resolution structural, resting-state functional, and diffusion MRI scans of the brain 

and spinal cord were acquired in 26 CS patients and 17 healthy control subjects. Measures of brain 

and spinal cord structure, functional connectivity, and microstrucutre, were compared to the 

modified Japanese Orthopedic (mJOA) and the Neck Disability Index (NDI) scores. Similar to 

previous findings, structural measures of the spinal cord were not associated with symptom 

severity. However, patients with CS presented decreased brain structure with worsening 

neurological symptoms in subregions of the primary sensorimotor cortex, the superior frontal 

gyrus, and precuneus, and in the anterior cingulate and putamen in relation to both neurological 

and pain symptoms. These regions also demonstrated altered functional connectivity, presenting 

mostly with increasing connectivity with worsening symptoms. Diffusion MRI revealed altered 

microstructure consistent with degenerative changes in the spinal cord, both at the site of injury 

and at uncompressed sites, and further rostrally in the corticospinal tracts in the brain. 

This cross-sectional study brings the brain and spinal cord together using advanced MRI 

to paint a more holistic picture of patients with CSM, and provides a groundwork for future studies 

to evaluate the brain and spinal cord longitudinally and after surgery to help determine optimal 

treatment strategies. 
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Chapter I. Introduction 

i. Cervical Spondylotic Myelopathy 

Tightening of the spinal canal in the neck due to the degeneration and protuberance of 

intervertebral discs and vertebra, termed spondylosis, is a common occurrence amongst middle 

age and elderly populations, with an incidence of around 80% in the total population 1. When this 

tightening of the spinal canal impinges on the spinal cord at the cervical level, functional deficits 

of the spinal cord, or myelopathy, may arise. This condition is termed cervical spondylotic 

myelopathy (CSM) 2. CSM can present at various and multiple cervical intervertebral and vertebral 

levels (Figure 1.1), and with a wide variety of symptoms including problems in gait, upper limb 

weakness, paresthesia and numbness, as well as neck pain and stiffness. In a study at the University 

of California, Los Angeles, of 58 consecutive patients with CSM who received laminectomy, the  

symptom distribution at time of surgery was the following: 40 patients had gait abnormalities 

(69%), 33 patients had loss of hand dexterity (57%), 27 patients had upper extremity sensory 

disturbance or paresthesia (47%), and 6 patients had lower extremity paresthesia (10%) 3. Static 

forces on the spinal cord, along with dynamic forces that may be encountered by the subjects and 

potential ischemia resulting from chronic impinging of the spinal cord vasculature, can cause 

changes in the spinal cord of patients with CSM 4. 
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Figure 1.1. Sagittal T2-weighted MRI of patient with CSM. The different cervical levels are 

labeled, and the box denotes sites of compression from C3-C4 to C6-C7. 

 

Assessing Symptoms in Patients with CSM 

Given this wide range of symptomatology, various methods to determine the neurological 

status of patients exist. One of the most common metrics for judging the neurological symptoms 

of patients is the modified Japanese Orthopedic Association (mJOA) grade 5-7. Originally 

developed as the Japanese Orthopedic Association (JOA) grade 5,8-11, the mJOA scoring system 

was adapted from the JOA by replacing questions about, for example, the patient’s ability to use 

chopsticks, with questions such as the ability to button a shirt, to enable better assessment of 

western patient populations. The mJOA grade is an 18-point scale, decreasing in number for 

worsening neurological symptoms, and assessed using questions about four different components 
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of neurological status: 1) lower limb motor function, 2) upper limb motor function, 3) upper limb 

sensory function, and 4) sphincter function (see Table 1.1). The mJOA grade can be split into 

separate categories depending on symptom severity: a score of 18 is classified as asymptomatic, a 

score of 17 to 15 is classified as mild myelopathy, a score of 14 to 12 is classified as moderate 

myelopathy, and a score of 11 to 0 is classified as severe myelopathy 12. Another common score 

used in CSM is the Nurick grade 13. Unlike the mJOA grade, the Nurick grade only considers the 

patient’s gait and ability to walk, which is the most common symptom in CSM patients as 

mentioned above. While mJOA and the Nurick scale are standard and comprehensive clinical 

measures for disability, other symptom-specific ancillary outcome measures are used as well 14. 

In addition to neurological symptoms such as the ones assessed by the mJOA score, many 

patients with CSM experience neck pain that adversely affects their quality of life 15,16. In fact, one 

of the primary means of diagnosing narrowing of the spinal canal, or stenosis, is radiographic 

evidence on x-rays following a patient’s complaints of neck pain and stiffness 15. Chronic pain is 

a considerable health and economic burden to society 17,18 affecting around 10% of the US 

population 17, and 15% of US adults report having neck pain that lasts at least a full day 19. One 

measure of neck pain and disability is the Neck Disability Index (NDI) 20,21. The NDI questionnaire 

is used to assess patient neck pain and how neck pain affects their ability to complete daily tasks, 

such as their ability to lift things, their ability to sleep, and their ability to take personal care of 

themselves (https://www.aaos.org/uploadedFiles/NDI.pdf). The NDI is also often used as an 

outcome measure for surgical intervention in patients with CSM 22,23. 

  

https://www.aaos.org/uploadedFiles/NDI.pdf
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Table 1.1. Neurological symptom scoring system for the modified Japanese Orthopedic 

Association (mJOA) grade. Adapted from Benzel et al 6. 

Score Definition 

Motor dysfunction 
 Upper extremities 

  0 Unable to move hands 

  1 Unable to eat with a spoon but able to move hands 

  2 Unable to button shirt but able to eat with a spoon 

  3 Able to button shirt with great difficulty 

  4 Able to button shirt with slight difficulty 

  5 No dysfunction 

 Lower extremities 

  0 Complete loss of motor & sensory function 

  1 Sensory preservation without ability to move legs 

  2 Able to move legs but unable to walk 

  3 Able to walk on flat floor with a walking aid (cane or crutch) 

  4 Able to walk up- &/or downstairs w/aid of a handrail 

  5 Moderate-to-significant lack of stability but able to walk up- &/or downstairs without handrail 

  6 Mild lack of stability but able to walk unaided with smooth reciprocation 

  7 No dysfunction 

Sensory dysfunction 
 Upper extremities 

  0 Complete loss of hand sensation 

  1 Severe sensory loss or pain 

  2 Mild sensory loss 

  3 No sensory loss 

Sphincter dysfunction 

 0 Unable to micturate voluntarily 

 1 Marked difficulty in micturition 

 2 Mild-to-moderate difficulty in micturition 

 3 Normal micturition 
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Natural History and Treatment of CSM 

The natural history of CSM is mixed, with some patients presenting with a stepwise 

progression, which entails sudden changes in neurological status followed by long segments of 

stable disease, and some patients presenting with rapid progression of symptoms 24-26. Somewhere 

between 20-60% of patients will deteriorate if left without surgical intervention 25. Given the mixed 

natural history of CSM, treatment for CSM usually involves one of two approaches: longitudinal 

follow-up and conservative management, or surgical intervention to decompress the spinal cord. 

The primary surgical approaches used on CSM patients involve decompression of the cord in the 

neck through removal of the vertebral body or intervertebral disc (cervical corpectomy and 

discectomy, respectively), which are anterior to the spinal cord, or through removal or 

restructuring of the lamina and spinous process (cervical laminectomy and laminoplasty, 

respectively) which are posterior to the cord 27. Generally, surgery is recommended for patients 

presenting with more severe symptomatology, as these are likely to present with neurological 

improvement after surgery 28,29. However, for patients with mild symptoms, both surgical 

intervention and conservative longitudinal observation show mixed results and neither approach 

seems to present a clear advantage over the other 26,30,31. In contrast to acute spinal cord injury, 

where the injury is readily apparent after trauma and rapid treatment is essential for rehabilitation 

32, the variation in the natural course of CSM, and the fact that some patients with advanced 

cervical stenosis and high degrees of spinal cord compression exhibit no symptoms, makes it 

difficult to assess the length of the disease process and the risk of the patient for worsening of their 

symptoms 33. 
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Medical Imaging of CSM 

Diagnostically, radiographic X-rays can indicate narrowing of the cervical canal, and 

computed tomography (CT) can be helpful in assessing disc degeneration and bony anatomy for 

diagnostic and pre-surgical purposes. For example, based on the bony anatomy visible on 

radiographic techniques, the Torg-Pavlov Ratio can be computed, which is a measure of spinal 

canal stenosis that takes the spinal canal diameter and divides it by the vertebral body diameter in 

order to normalize the measure by vertebral level and across patients 34,35. Figure 1.2.A presents 

a graphical illustration of an MRI-equivalent version of the Torg-Pavlov Ratio. However, because 

of its ability to image soft-tissue structures, MRI is the essential diagnostic tool for assessing spinal 

cord compression in CSM 36. Broadly, the quantitative and qualitative measures extracted from 

routine clinical MRI comprise measurement of the cord along anterior-posterior and left-right 

dimensions, measures of compression that combine measurements of the cord with measurements 

of the spinal canal or vertebral bodies, evaluation of compression across multiple vertebral 

segments, and recording the presence and characteristics of T1w and T2w (Figure 1.2.B) 

intensities in the cord 36. One pattern of T2w hyperintensity that has garnered attention in previous 

radiological studies is the “Snake Eye” appearance (SEA, Figure 1.2.C), in which instead of 

diffuse T2w hyperintensity, the signal hyperintensity is confined to the ventral horns of the gray 

matter, appearing as symmetrical round bright spots on the cord 37-39. 
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Figure 1.2. Commonly noted measures of spinal cord compression and signal intensity 

characteristics in CSM patients. A) MRI-equivalent Torg Ratio, a measure of cord compression, 

which takes the diameter of the spinal canal (a) and divides it by the diameter of the vertebral body 

(b). B) T2 hyperintesnity in the cord. C) “Snake-Eye” appearance (SEA) T2w hyperintensity. 

 

The Need for New Imaging Biomarkers in CSM 

Despite the diagnostic importance of conventional MRI of the spinal cord in CSM, many 

of the measures of cord compression assessed on these scans have shown at most a modest 

correlation with neurological symptoms 40-46. As an illustration, Figure 1.3 displays two patients 

with similar degrees of compression, but one is asymptomatic (Figure 1.3.A, mJOA of 18) and 

the other has moderate symptom severity (Figure 1.3.B, mJOA of 13), which highlights the 

sometimes-paradoxical relationship between conventional MRI findings in CSM and the clinical 
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symptoms experienced by the patient: the severity of compression and signal intensity alterations 

seen on clinical MRI are not always reflected in the patient’s symptomatology. In addition to the 

paradoxical relationship between imaging findings and symptoms, imaging findings have also 

proven of limited value for predicting patient response to surgery, where both signal intensity 

characteristics and measures of compression have thus far provided only low strength of evidence 

and weak recommendations for using these measures to guide treatment decisions 46,47.  

Even though many patients exhibit mild or no symptoms in the presence of spinal cord 

compression, they may still be at risk for symptom progression or irreversible neurological 

damage. In patients with cervical stenosis that showed no symptoms, electromyographic findings 

have been associated with the eventual development of symptoms 24,48. Additionally, surgical 

intervention does not always guarantee neurological recovery, and presents varied recovery for 

different patient populations and different symptom sites. In a study evaluating recovery from 

surgical decompression in 55 patients, around 70% of patients experienced neurological recovery, 

but this varied by the site of the symptoms: most of the patients recovered hand function (63%), 

while fewer presented improved lower limb function (44%), and even fewer presented improved 

sphincter function (20%) 49. There is an even starker picture when considering the recovery rate, 

or the degree to which patients recovered full neurological function after surgery: there was an 

average of a 37% recovery rate for upper limb function, 23% for lower limb function, and 17% for 

sphincter function 49. 

Given the variable natural history of CSM, the variable success rate of traditional surgical 

interventions, and the insufficiency of conventional MRI to reflect symptom severity and monitor 

CSM patients or to predict outcome to surgical intervention, alternative non-invasive biomarkers 

are of great importance and actively being sought after. 
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Figure 1.3. Paradoxical relationship between findings on routine clinical MRI scans and 

neurological symptoms. T2w sagittal (left) and axial (right) scans are shown. A) patient with high 

degree of cord compression and some T2w signal hyperintensities in the cord, but no neurological 

symptoms (mJOA 18). B) patient with moderate degree of cord compression and T2w signal 

hyperintensities, but moderately severe symptoms (mJOA 13). 

 

ii. The Human Neuraxis: Anatomy and Function of the Brain and Spinal Cord   

The human central nervous system (CNS) is divided into two major structures: the brain 

and the spinal cord. Sensation and movement arise from the interaction between the brain and the 

spinal cord, and both are necessary for a holistic understanding and assessment of injury to the 
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spinal cord. The chronic compression of the spinal cord that occurs in patients with CSM involves 

not only the site of compression but also the rostral spinal cord and the brain, which may respond 

to the localized injury in compensatory or degenerative fashion. What follows is a brief description 

of the brain and spinal cord and an outlining of relevant brain and spinal cord structures and 

pathways involved in motor, sensory, and pain processes which are of interest to this dissertation 

in relation to the symptoms presented by CSM patients. 

 

The Brain 

The human brain has a volume of approximately 1365 cm3, and receives input from the 

rest of the body, processes information, and sends commands out to the body. The brain is 

composed of neurons as its basic functional cellular unit, as well as support cells such as glia and 

oligodendrocytes. Neurons are concentrated in the gray matter of the cortex (approx. 695 cm3) and 

in subcortical gray matter structures such as the thalamus (approx. 7 cm3), and the basal ganglia 

(approx. 8 cm3) 50,51. The cortex of the brain is a thin (approx. 1 - 4.5 mm) sheet-like structure at 

the surface of the brain which is highly folded into protruding rings (gyri) and in-folded furrows 

(sulci) 52-54. Neurons in the CNS communicate with each other and with the rest of the body through 

axons that carry signals in the form of action potentials. These axons gather together to form large 

bundles centrally in the brain, the white matter fibers (approx. 670 cm3) 50. In addition to these 

structures in the cerebrum, the brain also contains the cerebellum (approx. 135 cm3), which is 

involved in motor coordination, and the brainstem (approx. 135 cm3), which is the primary means 

of entrance and exit of white matter fibers to and from the brain and which regulates a host of 

functions including respiration, circulation, and sleep 50. The brain is enclosed by the skull and is 

enveloped in cerebrospinal fluid (CSF, approx. 180 cm3) 50.  
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The brain can be divided into various regions based on their cellular architecture 55 or 

morphology. While complex behavior and actions arise from interaction between many brain 

regions, the brain possesses a considerable degree of functional modularization, where specific 

regions engage in specific functional tasks. The primary motor cortex, for example, encodes motor 

and muscle information for conscious movement, and the primary sensory cortex receives 

discriminative touch information from the body 50,56,57.  These regions map to the rest of the body: 

muscle groups across the body are mapped onto the primary motor cortex, and touch sensation for 

body regions is mapped on the primary sensory cortex. These primary sensorimotor maps were 

first described after electrical stimulation studies by Penfield and Boldrey 58. However, the body 

maps and structure of these regions are not fixed, and can experience plastic rearrangement with 

learning or after lesioning of cerebral tissue 59-62, or can undergo degenerative changes in disease 

conditions such as amyotrophic lateral sclerosis (ALS) 63,64. Thus, evaluation of local structures in 

the cerebral cortex may help elucidate disease processes or assist in the monitoring of disease 

progression or response to treatment. 

 

The Spinal Cord 

The spinal cord is enclosed by the bony anatomy of the spine and enveloped by CSF, and 

is involved in motor output, sensory relay, and reflexes 50.  The spinal cord measures around 45 

cm in length, and has a common structure oriented along the superior-inferior axis: long 

myelinated axons form bundles of white matter on the outer regions of the spinal cord and transmit 

information to and from the brain and peripheral nervous system, and at the center of the spinal 

cord is gray matter, made up of neuron bodies which are active in processing information for the 

regional functions at each specific level of the cord. The gray matter and white matter of the spinal 
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cord are both regionally organized and present with a consistent structure throughout the cord. The 

gray matter is divided into various lamina defined by cellular architecture 65. The laminae of the 

spinal cord gray matter can be broadly divided into two major regions: the dorsal horn, which 

consists of sensory interneurons and projection neurons, and the ventral horn, which consists of 

lower motor neurons. The white matter of the spinal cord is also segregated into distinct regions: 

posteriorly are the dorsal funiculi, the cuneate and gracilis, which carry sensory information from 

the body to the brain; laterally is the corticospinal tract, which carries motor commands from the 

brain to the muscles in the body; anterolaterally is the spinothalamic tract, which carries 

nociceptive information from the body to the brain 50. 

The spinal cord is divided into 31 segments with corresponding ventral and dorsal roots 

that send motor signals to and receive sensory signals from the body. Specific segments of the 

spinal cord that contain the input and output for the sensory and motor regulation of limbs present 

with a relative increase in size compared to adjacent segments, and these occur at the cervical 

enlargement (C3 through T2 vertebral levels, spinal cord cross-sectional area of approximately 70 

mm2, responsible for upper limbs) and the lumbosacral enlargement (L1 through S2 vertebral 

levels, spinal cord cross-sectional area of approximately 50 mm2, responsible for lower limbs) 66. 

Of importance to CSM, the cervical spinal cord is the uppermost division of the spinal cord, 

ranging down from the bottom of the brainstem to the 7th cervical level. The cervical spinal cord 

relays sensory information from the neck, back of the head, shoulders, and arms, and controls 

motor movements for the neck, shoulders, and, along with the T1 spinal cord level, the arms. The 

cervical spinal cord from C3 to C7 has an approximate transverse diameter of 12 mm and an 

approximate sagittal diameter of 7 mm 66, and contains a high proportion of white matter fibers 
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given that axons from and to both the upper and lower limbs traverse through the cervical cord at 

these levels. 

The spinal cord is an essential bridge that connects the brain and the rest of the body, and 

contains local neural processing that regulates various functions at each spinal level. Thus, when 

compromise of this structure occurs it can have devastating effects on the individual, such as in 

the cases of paraplegia or tetraplegia which can result from traumatic spinal cord injury 67. 

Preservation of the spinal cord is essential for the proper functioning of the nervous system, and 

while the spine and bony anatomy that surrounds the spinal cord is meant to protect it from harm, 

when these impinge on the spinal cord, either through chronic compressive forces as in CSM or 

through rapid movement or blunt trauma as in traumatic spinal cord injury, the integrity of the 

nervous system may be at risk. 

While the spinal cord serves as a connection between the brain and the body, it also 

possesses a high degree of autonomy and internal circuitry that can process information and 

perform actions independent from the brain. For example, interneurons in the spinal cord are 

responsible for a large degree of modulation and modification of signals for the ascending 

somatosensory tracts 68, and even learning of motor commands may take place in the spinal cord 

via interneuron and reflex mechanisms 69. Additionally, inhibitory and excitatory descending 

pathways from the brain can affect the activity of interneurons in the spinal cord 68. These few 

examples highlight the complex arrangement and fucntionality of the spinal cord. However, this 

level of detail is currently difficult to attain using non-invasive imaging techniques, which perform 

better on gross anatomy and major structures in the spinal cord. Thus, particular large structures 

and pathways tend to be the focus for neuroimaging studies of the spinal cord. 
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Primary Motor, Sensory, and Pain Pathways 

Figure 1.4 illustrates particular pathways of interest for this dissertation: motor, sensory, 

and pain. The main connection for motor processing takes place between the precentral gyrus 

(primary motor cortex, or M1), and the ventral horn of the spinal cord at various levels. The white 

matter fibers that directly connect these two comprise the corticospinal tract, a large set of axons 

that run from the pre-central gyrus through the internal capsule, the cerebral peduncle, and mainly 

cross at the decussation of the pyramids (though around 10% remain ipsilateral forming the 

anterior corticospinal tract), descend down the lateral portion of the spinal cord white matter, and 

synapse on the ventral horns in the spinal cord which contain the neurons that control the desired 

target muscle 50,56. 

The primary sensory pathway for fine touch initiates with pseudo-unipolar neurons located 

in the dorsal root ganglion (DRG), where the signal is transmitted from the peripheral nerve, 

through the dorsal root, and then ascends the spinal cord through the dorsal column of the spinal 

cord along the ipsilateral side. These axons synapse in gray matter nuclei (gracile nuclei for lower 

limbs, and cuneate nuclei for upper limbs) in the medulla, which then cross over to the contralateral 

side and ascend to synapse in the ventral posterolateral nuclei (VPL) of the thalamus, which then 

sends the information to the primary sensory cortex (SI, Figure 1.4) or secondary sensory cortex 

(SII) 57. Discriminative pain information enters the spinal cord through axons in the dorsal root, 

and these synapses on the dorsal horn of the spinal cord. The neurons in the dorsal horn then relay 

the information to neurons that cross over to the contralateral side on the same level of the spinal 

cord, and ascend through the spinothalamic tract to synapse on the VPL nucleus of the thalamus, 

and from there to SI (Figure 1.4) 57,70. 
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Figure 1.4. Ascending and descending pathways of interest for this dissertation. A) 3D rendering 

of brain and spinal cord (light purple) with vertebral bodies (transparent beige). B) Glass-brain 

model with structure for primary motor (red) and primary sensory (blue) cortex, the thalamus 

(purple) and pathways for voluntary motor (red), discriminative touch (sensory, blue), and pain 

and conscious proprioception (green). C) 2D MRI slices with highlighted structures previously 

mentioned, as well as the ventral posterolateral (VPL) nucleus highlighted in blue in the thalamus. 

D) and E) show a 2D MRI slice with the pathways and the dorsal (sensory, blue) and ventral 

(motor, red) horns highlighted, for uncompressed and compressed levels in a CS patient, 

respectively. F), G), and H) display zoomed-in regions of the brain, uncompressed spinal cord, and 

compressed spinal cord, respectively, highlighting the neuron bodies and axon terminals of 

interest, dorsal horn is shown in blue (sensory) and ventral horn in red (motor). Not displayed: 

synapse of discriminative touch pathway in the brainstem (gracile and cuneate nuclei). 
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In addition to the discriminative pain pathway, there are other pain pathways that relay 

dull, affective aspects of pain sensation 71, and these pathways synapse in a separate part of the 

thalamus and relay to brain structures implicated in the affective dimension of pain. One pathway 

synapses on the medial dorsal nuclei (MDvc) of the thalamus, which then relays the information 

to the anterior cingulate cortex (ACC) 57,72. Another pathway synapses on the ventromedial 

posterior nuclei (VMpo) and relays information to the insula 57,71. This affective component of 

pain, mediated by these pathways, is an important aspect of pain, and both the insula and the ACC 

play an essential role in chronic pain 73-76.  

 

Probing the Structures and Pathways of the CNS using Neuroimaging 

 Invasive studies, such as tract tracing, cell recordings, staining techniques, are the gold 

standard to assess the structures and functional characteristics of the CNS. For patient populations, 

noninvasive imaging techniques to assess the structure and function of key parts of the CNS are 

preferable and desirable. For CSM subjects, MRI of the spine is already an essential diagnostic 

tool. However, MRI is a flexible imaging technique that can assess tissue of the CNS via multiple 

contrast mechanisms. The noninvasive, in vivo nature of MRI, and its ability to image both 

structure and function, has yielded an abundance of research and insight into the human nervous 

system. The following sections will go over some MRI techniques that can be used to assess the 

brain and spinal cord structure, function, and microstructure. 
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iii. Structural MRI and Measures of Atrophy 

Three-dimensional T1 Structural MRI Physics and Acquisition 

Traditional MRI sequences leverage the differing magnetic properties of various tissues to 

create contrast between them, distinguishing them on images and enabling visualization of the 

different tissues, both healthy and pathological. In the brain, differing relaxation times between 

gray and white matter are used to create images that present each tissue with a different signal 

intensity. While both T1 and T2 relaxation rates are different between gray matter (T1 ≈ 1350 ms, 

T2 ≈ 110 ms), white matter (T1 ≈ 830 ms, T2 ≈ 80 ms), and CSF (T1 ≈ 4300 ms, T2 ≈ 2000 ms) 

at 3T 77,78, for many brain imaging studies T1w scans have been used to define the boundary of 

gray and white matter (and of gray matter and CSF). T1, or longitudinal, relaxation is a measure 

of the time it takes for an excited spin population to come back to thermal equilibrium. T1 

relaxation is determined by the equation: 

 

Equation 1.1.    𝑀𝑍 = 𝑀0 − (𝑀0 − 𝑀𝑧(0))𝑒−𝑡/𝑇1 

where 𝑀𝑍 is the longitudinal component of the magnetization vector, 𝑀0 is the longitudinal 

component of the magnetization vector at equilibrium, 𝑀𝑧(0) is the initial longitudinal component 

magnetization after tipping into the transverse plane, and 𝑇1 is the relaxation rate. To maximize 

the dynamic range between different tissue types an inversion (180°) pulse can be applied so that 

the initial longitudinal component of the magnetization becomes the inverse of the magnetization 

vector at equilibrium, 𝑀𝑧(0) = −𝑀0, and the above equation becomes: 

 

Equation 1.2.    𝑀𝑍 = 𝑀0(1 − 2𝑒−𝑡/𝑇1) 
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which effectively doubles the dynamic range of the signal compared to a 90° excitation pulse, 

allowing for generation of greater contrast between the tissue types of interest. The use of 180° in 

this fashion is termed inversion recovery (IR). 

 Initially, IR MRI comprised two-dimensional imaging, with high in-plane resolution, 

thick-slab (>3 mm) slices, which enabled cross-sectional visualization of structures within the slice 

plane (e.g. axial slice), and offered a more limited resolution for perpendicular planes (i.e. coronal 

and sagittal). While informative, these two-dimensional acquisitions were insufficient to capture 

the actual three-dimensional geometry present in the structures being imaged. To overcome this 

limitation, rapid three-dimensional T1w IR MR imaging sequences were developed to enable 

acquisition of the full brain with high-resolution isotropic (~1 mm3) voxels. One implementation 

of three-dimensional IR MRI is the magnetization-prepared rapid gradient echo (MPRAGE), 

which utilizes a small flip angle, additional phase encoding along the slice-selection direction, and 

three dimensional Fourier transform of the k-space data 79,80. The high-resolution data acquired 

using the MPRAGE technique preserves gray-white matter signal intensity differences 81, and can 

be used for three-dimensional analysis methods. 

 

Measuring the Gray Matter Structure of the Brain using 3D T1 MRI 

The data acquired from an MPRAGE scan can be used to segment the cortical and 

subcortical gray matter across the brain using advanced post-processing techniques (Figure 1.5.B, 

C, D). Utilizing the three-dimensional information of the distribution in signal intensities for gray 

matter, white matter, and CSF, and taking advantage of the continuous, thin, sheet-like structure 

of the cortex, these algorithms can segment the gray matter and white matter surfaces in the cortex 

(Figure 1.5.D) with a resolution that surpasses that of the one used to acquire the scan. This is 
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done via intensity normalization, extraction of the brain tissue, intensity-based tissue classification, 

and triangular tessellation of the white/gray matter surface and the pial surface 82-85.  The gyral and 

sulcal anatomy along with atlas-based priors can be further used to parcellate the brain into 

functionally distinct regions 86,87. 

 

Figure 1.5. Figure illustrating three-dimensional T1 weighted image of the brain and spinal cord, 

showing different contrast between tissue types that can be exploited for segmentation of specific 

neuroanatomical structures. A) T1w mid-sagittal slice of brain and spinal cord, with axial slices of 

brain and spinal cord indicated in blue. B) T1w axial slice of brain. C) Zoomed-in section showing 

segmentation of cortex (red) and subcortical structures of the caudate (blue), putamen (purple) and 

thalamus (green). D) Zoomed-in section showing boundary surfaces between white matter and 
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gray matter (blue), and between the gray matter and CSF (red). E) T1w axial slice of neck and 

spinal cord. F) Zoomed-in section showing spinal cord and surrounding tissue, with the spinal cord 

segmentation shown as overlay (green). 

 

These techniques enable evaluation of global as well as local measures of gray matter via 

metrics such as the thickness of the cortical ribbon of gray matter, termed cortical thickness 54. 

Group analyses can reveal differences in cortical thickness between groups of down to 15% with 

group sizes of 25 subjects in each group 88. Cortical thickness was first evaluated with respect to 

aging 89-91 and in Alzheimer’s disease 92-94, revealing consistent patterns of atrophy in the cortex 

associated with both aging and Alzheimer’s disease. These differences in signal intensity are also 

present for subcortical gray matter structures, such as the thalamus, globus pallidus, caudate and 

putamen, and by using this signal intensity difference and atlas priors, this allows for segmentation 

and volumetric evaluation of these structures (Figure 1.4.C) 95,96. 

Because regional differences in gray matter structure may relate to disease processes and 

symptoms, this dissertation will evaluate the cortical thickness and segmentations of brain regions 

in their relation to symptom severity in patients with CS.  

 

Measuring Gross Anatomical Structure of the Spinal Cord Using 3D T1 MRI 

While the spinal cord has a relatively small cross-sectional area, nevertheless its structure 

can be probed using MRI. While traditional anatomical sequences have provided high-quality two-

dimensional images of the spinal cord (Figures 1.1, 1.2, 1.3), fast imaging techniques enable three-

dimensional imaging of the spinal cord. This can be done with T2 contrast using a fast spin echo 

technique 97,98 (e.g. Siemens’ sampling perfection with application optimized contrasts using 
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different flip angle evolution, or SPACE technique 99,100), or three-dimensional IR techniques such 

as the MPRAGE sequence can also be used. The data obtained from these scans can then be used 

to segment the spinal cord and obtain relevant measures such as the cross-sectional area or volume 

of the spinal cord (Figure 1.5.E, F) 101. Automatic spinal cord segmentation takes advantage of 

the symmetrical, elongated shape of the spinal cord to propagate the segmentation in the inferior 

and superior directions via deformable meshes 101,102. Using templates of the spinal cord as priors, 

the segmentation of the spinal cord can be labeled by vertebral level 103. For example, spinal cord 

area has proven an important biomarker in (MS), where patients with specific subtypes of MS, 

namely primary and secondary progressive, present with a greater decrease in spinal cord cross-

sectional area compared to healthy controls and other MS subtypes 104,105. Spinal cord structure 

will thus be quantitatively evaluated for levels rostral to the site of injury to see if they are 

associated with the symptoms of patients with CSM. 

 

iv. Resting State Functional MRI 

Resting State fMRI 

Functional MRI (fMRI) was first developed by Ogawa et al, when they discovered that the 

magnetic properties of oxygenation in the blood created a difference in the measured MRI signal 

106,107, which they termed the blood oxygenation level-dependent (BOLD) contrast or effect. 

Current fMRI techniques generally consist of an MR sequence that acquires dynamic images at 

fast intervals (1 scan of the entire brain every 5 seconds or less) with T2* contrast via a gradient 

recalled echo (GRE) sequence. Because there is a difference in the level of T2* signal produced 

by hemoglobin and deoxyhemoglobin, an area of the brain with a higher percentage of oxygenated 

blood will show a larger T2* signal. Neurovascular coupling, where in response to an increase in 
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metabolic activity of activating neurons there is an accompanying increase in blood flow that 

increases the amount of blood with a higher percentage of oxygenation, is responsible for this 

increase in signal in brain regions undergoing activation 108.  

These functional activation studies using fMRI usually require a large number of samples 

of activation (i.e. repetitions of the relevant tasks) in order to reach statistical significance, which 

necessitates longer scan times and greater scanner operator and imaging participant involvement. 

A more flexible technique to image function in the brain is resting-state fMRI (rs-fMRI), which 

acquires the T2*-weighted volumes without a task paradigm. Resting-state fMRI was first 

discovered by Biswal et al 109, when they noticed low frequency oscillations (< 0.1 Hz) in the 

motor cortex that were highly correlated across brain structures and seemed to imitate the regions 

of functional activation for motor tasks. Since then, consistent patterns of fMRI signal at rest have 

been observed across functionally related brain regions in healthy control subjects 110,111, and 

alteration of functional networks of brain regions related to the symptoms of various conditions 

have been observed. For example, patients with Alzheimer’s disease demonstrated disruption in 

functional connectivity in the hippocampus 112,  patients with amyotrophic lateral sclerosis 

demonstrated altered functional connectivity in the motor network compared to healthy controls 

113, and convergence between resting state patterns and results from deep brain stimulation (DBS) 

in various neurological conditions have further cemented the validity the brain’s state activity as 

probed using fMRI 114. 

 

Resting-State fMRI Functional Connectivity 

Resting-state fMRI can be used to calculate functional correlation, or connectivity, between 

a seed region and other regions or voxels 115-117. These approaches are graphically illustrated in 
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Figure 1.6 for correlations between different brain regions and between a brain regions and voxels 

in the brain. In Figure 1.6, the resting-state time-series for three regions, the precentral and 

postcentral gyri and the supplementary motor area, are shown, and Pearson’s correlation 

coefficient between the time-series is used as the measure of functional connectivity between the 

regions, and is termed ROI-to-ROI connectivity. This functional connectivity can also be 

calculated between an ROI and individual voxels, which can then be subjected to p-value and 

cluster thresholds for significance and is termed an ROI-to-voxel approach. Both the ROI-to-voxel 

and ROI-to-ROI approaches have demonstrated consistent patterns of functional connectivity 

across studies 118,119.  

In order to obtain functional connectivity related to the low-frequency resting-state activity 

of the brain, pre-processing of rs-fMRI data is necessary to obtain the functional connectivity. The 

resting-state signals of interest (low-frequency oscillations around 0.08 Hz) can be obfuscated by 

different sources of noise, including movement 120,121, physiological artifacts such as breathing and 

cardiac effects 122-124, and scanner-related drift caused by hardware instabilities over the duration 

of the scan 125-127. Once the data has been pre-processed, correlations between regions are 

calculated using correlation coefficients, such as Pearson’s correlation. The Pearson’s correlations 

can then be converted to a normal distribution via Fisher’s transformation to a z-score in order to 

perform general linear model (GLM) analysis 128, and can be used to compare the functional 

connectivity between groups or the association of functional connectivity with various variables 

of interest. Because the activity of the brain at rest can relate to underlying processes, rs-fMRI 

connectivity was evaluated in terms of its relationship to symptoms in patients with CSM. 
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Figure 1.6. Legend presented on next page. 
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Figure 1.6. Legend: Illustration of functional connectivity from resting state fMRI data. A) The 

time series from the fMRI data are extracted for each region of interest, here shown for the 

postcentral gyrus (PostC, blue), the precentral gyrus (PreC, green), and the supplementary motor 

area (SMA, yellow), each indicated on a representative coronal slice of the brain. B) Computation 

of ROI-to-ROI functional connectivity: the Pearson’s correlation coefficient is calculated for each 

combination of time-series, time-series are displayed overlayed on each other, with the PreC 

presenting with high functional connectivity with the SMA and the PostC, while the PostC and 

SMA present with lower functional connectivity. ROI-to-ROI yields information about the 

strength of functional connectivity between a priori defined regions. C) Computation of ROI-to-

voxel functional connectivity, where the mean time-series from a region of interest (ROI, or seed) 

is used to compute the correlation with individual voxels, and voxels that are significantly 

correlated are shown (yellow in image and graph box), while other voxels do not pass the threshold 

(gray in graph box). ROI-to-voxel thus yields information about both the degree of functional 

connectivity (magnitude of correlation) but also the spatial extent of functional connectivity 

(location and volume of voxels that show correlation). 
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Resting State fMRI of the Spinal Cord 

While brain rs-fMRI studies have been performed extensively and the methodology for 

these analyses have been refined by the research community, fMRI of the spinal cord is still in its 

infancy. The spinal cord contains the bodies of neurons that undergo activity in response to motor 

cortical input: neuronal bodies in the dorsal horn are involved in nociceptive and course touch and 

proprioceptive information being relayed up the spinal cord to the brain, and the ventral horn 

contains the lower motor neurons that receive input from the motor cortex and relay the signal to 

the respective muscle groups. Thus, the spinal cord is a suitable target for fMRI. The first spinal 

cord fMRI experiment was performed in 1996 by Yoshizawa et al 129. Early work by Peter Stroman 

130-132 overcame some of the initial challenges present in imaging the spinal cord, namely its small 

area, difficult anatomical environment for imaging with varying bony structures and soft tissue 

and CSF surrounding the cord, and physiological motion. Studies have been performed looking at 

neuronal activation in the spinal cord for both motor tasks and for thermal stimulation.  

Resting state networks as detected by fMRI were first reported by Wei et al in 2010 133. A 

more recent study by Kong et al detected spinal cord resting state networks via independent 

component analysis (ICA) of fMRI data of the spinal cord 7. Additionally, resting state functional 

activity has been measured in the spinal cord at 7T 134. One factor that is of increased importance 

in the spinal cord compared to the brain is the presence of physiological motion (primarily cardiac 

and respiratory) affecting the fMRI signal 135. While multiple strategies exist to compensate for 

physiological motion and noise, there is still no accepted standard method and optimal strategies 

vary by protocol and study 135, though recommended physiological noise modeling and regression 

parameters include cardiac and respiratory monitoring data, CSF signal variation, and motion 

correction estimations 136. 



27 

 

 While the challenges in fMRI of the spinal cord have persisted, two recent studies have 

implemented a combined brain and spinal cord fMRI protocol for imaging spinal cord function, 

one of them for a motor learning sequence and one of them for the processing of nociceptive input. 

Sprenger et al used a thermal stimulation at the C6 level (left radial forearm), and they observed 

activation of the dorsal horn ipsilateral to the stimulation that was functionally correlated with 

typical regions associated with nociception such as thalamus, sensory cortex, insula, striatum, and 

the peri-aqueductal gray matter, the last of which’s correlation with the C6 dorsal horn was 

correlated with degree of perceived pain 137. In another study that instead used a motor learning 

paradigm, simple and complex motor sequence learning was both detected and differentiated via 

the spinal cord BOLD signal activation, which was functionally correlated with motor processing 

cerebral structures such as the primary motor cortex, putamen, and cerebellum 138. These studies 

show that it is feasible to perform simultaneous brain and spinal cord fMRI experiments. However, 

in order to image both the spinal cord and brain, these studies had to make sacrifices in terms of 

TR (3270ms for Sprenger et al, and 2500ms for Vahdat et al) and in terms of coverage (two sub-

volumes with 32 slices for brain and 8 slices for cervical cord centered at C6 for Sprenger et al, 

and 35-37 slices for Vahdat et al with 2.5mm in-plane resolution and a slice gap ranging from 80% 

to 120%).  

 

v. Diffusion MRI 

The Diffusion Phenomenon  

The random movement of molecules in a liquid caused by the collisions of moving 

particles, termed Brownian motion, can over time lead to a spread of different populations of 
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particles when there is a difference in the concentration gradient, which is determined by Fick’s 

first law of diffusion given by the equation: 

 

Equation 1.3.     𝐽 = 𝐷
𝜕𝐶

𝜕𝑥
 

where J is the flux of particles, D is the diffusion coefficient, C is the concentration of the diffusing 

particles, and x is the position. The random process of diffusion creates a Gaussian distribution of 

particles, and the mean displacement of the particles undergoing diffusion is determined by the 

equation 139: 

 

Equation 1.4.    < 𝑥(𝑡) > =  √2𝐷𝑡 

where <x(t)> is the mean expected position of the particles, D is the diffusion coefficient, and t is 

time. 

While the above equations were developed with the diffusion of a set of distinct particles 

(solvent) with a set concentration gradient in a medium (solute), particles in homogeneous 

solutions still undergo this Brownian motion. Thus, these equations govern the self-diffusion of 

water molecules. In the brain and spinal cord, water is distributed between both intra- and extra-

cellular compartments. The constraints presented by cell membranes and other cellular structures 

change the self-diffusion of water from being isotropic to being directionally-dependent, where 

the particles are restricted 140 or hindered 141 by cellular membranes. This is especially the case in 

white matter, where axons form bundled, cohesive structures, and thus limit diffusion along the 

perpendicular direction, where the water molecules encounter myelin sheaths along their diffusion 

path, compared to the parallel direction, where there are fewer obstructions for the water molecules 

to self-diffuse 142. 
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Diffusion Encoding in MRI 

While diffusion is a contrast mechanism that is always present in MR images, traditional 

anatomic MR images are only affected by diffusion to a small degree and are more strongly 

determined by the T1, T2, or T2* relaxation characteristics. However, MRI can be used to probe 

this self-diffusion of water by rendering the signal intensity in MR images more sensitive to the 

signal loss created by diffusion. Specifically, this is done by applying diffusion sensitizing 

gradients in specific directions, where the motion of water molecules lose signal by an offset in 

phase dependent on the amount of diffusion is taking place 143. Figure 1.7 illustrates the diffusion 

MRI technique. Diffusion sensitizing gradients tend to be trapezoidal, due to the fact that this 

gradient shape helps to lessen eddy current-induced artifacts 144. The equation for calculating the 

strength of the diffusion sensitization, or the b-value, for trapezoidal-shaped gradients is given by 

the equation: 

 

Equation 1.5.    𝑏 = 𝛾2𝐺2( 𝛿2 (𝛥 −
𝛿

3
) +

2

6
(

−5𝛿

5
)) 

where b is the resultant b-value of the diffusion encoding gradient, γ is the gyromagnetic ratio of 

hydrogen, G is the strength of the diffusion encoding gradient, δ is the length of the diffusion 

encoding gradient, Δ is the diffusion time, and ε is the rise time of the diffusion encoding gradient. 

The application of this diffusion sensitizing gradient leads to signal loss determined by the 

following equation: 

 

Equation 1.6.    𝑆 =  𝑆0𝑒−𝑏𝐷 

where S is the signal attenuated by diffusion, S0 is the original signal without diffusion weighting 

(i.e. the b0 image), b is the b-value defined above, and D is the diffusion coefficient. 
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Figure 1.7. Legend presented on next page. 
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Figure 1.7 Legend: Graphical illustration of diffusion MRI sequence. A) Pulse sequence diagram 

for spin echo diffusion MRI using trapezoidal diffusion encoding gradients. First line shows 90°- 

and 180°-degree RF pulses and resultant echo. Second line shows X gradient (GX), with two 

different diffusion encodings (GX1, GX2). Third line shows Y gradient (GY) with a single diffusion 

encoding (GY1). Diffusion time is indicated by Δ. For simplicity, slice encoding, phase encoding, 

readout, and Z gradients, as well as analog to digital conversion, are not shown. B) Zoomed-in 

diffusion gradient highlighting measures of interest for computing the b-value of a trapezoidal 

diffusion encoding gradient: the diffusion encoding gradient strength is G, the rise time is given 

by ε, and the gradient duration is given by δ. C) Graph of diffusion encoding gradients shown in 

figure. X-gradients are in same direction, but GX2 is twice as strong as GX1. GY1 is the same strength 

as GX1, but in the Y- versus the X-direction. D) Brain axial non-diffusion weighted (b0, top left) 

image and diffusion weighted images corresponding to GX1 (top center), GX2 (top right), and GY1 

(bottom left). Signal intensity scale is the same for the diffusion weighted images, but different for 

the b0 image. GX1 image (b-value = 1000 s/mm2) shows low signal intensity (loss of signal) in 

corpus callous, in which white matter fibers are oriented along the X-axis, and high signal intensity 

in the optic tracts in the occipital lobe, which are oriented along the Y-axis, perpendicular to the 

X-axis; the effect is even more pronounced in the GX2 image due to the larger diffusion weighting 

(b-value = 2000 s/mm2). GY1 image shows high signal intensity in the corpus callosum and the 

corticospinal tract (oriented along the Z-axis) and low signal intensity in the optic tracts in the 

occipital lobe. 
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Diffusion Tensor Imaging 

Diffusivity, D, can calculated from Equation 1.6 by using the signal intensity in the b0 

(S0) and diffusion weighted (S) images (DWI). After acquisition of DWIs in a sufficient number 

of directions (at least 6 non-collinear directions), a tensor fit to the calculated diffusivities in the 

multiple directions can be performed 145,146. This tensor fit of the diffusion data takes on the form: 

 

Equation 1.7.    𝑆 =  𝑆0𝑒−𝑏𝑫 

where 𝑫 is a tensor which can be displayed as a 3x3 matrix, which undergo eigenvalue-eigenvector 

decomposition: 

 

Equation 1.8  𝑫 = [

𝐷𝑥𝑥 𝐷𝑥𝑦 𝐷𝑥𝑧

𝐷𝑥𝑦 𝐷𝑦𝑦 𝐷𝑦𝑧

𝐷𝑧𝑥 𝐷𝑧𝑦 𝐷𝑧𝑧

] = 𝑬 [

𝜆1 0 0
0 𝜆2 0
0 0 𝜆3

] 𝑬𝑻 

where E is the orthogonal matrix representing the eigenvectors, and the determinant has the 

eigenvalues λ1, λ2, and λ3. This model is termed diffusion tensor imaging (DTI). The diffusivities 

(D) can be used for the quantification of the mean amount of diffusion in a voxel via the apparent 

diffusion coefficient (ADC) or mean diffusivity (MD), which is the average of the three 

eigenvalues of the diffusion tensor: 

 

Equation 1.9   𝑀𝐷 =
𝜆1+𝜆2+𝜆3

3
 

These measures can reflect tissues microstructure such as the amount of extracellular water. 

Additional measures can be derived from the diffusion tensor that may be used to infer the degree 

of directional organization present in the tissue, especially in white matter. These measures include 

fractional anisotropy (FA): 
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Equation 1.10   𝐹𝐴 = √
(𝜆1−𝜆2)2−(𝜆2−𝜆3)2−(𝜆1−𝜆3)2

2(𝜆1
2+𝜆2

2+𝜆3
2)

 

which measure the degree to which the diffusion occurring is isotropic (equal in all directions) or 

anisotropic (preference for diffusion along a particular direction), and the mode of diffusion (MO): 

 

Equation 1.11   𝑀𝑂 =
𝜆1𝜆2𝜆3

[((𝜆1−𝜆2)2−(𝜆2−𝜆3)2−(𝜆1−𝜆3)2)/3]3/2 

which can be used to examine whether the anisotropy is planar-like (constrained in a single 

direction while unconstrained in the other two orthogonal directions) or spindle-like (diffusion 

occurs primarily along the main axis of the tensor) 147. 

 

Diffusion MRI Beyond the Tensor Model 

While DTI is widely implemented in the clinical setting, it contains model assumptions 

that do not hold for all conditions and which may not reflect more complex tissue microstructure. 

DTI uses a mono-exponential decay fit for the single, clinically-routine, b-values of ~1000 s/mm2. 

However, at larger b-values the mono-exponential model can break down as it assesses shorter 

diffusion distances that are more affected by signal from particles with restricted diffusion 148,149. 

While any of the diffusion encoding parameters listed in Equation 1.6 can be changed to increase 

the diffusion weighting, usually the diffusion gradient strength, G, or the length of the diffusion 

encoding gradient, δ, is changed to achieve these different diffusion weightings 148,149. The 

diffusion regimes at which the mono-exponential decay model begins to break down is around b-

values of between 1500-2000 s/mm2 150. After this point, additional models of diffusion can be 

explored, such as multi-exponential or stretched exponential decay models 151, kurtosis models 

that measure the deviation from Gaussian diffusion 150, and restricted diffusion imaging which 
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quantifies the density of restricted diffusion relative to free diffusion 152. While DTI implements a 

simple ellipsoid model, diffusion in tissue can present with greater complexity in areas with more 

than one white matter fiber population, such as in regions of crossing fibers 153,154.  

Crossing fiber populations can be resolved with more complex models than DTI, such as 

using multi-tensor instead of a single tensor to model the diffusion in a voxel 155 which operate 

optimally with b-values of around 2000-3000 s/mm2 156. Other analysis methods of diffusion MRI 

data that aim to detect crossing fibers involve estimating the orientation distribution function 

(ODF) of the white matter fibers, which are resolved using higher angular resolution and stronger 

b-values. These techniques include q-ball imaging 157, in which a single shell of high-angular and 

high-diffusion weighting is fit using a Funk-Radon transform on the diffusion displacement. These 

more advanced techniques that model diffusion MRI data may enable a better evaluation of the 

diffusion characteristics in biological tissue, and as such both DTI and more advanced techniques 

will be implemented to evaluate possible microstructural alterations associated with symptoms in 

patients with CSM. 

 

vi. Previous Relevant MRI Research 

CSM begins as a degenerative condition of the spine and subsequently develops into 

chronic spinal cord compression and injury. While only a limited amount of research has been 

performed in CSM, a much more substantial literature has amassed around traumatic spinal cord 

injury (SCI), which has a rapid onset caused by blunt force or trauma and requires immediate 

medical attention. While the disease process is different for acute spinal cord injury and CSM and 

both conditions present with heterogeneous symptoms and disease courses, nonetheless because 

of the injury to the spinal cord, acute SCI research is of relevance to CSM. In addition to the 
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neurological symptoms that are examined with great care in CSM, chronic neck pain is also a 

crucial issue for the patient’s quality of life, and is often overlooked due to being overshadowed 

by the concern with neurological symptoms. A growing body of research is shedding light on 

chronic pain conditions, and neuroimaging methods are elucidating important structural and 

functional alterations in the brains of patients with chronic pain. This research can help in 

understanding and evaluating chronic pain and related brain changes in patients with CSM. As 

such, outlined in this section is relevant neuroimaging research in SCI, CSM, and chronic pain. 

Additionally, advanced imaging of the spinal cord is not yet at the same stage as for the brain, and 

thus a subsection addressing this discrepancy is also presented. 

  

Neuroimaging of Acute SCI 

Traumatic SCI results from blunt trauma to the spinal cord, and can involve serious 

sequelae and poor prognosis for neurological function 158. Studies in SCI in both rats and in 

humans, have shown changes in the spinal cord not only at the site of injury, but also at sites distal 

from the injury site. In a study comparing patients with SCI to healthy controls, changes in FA and 

MD were found both at the site of injury, and also in the levels rostral and caudal to the injury 

149,159,160, with changes going up to the white matter in the brain 160. Additionally, in contrast to its 

role in CSM, measure of spinal cord area have proven useful in evaluating patient, where the 

primary injury from the blunt force trauma may then lead to secondary injury of continuing damage 

to neural structures 161. In this context, the maximal canal compromise (MCC, or measure of 

greatest tightening of the spinal cord) and maximal spinal cord compromise (MSCC, or the 

measure of greatest reduced anterior-posterior length in spinal cord) predicted baseline motor 

scores and MSCC was associated with neurological recovery 162,163. The difference in the utility of 
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spinal cord compression measures between acute traumatic SCI and CSM points to different 

pathological states, which are reflected in spinal cord morphological structure in SCI but not in 

CSM, and highlight a great need to assess chronic spinal cord compression as seen in CSM 

differently than SCI and the need to find additional biomarkers rostral to the site of injury for 

patients with CSM. 

While resting-state fMRI studies of the spinal cord are still in their infancy and there is a 

lack of studies evaluating rs-fMRI in clinical populations, there have been some studies that have 

evaluated rs-fMRI in the spinal cord of primates. One study, conducted by Chen et al, evaluated 

functional connectivity between spinal cord regions in squirrel monkeys and found that there was 

a significant interhorn connectivity at rest 164. After unilateral lesioning of the spinal cord at the 

C5 level, the segments rostral and caudal to the site of injury showed decreased connectivity 

between spinal cord regions, specifically for the side where the lesion was created, and 

connectivity was also decreased between the ventral and dorsal portions of the spinal cord at levels 

away from the site of injury 164. Based on these very limited results, this dissertation hypothesizes 

that the intraslice and interslice connectivity of the spinal cord dorsal and ventral horns will be 

decreased in patients with CSM, and that increasing neurological symptom severity will entail 

decreasing functional connectivity. 

There has also been an increasing interest in the supraspinal alterations that are induced 

within the sensorimotor network as a response to spinal cord injury, and their influence on disease 

progression and potential for neurological recovery.  These studies have evaluated upstream 

structural and functional changes within the cerebral cortex and white matter tracts that occur as a 

result of Wallerian degeneration. Laboratory 165,166 and clinical 167-171 studies have demonstrated 

that spinal cord injury can induce deleterious cortical alterations ranging from atrophy of 
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projecting neurons to cell death. Investigations by Freund et al 170,171 and Hou et al 169 

demonstrated that SCI patients had significant cortical atrophy in the primary motor and sensory 

regions, and that the degree of grey matter loss correlated to functional status. Additionally, Freund 

et al demonstrated altered functional activation in SCI patients, as well as decreased spinal cord 

area, decreased white matter area in areas of the corticospinal tract, and cortical thinning in the 

primary sensorimotor areas associated with the controls of the legs 172. Additionally, functional 

activation area was increased in SCI subjects for hand-grip task 172. Grabher et al demonstrated 

degenerative changes in the brain with time after SCI, with both the spinal cord and brain sensory 

regions showing structural decline 173. Given these results, permanent structural changes in the 

brain could serve as a potential barrier to clinical recovery in spite of repair of the local injury site 

168. 

 Resting-state fMRI studies of SCI have yielded varied results in terms of the direction of 

connectivity, but the relevant brain regions remain similar. For example, a study by Oni-Orisan et 

al showed regions of the sensorimotor cortex as decreased in SCI patients, though connections to 

the thalamus were significantly increased 174. In a study by Hou et al, the authors observed an 

increase in functional connectivity between interhemispheric sensorimotor regions such as the 

primary motor, primary sensory, and supplementary motor areas, as well as the thalamus and 

cerebellum 175. Min et al also observed an increased functional connectivity between motor areas 

of the brain such as the primary motor cortex and the supplementary motor cortex, as well as the 

basal ganglia 176. In general, functional activation studies have identified multiple regions that 

showed increased functional activation during motor tasks in SCI subjects. These regions included: 

the primary motor cortex, the primary sensory cortex, the supplementary motor area, the cingulate 

motor area, the premotor area, regions of the parietal lobe, cerebellum, and the thalamus and basal 
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ganglia 177. Because of their known role in the sensorimotor network (see Section ii) and their 

documented involvement in SCI, these regions constitute the primary brain structures of interest 

for this study.  

 

Neuroimaging of Chronic Pain 

Chronic pain, in which affected individuals face pain as a constant reality in their lives, is 

usually defined as pain lasting for longer than 6 months 178, and represents a major burden to the 

US healthcare system 18. Chronic pain comes in many different forms.  At its most basic level, 

pain originates from two different sources: constant pain signals originating from painful stimuli 

at a certain part of the body or pain originating from damaged nerves. These two forms of pain are 

known as nociceptive and neuropathic, respectively 179. In addition to these mechanisms involved 

in acute and chronic pain, the brain and spinal cord play an essential role in the reception, 

processing, and perception of pain. While chronic pain covers a wide array of conditions, central 

sensitization, or increased excitation or inhibition of pain pathways in the CNS 180,181, is believed 

to play a role even in conditions where chronic nociceptive input may be expected, such as in 

rheumatoid arthritis and osteoarthritis 182. This is of particular relevance to patients with cervical 

stenosis, because the neck pain they experience is ostensibly due to arthritic processes in the neck, 

but in which central sensitization of pain may play a crucial role. 

Brain imaging studies in patients with other chronic pain conditions, such as abdominal 

etiologies, have reported extensive structural and functional changes183-189. Taken together, these 

studies have helped establish a conceptual framework for a common “pain matrix”, including 

regions of the thalamus, insular cortex, cingulate cortex, and the dorsolateral prefrontal cortex 

(DLPFC)183,190, consistent with a maladaptive response to recurring pain. Chronic back pain has 
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been analyzed using various MRI techniques. Resting-state fMRI studies have indicated that the 

anterior cingulate and precuneus present with altered functional connectivity in chronic back pain 

patients 191,192. In addition to the functional changes, consistent patterns of structural changes have 

been observed in the anterior cingulate and insula 193, the dorsolateral prefrontal cortex and 

thalamus and anterior cingulate 186, as well as the somatosensory cortex 194. While less studies have 

focused white matter changes in chronic pain, emerging results suggest decreasing fiber cohesion 

with chronic pain as assessed using DTI 195-198. In addition to the aforementioned studies of 

neuroimaging in chronic pain conditions where the etiology is either unknown or unclear, studies 

have also evaluated the relationship between neuroimaging measures of the CNS and pain in 

patients with SCI. A study by Jutzeler et al, SCI patients with chronic pain exhibited decreased 

cord area and reduced gray matter of the anterior cingulate, insula, and somatosensory cortex, and 

thalamus, as well as reduced white matter in regions of the corticospinal tract 199. 

Neck pain has been largely understudied in CSM patients, and thus a goal of this 

investigation was to obtain a better understanding of the supraspinal response to neck pain that 

occurs in patients with cervical spondylosis and myelopathy. 

 

Neuroimaging of CSM 

 While anatomical measures of spinal cord compression in CSM has shown only weak 

correlations with symptoms, recent studies of diffusion MRI in the spinal cord have shown great 

promise by demonstrating a strong relationship between DTI measures in the cord, FA and MD, 

with patient symptoms. A recent meta-analysis revealed decreases in FA and increased ADC at 

the site of compression, and a decrease in FA at the site of C2-C3 200, which indicates that 

microstructural alterations can occur rostrally along the  spinal cord, affecting levels above the site 



40 

 

of compression. Another study showed that DTI metrics were correlated with modified Japanese 

Orthopedic Association (mJOA) scores and were able to differentiate between asymptomatic, 

mild, and moderate-to-severe CSM 201. Studies using region- or tract- specific measures of 

microstructure in CSM patients have also been performed. Wen et al found different 

microstructural alterations in CSM patients depending on the white matter fiber tract: posterior 

(sensory) and lateral (motor) white matter regions presented with more drastic drop in FA, while 

the anterior white matter was relatively spared, suggesting that these regions are differentially 

affected by compression 202. Since changes in spinal cord microstructure in CSM patients have 

been shown to correlate with symptoms and these changes affect regions proximal and distal to 

the site of compression, this dissertation hypothesizes this may translate to altered structure, 

microstructure, and function, rostrally along the corticospinal tract. 

 Comparatively less is known about the supraspinal alterations that occur as a result of 

chronic spinal cord injury associated with cervical disc disease. Unique patterns of functional 

activation have been observed in CSM patients using task-based functional magnetic resonance 

imaging (fMRI), with larger areas of activation observed in patients during simple motor tasks, 

such as dorsiflexion of the ankle and extension of the wrist, when compared to healthy control 

(HC) subjects.  As with acute traumatic SCI patients, it is believed that this recruitment of other 

cortical areas is a compensatory mechanism designed to maintain neurological function in the face 

of diminished efferent and afferent connections. After surgery, these same patients displayed a 

smaller area of activation which correlated with neurological improvement, and was comparable 

to the area of activation for the same task in HC subjects 203,204. In another study of brain functional 

activity in CSM subjects, 12 CSM patients and 10 controls underwent a finger-tapping experiment, 

and the activation in the precentral gyrus (motor) and postcentral gyrus (sensory) were evaluated, 
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with an increased activation volume in motor, and a decreased activation volume in sensory cortex 

for CSM patients; after surgical decompression, volumes of activation increased for both gyri 205. 

Other studies of fMRI functional activation in CSM patients found increased activation not only 

in the primary sensorimotor cortex, but in supplementary brain areas as well, including the 

supplementary motor area, the anterior cingulate, the thalamus, basal ganglia, and cerebellum 

206,207. This well documented change in task fMRI of motor movements in CSM patients indicates 

altered motor processing and recruitment of more extensive cortical areas to perform motor tasks, 

and a change in these areas in some patients after decompression of the spinal cord via surgery. 

Resting state fMRI studies have shown altered functional connectivity in CSM patients compared 

to HC subjects, with CSM patients displaying an increased connectivity between premotor and 

sensory areas 208 and across thalamo-cortical circuits 209. 

 While many studies of CSM have been more focused on the functional activation alterations 

associated with this disorder, structural and microstructural changes that may be occurring in 

CSM are also of interest.  Additionally, functional changes may extend beyond the primary motor 

areas that have been probed in previous fMRI studies in CSM, thus resting-state fMRI connectivity 

may help pinpoint these regions.  

 

Advanced MRI of the Spinal Cord 

 While advanced MRI studies of the brain, including high-resolution structural, diffusion, 

and resting-state functional MRI scans, have become commonplace and been implemented in 

multicenter clinical trials and studies 210,211, this is not yet the case for the spinal cord, which 

presents as a more difficult site to image due to its reduced size (approximately 7mm in sagittal 

diameter and 12mm in transverse diameter) 66, increased motion and physiological noise, and 
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magnetic field inhomogeneities 212. However, improvements in MRI scanner and sequence 

technology, such as tailored functional and diffusion MRI scans 212, and in postprocessing tools, 

such as the Spinal Cord Toolbox (SCT) 101, are beginning to allow more precise and standardized 

methods of evaluating structural, diffusion, and functional MRI of the spinal cord. Thus, while 

more difficult to image than the brain, the role of the spinal cord in neurobiological processes that 

are related to patient symptoms makes this and future studies an important contribution to our 

understanding of the disease processes in spinal cord injuries and CSM. As such, this dissertation 

sought to include the spinal cord in scans of the brain, using a large field of view for the structural 

scan, and high acceleration factors for diffusion and functional MRI 213, in order to acquire high 

spatial and temporal resolution data. 

 

vii. Objectives 

The main objective of this dissertation was to examine changes in both the spinal cord at 

the site of injury, as well as changes occurring rostrally in the CNS, with respect to neurological 

and pain symptoms in CSM patients. The technique used to achieve this objective was to extend a 

traditional paradigm used in brain imaging, namely the combination of structural T1, resting-state 

fMRI, and diffusion MRI, to incorporate the spinal cord as well. A sketch and description of the 

proposed protocol is listed in Table 1.2. The protocol was added immediately prior to the clinical 

scan of the patients with CS, and healthy volunteers were recruited to undergo this protocol as 

research participants. 
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Table 1.2. Description of proposed imaging paradigm for use in this dissertation. 

Proposed 

Imaging  

Description and Purpose Time 

3D Structural T1 

of Brain and 

Spinal Cord 

High-resolution 3D anatomical image for reference and for 

segmentation of cortex and spinal cord. Used as a common 

anatomical space between modalities and will assist in selecting 

regions of interest for the other modalities. 

6:30 

Simultaneous 

Brain and Spinal 

Cord fMRI 

Multiband and parallel imaging accelerated fMRI for high resolution 

coverage of both brain and spinal cord in each time point. High in-

plane resolution to better capture spinal cord fMRI activity 

10:00 

Brain diffusion 

MRI 

Multiband accelerated diffusion MRI of the brain down to C2-C3 for 

probabilistic tractography along corticospinal tract and for 

connectivity between regions. 

8:00 

Total time of Protocol 25 min 

 

The acquired neuroimaging MRI data was used to test the specific hypotheses listed 

below: 

1. Subjects with cervical stenosis would present with degenerative brain changes with 

respect to symptom severity. These would include: 

a. Structural alterations with worsening symptoms. Specifically: 

i. Decreased cortical thickness of the cortical primary motor and sensory 

areas, and decreased volume of the thalamus and basal ganglia, with 

worsening neurological symptoms (mJOA score). 

ii. Decreased cortical thickness in the pain-related regions of the anterior 

cingulate, insula, dorsolateral prefrontal cortex, and decreased volume 

of the thalamus and basal ganglia, with worsening neck pain (NDI).  

b. Functional alterations with worsening symptoms. Specifically: 
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i. Increased functional connectivity between sensorimotor regions with 

worsening neurological symptoms (mJOA). 

ii. Increased functional connectivity between pain matrix regions with 

worsening neck pain (NDI). 

c. Microstructural alterations with worsening symptoms. Specifically: 

i. Decreased FA and increased MD in the brain in sensorimotor-related 

tracts along the corticospinal tract with worsening neurological 

symptoms (mJOA). 

ii. Decreased FA and increased MD in the brain in pain-related tracts such 

as the cingulum bundle and the anterior thalamic radiation with 

worsening neck pain (NDI). 

2. Spinal cord structural (morphological) measures would present with large differences 

between CS and HC subjects, but would show little or no association with the clinical 

symptom variables. On the other hand, spinal cord microstructural measures 

(anisotropy and mean diffusivity) would show associations with clinical symptoms: 

a. Spinal cord cross sectional area would be lower in CS patients compared to HC, 

but would not correlate with neurological or neck pain symptoms. 

b. Functional connectivity near the site of injury, both within the same vertebral 

level and across vertebral levels, would decrease with worsening neurological 

symptoms. 

c. Diffusion metrics at the site of injury and at the C2 level would be associated 

with worsening symptoms. Specifically: 
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i. Decreased FA and increased MD with worsening neurological 

symptoms. 

 

In addition to testing the above hypotheses, this dissertation also explored the relationship 

between the spinal cord clinical measure, The MRI-equivalent Torg Ratio, and the advanced MRI 

measures of the brain and spinal cord proposed. 
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Chapter II. Structural MRI and Atrophy of the Neuraxis in Patients with Cervical Stenosis 

and Associated Myelopathy 

 Aging of the spine and intervertebral discs can cause a tightening of the spinal canal, a 

common occurrence in elderly populations 1. This chronic tightening of the spinal canal in the neck 

is called cervical stenosis (CS), and this cervical stenosis can begin to cause chronic compression 

of the spinal cord which can entail neurological symptoms such as difficulty walking, difficulty 

with fine manual tasks, and sensory disturbances. CS with resulting neurological symptoms is 

termed cervical spondylotic myelopathy (CSM) 1,2. However, not all patients who have 

compression of the spinal cord have symptoms, and findings on clinical magnetic resonance 

imaging (MRI) scans have shown only a weak correlation with symptom severity. However, in 

addition to the injury in the spinal cord, the brain has been associated with the CSM disease process 

204. 

In this chapter, the structure of the brain and spinal cord was examined in patients with CS 

and in healthy control (HC) subjects to evaluate whether structural changes were occurring in other 

portions of the central nervous system, namely the rostral uncompressed spinal cord and the brain, 

and if these changes were associated with the patient symptom severity, such as neurological status 

as assessed by the modified Japanese Orthopedic Association (mJOA) score, and neck pain as 

assessed by the neck disability index (NDI). The main neuroimaging measures of interest for the 

structure of the brain and spinal cord were: cortical thickness or the mean thickness of the gray 

matter layer in the cortex, the volume of subcortical structures for the brain, and cross-sectional 

area of the spinal cord. Clinically-used measures of compression in the spinal cord, such as the 

MR-equivalent Torg Ratio and the midsagittal diameter of the cord at the site of maximal 

compression, for the spinal cord, were also examined. 
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i. Structural MRI Acquisition and Processing  

Subject Population 

For this chapter, all CS patient and healthy control (HC) data were used, with the 

demographics for the different groups outlined in Table A.1 in the Appendix section. Briefly, 

patient data consisted of 26 patients with at least moderate stenosis with or without myelopathy, 

that underwent a research brain and spinal cord MRI protocol. A set of 17 HC subjects underwent 

the same protocol, and an additional 28 HC subjects were queried from the Pain and Interoception 

Imaging Network (PAIN) Repository, (http://uclacns.org/programpain-research-program/pain-

repository/) maintained by the UCLA Center for the Neurobiology of Stress and Resilience 214. 

These subjects had a similar T1 MRI acquisition, but only brain scans.  Demographic information 

for the subgroups used for analyses are outlined in Table 2.1. 

 

Table 2.1. CS patients and HC subjects cohort demographics. 

Subject 

Population 

N Age (mean 

years +/- SD) 

Sex BMI (mean 

+/- SD) 

mJOA (mean 

+/- SD) 

NDI (mean 

+/- SD) 

CS Patients 

(Brain + Spine) 

26 59 ± 11 years 20M / 6F 27.2 ± 6.7 15.4 ± 2.8 10.6 ± 10 

All HC Subjects 

(Brain) 

45 46 ± 10 years 32M / 13F 26.2 ± 4.8 18  
 

HC Subgroup 

(Brain + Spine) 

17 41 ± 13 years 11M / 6F 26.2 ± 3.0 18   

 

 

 

  

http://uclacns.org/programpain-research-program/pain-repository/
http://uclacns.org/programpain-research-program/pain-repository/
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MRI Acquisition 

High-resolution 3D T1-weighted structural magnetic resonance images (MRIs) were 

acquired on a 3T MR scanner (Siemens Prisma or Trio; Siemens Healthcare, Erlangen, Germany) 

using a 3D magnetization-prepared rapid gradient-echo (MPRAGE) sequence in either the coronal, 

sagittal, or axial orientation, a repetition time (TR) of 2300-2500ms, an echo time (TE) of 2-3ms, 

an inversion time (TI) of 900-945ms, a flip angle of 9, and a field-of-view (FOV) and matrix size 

chosen for 1mm3 isotropic voxel size. For CS patients and the HC that underwent identical T1w 

structural scanning, the coronal sequence was acquired with a 350mm FOV, and a phase encode 

matrix size of 178 for 178mm. This protocol provided complete coverage of both brain and spinal 

cord down to at least the C7 vertebral level (location of C8 spinal cord level, end of cervical spinal 

levels) for all subjects scanned. Coronal orientation was chosen to enable phase oversampling in 

the x-direction (left-right), set at 25-50% depending on patient size to avoid aliasing artifacts in 

the shoulder region. CS patients also underwent routine clinical MRI of the spine, including T2w 

anatomical axial and sagittal scans. These anatomical spine scans were used to measure the 

anterior-posterior spinal canal diameter at the site with the largest extent of compression, to 

measure an MRI version of the Torg-Pavlov ratio 34, and to record the presence of T2 

hyperintensity in the cord. 

 

Brain Image Processing and Analysis 

Cortical segmentation and computation of cortical thickness was performed using 

FreeSurfer (https://surfer.nmr.mgh.harvard.edu/fswiki) 82,83,89. Cortical thickness is defined as the 

distance between the pial and white matter surfaces, and was calculated from the T1 images. 

Processed brain surfaces were smoothed with a full-width half-maximum (FWHM) of 10mm then 

https://surfer.nmr.mgh.harvard.edu/fswiki
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registered to a standard space. Evaluation of the associations of neuroimaging measures with 

mJOA scores were performed in the combined group of HC subjects and CS patients. When 

examining NDI, HC subjects were excluded from the analyses. Age was included as a covariate in 

all analyses. The vertex-wise level of significance was set at P<0.05, with multiple comparisons 

correction performed by using Monte Carlo permutations 215 with a significance level of P<0.05.  

Additionally, multiple linear regression analyses were performed in regions identified by 

FreeSurfer along with pre- and post-central gyrii for the mean cortical thickness in the 

corresponding region in the Desikan-Killiany-Tourville (DKT) cortical atlas 216, with symptom 

scores (NDI or mJOA) used as the covariates of interest. Because of the large age range in this 

study and because of the prominent effect of cortical thinning with age, age was used as a covariate 

in these analyses. Since cortical thickness has a predominantly linear relation to age 89-91, a linear 

model is suitable to account for age even with large age ranges in the groups. The relationship 

between cortical thickness of the anterior cingulate cortex, insular cortex, DLPFC (rostral middle 

frontal gyrus in the DKT atlas) and NDI scores was examined. The relationship between age, 

mJOA, and cortical thickness, was also examined within a subset of Brodmann areas (BA) 

consisting of the primary sensory (BAs 3a, 3b, 1, 2) and primary motor (BAs 4a, 4p) regions 217.  

Exploratory analysis was performed to visualize the organization of the motor and sensory 

strips by quantifying thickness on the unsmoothed brain surfaces in sequential 10mm segments 

along the primary motor and primary sensory BAs. For the sequential 10mm segments along the 

motor and sensory strips, the coordinates of the bilateral Brodmann areas 3a, 3b, 1, 2, 4a, and 4p, 

provided in the FreeSurfer package, were imported into MATLAB 

(https://www.mathworks.com/). For all BAs areas except BA4a the fully thresholded labels were 

used; for the left hemisphere BA4a the thresholded label only included a small region on the medial 

https://www.mathworks.com/
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aspect of the lobe, and thus did not cover the cortical topography necessary along the precentral 

gyrus. This being the case, a less stringently thresholded version of the data (25%) was used for 

the mapping of the 10mm segments for both the left (Figure 2.1.A) and right hemisphere BA4a 

regions. Once imported into MATLAB, the points were collapsed onto both the 2D plane of their 

x- and y-components and onto the 2D plane of their x- and z- components, and locally weighted 

scatterplot smoothing (LOWESS) regression with a smoothing window of 10 was used to compute 

a representative line in x-y and x-z planes. Then the y- and z- components were combined with the 

x- coordinates to form a representative line in 3D space (Figure 2.1.B). The line was defined as 

starting at the most lateral portion along x-, and every 10mm along the length of the line in 3D 

space a plane perpendicular to the line was computed and the points that were within two 

consecutive planes were defined as one 10mm segment (Figure 2.1.C). Then the 10mm segments 

for each BA were imported to FreeSurfer (Figure 2.1.D) and used to extract mean cortical 

thickness measures for each subject using their unsmoothed registered cortical surfaces. For the 

analyses across the 10mm segments of the primary sensorimotor BAs, a two-way analysis of 

variance (ANOVA) was computed for each BA with group and segment distance as factors, as 

well as Sidak-Holm 218,219 multiple comparisons corrected tests of the difference between groups 

in mean cortical thickness at each segment. Additionally, Pearson’s correlation coefficients 

between thickness and mJOA (for combined CS and HC group) and NDI (for subset of CS group 

with NDI scores) were calculated for the 10mm segments with Sidak-Holm multiple comparisons 

corrections within each BA. 
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Figure 2.1. Processing of 10mm segments along motor strip. Left hemisphere BA4a is shown in 

A). In B) the surface coordinates of BA4a are shown along with the representative line traversing 

through the surface and the points in purple marking the 10mm marks along the line. The color-

coded segmented surface coordinates are shown in C), and the resulting divisions of ROIs on the 

reference cortical surface map are shown in D). 

 

Lastly, the volume of subcortical regions involved in sensory and motor processing, 

namely the thalamus, caudate, putamen, and pallidum 220 were also evaluated via multiple linear 

regression, with age and the respective symptom score (NDI or mJOA) as covariates, as these 

regions are crucial in relaying sensory information (thalamo-cortical loop) as well as in processing 

sensory and motor commands (cortico-basal ganglia-thalamo-cortical loop). In order to compare 
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with results of previous studies in a normal sample of the population, linear regression of whole-

brain mean cortical thickness with age was also performed in both the CS and HC cohorts, and the 

resulting slopes of the regression lines were output and contrasted with the results from previous 

studies that employed a similar methodology 91. 

 

Spinal Cord Image Processing and Analysis 

 Spinal cord images were processed using the Spinal Cord Toolbox (SCT) software package 

(https://sourceforge.net/projects/spinalcordtoolbox/) 101, a tool that leverages spinal cord anatomy 

and symmetry across inferior-superior and left-right axes along with anatomical templates to 

segment and register spinal cord anatomical images, and perform post-processing for advanced 

MRI sequences like functional and diffusion MRI of the spinal cord. The structural MRI was 

processed by isolating the spinal cord section of the images apart from the brain by taking the slice 

near the superior portion of the C1 vertebra on a midsagittal slice, preserving all the images below 

that slice as the MRI of the spinal cord. This separation of the spinal cord portion of the MRI scan 

was done in order to process the scans using the SCT pipelines (which are not designed to handle 

brain images) and to improve the accuracy of the results by avoiding any potential issues that 

structures superior to the spinal cord that may cause for the SCT algorithms.  

Because patients with CS present with deformations of the spinal canal and spinal cord, in 

order to increase the robustness of the spinal cord segmentation algorithm the following steps were 

implemented, and outline in Figure 2.2: i) the center of the spinal cord was labeled at every level 

to provide priors for the segmentation algorithm (Figure 2.2.B); ii) a spinal cord segmentation 

using the SCT defaults was run to get an initial estimate of location; iii) the spinal cord was 

smoothed along a regularized inferior-superior axis (an axis that follows the inferior-superior 

https://sourceforge.net/projects/spinalcordtoolbox/
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spinal cord geometry and thus bends at portions where the spine bends) with a Gaussian kernel 

with FWHM of 5mm (Figure 2.2.C); iv) the spinal cord was segmented on the smoothed image 

using the labels at the center of the spinal cord (drawn in step i) as priors (Figure 2.2.D). The 

segmentation was then reviewed visually for accuracy, and if the segmentation was not deemed 

successful the pipeline was rerun with different smoothing (0mm-10mm) or spinal cord radius 

length (radius 4 - 5.5mm) initialization parameters. The spinal cord was then labeled by vertebral 

level using SCT (Figure 2.2.E), either initialized by the z-location of the C2/C3 intervertebral 

disc, or using another cervical intervertebral disc if the C2/C3 initialization did not correctly label 

all cervical vertebral levels. Finally, the cervical cross-sectional area (CSA, mm2) was computed 

at each slice, and the mean for each vertebral-labeled spinal cord section was output. 
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Figure 2.2. Processing steps for spinal cord segmentation and labeling by vertebral level. A) 

Sagittal slice (top row) showing the spinal cord and surrounding anatomy and indicating the level 

(blue line) of axial slices (bottom row) shown. B) Manually labeled center of spinal cord, used as 

priors for spinal cord position. C) Smoothing of spinal cord along regularized z-axis. D) 

Segmentation of spinal cord. E) Labeling of spinal cord by vertebral levels from C1 (top, purple) 

to C9 (bottom, red). 

  

The difference between the CSA of the spinal cord of CS patients and HC subjects at each 

vertebral level was evaluated using a two-way ANOVA with level (cervical levels 2-7, and 

thoracic level 1) and group (CS vs HC) as factors, and individual T-tests were performed for each 

level. An overall smaller SC CSA was expected in CS patients, and greater group differences in 

SC CSA from HC subjects in the cervical levels that presented the most often with stenosis (C3, 

C4, C5, C6). The linear regression of SC CSA and age between CS and HC groups was also 

examined, similar to the relevant brain analysis mentioned above. For the SC CSA-age regression 



55 

 

comparison, the C2 and C7 vertebral levels were selected as sites of comparison, because most 

patients had maximal compression at C3-C4, C4-C5, or C5-C6 intervertebral discs. In addition to 

this, the spinal cord at the C2 level was more reliably segmented by the SCT pipeline than the 

spinal cord at the C1 level, and C7 represents the end of the cervical spinal cord levels. The 

relationships between the spinal cord measures were examined by performing Pearson’s 

correlations across the different spinal cord measures of interest: spinal cord diameter at site of 

maximal compression, MRI-equivalent Torg Ratio, and CSA at the C2, C7, and maximal 

compression vertebral levels. For the relationship between symptom variables (mJOA and NDI) 

and the spinal cord measures, Pearson’s correlations with mJOA and multiple linear regression 

accounting for age with respect to each of the spinal cord measures of interest, were calculated.  

 

Combined Brain and Spinal Cord Analyses 

Associations between spinal cord and brain structural measures were also examined. The 

spinal cord measures of interest and age were used as covariates against cortical thickness in 

FreeSurfer and followed a similar process as the one outlined for the analyses of symptom 

variables (mJOA and NDI) with respect to cortical thickness as listed previously. Additional 

analyses of the various spinal cord measures were also performed of the mean cortical thickness 

of any regions of the cortex that showed a relationship in the aforementioned analysis, as well as 

between the volume of subcortical structures, via multiple linear regression accounting for age. 

 

Software and Statistical Analyses 

All brain cortical thickness computation, segmentation of subcortical and cortical regions, 

and general linear models of vertex-wise cortical thickness with symptom variables were 
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performed using FreeSurfer (Version 5.3.0, https://surfer.nmr.mgh.harvard.edu/fswiki), while 

MATLAB (MATLAB Version 2014a, https://www.mathworks.com/) was used for segmentation 

and computation of mean cortical thickness of 10mm segments across the primary sensorimotor 

BAs. All spinal cord CSA computation and segmentation was performed using Spinal Cord 

Toolbox (SCT v3.0.3, https://sourceforge.net/projects/spinalcordtoolbox/). Statistical analyses 

were performed using GraphPad Prism (Version 7.0b, La Jolla California USA, 

www.graphpad.com), and multiple linear regression was performed in Free Statistics Software 

(Version 1.1.23-r7, http://www.wessa.net/rwasp_multipleregression.wasp/). 

 

ii. Structural Brain Changes with Neurological and Pain Symptoms 

Association Between Cortical Thickness, Subcortical Volume and Neurological Function 

Results from the current study demonstrate decreasing cortical thickness in several brain 

regions with increasing neurological deficits and pain severity while accounting for age and 

including both CS and HCs. Figure 2.3 highlights results from vertex-wise correlations with 

mJOA score, for which there were significantly positively correlated regions (decreasing cortical 

thickness with decreasing mJOA, i.e. worse neurological score) in the left superior frontal lobe 

(Figure 2.3; Region 2.3.b) and in a region extending across the right superior frontal lobe and the 

caudal aspect of the right anterior cingulate (Figure 2.3; Region 2.3.c). Additionally, increasing 

cortical thickness with increasing mJOA, bilaterally, within the precuneus was also observed 

(Figure 2.3; Regions 2.3.a, 2.3.d). Evaluation of cortical thickness bilaterally within the 

precuneus, superior frontal lobe, caudal anterior caudate, and pre- and post-central gyrii using 

multiple linear regression resulted in an observed association with both mJOA and age (Table 

2.3). In addition to the cortical regions, significant positive association between the volume of the 

https://surfer.nmr.mgh.harvard.edu/fswiki
https://www.mathworks.com/
https://sourceforge.net/projects/spinalcordtoolbox/
http://www.wessa.net/rwasp_multipleregression.wasp/
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putamen and both mJOA and age was observed (Multiple Linear Regression, R2=0.45 for the left, 

and R2=0.49 for the right putamen). Additionally, for the BA ROIs only the left and right primary 

motor regions (BA4a and BA4p) mean cortical thicknesses were found to have significant 

associations with mJOA after accounting for age (Table 2.2). 

 

Table 2.2. Multiple Linear Regression of Mean Cortical Thickness and Subcortical Volume with 

mJOA and Age. LH and RH are left and right hemisphere, Sup. denotes Superior. 

Measure Region mJOA mJOA 

P-Val 

Age Age P-

Val 

R2 Adj. 

R2 

Overall 

Model 

P-Val  

Cortical 

Thickness 

 

 

LH Precuneus 0.019 0.04 -0.0045 0.005 0.2214 0.1988 0.0002 

LH Sup. 

Frontal 

0.020 0.04 -0.0030 0.09 0.1403 0.115 0.006 

RH Precuneus 0.032 0.001 -0.005 0.001 0.3418 0.3224 <0.0001 

RH Sup. 

Frontal 

0.032 0.001 0.0002 0.9 0.164 0.1394 0.002 

         

Subcortical 

Volume 

LH Putamen 145 0.0008 -36 <0.0001 0.4483 0.4321 <0.0001 

RH Putamen 130 0.0005 -35 <0.0001 0.4903 0.4753 <0.0001 

 

Table 2.3. Multiple Linear Regressions of Mean Cortical Thickness with mJOA and Age for 

primary sensorimotor Brodmann areas (BA). LH and RH are left and right hemisphere. 

Region mJOA mJOA 

P-Val 

Age Age 

P-Val 

R2 Adj. 

R2 

Overall 

Model 

P-Val  

LH BA4a 0.034 0.02 -0.0065 0.01 0.2189 0.1959 0.0002 

LH BA4p 0.039 0.02 -0.0007 0.8 0.0931 0.0664 0.04 

RH BA4a 0.037 0.04 -0.0026 0.4 0.099 0.0725 0.03 

RH BA4p 0.041 0.01 0.00037 0.9 0.3202 0.1025 0.03 
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Figure 2.3. Regions demonstrating a strong association between cortical thickness and mJOA in 

patients with cervical spondylosis (CS) and healthy controls (HC). Red-Yellow denotes increasing 

cortical thickness with increasing mJOA score (better neurological function). Regions with 

significant associations were identified in a) left precuneus and cuneus, b) left superior frontal 

lobe, c) right superior frontal lobe extending into the anterior cingulate, and d) right precuneus and 

cuneus. 
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Examination of patients with CS exclusively (N=26; excluding HCs) uncovered similar 

reductions in cortical thickness within the superior frontal lobe, but thinning within the precuneus 

was no longer associated with decreased mJOA score (Figure 2.4). Multiple linear regression 

(Table 2.4) confirmed the reduction in cortical thickness with decreasing mJOA in right superior 

frontal lobe (P=0.03) after accounting for clinical variables. The volume of the left and right 

putamen also remained significant predictors of mJOA. 

 

Table 2.4. Multiple Linear Regression of Cortical Thickness and Subcortical Volume with 

mJOA and Age, in the CS group only. LH and RH are left and right hemisphere, Sup. is 

Superior. 

Measure Region mJOA mJOA 

P-val 

Age Age P-

val 

R2 Adj. 

R2 

Overall 

Model 

P-Val 

Cortical 

Thickness 

 

 

LH Precuneus 0.021 0.01 -0.0097 0.008 0.3451 0.2882 0.008 

LH Sup. Frontal 0.016 0.02 -0.0021 0.5 0.0936 0.0148 0.03 

RH Precuneus 0.024 0.06 -0.0088 0.01 0.3474 0.2906 0.007 

RH Sup. Frontal 0.030 0.03 0.00076 0.8 0.1807 0.1095 0.1 
         

Subcortical 

Volume 

LH Putamen 100 0.03 -41 0.003 0.43 0.38 0.001 

RH Putamen 107 0.01 -29 0.01 0.413 0.3619 0.002 
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Figure 2.4. Regions demonstrating a strong association between cortical thickness and mJOA 

within in patients with cervical spondylosis (CS) (excluding healthy controls). First row displays 

inflated cortical surfaces, second row displays pial cortical surfaces. Red-Yellow denotes 

increasing cortical thickness with increasing mJOA score (better neurological function) within CS 

patients. The significant clusters were identified in the a) left and b) right superior frontal lobe 

extending into the anterior cingulate. 
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Association Between Cortical Thickness, Subcortical Volume and Neck Pain 

Consistent with trends observed in overall neurological status, results also confirmed a 

significant association between cortical thickness and NDI while accounting for age, as illustrated 

in Figure 2.5. In particular, results indicated a decreasing cortical thickness with increasing NDI 

(i.e. worse neck pain) in the left and right precuneus (Figure 2.5; Regions 2.5.a and 2.5.d), as well 

as the left superior frontal lobe (Figure 2.5; Region 2.5.b), and a region extending across the 

superior frontal and the caudal and rostral portions of the right anterior cingulate cortex (Figure 

2.5; Region 2.5.c). When accounting for age, bilateral regions of the precuneus, right insula, right 

superior frontal gyrus, and the rostral and caudal aspects of the right anterior cingulate were all 

found to be associated with NDI (Table 2.5). 

 

Table 2.5. Multiple Linear Regressions of Mean Cortical Thickness and Subcortical Volume with 

NDI and Age. LH and RH are left and right hemisphere, Sup. denotes Superior, Rost. denotes 

Rostral, Ant. denotes Anterior. 

Measure Region NDI NDI 

P-Val 

Age Age 

P-Val 

R2 Adj. 

R2 

Overall 

Model P-

Val  

 

Cortical 

Thickness 

 

 

 

 

LH Precuneus -0.012 0.0008 -0.014 0.0001 0.5934 0.5528 0.0001 

LH Insula -0.0095 0.01 -0.018 <0.0001 0.6098 0.5708 <0.0001 

RH Caud. Ant. 

Cingulate 

-0.021 0.003 0.0007 0.9 0.3954 0.3349 0.007 

RH Precuneus -0.012 0.0009 -0.013 0.0002 0.5739 0.5313 0.0002 

RH Rost. Ant. 

Cingulate 

-0.015 0.002 0.0014 0.7 0.4237 0.366 0.004 

RH Sup. 

Frontal 

-0.012 0.004 -0.0041 0.3 0.3524 0.2877 0.01 

         

Subcortical 

Volume 

LH Putamen -36 0.01 -54 0.0003 0.5122 0.4634 0.0008 

RH Putamen -38 0.0008 -45 0.001 0.5856 0.5441 0.0001 
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Figure 2.5. Regions demonstrating a strong association between cortical thickness and NDI in 

patients with cervical spondylosis (CS). Blue-Light Blue denotes decreasing cortical thickness 

with increasing NDI score (worse neck disability) in CS. Regions with significant associations 

were identified in a) left precuneus, b) left superior frontal lobe, c) right superior frontal lobe 

extending into the cingulate, and d) right precuneus. 
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In order to better assess the location of the changes in the superior frontal lobe, which is a 

functionally and citoarchitectonically diverse region, a Brodmann area atlas retrieved from the 

MRIcro software package (http://www.cabiatl.com/mricro/mricro/lesion.html) was superimposed 

on the standardized brain image. While this is only an approximation of the Brodmann areas, and 

in reality these regions vary from subject to subject, they assist in estimating the potential 

Brodmann areas that may be associated with the seen cortical thickness changes with symptoms, 

as seen in Figure 2.6. 

 

Changes in Primary Sensory and Motor Cortical Thickness 

Examination of cortical thickness across sensory and motor strips indicated a strong 

association between thickness in BA3a and mJOA at multiple segments as well as greater mean 

difference in cortical thickness between CS and HC groups (Figure for primary sensory, 2.7 and 

Figure 2.8 for primary motor). Both primary motor areas examined (BA4a and BA4p) 

demonstrated spatially varying and strong relationships between mJOA scores and mean cortical 

thickness, though generally there was no significant mean cortical thickness differences between 

CS and HC groups. When looking at the group factor for the two-way ANOVA, most BA showed 

a significant group effect, meaning that while the differences at each segment were small the 

general trend for lower thickness across the region in CS patients was still significant. For NDI, 

none of these analyses reached the threshold for statistical significance, potentially due to lack of 

statistical power from a slightly smaller cohort of subjects with NDI scores.  

http://www.cabiatl.com/mricro/mricro/lesion.html
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Figure 2.6. Zoomed-in mJOA (from Figure 2.3) and NDI (from Figure 2.5) cortical thickness 

correlations in the superior frontal lobe, with Brodmann areas 6, 8, 9, and 32, outlined on the 

surfaces. 
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Figure 2.7. Legend presented on next page. 
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Figure 2.7 Legend: Cortical thickness as a function of distance in 1cm segments across primary 

sensory Brodmann Areas (BAs), including A) BA3a, B) BA3b, C) BA1, and D) BA2. Values in 

plot reflect mean and 95% confidence intervals for CS patients and HC subjects. The x-axis is 

distance from first segment, laterally to medially as illustrated on the figures to the left, the y-axis 

is cortical thickness, and plotted are the mean values for each group. Displayed within each plot is 

the color-coded Pearson correlation coefficient for the mJOA and NDI scores with the mean 

cortical thickness in each segment. For each BA the P-value for the Group Effect in the two-way 

ANOVA (group and distance) is displayed. Significance after Sidak-Holm correction is shown for 

group differences (displayed above plotted values for the groups, denoted by the ‘°’ symbol) and 

Pearson’s correlation with mJOA (displayed below the plotted values for the groups and above the 

color-coded bars, denoted by the ‘+’ symbol); Pearson’s correlations with NDI showed no 

significant results. 



67 

 

 

Figure 2.8. Legend presented on next page. 
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Figure 2.8 Legend: Cortical thickness as a function of distance in 1cm segments across primary 

motor Brodmann Areas (BA), including A) BA4a and B) BA4p. Values in plot reflect mean and 

95% confidence intervals for CS patients and HC subjects. The x-axis is distance from first 

segment, laterally to medially as illustrated on the figures to the left, the y-axis is cortical thickness, 

and plotted are the mean values for each group. Displayed within each plot is the color-coded 

Pearson correlation coefficient for the mJOA and NDI scores with the mean cortical thickness in 

each segment. For each BA the P-value for the Group Effect in the two-way ANOVA (group and 

distance) is displayed. Significance after Sidak-Holm correction is shown for group differences 

(displayed above plotted values for the groups, denoted by the ‘°’ symbol) and Pearson’s 

correlation with mJOA (displayed below the plotted values for the groups and above the color-

coded bars, denoted by the ‘+’ symbol); Pearson’s correlations with NDI showed no significant 

results. 

 

Age-Related Changes in Cortical Thickness Between CS and HCs  

We explored age-related changes in cortical thickness between CS and HC subjects in the 

precentral and postcentral gyrii, superior frontal lobe, and the precuneus (Figure 2.9). In general, 

CS patients demonstrated a more rapid decline (larger negative slope) with increasing age in both 

the left postcentral gryus (P=0.016) and precuneus (P=0.028), potentially implying a faster rate of 

cortical thinning in patients with CS compared with HCs. Additionally, the left and right putamen 

(P=0.002 and P=0.008, respectively) and the right precuneus (P=0.009) showed lower mean values 

in CS patients compared to HC subjects. For whole-brain mean cortical thickness, CS patients had 

a rate of thinning  of a loss of 0.0069 mm/year, and HC presented with a loss of 0.0036 mm/year. 

Though not statistically significant, the HC rate was more comparable to the loss of 0.004 mm/year 

reported in a larger study of HC by Lemaitre et al 91, while CS patients had a higher rate of thinning. 
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Figure 2.9. Association between cortical thickness in A) the precentral gyrus, B) postcentral gyrus, 

C) precuneous, D) superior frontal lobe and E) subcortical putamen volume and age for HC and 

CS patients. Slopes are denoted by “m” and intercepts are denoted by “b”, thus if the “m” P-value 

is significant the slopes differ between the groups, while if the “b” p-value is significant the 

intercepts differ between the groups. 
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iii. Structural Spinal Cord Changes with Neurological and Pain Symptoms 

Spinal Cord Cross-Sectional Area in CS and HC 

Figure 2.10 displays the comparison of cross sectional areas at the various vertebral levels 

between the CS patients and HC subjects. CS subjects presented with significantly lower SC CSA 

at all levels: this was true both when including and excluding the sites of compression in the patient 

population. When including sites of compression (Figure 2.10.B), the overall two-way ANOVA 

model was significant (P<0.0001) with both the group and level factors having differences at a 

level of P<0.0001. Multiple-comparisons corrected tests between groups at each level were all 

significant (P<0.0001 at all levels, except at C7 where P=0.0003, and T1 where P=0.009). The 

percentage difference between the HC and CS spinal cord CSA at various levels was: 18.8% at 

C2, 24.8% at C3, 28.3% at C4, 26.3% at C5, 23.6% at C6, 21.5% at C7, and 18.6% at T1. Thus, 

maximal percentage difference in CSA was seen at levels that were more often affected by 

compression (C3, C4, C5, C6), and the lowest percentage difference was seen at uncompressed 

levels (C2, C7, T1).  

When excluding sites of compression in the analysis (Figure 2.10.C), the overall two-way 

ANOVA model was still significant (P<0.0001) with both the group and level factors having 

differences at a level of P<0.0001, though there was a notable increase in CSA at vertebral levels 

C3-C6 of the CS group when excluding sites of compression. Multiple-comparisons corrected tests 

between groups at each level were all significant, with C2, C3, and C5 presenting with P<0.0001, 

C4 presenting with P=0.001, C6 presenting with P=0.0002, and C7 presenting with P=0.004. The 

percentage difference between the HC and CS spinal cord CSA, when excluding sites of 

compression, at various levels was: 18.8% at C2, 19.4% at C3, 19.1% at C4, 21.4% at C5, 20.5% 
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at C6, 22.8% at C7, and 18.6% at T1. Thus, though the percentage differences decreased with the 

exclusion of sites of compression, the spinal cord CSA was still different between the groups. 

 

 

Figure 2.10. Spinal cord cross-sectional area (CSA) by vertebral level (C2-C7 for cervical level, 

1 thoracic level, T1). A) Example subject showing the spinal cord segmented by vertebral levels. 

B) Comparison of spinal cord CSA between HC (black) and CS subjects (red) across all subjects 

and vertebral levels. C) Comparison of spinal cord CSA between HC and CS subjects across all 

subjects, but excluding vertebral levels with compression. Dots reflect mean and shaded area 

reflect 95% confidence intervals. Two-way ANOVAs were significant for both analyses, for the 

overall models and level and group factors (all P<0.0001).  
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In evaluating the relationship between the site of maximal compression and the spinal cord 

CSA at the uncompressed most rostral (C2) and most caudal (C7) cervical vertebral levels, the site 

of maximal compression showed a trend towards a positive Pearson’s correlation with the CSA at 

C2 (r=0.38, P=0.053), while the CSA at C7 showed no correlation (r=-0.07, P=0.8). Thus, the area 

of the spinal cord at C2 trended towards being lower if the site of compression was more proximal 

to C2 (i.e. more rostral). When comparing the age-related change in the SC CSA, while both C2 

and C7 showed a significant group difference when accounting for age (P=0.0005 for C2, P=0.006 

for C7), neither showed a significantly different slope of SC CSA with respect to age, though for 

C2 the result was trending towards significance and may prove significant in a larger cohort 

(P=0.11 for C2, P=0.85 for C7, Figure 2.11). 
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Figure 2.11. Regression of SC CSA with age for CS and HC groups. Spinal cord regions of interest 

shown on left in green. A) Regression run for CSA at C2 vertebral level, no significant slope 

difference was found (P=0.11) but a significant mean difference between the groups (P=0.0005) 

was present. B) Regression run for CSA at C7 vertebral level, no significant slope difference was 

found (P=0.85) but a significant mean difference between the groups (P=0.006) was present. 
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Relationship between Conventional MRI Measures and Spinal Cord Cross-Sectional Area 

The relationship between the spinal cord structural measures, including conventional MRI 

measures of compression such as the sagittal spinal cord diameter at the site of maximal 

compression and the MR-equivalent Torg Ratio, as well as the CSA of the spinal cord at the 

vertebral level of maximal compression, was evaluated at C2 and at C7. Figure 2.12 shows a heat-

map of the Pearson’s correlation coefficients between the various measures, all of which were 

positively correlated to one another. As expected, the spinal cord diameter at the site of maximal 

compression and the Torg Ratio had a high Pearson’s correlation coefficient (0.91, P<0.0001, all 

reported Pearson’s correlation test P-values between spinal cord measures were Bonferroni-

corrected), due to fact that the Torg Ratio is the ratio of the spinal cord diameter at the site of 

maximal compression over the diameter of the vertebral body above. The spinal cord diameter at 

the site of maximal compression had a correlation of 0.56 with the CSA at the vertebral level of 

maximal compression (P=0.03), a correlation of 0.62 with the CSA at C2 vertebral level (P=0.01), 

and a correlation of 0.42 with the CSA at the C7 vertebral level (P=0.31). Similar trends were 

observed for the Torg Ratio, with the C2 level and site of compression vertebral levels showing 

the highest correlations (correlation of 0.51, P=0.08 for C2, and correlation of 0.60, P=0.01 for site 

of maximal compression), while C7 showed a lower correlation coefficient (0.46, P=0.19). As for 

the relationships between the CSA at the different vertebral levels, CSA at the site of maximal 

compression showed a strong correlation with the CSA at C2 (0.60, P=0.01) and the CSA at C7 

(0.65, P=0.004), while the CSA at C2 and C7 showed a weaker correlation (0.47, P=0.16).  
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Figure 2.12. Heat map of correlations between spinal cord structural measures, including the 

sagittal diameter at the site of maximal compression (Diam. Site. Max. Comp.), the MR-equivalent 

Torg Ratio (Torg Ratio), and the cross-sectional area (CSA) of the spinal cord at the vertebral level 

of maximal compression (Vert. Max. Comp.), C2, and C7. 

 

Association Between Spinal Cord Cross-Sectional Area and Neurological Function 

 When evaluating the relationship between the spinal cord structural measures and 

neurological functional status, none produced a significant relationship with mJOA, neither via 

Pearson’s correlation nor by multiple linear regression against mJOA and age. For correlations, 

the one that presented with the highest Pearson’s correlation coefficient was the diameter of the 

spinal cord as measured at the site of highest compression (0.30, P=0.13), followed by the Torg 

Ratio (0.22, P=0.27). For the SC CSA, CSA at the vertebral level of maximal compression and at 

C7 actually produced slightly negative correlations with mJOA (-0.1, P=0.63, and -0.21, P=0.30, 

respectively), though neither was significant, while the correlation of CSA at C2 with mJOA was 

positive but not statistically significant either (0.19, P=0.34). Figure 2.13 displays the CSA 

measurements for each patient at each level described, plotted against mJOA. 
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Figure 2.13. Plotting of average CSA at C2 (green), C7 (red), and the level of maximal 

compression (blue), vertebral levels. No associations were significant, and the C7 and vertebral 

level of maximal compression correlations were near 0 and slightly negative. The CSA at C2 seems 

reasonable in its decreasing with worsening mJOA, and may prove to be significant with a different 

or larger cohort of patients. 

 

iv. Association between Spinal Cord and Brain Structure in CS Patients 

 When evaluating the associations between cortical thickness and the different spinal cord 

measures, only the Torg Ratio demonstrated a significantly associated cluster with mJOA, present 

in the left precentral gyrus (Figure 2.14). This region had a positive correlation between cortical 

thickness and Torg Ratio, so with worsening compression there was a decrease in the cortical 

thickness in the region. While the region covered a substantial portion of the precentral gyrus, this 

was mostly located in the lateral-most part of the parcellated region. Since the region was mostly 

confined to the precentral gyrus, multiple linear regression of the mean cortical thickness with 
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respect to the Torg Ratio and age for both the left and right precentral gyri was performed, and 

these values are reported in Table 2.6. The mean cortical thickness of the left precentral gyrus had 

a significant relationship with the Torg Ratio (P=0.02) and with the overall model (R2=0.35, 

P=0.008), while the mean cortical thickness of the right precentral gyrus was not significant in the 

multiple linear regression model, but was trending towards significance (P=0.12) and the overall 

model was trending towards significance as well (R2=0.22, P=0.06). To visualize the relationship 

between Torg Ratio and cortical thickness of the precentral gyri, these were plotted on a graph in 

Figure 2.15., in which both gyri presented with a positive association between Torg Ratio and 

cortical thickness. In line with the visual assessment of the graph, simple linear regression of both 

these regions with the Torg Ratio was significant (P=0.004 for LH, and P=0.04 for RH). 
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Figure 2.14. Regions demonstrating a strong association between cortical thickness and the MR-

equivalent Torg Ratio, in patients with cervical spondylosis (CS). Red-Yellow denotes decreasing 

cortical thickness with decreasing Torg Ratio (more compression) in CS. A region with significant 

associations was identified in the left precentral gyrus (a). 
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Table 2.6. Multiple Linear Regressions of Mean Cortical Thickness with the MR-equivalent 

Torg Ratio and Age. LH and RH are left and right hemisphere. 

Measure Region Torg 

Ratio 

Torg 

P-Val 

Age Age 

P-Val 

R2 Adj. 

R2 

Overall 

Model 

P-Val  

Cortical 

Thickness 

LH Precentral 1.03 0.02 -0.0054 0.19 0.345 0.288 0.008   

RH Precentral 0.74 0.12 -0.0053 0.25 0.215

6 

0.1474 0.06 

 

 

 

Figure 2.15. Plots of mean cortical thickness of the left and right precentral gyri against the MR-

equivalent Torg Ratio. Plotted are the linear regression lines along with the 95% confidence 

intervals (dashed line). 

 

v. Discussion 

 Recent studies have demonstrated that spinal cord injury can induce atrophic alterations of 

the supraspinal neural networks, and that the extent of these changes can correlate with degree of 

neurological impairment. Hou et al 169 found in SCI patients that gray matter volume reduction in 
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the primary motor cortex significantly correlated with the American Spinal Injury Association 

(ASIA) motor impairment score. Using voxel based morphometry, Freund et al 171 determined that 

spinal cord atrophy following SCI was significantly correlated with degree of cortical atrophy. 

Moreover, in a separate study, Freund et al 170 established that SCI patients that had lower volume 

change of the corticospinal tract at the level of the internal capsule had a significantly better 

neurological outcome than those with a higher volume loss.  These investigations highlight some 

of the upstream adaptations within the sensorimotor network that occur following traumatic SCI 

and their potential impact on both functional status and recovery. 

 Results from the current study support the hypothesis that chronic spinal cord injury related 

to cervical stenosis may result in specific structural changes within the brain compared with 

neurologically intact healthy volunteers. CS patients displayed a consistent pattern of brain 

changes with associated clinical symptoms of both neurological function (mJOA) and neck pain 

(NDI), namely decreased cortical thickness bilaterally within precuneus and superior frontal 

regions, and decreased volume of the putamen, bilaterally. In addition to these regions, cortical 

thinning with mJOA and NDI was observed in the anterior cingulate and with NDI in the insula. 

The results also demonstrate increasing atrophy within BA3a and in primary motor regions with 

worsening neurological symptom severity. Patients with CS also displayed a faster rate of cortical 

thinning and atrophy with age compared to HC subjects.  These are both critically important 

findings, and could potentially have an impact on the understanding of the pathogenesis of CSM 

and recovery following surgical intervention. 
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Associations Between Structural Brain Measures and Symptoms 

 Interestingly, the cortical thickness within the precuneus and superior frontal gyrus as well 

as volume of the putamen appeared strongly correlated with both mJOA and NDI. The precuneus 

has a wide variety of functions, including a prominent role in the default mode network, and is an 

area involved in motor planning and imagery, and a key structure in memory retrieval 221. The 

putamen also has multiple functions, one of which is the processing of sensorimotor input to the 

basal ganglia, as the putamen receives the majority of cortical projections from motor, premotor, 

supplementary motor, and primary sensory cortex, and projects back to these areas via neuronal 

connections to the globus pallidus and thalamus 222. Previous studies have suggested both the 

precuneus and the putamen are involved in motor imagery 223,224 and in motor learning 225, 

suggesting structural changes may be associated with long-term adaptation of motor function in 

the presence of impairment.  

 In the medial prefrontal lobe, multiple regions were significantly associated with 

neurological function. Brodmann area 8 has been implicated in executive function 226. More 

generally, the medial prefrontal cortex appears to be involved in monitoring the performance of 

motor actions 227, again suggesting structural changes observed in these locations may be related 

to impairment of motor function. In a study evaluating complex bimanual tasks these were found 

to involve the precuneus and anterior cingulate more than simple manual tasks 228, and the authors 

of this study linked the anterior cingulate activity to modulating motor commands, and the 

precuneus to spatial navigation. This involvement of higher order functional areas of the brain in 

complex manual tasks may help explain the results in this study: patients with CSM, who have 

difficulty with complex tasks such as writing, buttoning a shirt, and gait, have decreased cortical 

thickness in these higher order functional brain regions. Interestingly, the precuneus in primates 



82 

 

has been shown to project to the putamen 229,230, medial Brodmann area 8, and the anterior 

cingulate 230,231, suggesting these regions may be functionally related. 

A strong association was observed between decreased cortical thickness within BA3a and 

increasing neurological symptom severity, which is consistent with the role of BA3a in receiving 

afferent information regarding proprioception and motor actions 232 as CS patients with 

myelopathy are known to have deficits in proprioception 233 relating to both gait 234 and hand 

function 235. While cortical thickness in the precentral gyrus, in general, was not associated with 

neurological impairment, subdivisions of the motor strip (BA4a and BA4p) appeared strongly 

associated with changes in mJOA. This lack of widespread changes in the precentral gyrus across 

all patients likely reflects the variability in specific motor deficits across patients (i.e. upper or 

lower extremity deficits) and their relation to reorganization within the motor cortex. 

 This chapter hypothesized that CS patients would exhibit similar alterations in brain 

structure to those observed in other chronic pain conditions, namely decreased cortical thickness 

in sensorimotor regions with increasing neurological symptom severity, and decreased cortical 

thickness in brain regions implicated in chronic pain with increasing pain severity. To test this 

hypothesis, the cortical thickness and volumes of subcortical structures involved in sensorimotor 

processing in CS patients were examined, and these measurements were compared with those of 

the neurologically intact HCs and clinical symptoms. Results from this study confirmed a decrease 

in cortical thickness within the cingulate cortex and insular cortex may occur with worsening neck 

pain, which is consistent with modern theories associated with chronic pain structural 

reorganization 183,190. The anterior cingulate cortex (ACC) is known to be a key area in the central 

sensitization in chronic pain, potentially acting by long-term potentiation 73,74, and a decrease in 

gray matter within the ACC has been observed in multiple chronic pain studies 236,237. These 
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changes suggest neck pain exhibited by some patients with CS may alter neural structures involved 

in the central sensitization of pain, including the ACC. 

 

Structural Spinal Cord Measures in CS and HC Groups and Relationships to Symptoms 

 This study continues the line of evidence presented in previous publications in 

demonstrating the utility of structural MRI for the diagnosis of cervical stenosis 238,239, 

demonstrating large differences present in SC CSA between CS patients and HC subjects. In this 

chapter, a semi-automated pipeline was used to obtain the measures of cross-sectional area across 

multiple vertebral levels, all of which demonstrated group differences between CS and HC. While 

it is expected that spinal cord levels that are compressed to have a lower CSA in CS compared to 

HC, this relationship held even at levels that were uncompressed, such as C2 and C7, and even 

when accounting for age. This was true both when including and excluding the sites where 

compression was present in CS patients. Previous studies in traumatic SCI have documented 

decreased structure and atrophy in the rostral unaffected (usually C2 or C3) spinal cord 172,240,241, 

with cross-sectional area changes between 11% and 30% 241. Similar to traumatic SCI, studies in 

CS patients have also found decreases in spinal cord area at rostral uncompressed sites (C2 or C3). 

A study by Grabher et al found a decrease in CSA of the spinal cord of 12.8% in patients with 

CSM when compared to healthy controls 242, while Martin et al found a decrease of 10.2% 243. 

While for the present study the difference is somewhat larger (18.8% decrease in CS versus HC), 

the same trend is present, namely significantly decreased spinal cord area rostral to the site of 

compression. Also, for the current study exclusion of the sites of compression yielded similar 

percentage differences between CS and HC for the different vertebral levels (around 20%). These 

atrophic processes of the spinal cord likely represent neurodegenerative changes 241,244. 
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The different structural measures of the spinal cord demonstrated internal consistency as 

assessed by the Pearson’s correlation coefficients between the measures. However, similar to 

previous studies 40,41,239, spinal cord morphological measures assessed on structural MRI did not 

show strong relationships with neurological symptoms or neck pain.  Some of the measures, like 

the sagittal diameter of the spinal cord at the site of maximal compression, the MR-equivalent 

Torg Ratio, and the SC CSA at the C2 vertebral level, were trending towards significance and may 

be significant in a larger cohort, but they were not significant in this study and may potentially 

only have moderate to low correlations with neurological symptoms in larger cohorts.  

 While there is currently a dearth of studies using semi-automated spinal cord segmentation 

for analysis, a recent study by Martin et al used the SCT to obtain SC CSA measures (amongst 

other metrics such as factional anisotropy, magnetization transfer ratio, and T2* white matter to 

gray matter signal intensity ratio) in patients with cervical spondylosis and healthy controls 243. 

This study found relatively high correlations between mJOA and SC CSA (Pearson’s correlation 

of 0.66 between mJOA and CSA at level of maximal compression, 0.44 at site rostral to maximal 

compression) 243. However, Martin et al included healthy controls in this correlation, which have 

asymptomatic mJOA scores (18) and have an uncompressed spinal cord. This chapter 

demonstrated a large difference in SC CSA between CS patients and HC subjects (Figure 2.9) 

and, similar to results from this chapter, Martin et al also reported large differences between these 

two groups especially at the site of maximal compression and at the site rostral to compression. 

Thus, the correlation between mJOA and SC CSA in the work by Martin et al may have been 

driven by a difference between the HC and CS populations, and would then not accurately 

reflecting the underlying neurological symptomatology. 
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 The results from this chapter suggest that while structural MRI measures are sensitive 

biomarkers of cervical stenosis, and thus of diagnostic utility, these are weak predictors of actual 

neurological deficits or symptomatology. While the spinal cord measures showed large differences 

between CS and HC groups, the brain structural measures (mean cortical thickness or volume) of 

several regions showed a stronger relationship with the symptom measures (mJOA and NDI) then 

the spinal cord structural measures (SC diameter, Torg, SC CSA). Thus, while the spinal cord 

morphological measures show a greater diagnostic power for determining cervical stenosis, the 

brain measures may track better with the neurological symptoms and with neck pain. This result 

makes sense in the context of stenosis being the tightening of the spinal cord; this tightening of the 

spinal cord, however, is not always associated with neurological symptoms. While the brains of 

the CS and HC groups are relatively similar (no brain lesions or visibly apparent alterations are 

present in the CS group), the brains of CS patients appear to reorganize or show degenerative 

changes in line with the specific neurological deficits. 

 While the MPRAGE sequence provides sufficient contrast between the spinal cord and 

surrounding tissue to segment the spinal cord, and it preserves contrast between gray and white 

matter for the brain, it offers poor difference in contrast between gray and white matter in the 

spinal cord. As such for this study only the CSA of the spinal cord was used for analysis. However, 

differences in area of the gray and white matter of the spinal cord, especially at sites of compression 

because gray matter and white matter have different mechanical and elasticity properties 245. Thus, 

future studies should aim to implement sequences that provide gray and white matter contrast in 

the spinal cord 241, such as using the T2 weighted multiple-echo data image combination (MEDIC) 

sequence 246. 
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 The results of this chapter reiterate the need for new imaging biomarkers: current structural 

spinal cord measures do not offer sufficient correlation with neurological status, and upstream 

nervous system changes are taking place in the brain in association with neurological and pain 

symptoms. The chapters that follow evaluate advanced functional (fMRI) and microstructural 

(diffusion MRI) measures in the spinal cord and brain. 

 

Relationship Between Spinal Cord Structure and Brain Structure 

When comparing the spinal cord structural measures with the cortical thickness in the 

brain, while most spinal cord measures did not produce significant results, the MR-equivalent Torg 

Ratio showed a significant correlation with the cortical thickness in a region of the left precentral 

gyrus. This relationship held for the mean cortical thickness across the precentral gyrus as a whole 

and trended towards significance in the right precentral gyrus, as well as both regions showing 

statistical significance for simple linear regression. This result contrasts with the associations 

between cortical thickness and the symptom variables in primary sensorimotor areas which, while 

these appeared significant in some analyses, these were usually more spatially variant and 

represented either weaker associations or associations in sub-regions, such as along certain 

portions of the Brodmann sensorimotor strips. The region showing a significant association with 

Torg Ratio was towards the lateral portion of the precentral gyrus, which on the motor homunculus 

generally represents the facial muscles, but the ROI may extend up to regions of the hand and arms 

as well 247,248. This relationship between Torg Ratio and the region of the precentral gyrus merits 

further investigation, and further chapters of this dissertation will evaluate functional and 

microstructural changes in the brain associated with the Torg Ratio. 
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Chapter III. Functional Connectivity of the Brain and Spinal Cord at Rest in Patients with 

Cervical Stenosis and Associated Myelopathy 

 In this chapter the resting state functional connectivity of the brain and spinal cord in 

patients with cervical stenosis (CS) and healthy controls (HC) was examined. Activation studies 

of motor tasks using functional magnetic resonance imaging (fMRI) have revealed increased 

activation of motor regions in patients with CS when compared to healthy controls 203,204. This 

chapter aimed to extend this previous work by examining resting state fMRI (rs-fMRI), which 

leverages low frequency oscillations of blood oxygenation level dependent (BOLD) signal to 

measure patterns of neural activity at rest. Additionally, this chapter sought to extend the 

evaluation of rs-fMRI beyond the brain to include the spinal cord as well. This could be 

accomplished due to technical advances in MRI such as large acceleration factors, and by 

extending the field of view (FOV) to cover both the brain and cervical spinal cord. In this way, 

this chapter aimed to probe the functional connectivity (FC) between brain regions, between 

various gray matter spinal cord structures, and between the spinal cord and the brain.  

Altered FC between was expected between brain regions found to be structurally altered 

with neurological and pain symptoms as described in Chapter II, specifically the modified 

Japanese Orthopedic (mJOA) score, which measures neurological function, and the neck disability 

index (NDI) which measures neck pain and its adverse effects on the everyday lives of patients. as 

well as the primary sensory and primary motor brain regions. While rs-fMRI in the spinal cord is 

not yet a well-established technique, this study aimed to replicate initial findings from a few other 

studies 134,249, and explore whether the spinal cord FC was altered by stenosis or neurological or 

pain symptoms. 
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i. Resting-State fMRI Acquisition and Processing 

Patient Population 

 This chapter used nearly the same cohort of patients as used in Chapter II. However, two 

of the patients from the CS group were excluded from analyses in this chapter: one patient did not 

undergo an rs-fMRI scan due to interim licensing issues with the sequence on the scanner (43 year 

old female, mJOA of 17, NDI of 28), and one patient had severe artifacts in their fMRI scan due 

to excessive motion during acquisition of parallel imaging callibration data and throughout the rest 

of the scan (54 year old male, mJOA of 11, NDI of 14). Thus, the CS patient cohort that was used 

for this chapter comprised 24 subjects. The 17 HC subjects that underwent the same T1w scanning 

as the CS patients (listed in Chapter II) also underwent the same rs-fMRI of the brain and spinal 

cord. The slightly modifed CS cohort and HC cohort demographics are shown in Table 3.1 (refer 

to Table A.1 from Appendix A for differences in the cohort used in this chapter). Similar to the 

results in Appendix A, there was a significant difference in age between the groups (t-test, 

P<0.001), but not in body mass index (BMI, t-test, P=0.3) or sex (Chi-squared test, P=0.3). 

 

Table 3.1. CS patients and HC subjects cohort demographics for rs-fMRI. Differences from 

Table A.1 are due to the exclusion of two CS patients. 

Subject 

Population 

N Age (mean 

years +/- SD) 

Sex BMI (mean 

+/- SD) 

mJOA (mean 

+/- SD) 

NDI (mean 

+/- SD) 

CS Patients 24 60 ± 10 years 19M / 5F 27.0 ± 6.2 15.5 ± 2.8 9.6 ± 10.6 

HC Subjects 17 41 ± 13 years 11M / 6F 26.2 ± 3.0 18   

 

 

  



89 

 

Optimizing the rs-fMRI Protocol 

A Multi-Band (MB) echo planar imaging (EPI) fMRI protocol supplied by the Center for 

Magnetic Resonance Research, Department of Radiology (CMRR, 

https://www.cmrr.umn.edu/multiband/), at the University of Minnesota, via research collaboration 

with Siemens (Siemens Healthcare, Erlangen, Germany) was used to acquire fMRI data of the 

brain and spinal cord simultaneously. This research sequence used both MB acceleration 250, and 

parallel imaging via the Controlled Aliasing in Parallel Imaging Results in Higher Acceleration 

(CAIPIRINHA) technique 250-254. Voxel sizes were tested with the aim to obtain good signal in the 

spinal cord where SNR is limited, but still have high enough in-plane resolution for imaging the 

cervical spinal cord, which has a small cross-sectional area of between 60 and 90 mm2. Also of 

consideration in voxel size, this study aimed to match or improve the spatial resolution of 

standardized brain fMRI protocols, which represent a consensus high-quality acquisition for 

multisite studies. One example of such a standardized protocols is the set of fMRI sequences 

recommended by the function biomedical informatics research network (FBIRN, https://na-

mic.org/wiki/FBIRN:Aims_and_Goals_of_FBIRN) 211,255, which was used for that study and for 

other multi-site neuroimaging studies 210. The spatial resolution of the FBIRN protocol is 3.5mm 

x 3.5mm in-plane, with 4.5mm slice thickness. Optimal temporal resolution was defined as 

matching or improving (lowering) the TR of 2000ms used by the aforementioned standardized 

protocols. Other points of consideration included the geometric distortion in the spinal cord and 

signal dropout, both of which are ameliorated by the acceleration techniques which were to be 

implement, particularly parallel imaging, which in this study was achieved via CAIPIRINHA.  

 Given the considerations for imaging both the brain and spinal cord listed above, the set 

of parameters used included a voxel size of approximately 1.5mm x 1.5mm x 4mm, and a potential 

https://www.cmrr.umn.edu/multiband/
https://na-mic.org/wiki/FBIRN:Aims_and_Goals_of_FBIRN
https://na-mic.org/wiki/FBIRN:Aims_and_Goals_of_FBIRN


90 

 

range for TR from 1500ms to 2000ms. Various combinations of different levels of MB and 

CAIPIRINHA acceleration that satisfied these constraints were tested. These different protocols 

were acquired in a single healthy volunteer, and were assessed both visually and by taking the 

mean signal and temporal signal to noise ratio (TSNR, or the mean signal intensity across time 

divided by the standard deviation of signal intensity across time) in a manually defined region 

encompassing the spinal cord at a slice in the C2 vertebral level. Figure 3.1 displays the results 

for this analysis. Of interest in Figure 3.1, the protocols B) and D) produced good overall image 

quality, with reduced geometric distortion in the spinal cord, high mean signal intensity in the 

brain, and high TSNR in the brain. For the image quality in the spinal cord, these acquisitions 

produced high mean signal intensity, with 214.9 for protocol B, and 181.2 for D, as well as the 

highest mean TSNR, with 31.4 for protocol B, and 34.6 for protocol D. A second inspection of 

these images revealed suitable brain image quality (Figure 3.2), and the selected protocol was the 

MB 3, CAIPIRINHA 4, protocol (B) thanks to the reduced TR (1500ms) compared to the other 

protocol (2000ms), as the increased temporal resolution would help with accounting for respiration 

artifacts (breathing has a rate of around 0.2 to 0.3 Hz 256) as well as providing more timepoints for 

better estimation of functional connectivity measures 213. 
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Figure 3.1. Comparison of rs-fMRI protocols with varying acceleration factors for MB and 

CAIPIRINHA. Top row shows a sagittal mean signal intensity image each rs-fMRI session, and 

the bottom row displays a sagittal TSNR image at the same slice as the mean signal intensity 

image. The average value of the signal and TSNR are listed below the respective image for each 

protocol. The MB and CAIPIRINHA parameters that were tested were as follows: A) 

CAIPIRINHA=2, MB=3; B) CAIPIRINHA=4, MB=3; C) CAIPIRINHA=4, MB=4, D) 

CAIPIRINHA=2, MB=5; E) CAIPIRINHA=5, MB=3; F) CAIPIRINHA=5, MB=4. Highlighted 

with the blue arrows at the bottom are the two protocols selected as optimal, B) and D). 
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Figure 3.2. Comparison of mean signal rs-fMRI image data on sagittal (top row) and axial (bottom 

row) slices between selected multiband and parallel imaging acceleration factors. A) 

CAIPIRINHA=4, MB=3, protocol; B) CAIPIRINHA=5, MB=2, protocol. Given the reduction of 

distortion preset in the CAIPIRINHA 4, MB 3 image (A), and given the reduced TR (1500ms), 

the MB acceleration of 3 and a CAIPIRINHA acceleration of 4 protocol was the one selected for 

this study. 

 

fMRI Acquisition 

Acquisition of rs-fMRI was performed in the same scan session as the structural MRI 

described in Chapter I, on the same scanner (Siemens Prisma 3T; Siemens Healthcare, Erlangen, 

Germany). The chosen fMRI protocol parameters were the following: TR of 1500ms; TE of 30ms; 

slice thickness of 4mm with no interslice gap; FOV of 245mm with an acquisition matrix of 
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162x81 (50% phase encode sampling) for a voxel size of 1.5mm x 1.5mm x 4mm, and 75 slices to 

give a coverage of 300mm in the z-direction; interleaved acquisition; flip angle of 90°; parallel 

imaging via CAIPIRINHA with a factor of 4; multi-band slice acceleration with a factor of 3 (see 

Figure 3.2); FOV shift factor of 2. The slice prescription captured at least the brain and spinal cord 

down to C7 with 72 slices for most subjects. Slice prescription was given parallel to C4 to try to 

combat dropout in the posterior regions of the spinal cord brought on by the inhomogeneities 

caused by the differences in tissue type, from spinous processes to the ligamentum flavum. 

Additionally, a saturation band was placed anterior to the spinal cord at an angle so as to not affect 

the brain to help suppress outer volume signal and mitigate respiration artifacts. 

 

Brain rs-fMRI Processing 

For the analysis focusing on resting state functional activity within the brain the CONN 

Toolbox (https://www.nitrc.org/projects/conn) 128 was used, which implements functions from the 

Statistic Parametric Mapping (SPM, http://www.fil.ion.ucl.ac.uk/spm/) toolbox. Both CONN and 

SPM run in a MATLAB environment. CONN has a multiplicity of functions, including pre-

processing, computation, and evaluation of functional connectivity via general linear models using 

both ROI-to-ROI (also termed seed-to-seed) connectivity and ROI-to-voxel (also termed seed-to-

voxel) connectivity fMRI measures (see Chapter I, Section iv and Figure 1.6). To process the rs-

fMRI scans of the brains of both CS and HC subjects, the brains were extracted using the Z-axis 

slices between the top of the brain and the bottom of the cerebellum. This was done to exclude the 

spinal cord from the brain analyses, given that CONN can operate with only a limited number of 

slices, and to improve the brain analyses by providing whole-brain data and avoiding any 

computations being compromised by the inclusion of excessive neck or spinal cord tissue. The 

https://www.nitrc.org/projects/conn
http://www.fil.ion.ucl.ac.uk/spm/
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CONN pipeline was also used for segmentation of tissue types and for registration purposes based 

on the T1 images of the brain (the acquisition of which is described in Chapter II). 

Because rs-fMRI is interested in low-frequency oscillations (≤ 0.1Hz, but generally lower 

than 0.08Hz) and because this study used a relatively fast TR (1500ms, or 1.5s), slice-timing 

correction was not applied to the fMRI data. This was done based on previous literature suggesting 

negligible effect of slice timing correction on rs-fMRI analysis 257. While slice-timing correction 

is important for task-based fMRI (due to the importance of accurately capturing the BOLD effect 

from functional activation) for rs-fMRI this processing step is not as crucial, thus this step was 

excluded from analysis. 

The CONN pipeline received as input the structural and functional brain data, and ran 

functional realignment (motion correction, 12 degrees of freedom) and unwarping, registration of 

functional data to the structural volume, and registration of the structural volume to the 

standardized space defined by the Montreal Neurological Institute (MNI) averaged T1 brain 

(http://nist.mni.mcgill.ca/?p=858) 258, and segmentation of structural volume which included skull 

stripping and processing of tissue types (GM, WM, and CSF). Artifacts Detection Tool (ART), an 

SPM package (https://www.nitrc.org/projects/artifact_detect/) that is implemented in the CONN 

pipeline, was used to remove signal intensity spikes and fMRI volumes with excessive motion 

from the scan, with thresholds for signal intensity outliers set at 9 standard-deviations above or 

below the mean. A motion limit of 2mm translation and 2° rotation in any direction was also 

enforced. Spatial smoothing of the functional data was performed using an 8mm full width at half 

maximum (FWHM) Gaussian kernel. For denoising, signal from the WM, CSF, and motion 

parameters were regressed from the functional data, as well as being processed with a band-pass 

filter of 0.008 – 0.09 Hz. The bandpass filter was used to filter the signals to the range of interest 

http://nist.mni.mcgill.ca/?p=858
https://www.nitrc.org/projects/artifact_detect/
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to resting-state fMRI and reduce noise due to physiological effects, such as respiration and 

pulsation, and noise due to scanner drift. 

 

Brain Functional Connectivity Analysis 

 In order to evaluate associations between functional connectivity and neurological and pain 

symptom variables, both ROI-to-ROI and ROI-to-voxel functional connectivity analyses were 

performed. ROI-to-ROI analyses implemented general linear models (GLM) of the functional 

connectivity with respect to the symptom variable of interest, with age included as a covariate, and 

seed and target ROIs were selected based on a priori hypotheses and results from Chapter II. The 

seed regions included: The insular cortex (IC), the superior frontal gyrus (SFG), the middle frontal 

gyrus (MFG), the pre- and postcentral gyri, the superior parietal lobule (SPL), the supplementary 

motor area (SMA), the anterior and posterior cingulate (AC and PC, respectively), the precuneus, 

the cuneus, the thalamus, and the putamen. Associations were evaluated between the functional 

connectivity and mJOA for all subjects (CS and HC), for mJOA within the CS cohort exclusively, 

and for NDI in the subset of CS patients with NDI scores. Significance was set at P<0.05 (two-

sided) for the individual connections, and each seed was further thresholded by a false discovery 

rate (FDR) < 0.05 based on the number of target regions. 

Similar regions of interest were selected for the ROI-to-voxel connectivity analyses, 

though in these cases some of the regions analyzed changed depending on the clinical variable of 

interest. For mJOA, the precentral gyrus, postcentral gyrus, the SMA, the AC, the precuneus, the 

SFG, the cuneus, the thalamus, the putamen, and the cerebellum, were selected as seed regions. 

For NDI, the pre- and postcentral gyri, the SMA, the SFG, the AC and PC, the IC, the SFG and 

MFG, the thalamus, and the putamen, were selected as seed regions. For all ROI-to-voxel analyses, 
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brain structures that were divided into left and right in the atlas were seeded for both sides and the 

main effect (equal weighting of 0.5 to both structures in the GLM) was used in the experimental 

design. For the cerebellum, the regions of the Automated Anatomical Labeling (AAL) 259 

cerebellar atlas, which is based on parcellations of the cerebellum created by Schmahmann et al 

260, were used to seed the listed cerebellar regions excluding the vermis (total of 10) for both the 

left and right hemispheres, to give a total of 20 ROIs and a weighting of 0.05 per ROI for the main 

effect in the GLM. For all analyses, a P-value threshold of 0.05 was used with two-sided tests. For 

each analysis there was a total of 10 ROIs, and thus a value of 0.05/10 = 0.005 was used as FDR-

corrected P-value threshold for cluster size, wherein permutations of cluster sizes were used to 

determine the necessary cluster size so that the p-value for the cluster was FDR-corrected at the 

level of 0.005. 

 

Spinal Cord fMRI Processing 

 The spinal cord data was processed using the Spinal Cord Toolbox (SCT) 101. First, in order 

to enable processing using the SCT tools, the spinal cord portion of the rs-fMRI was selected by 

including slices from approximately the middle of C1 spinal column level down to the level of the 

C5 or C6 vertebra. Due to ghosting, shimming, decreasing SNR, and motion-related signal 

dropout, data from the spinal cord tended to be unusable below the C6 vertebral level, but varied 

from subject to subject; any slices with visually-assessed usable data were preserved. After the 

spinal cord portion of the data was extracted, an ROI encompassing the spinal cord was drawn on 

the mean image in order to capture the spinal cord and indicate the region of interest for the spinal 

cord fMRI motion correction that followed. Motion correction was performed using the SCT 

MoCo algorithm within the spinal cord ROI, with a polynomial normalization of 2, a smoothing 
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kernel of 2mm, mean squares estimation for motion, and linear interpolation of the motion 

corrected slices registered to the first spinal cord volume. After motion correction, a band-pass 

(0.09 Hz high-pass and 0.0008 Hz low-pass) filter was applied to the rs-fMRI data using a fast 

fourier transform (FFT) using the Analysis of Functional Neuroimages (AFNI) software’s 

3dFourier (https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dFourier.html) command, in 

order  to remove scanner drift artifacts, where over the length of the scan the overall mean intensity 

of the fMRI volumes tends to increase 125,126, as well as unwanted high frequency oscillations in 

the data. 

In order to perform registration between the structural MRI and the rs-fMRI, the spinal 

cord was segmented from the temporal signal to noise ratio (TSNR) image (Figure 3.3.A), 

computed from the motion-corrected rs-fMRI data, as follows: i) manual drawing of an ROI 

around the spinal cord in the mean fMRI image; ii) thresholding of the manually-drawn ROI by 

the TSNR image at an intensity of 8 (voxels with TSNR ≥ 8 were kept); iii) in order to preserve 

the geometry of the spinal cord across slices with dropout (caused by the susceptibility induced by 

bony anatomy in the spinal cord) the mask was dilated by 2 voxel-levels and then eroded by 2 

voxel-levels using the AFNI 3dmask_tool function (https://afni.nimh.nih.gov/pub/dist/doc/ 

program_help/3dmask_tool.html); this process filled-in any holes in the spinal cord due to signal 

intensity issues and connected two slices with sufficient TSNR signal even if there was a gap with 

signal dropout between them. This segmentation of the spinal cord from the TSNR image of the 

fMRI was then used for registration with the structural MRI of the spinal cord (Figure 3.3.C). The 

registration between the fMRI and the T1 image was done by first performing rigid registration of 

the mean fMRI and T1 images was performed; then, the spinal cord segmentation from the TSNR 

described above was registered to the T1 segmentation of the spinal cord (described in Chapter 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dFourier.html
https://afni.nimh.nih.gov/pub/dist/doc/%20program_help/3dmask_tool.html
https://afni.nimh.nih.gov/pub/dist/doc/%20program_help/3dmask_tool.html


98 

 

II.ii) using a z-regularized slice-by-slice registration of the center-of-mass for each segmentation, 

which placed the expected center of the spinal cord as determined by the TSNR images at the 

center of the segmentation for the T1 image (Figure 3.3.B).  

Since the targeted neural activity is localized to the gray matter, and based on functional 

divisions of the spinal cord (Chapter I, Section ii), the gray matter was divided into quadrants: 

anterior-posteriorly divided into the ventral (anterior) and dorsal (posterior) portions, and divided 

by left and right sides. This was done using the spinal cord atlas provided in the SCT, which was 

created using data from Montreal Neurological Institute (MNI), Polytechnique Montreal (Poly) 

and Aix-Marseille Université (AMU) 101. This data (termed the PMU atlas, after the initials of the 

institutions) includes anatomical templates 103, probabilistic gray and white matter maps 261, and 

probabilistic labeling of vertebral levels 262. Masks were created for the quadrants of the spinal 

cord by first taking the gray matter probability map and thresholding at a level of 0.1 to create a 

binary mask of the gray matter. Then, the left and right, ventral and dorsal quadrants were extracted 

from the PMU spinal cord atlas by first splitting the atlas in two across the midsection, and then 

choosing a position along the y-axis (y = -0.5mm) to split the cord into ventral and dorsal portions. 

Thus, four gray matter regions were generated for use in analyses: left ventral (LV), left dorsal 

(LD), right ventral (RV), and right dorsal (RD) quadrants (Figure 3.3.E). 
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Figure 3.3. Graphical illustration of spinal cord registration procedures. A) through E) display 

sagittal slices of spinal cord and surrounding anatomy on top, with an axial slice (position indicated 

by blue lines in the sagittal slice) shown below, while F) and G) show a zoomed-in axial slice of 

the spinal cord. A) fMRI TSNR was used for registration procedures because it highlighted the 

spinal cord better than the mean image. B) TSNR image registered to and overlayed on the T1 

image. C) T1 image without overlays. E)  PMU spinal cord atlas T1w image registered and 

overlayed on spinal cord T1 image. F) PMU atlas T1w image, with axial image showing the four 

gray matter quadrants. F) fMRI TSNR and G) T1 registered to fMRI images, with the spinal cord 

gray matter quadrants from the PMU atlas registered and overlayed. 
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The PMU atlas spinal cord gray matter quadrants were registered to the T1 space, and from 

the T1 space to the fMRI space. This was done through several steps using SCT tools. The 

registration between the T1 image and the PMU spinal cord (Figure 3.3.D) atlas was performed 

using both the segmentations and image data (the acquired T1 image data for the subjects, and the 

averaged T1 image atlas data for the spinal cord atlas), using the SCT anatomical to atlas 

registration utility. The inverse of the registration between the T1 space and the PMY atlas was 

inverted and applied to the spinal cord gray matter quadrant segmentation, with nearest neighbor 

interpolation, to register the quadrants into the T1 space. The registration warp fields between the 

fMRI and T1 space (Figure 3.3.B) were inverted and used to transform the T1 image, spinal cord 

segmentation, and spinal cord gray matter quadrants to the fMRI space. Figure 3.3 provides an 

outline of this process: registration of fMRI TSNR image (A) to the T1 (C) for the transformation 

between fMRI space and T1 space (B), and the PMU atlas (E) registration to T1 space (D), both 

of which were then used to transform the spinal cord gray matter quadrants to the fMRI space (F 

and G). Once the ROIs from the atlas were registered to the rs-fMRI space, the ROIs were split up 

by vertebral level to be used for further processing.  

Correction of potential physiological confounds that may be present in the spinal cord 

fMRI data was performed using a simplified version of the component-based correction of 

physiological noise (CompCorr) 122,263 technique, in which masks of the non-gray matter tissue in 

the spinal cord and canal were used to extract physiological noise parameters that were then 

regressed out of the fMRI data. Masks of the WM were created using the segmentation of the 

spinal cord that was registered to the fMRI space with the gray matter was excluded based on 

probability maps from the PMU atlas. Masks of the CSF were created by isolating highly varying 

voxels around the spinal cord using the manually drawn spinal cord ROI, which encompassed both 
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the spinal cord and the CSF, and excluding the spinal cord mask, then thresholding the remaining 

mask by the temporal standard deviation fMRI image at a level of 8. These resultant masks of the 

white matter and CSF in the spinal cord were then used to extract nuisance regressors related to 

physiological noise. 

Previous CompCorr publications reported the number of significant components to use 

with fMRI data to be around 5 or 6 for the brain 122,263, though similar number of components (3-

5) have been used for noise-correction in spinal cord rs-fMRI studies 134. Thus, staying consistent 

across brain and spinal cord, the number of components for each region to be used as physiological 

noise regressors was set to 5. Principle component decomposition of the timeseries was performed 

in these ROIs using AFNI (3dpc command, https://afni.nimh.nih.gov/pub/dist/doc/ 

program_help/3dpc.html). These 5 principle components form each tissue type (WM and CSF, 10 

total) were then regressed out of the motion-corrected data using deconvolution via the AFNI 

software package (3dDeconvolve command, https://afni.nimh.nih.gov/pub/dist/doc/ 

program_help/3dDeconvolve.html). The residuals from the deconvolutions were used to compare 

connectivity across the different spinal cord ROIs. Correlations were computed using AFNI 

(3dNetCorr command, https://afni.nimh.nih.gov/ pub/dist/doc/program_help/3dNetCorr.html). 

 

Spinal Cord rs-fMRI Analysis 

The rs-fMRI spinal cord analysis mainly involved two types of measures of interest: 

connectivity between quadrants within a single vertebral level, and connectivity across the same 

quadrant but different respective vertebral levels. Previous studies of rs-fMRI connectivity include 

a study at 7T by Barry et al 134, and a recent study at 3T by Eippert et al 249. Following these 

studies, FC was calculated across ROIs in the following fashion: lateral connectivity (LV to LD, 

https://afni.nimh.nih.gov/pub/dist/doc/%20program_help/3dpc.html
https://afni.nimh.nih.gov/pub/dist/doc/%20program_help/3dpc.html
https://afni.nimh.nih.gov/pub/dist/doc/%20program_help/3dDeconvolve.html
https://afni.nimh.nih.gov/pub/dist/doc/%20program_help/3dDeconvolve.html
https://afni.nimh.nih.gov/%20pub/dist/doc/program_help/3dNetCorr.html
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and RV to RD), ventral connectivity (LV to RV), dorsal connectivity (LD to RD), and cross 

connectivity (LV to RD, and LD to RV). These intra-vertebral level connectivities were calculated 

for vertebral levels C2-C6, and for the mean of the levels C2-C6. The intra-vertebral connectivities 

were also calculated centered around the site of compression. The mean Pearson’s correlation 

coefficient for each connection of interest was calculated and compared to zero via a one-sample 

T-test with Bonferroni multiple comparisons correction (resulting uncorrected P-value threshold 

of 0.0125) to see if these correlations significantly differed from zero. Differences between CS 

patients and HC subjects were also evaluated at all levels via T-tests with Sidak-Holm multiple 

comparisons correction to see if any resulted in significance. Pearson’s correlations between the 

spinal cord measures and mJOA and NDI were calculated as well. 

 

Software and Statistical Analyses 

The brain-only functional connectivity analysis was performed using the CONN toolbox 

(Version 16.b, https://www.nitrc.org/projects/conn) in Statistical Parametric Mapping software 

(Version SPM12, http://www.fil.ion.ucl.ac.uk/spm/), which is based in MATLAB (Version 2014a, 

https://www.mathworks.com/). Spinal cord segmentation of structural images, and spinal cord 

registration between fMRI, structural, and atlas spaces (PMU spinal cord T1w atlas and atlas 

segmentations), as well as motion correction of spinal cord fMRI data, was performed using Spinal 

Cord Toolbox (SCT Version 3.0.3, https://sourceforge.net/projects/spinalcordtoolbox/). Erosion 

and dilation of masks for anatomical ROIs, principle component analysis of 4D fMRI data in 

anatomical ROIs, and calculation of functional connectivity matrices, was performed using the 

Analysis of Functional Neuroimages software (AFNI Version AFNI_15.3.0, 

https://afni.nimh.nih.gov/). Statistical analyses were performed using GraphPad Prism (Version 

https://www.nitrc.org/projects/conn
http://www.fil.ion.ucl.ac.uk/spm/
https://www.mathworks.com/
https://sourceforge.net/projects/spinalcordtoolbox/
https://afni.nimh.nih.gov/
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7.0b, La Jolla California USA, www.graphpad.com), and multiple linear regression was performed 

in Free Statistics Software (Version 1.1.23-r7, http://www.wessa.net/ 

rwasp_multipleregression.wasp/). 

 

ii. Brain Functional Connectivity Results 

Association Between Functional Connectivity and Neurological Symptoms 

 When computing the association between mJOA and FC for ROI-to-ROI results, mJOA 

presented with both negatively associated (increasing FC with worsening neurological symptoms) 

and positively associated (decreasing FC with worsening neurological symptoms) connections. 

For mJOA, the bilateral pre- and postcentral gyri, SMA, and SPL showed decreasing connectivity 

with the posterior cingulate, while the right putamen displayed increased connectivity with the 

bilateral thalamus, the left postcentral gyrus, and the left SPL, while the right thalamus had a 

positive association with the right MFG (Figure 3.4, top). When assessing the ROI-to-ROI 

connectivity within the CS cohort exclusively, similar trends emerged: the putamen displayed 

positive associations with the thalamus, and left SPL, while the right thalamus showed positive 

association with the left thalamus and the right MFG, while displaying a negative association with 

the left and right postcentral gyri (Figure 3.4, bottom). 

 

http://www.graphpad.com/
http://www.wessa.net/%20rwasp_multipleregression.wasp/
http://www.wessa.net/%20rwasp_multipleregression.wasp/
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Figure 3.4. Legend presented on next page. 
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Figure 3.4. Legend: ROI-to-ROI connectivity association with mJOA for group including the HC 

subjects (top) and group of patients with CS only (bottom). Colors denotes value of the T-statistic, 

yellow-red denotes positive association (decreasing FC with worsening neurological symptoms), 

light blue-blue denotes negative association (increasing FC with worsening neurological 

symptoms). Position of ROIs displayed on midsagittal and mid-axial slices.  

 

For the ROI-to-voxel functional connectivity analysis, multiple seed regions produced 

clusters where the functional connectivity was significantly associated with mJOA while 

accounting for age. For mJOA, results where both the overall group, which included HC subjects, 

and the group of CS patients only demonstrated significant results have been displayed together 

side-by-side. The results were grouped into sensorimotor cortical regions (precentral gyrus, 

postcentral gyrus, SMA, Figure 3.5), and subcortical regions (thalamus, putamen, cerebellum, 

Figure 3.6). Additionally, regions that showed a significant association with mJOA only in the 

group that included HC subjects are shown in a separate figure (Figure 3.7).  

For the sensorimotor regions, both the precentral gyrus and postcentral gyrus displayed a 

negative association between mJOA and FC (increasing FC with worsening neurological 

symptoms) with the precuneus and posterior cingulate for the left (Figure 3.5.A,B,D,E.i) and the 

right (Figure 3.5.A,B,D,E.j) hemispheres, which was similar across the HC included and CS Only 

groups. The SMA displayed a larger area of negative association between mJOA and FC in the 

precuneus and posterior cingulate for left (Figure 3.5.C,F.i) and right (Figure 3.5.C,F.j) 

hemispheres in both groups in addition to a regions in the right primary sensorimotor cortex and 

superior frontal gyrus in both groups (Figure 3.5.C,F.l), and a region in the left superior frontal 

gyrus (Figure 3.5.F.m) and left anterior cingulate (Figure 3.5.F.n) in the CS Only group. 
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Additionally, the SMA showed a positive association (increasing FC with increasing mJOA) with 

the anterior cingulate in the HC Included group (Figure 3.5.C.k).  

For the subcortical seeds, both the thalamus and cerebellum displayed clusters with a 

negative association between mJOA and FC (increasing FC with worsening neurological 

symptoms), particularly with the left (Figure 3.6.m) and right (Figure 3.6.n) precentral and 

postcentral gyri in both the HC Included and CS Only groups. The thalamus and cerebellum also 

presented with a significant positive association (decreasing FC with worsening neurological 

symptoms) with the anterior cingulate, which was larger for the thalamus (Figure 3.6.A,D.j and 

A,D.l,) than for the cerebellum (Figure 3.6.C,F.j and F.l) for both groups. Additionally, all three 

structures (the thalamus, cerebellum, and putamen) presented with a significant positive 

association between mJOA and the bilateral precuneus and posterior cingulate (Figure 3.6.i,k) for 

both groups. The Putamen displayed a large positively associated area around the pre- and 

postcentral gyri (Figure 3.6.B,E.o and B,E.p, respectively). 

For the additional cortical areas that showed associations only in the HC Included group, 

the superior frontal gyrus (SFG) displayed a negative association between mJOA and FC 

(increasing FC with worsening neurological symptoms) with the left anterior cingulate (Figure 

3.7.A.i) and with the right SMA and precentral gyrus (Figure 3.7.A.j). The precuneus displayed a 

negative association with the left and right precentral and postcentral gyri (Figure 3.7.B.k and B.j, 

respectively).  
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Figure 3.5. Legend Presented on next page. 
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Figure 3.5. Legend: Brain surface display of associations between functional connectivity (FC) 

and mJOA based on seeding of sensorimotor cortical regions (displayed on representative MNI 

brain slices in green) for group including HC subjects (left) and group consisting only of patients 

with CS (right): A) and D) precentral gyrus, B) and E) postcentral gyrus, C) and F) supplementary 

motor area (SMA). Blue-light blue denotes negative association between mJOA and FC 

(increasing FC with worsening neurological symptoms) which occurred in the precuneus and 

posterior cingulate for the left (i) and the right (j) hemispheres, in regions of the left (l) and right 

(m) primary sensorimotor cortex, and left superior frontal gyrus (SFG, n). Red-yellow denotes a 

positive association (increasing FC with increasing mJOA), which was seen in the anterior 

cingulate (k).  
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Figure 3.6. Legend presented on next page. 
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Figure 3.6. Legend: Brain surface display of associations between functional connectivity (FC) 

and mJOA based on seeding of subcortical regions and cerebellum (displayed on representative 

MNI brain slices in green) for group including HC subjects (left) and group consisting only of 

patients with CS (right): A) and D) thalamus, B) and E) putamen, C) and F) cerebellum. Blue-light 

blue denotes negative association between mJOA and FC (increasing FC with worsening 

neurological symptoms) which presented in the precentral and postcentral gyri (m and n). Red-

yellow denotes a positive association (increasing FC with increasing mJOA), which was seen in 

the left and right anterior cingulate (j and l, respectively), left and right precuneus and posterior 

cingulate (i and k, respectively), as well as around the pre- and postcentral gyri (o and p). 
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Figure 3.7. Brain surface display of associations between functional connectivity (FC) and mJOA 

based on seeding of cortical regions (displayed on representative MNI brain slices in green) that 

only produced significant associations with the overall group that included HC subjects: A) 

superior frontal gyrus (SFG), B) precuneus. Blue-light blue denotes negative association between 

mJOA and FC (increasing FC with worsening neurological symptoms) which occurred in the left 

cingulate (i) and the left and right precentral gyrus and SMA (k and j, respectively).  
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Table 3.2. Significant clusters from ROI-to-voxel FC analysis association between FC and 

mJOA for combined group of CS patients and HC subjects, accounting for age. 

Seed ROI 

Cluster 

Number (x,y,z) 

Cluster 

Size (mL) 

Cluster 

P-FDR 

Cluster 

T-Value 

PreCG 1 (28, -68, 2) 10.45 0.00003 -6.03 

PostCG 1 (6, -82, -32) 10.28 0.00003 -6.77 

SMA 

  

  

1 (-30, -64, -40) 6.29 0.00002 -8.05 

2 (-6, -52, 44) 5.69 0.00002 -4.70 

3 (16, -36, 16) 2.81 0.0006 8.49 

SFG 1 (-14, -24, 80) 3.91 0.0004 -4.30 

Precuneus 1 (-36, -26, 50) 7.65 0.00003 -4.16 

Thalamus 

  

1 (26, -14, 0) 11.30 0.00003 6.65 

2 (4, -24, 60) 4.09 0.00004 -3.74 

Putamen 

  

  

1 (22, -58, -32) 9.38 0.00001 7.52 

2 (-50, 42, 28) 7.82 0.00001 5.32 

3 (24, 0, 76) 3.85 0.00004 4.68 

Cerebellum 

  

  

1 (34, -10, 14) 16.65 0.00002 -4.44 

2 (38, -66, 0) 4.94 0.00003 -5.58 

3 (18, 8, 8) 4.34 0.00005 8.69 

 

 

Table 3.3. Significant clusters from ROI-to-voxel FC analysis, association between FC and 

mJOA for group of CS patients only, accounting for age. 

Seed ROI 

Cluster 

Number (x, y, z) 

Cluster 

size (mL) 

Cluster  

p-FDR 

Cluster 

T-Value 

PreCG 1 (2, -34, 8) 6.03 0.00005 -6.13 

PostCG 1 (-18, -40, 40) 7.36 0.00004 -6.47 

SMA 

  

1 (-2, 32, 50) 2.49 0.003 -4.76 

2 (24, -6, 46) 2.38 0.003 -4.18 

Thalamus 

  

1 (24, -14, 0) 12.92 0.00002 7.34 

2 (-34, -20, -58) 6.69 0.00002 -4.04 

Putamen 

  

1 (-8, -42, 22) 10.38 0.00002 7.80 

2 (-44, -4, 34) 6.04 0.00002 5.30 

Cerebellum 

  

1 (18, -18, 74) 14.76 0.00002 -4.67 

2 (18, 8, 8) 8.08 0.00002 5.83 
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Association Between Functional Connectivity and Neck Pain 

 When computing the association between NDI and FC for ROI-to-ROI results, NDI 

presented with both negatively associated (decreasing FC with worsening neck pain) and 

positively associated (increasing FC with worsening neck pain) connections; in general most of 

the regions displayed a positive association with FC (Figure 3.8). The right thalamus displayed a 

strong negative relationship with the FC with the anterior cingulate, so with increasing neck pain 

the FC between thalamus and AC decreased. The bilateral postcentral gyri showed a strong 

positive association with the bilateral superior frontal gyri, and the bilateral precentral gyri 

displayed a strong positive association with the bilateral SMA. 
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Figure 3.8. ROI-to-ROI connectivity association with NDI. Colors denotes value of the T-statistic, 

yellow-red denotes positive association (increasing FC with worsening neck pain), light blue-blue 

denotes negative association (decreasing FC with worsening neck pain). Position of ROIs 

displayed on midsagittal and mid-axial slices. 
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For the ROI-to-voxel functional connectivity analysis, several of the seed regions produced 

clusters where the functional connectivity was significantly associated with NDI while accounting 

for age. Figure 3.9 displays the significant associations of the ROI-to-voxel analysis. The most 

common finding was an increased functional connectivity (increasing FC with worsening neck 

pain) with the left and right primary sensorimotor cortex (Figure 3.9.k,l, respectively). In addition 

to these predominant associations, the pre- and post-central gyri displayed a positive association 

of FC to NDI with the left and right superior frontal gyrus (Figure 3.9.A,B.m,n, respectively) and 

the left and right precuneus and posterior cingulate (Figure 3.9.A,B.i,j, respectively). The 

postcentral gyrus also presented with a positive association in the left and right anterior cingulate 

(Figure 3.9.B.o,p, respectively). The thalamus presented with a decreased functional connectivity 

(decreasing FC with worsening neck pain) in the left and right anterior cingulate (Figure 3.9.C.q,r, 

respectively). The superior frontal and middle frontal gyrus displayed increased FC with the left 

and right precuneus and posterior cingulate (Figure 3.9.D,E.i,j, respectively). The posterior 

cingulate presented with a decreased FC to the right precuneus (Figure 3.9.F.s). In addition to 

these areas, the AC seed also displayed a negative association between NDI and FC, but this region 

was confined to the subcortical regions, primarily the thalamus, which is seen in the connectome 

ring in Figure 3.8. The clusters produced by the NDI ROI-to-voxel analysis are listed in Table 

3.4. 
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Figure 3.9. Legend presented on next page. 



117 

 

Figure 3.9. Legend: Brain surface display of associations between functional connectivity (FC) 

and NDI based on seeding of sensorimotor cortical and subcortical regions (displayed on 

representative MNI brain slices in green): A) precentral, B) postcentral, C) thalamus, D) superior 

frontal gyrus (SFG), E) middle frontal gyrus (MFG), F) posterior cingulate (PC). Blue-light blue 

denotes negative association between mJOA and FC (increasing FC with worsening neurological 

symptoms) which presented in the left and right anterior cingulate (q and r, respectively), as well 

as the right posterior cingulate (s). Red-yellow denotes a positive association (increasing FC with 

increasing mJOA), which was seen bilaterally in the posterior cingulate and precuneus (i and j), 

the pre- and postcentral gyri (k and l), SFG (m and n), and AC (o and p). 

 

Table 3.4. Significant clusters from ROI-to-voxel FC analysis association between FC and NDI 

for group of CS patients, accounting for age. 

NDI 

Cluster 

Number (x, y, z) 

Cluster 

Size (mL) 

Cluster 

p-FDR 

Cluster 

T-Value 

PreCG 1 (-2, -38, 20) 17.56 0.00002 6.16 

  2 (-26, -74, -28) 11.44 0.00002 6.22 

PostCG 1 (-16, 6, 66) 17.94 0.00002 6.06 

  2 (-4, -40, 20) 16.81 0.00002 8.87 

Thalamus 1 (68, -6, 22) 9.02 0.00005 5.89 

  2 (22, 38, 12) 4.45 0.0001 -6.39 

SFG 1 (-34, -12, 2) 54.33 0.00003 5.83 

MFG 1 (-36, -40, 20) 16.14 0.00004 4.68 

  2 (48, -26, -38) 2.80 0.001 5.02 

PC 1 (-30, -58, 62) 23.16 0.00003 5.03 

  2 (18, -54, -30) 3.01 0.0007 5.4 

  3 (8, -18, 18) 2.32 0.002 -7.76 

AC 1 (-10, -10, 8) 3.18 0.003 -9.2 
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iii. Spinal Cord Functional Connectivity Results 

Intra-Vertebral Level Spinal Cord Functional Connectivity 

 The intra-vertebral level spinal cord connectivity is displayed in Figure 3.9, and all levels 

exhibited a similar pattern: highest correlations for the connectivity across lateral segments, 

followed by connectivity across ventral segments and connectivity across dorsal segments, 

followed by connectivity of crossing segments which was close to zero. No visually striking 

differences seemed to be present between CS patients and HC subjects. Table 3.5 lists the mean 

values for Pearson’s correlation coefficients across the different levels, which range from 0.17 to 

0.39 for lateral connectivity, 0.15 to 0.17 for the ventral connection, 0.05 to 0.19 for dorsal 

connections, 0.02 to 0.11 for cross-connections. Ventral connections appeared to be stable across 

levels (small variation, range of only 0.02), while dorsal connections seem to increase in strength 

further down the cervical cord (C5, C6). Cross-connections were at their highest at C6 (around 

0.1), and lateral connections were at their lowest at C6 (around 0.2). At each vertebral level the 

Bonferroni-corrected significance varied, with the HC dorsal connections not reaching 

significance at a few levels (C2, C3, and C6) and CS dorsal not reaching significance at C2, while 

for the cross-correlation multiple levels did not reach a mean correlation coefficient significantly 

different from zero for both CS (C2, C5, C6) and HC (all individual levels). Only the C2 lateral 

connection showed a difference for CS vs HC (P=0.01), and no levels or connections showed a 

significant association with mJOA or NDI scores. When excluding sites where compression in CS 

patients, either the site of maximal compression or any noted compression, there were still no 

significant differences between groups or associations with symptom scores. 
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Figure 3.10. Within-level functional connectivity of spinal cord gray matter quadrants. 

Connectivity is graphed for C2 – C6 (A-E), indicated on the representation of the spinal cord in 

the center, with the CS patients in red, the HC subjects in black, with mean and standard deviation 

plotted for each connection. F) displays an illustration of the spinal cord quadrants as well as the 

labels of the connections between regions that are used for the graphs of the correlations. 
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The mean values across all vertebral levels were also reported in Table 3.5, where the 

values were, for both CS and HC, lateral connectivity being over 0.3, ventral connectivity being 

around 0.2, dorsal connectivity being around 0.1, and cross-connectivity being around 0.05. These 

correlations were found to be significant after Bonferroni multiple comparisons correction. Figure 

3.11.A displays the mean correlation coefficients averaged across levels C2 - C6, which all show 

overall positive correlations, but vary in magnitude. No significant differences between intra-level 

spinal cord connectivity were found between CS patients and HC subjects. 

 

Table 3.5. Intra-level functional connectivity for CS patients (pink shading) and HC subjects (gray 

shading). Levels C2-C6 are displayed, as well as the mean across C2-C6. Mean, standard deviation 

(St. Dev.) and Bonferroni-corrected P-value of one-sample T-test (difference from 0) are shown. 

Level Value 

CS 

Lateral 

HC 

Lateral 

CS 

Ventral 

HC 

Ventral 

CS 

Dorsal 

HC 

Dorsal 

CS 

Cross 

HC 

Cross 

C2 Mean 0.36 0.27 0.15 0.17 0.05 0.07 0.02 0.02 

  St. Dev. 0.10 0.14 0.13 0.12 0.11 0.13 0.07 0.06 

  P-Value <0.0001 <0.0001 0.0001 0.0003 0.31 0.48 0.99 0.99 

C3 Mean 0.39 0.35 0.19 0.14 0.08 0.09 0.06 0.05 

  St. Dev. 0.12 0.08 0.13 0.13 0.09 0.12 0.07 0.08 

  P-Value <0.0001 <0.0001 <0.0001 0.006 0.0008 0.08 0.007 0.17 

C4 Mean 0.36 0.37 0.19 0.15 0.13 0.11 0.08 0.05 

  St. Dev. 0.13 0.08 0.10 0.10 0.11 0.10 0.09 0.07 

  P-Value <0.0001 <0.0001 <0.0001 0.0007 <0.0001 0.01 0.001 0.16 

C5 Mean 0.39 0.33 0.17 0.15 0.11 0.11 0.05 0.08 

  St. Dev. 0.17 0.12 0.10 0.16 0.11 0.13 0.09 0.10 

  P-Value <0.0001 <0.0001 <0.0001 0.05 0.0003 0.04 0.17 0.12 

C6 Mean 0.20 0.17 0.16 0.15 0.18 0.19 0.11 0.09 

  St. Dev. 0.04 0.05 0.04 0.05 0.04 0.06 0.02 0.03 

  P-Value <0.0001 0.0001 0.0001 0.004 0.01 0.72 0.99 0.12 

Mean Mean 0.37 0.33 0.19 0.18 0.10 0.10 0.05 0.05 

C2-

C6 St. Dev. 0.07 0.06 0.07 0.09 0.06 0.07 0.05 0.04 

  P-Value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0003 0.0003 0.0008 
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Figure 3.11. Pearson’s correlation coefficients for intra-level spinal cord connectivity. A) 

averaged across levels C2-C6 for CS patients (red) and HC subjects (black). B) Above and C) 

below site of compression for CS, C3 and C4 respectively for HC. Correlations between FC and 

D) mJOA and E) NDI scores at each vertebral level, averaged across the vertebral levels, and 

above and below the site of maximal compression. 
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 When evaluating the functional connectivity centered around the site of compression, 

similar trends emerged as for the individual regions and averaged results: high FC at the lateral 

connections, followed by ventral and dorsal, and lowest in the cross-connections (Figure 

3.11.B,C). However, these measures did not differ significantly between the groups and were not 

found to be associated with symptoms. In order to get some idea of the relationship between 

symptom measures and the intra-vertebral spinal cord FC, the correlation of each symptom score 

was computed with respect to the FC at each vertebral level, the average FC across the levels, and 

the FC at the vertebral level above and below the site of maximal compression (Figure 3.11.D,E). 

While correlation coefficients were low, it appeared that the lateral segment FC was negatively 

correlated with both mJOA and NDI, the ventral FC was positively associated with mJOA and 

NDI, and the relationship with the dorsal FC was variable. Additionally, when centering around 

the site of maximal compression, the correlation coefficients tended to be lower, potentially 

indicating more unreliable FC measurements around the site of compression. 

 

Inter-Vertebral Level Spinal Cord Functional Connectivity 

 When examining the functional connectivity between the spinal cord quadrants at different 

vertebral levels only very weak correlations were seen. The mean FC between any pair of vertebral 

levels and respective quadrants showed only a maximum of 0.028 for CS subjects and 0.021 for 

HC, and only a negative maximum (anticorrelation) of -0.053 for both the CS and HC groups. No 

associations with mJOA or NDI, nor group differences were observed across FC between 

respective quadrants at any level. No associations or differences were seen when performing tests 

above and below the site of compression and at C3 for healthy subjects. 
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iv. Brain Functional Connectivity Results in Relation to Compression 

Association Between Brain Functional Connectivity and Torg Ratio 

When computing the association between the MR-Equivalent Torg Ratio and FC for ROI-

to-ROI results, mJOA presented with only a couple positively associated connections (increasing 

FC with increasing or worsening compression). The AC showed decreasing connectivity with the 

right precentral gyrus and the left SMA (Figure 3.12). For the ROI-to-voxel functional 

connectivity analysis, multiple seed regions produced clusters where the functional connectivity 

was significantly positively associated with Torg Ratio (decreasing connectivity with worsening 

compression) while accounting for age. Sensorimotor cortical region (precentral, postcentral, 

SMA) seeds presented with an overall similar pattern, including a positive association between 

Torg and FC (decreasing FC with greater degree of compression) in clusters in the right precuneus 

for all seeded regions (Figure 3.12.k), and the left precuneus for the precentral gyrus (Figure 

3.12.A.i). Both the precentral and SMA displayed a positive association with FC in the left and 

right anterior cingulate (Figure 3.12.j and Figure 3.12.l, respectively). The anterior cingulate and 

precuneus presented with a positive association between Torg and FC in clusters in the left and 

right precentral and postcentral gyri (Figure 3.14.D.m and Figure 3.14.D.n, respectively). The 

anterior cingulate also displayed a positive association with the left and right precuneus (Figure 

3.14.D.i and Figure 3.14.D.j, respectively), and the cerebellum displayed a small positively 

associated cluster spread around postcentral gyrus and insular cortex (Figure 3.14.F.n). The 

clusters produced by the Torg ROI-to-voxel analysis are listed in Table 3.6. 
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Figure 3.12. Brain ROI-to-ROI connectivity association with MR-Equivalent Torg Ratio. Colors 

denotes value of the T-statistic, yellow-red denotes positive association (increasing FC with 

worsening spinal cord compression). Position of ROIs displayed on midsagittal and mid-axial 

slices.  
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Figure 3.13. Legend presented on next page. 
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Figure 3.13. Legend: Brain surface display of associations between functional connectivity (FC) 

and MR-equivalent Torg Ratio based on seeding of sensorimotor cortical regions (displayed on 

MNI brain slices in green): A) precentral, B) postcentral, C) supplementary motor area (SMA), D) 

anterior cingulate, E) precuneus, F) cerebellum. Red-yellow denotes a positive association 

(increasing FC with increasing Torg Ratio or less-severe compression), which was seen in the left 

and right posterior cingulate and precuneus (i and k, respectively), in the left and right anterior 

cingulate (j and l, respectively), and in the left and right primary sensorimotor regions (m and n, 

respectively). 

 

Table 3.6. Significant clusters from ROI-to-voxel FC analysis association between FC and the 

MR-equivalent Torg Ratio for group of CS patients, accounting for age. 

Torg 

Cluster 

Number (x,y,z) 

Cluster 

Size (mL) 

Cluster 

P-FDR 

Cluster 

T-Value 

PreCG 1 (12, -56, 54) 4.64 0.0002 4.79 

 2 (8, 14, 62) 2.56 0.003 4.4 

PostCG 1 (34, -46, 74) 2.93 0.003 4.99 

SMA 1 (50, -28, 30) 3.10 0.001 4.62 

 2 (10, -10, 4) 2.38 0.003 5.03 

 3 (2, 18, 62) 2.01 0.005 4.18 

AC 1 (46, -4, 62) 9.43 0.00002 3.84 

 2 (30, -52, -60) 8.95 0.00002 4.65 

Precuneus 1 (60, -20, -6) 8.14 0.00004 4.85 

 2 (-38, -56, -8) 3.20 0.0005 4.27 

Cerebellum 1 (36, -2, -18) 6.86 0.00005 5.68 
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v. Discussion 

 Functional activation studies in patients with cervical stenosis (CS) and associated 

myelopathy have found increased areas of activation in simple motor tasks, such as dorsiflexion 

of the ankle 203,204. This increased area of activation decreased in size after surgery and recovery 

in these patients, returning to levels approximating those of neurologically intact healthy 

volunteers 203,204. These increases in functional activation associated with injury to the spinal cord 

have also been observed in patients with traumatic SCI, where a host of sensorimotor regions have 

been reported as showing increased activation during functional tasks in fMRI studies 177. 

Additionally, resting-state fMRI studies have shown increased functional connectivity between 

sensorimotor cortical and subcortical regions 175,176. With the existence of these functional 

alterations in patients with cervical stenosis, this chapter aimed to evaluate the association between 

neurological and pain symptoms in patients with CS and the functional connectivity within the 

brain based on sensorimotor regions of interest and based on the results of altered cortical and 

subcortical structures presented in Chapter II. Additionally, recent studies have been able to 

identify resting-state functional activity in the spinal cord 134,249,264, and thus one goal of this 

chapter was to extend the resting-state fMRI to include the spinal cord in addition to the brain. 

This was possible thanks to technological advancements that enable more rapid acquisition of EPI 

volumes, namely multi-band (MB) 250,265 and CAIPIRINHA 250,253,254 acceleration techniques. This 

acceleration enabled the acquisition of both the brain and the spinal cord for analysis. 

  The results from this chapter indicate an overall increase in functional connectivity with 

worsening neurological symptoms (mJOA) and with worsening neck pain (NDI) across 

sensorimotor regions, as well as provide support the involvement of similar supplementary areas, 

namely the precuneus, superior frontal gyrus, and anterior cingulate, which were assessed as 
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structurally altered in Chapter II. The spinal cord resting state connectivity provided similar 

results to previous studies, but did not appear to correlate with symptom severity or provide 

significant differences between patients with CS and HC subjects, potentially indicating that more 

technical advancements are required before high-enough quality resting-state fMRI data of the 

spinal cord can detect disease- or symptom-specific changes in vivo on clinical MRI scanners. 

 

Associations Between Functional Brain Measures and Symptoms 

 For the primary sensorimotor structures, increased FC with worsening neurological 

function (decreasing mJOA score) was seen for the pre- and post-central gyri, and the 

supplementary motor area (SMA), to the regions of the precuneus and posterior cingulate. 

Additionally, the thalamus and cerebellum displayed strong increasing FC with worsening 

neurological symptoms to the pre- and post-central gyri, but displayed increased functional 

connectivity to areas of the posterior cingulate and precuneus and to areas of the anterior cingulate 

and superior frontal gyrus. The precuneus showed an increasing FC with worsening neurological 

symptoms to the pre- and post-central gyri, though this was seen only in the group that included 

HC as neurologically intact subjects. Only the putamen demonstrated a decreasing relationship of 

FC to neurological symptoms to the pre- and post-central gyri. The putamen also showed decreased 

FC to the precuneus and posterior cingulate. 

 Similar to the hypothesized role of increased area of activation found in functional 

activation studies in CSM 203,204 and SCI patients 177, the increased functional connectivity with 

worsening neurological symptoms between primary somatosensory cortex and supplementary 

areas (precuneus, thalamus, cerebellum, and superior frontal gyrus) may indicate some form of 

compensatory mechanism for the difficulty to accomplish motor tasks. Additionally, in a study in 
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CSM patients performed by Hrabalek et al, functional activation increases were not limited to 

primary sensorimotor cortex, but were found in the supplementary motor area, anterior cingulate, 

thalamus, basal ganglia, and cerebellum 206. These areas were ostensibly recruited to assist the 

primary sensorimotor cortex in accomplishing motor tasks. This is reflected in the increased 

connectivity between these regions in the present study, where all the above regions show 

increased connectivity with worsening neurological symptoms to regions of the primary 

sensorimotor cortex, except for the putamen. This may be due to the inhibitory function of the 

putamen in motor planning and execution 50,56, indicating that the decreased FC with symptom 

severity exhibited by CS patients indicates decreased inhibition of motor movements, which 

complements the increased FC seen in other sensorimotor regions. Another relevant study 

evaluated positron emission tomography (PET) of the resting cerebral metabolic rate of glucose 

metabolism (CMRGlu) in patients with spinal cord injury and found relatively increased 

metabolism in the supplementary motor area, the anterior cingulate, and the putamen 266, all of 

which were shown to be structurally and functionally altered in this and the previous chapter. 

Worsening neck pain (increasing NDI score) was associated with increased FC, 

particularly to the pre- and post-central gyri, the superior frontal gyrus, and the precuneus and 

posterior cingulate. However, the thalamus did present decreasing FC to the anterior cingulate with 

increasing neck pain, similar to the relationship presented with the mJOA association (decreasing 

FC with worsening symptom). While there is variation in the characteristics of functional 

connectivity findings in chronic pain conditions, the motor cortex is an area that repeatedly appears 

as altered in chronic pain conditions 267. In a study of patients with chronic pain from rheumatoid 

arthritis, there was largely increased functional connectivity across sensorimotor-related regions, 

such as the primary sensorimotor cortex, the supplementary motor area, and cingulate cortex 268. 
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Electromyographic recordings of chronic back pain patients have indicated that the organization 

of the motor cortex was associated with severity of lower back pain 269. Patients with chronic pelvic 

pain have demonstrated altered resting state FC of motor regions related to pelvic floor muscle 

control 270,271. Thus, a growing area of research is the targeting of motor regions for pain relief. 

While invasive motor cortex stimulation has been used for cases of intractable pain, research has 

also been conducted with repetitive transcranial magnetic stimulation (TMS) of the motor cortex 

over a wide variety of chronic pain conditions 272, and has yielded effects in conditions ranging 

from fibromyalgia 273, to neuropathic pain 274-276, and chronic back pain 277. This may be an 

important factor in patients with chronic neck pain, especially in patients with added myelopathy, 

as this implicates motor cortex involvement in both neurological symptoms and chronic pain. 

 

Functional Spinal Cord Measures in CS and HC 

 Results from this chapter follow similar trends to those reported in previous studies of 

resting-state fMRI in the spinal cord 134, particularly the study by Eippert et al which had the most 

similar methodology 249. These studies reported functional connectivity between the ventral horns 

and between the dorsal horns, with the functional connectivity between the ventral horns usually 

being larger than the dorsal horns, which was also observed in this study. Similarly, the cross-FC 

(connection between contralateral ventral and dorsal horns) was near zero. In contrast to the study 

by Eippert et al, this study found larger correlations between lateral (left-ventral to left-dorsal, and 

right-ventral to right-dorsal). This may be due to differences in the sampled anatomic area (Eippert 

et al sampled lower in the spinal cord, going from C6 to T2), or may be due to the fact that the 

data was analyzed in the subject space and not transformed and resampled to a standardized atlas, 

where Eippert resampled the data to 1mm3 isotropic standard space, introducing additional 
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smoothing effects. However, in a study in monkeys, Chen et al found FC not only between the 

dorsal and ventral horns, but also laterally across ventral and dorsal horns 164, indicating that our 

results may better align with this high-resolution study in primates. While patterns of FC were 

seen within vertebral levels of the cord, little to no associations were seen across intervertebral 

levels. Chen et al in their study in monkeys found that adjacent slices demonstrated functional 

connectivity, but as the slices increased in distance from each other the associations became 

weaker 164. Since this study was performed across vertebral levels as a whole, the superior-inferior 

connectivity previously reported by, for example, Kong et al 264, may be lost when looking across 

entire vertebral levels and only present in adjacent segments or in isolated regions throughout the 

spinal cord. 

The spinal cord functional connectivity did not correlate with patient symptoms. This may 

be due to the presence of excessive noise and large variation in the correlation measures measured 

from one subject to another, even in the HC population. Thus, more reliable detection and strength 

of correlation should be established in HC subjects in order to accurately detect deviations of spinal 

cord functional activity in patient populations. 

 

Associations Between Functional Brain Measures and Spinal Cord Structure 

 Worsening compression (decreasing Torg Ratio) was associated with decreased FC 

between all areas, which for the most part included the primary motor, primary sensory, 

supplementary motor, and anterior cingulate and precuneus regions, along with a small region 

produced when seeding the cerebellum. The direction of the Torg Ratio associations (decreasing 

FC with worsening compression) contrasts with the results from mJOA and NDI, where the FC 

was predominantly increasing with symptom severity and a few select regions displayed the 
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opposite effect. It is important to bear in mind that the Torg Ratio is generally not reflective of 

symptom severity, so identical relationships with neuroimaging variables as those presented by 

mJOA are not expected. However, with greater compression one would expect greater 

compensation (increased) FC. This discrepancy in Torg Ratio results may be due degenerative 

processes without accompanying compensatory mechanisms in brain function, or the Torg Ratio 

may have anatomical correlates that are separate from the disease process but rather more related 

to aging (such as the change in size of the intervertebral discs) 278, and with age FC tends to 

decrease in the network of motor regions 279. While age is accounted for in the model and thus 

aging itself may not be the cause of these changes, the Torg Ratio may be sensitive to age-related 

degenerative changes that may be variable from one subject to the next and thus capturing an 

additional dimension of aging in addition to the physical age of the subject.  
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Chapter IV. Diffusion MRI and Microstructural Alterations of the Neuraxis in Patients 

with Cervical Stenosis and Associated Myelopathy 

 Diffusion magnetic resonance imaging (MRI) of the spinal cord has yielded promising 

results in the search for imaging biomarkers in patients with cervical stenosis (CS) with 

neurological symptoms, which is termed cervical spondylotic myelopathy (CSM). Both standard 

diffusion tensor imaging (DTI) metrics 200,201, as well as diffusion tractography-derived measures 

such as deterministic tractography and probabilistic tractography track density imaging (TDI) 280, 

have shown strong correlations with clinical symptom scores, performing better than strictly 

anatomical measures of the spinal cord such as the Torg Ratio. Additionally, microstructural 

changes in CSM have also been detected rostral to the site of maximal compression 200, and altered 

microstructure has been detected in spinal cord injury (SCI) patients even further rostrally, into 

the cerebral peduncles and internal capsule white matter fibers in the brain 160. 

 This chapter sought to probe the microstructural changes in patients with cervical stenosis 

and resulting myelopathy, which extend beyond the spinal cord at the site of compression, and 

manifest in the white matter pathways in the rostral spinal cord and brain. In order to evaluate 

these associations, a diffusion MRI sequence was used to acquire both the brain and the spinal 

cord down to the C3 vertebral level in patients with cervical stenosis (CS) and in healthy control 

(HC) subjects. A DTI MRI of the spinal cord at the site of compression was also acquired. The 

relationship between patient symptoms and microstructural characteristics was evaluated via both 

standard diffusion tensor imaging (DTI) metrics, and advanced diffusion metrics from generalized 

q-sampling imaging (GQI). These measures were evaluated in a priori regions based on atlas-

based ROIs in both the brain and spinal cord. Additionally, probabilistic tractography between 

predefined regions was performed and evaluated with respect to symptom measures. 
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i. Diffusion MRI Acquisition and Processing  

Subject Cohort 

The same cohort of CS patients and HC subjects who underwent combined brain and spinal 

cord imaging was used in this chapter. Patient and HC demographic information is thus listed in 

Appendix A and reflected in Table A.1. 

 

Acquisition and of Brain and Upper Cervical Spinal Cord Diffusion MRI Data 

 Brain and upper cervical spinal cord diffusion MRI data was acquired using a Multi-Band 

(MB) echo planar imaging (EPI) protocol supplied by the Center for Magnetic Resonance 

Research, Department of Radiology (CMRR, https://www.cmrr.umn.edu/multiband/), at the 

University of Minnesota, via research collaboration with Siemens (Siemens Healthcare, Erlangen, 

Germany). The diffusion MRI sequence utilized a q-space diffusion sampling scheme from 

Siemens, with a q-space factor of 3 and a maximal b-value of 2000 mm2/s. This resulted in a 

sequence that acquired 60 different diffusion weighted images, ranging in b-value from 250 to 

2000 mm2/s. Figure 4.1.A shows the diffusion sampling scheme. 

 

 

https://www.cmrr.umn.edu/multiband/
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Figure 4.1. Illustration of diffusion MRI metrics used in this chapter. A) diffusion sampling 

scheme used in this chapter. Red arrows represent acquired diffusion directions with blue arrows 

filling in the opposite (equivalent) direction to the red arrows. B) T1 image resampled to DWI, 

displayed on the sagittal slice (B.1) where the axial brain (B.2) and spinal cord (B.3) images were 

taken from. C) DTI metrics, which included fractional anisotropy (FA), mean diffusivity (MD), 

and the mode of anisotropy (MO). D) Q-sampling metrics, which include quantitative anisotropy 

(QA), isotropic component of diffusion (ISO), and the restricted diffusion imaging (RDI).  
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In order to balance the acquisition for both the brain, which benefits from isotropic voxels, 

and the spinal cord, which benefits from a large slice thickness and high in-plane resolution due to 

the elongated and symmetric structure of the cord and the lower signal intensity in the spinal cord, 

the diffusion MRI scan implemented a field of view (FOV) of 245mm with an acquisition matrix 

of 160x160, with 2.5mm slices with no inter-slice gap, for a voxel size of 1.5mm x 1.5mm x 

2.5mm. A multiband factor of 2 was used along with a generalized autocalibrating partial parallel 

acquisition (GRAPPA) 281 acceleration factor of 2. Additional diffusion MRI scan parameters 

included: repetition time (TR) of 6100ms; echo time (TE) of 93ms; slice thickness of 2.5mm, no 

interslice gap; interleaved acquisition; flip angle of 90°. The slice prescription captured the brain 

down to at least the C3 level, with a total of 92 slices (230mm). Preliminary visual inspection of 

this data indicated suitable quality for both basic DTI metrics, such as fractional anisotropy (FA) 

and mean diffusivity (MD, Figure 4.1.C), and for probabilistic tractography (Figure 4.3). In 

addition to the main diffusion MRI sequence listed above, a b0 image with the same scan 

parameters as the previous scan, but with reversed phase-encode direction (posterior to anterior, 

or 180° flipped from the previous sequence) was also acquired in order to use reversed-gradient 

susceptibility distortion techniques to correct for susceptibility artifacts in the diffusion MRI data 

(Figure 4.2). 
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Figure 4.2. Example of susceptibility distortion-correction in a patient with cervical stenosis. 

Top row shows sagittal, middle row shows brain axial, and bottom row shows spinal cord axial 

b0 images with brain (red) and spinal cord (green for C1 vertebral level, yellow for C2 vertebral 

level, and orange for C3 vertebral level) segmentation overlays outlined. Left column shows b0 

image with anterior to posterior (A→P) phase-encoding direction, middle column shows b0 

image with posterior to anterior (A←P) phase-encoding direction, and right column shows 

distortion-corrected image (Corr.). White arrows denote region of distortion that presented with 

improved anatomical alignment after distortion correction: top row shows the orbitofrontal 

cortex, middle row shows the frontal lobe, and bottom row shows the C2 vertebral level which 

was well-aligned with the spinal cord segmentation after distortion correction. 
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Acquisition of Site of Compression Spinal Cord Diffusion MRI Data 

 While HC subjects only underwent acquisition of diffusion MRI of the brain and upper 

cervical spinal cord, CS patients also underwent a clinical spine MRI in which a diffusion MRI 

sequence was acquired that encompassed the site of compression. This sequence has been used in 

previous DTI studies 201,280,282-284. An axial EPI sequence with 2D spatially-selective 

radiofrequency (RF) excitation pulse was used to acquire a reduced FOV with ramp sampling 

(ZOOMit) 285. The FOV was 53 mm × 140 mm in the axial plane, with a matrix size of 48 x 128 

and a slice thickness of 4mm with no interslice gap, to give a voxel size of 1.1mm x 1.1mm x 

4mm. The TE was set to 73ms and the TR was set to 3000ms. Diffusion weighted images were 

acquired in 20 non-collinear diffusion sensitizing directions with a b-value of 500 mm2/s, and a 

single b= 0 image was acquired. The sequence was acquired four times to use as averages and 

increase the signal to noise ratio (SNR). 

 

Brain and Upper Cervical Spinal Cord Diffusion MRI Processing 

 All scans passed quality control assessment, except for the spinal cord portion of the scan 

for one healthy control subject: for this subject, there was a complete loss of signal below the 

brainstem, potentially due to acquisition gradients accidentally being turned off prior to 

acquisition. This being the case, the subject was excluded from the analyses involving the C2 level 

of the spinal cord. 

Susceptibility distortion field maps were created from the b0 of the main diffusion MRI 

sequence (anterior to posterior phase-encoding gradient direction) and the additional reversed-

gradient b0 (posterior to anterior phase-encoding direction) using the FMRIB Software Library 

(FSL) tool topup (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/topup) 286. Figure 4.2 shows an example of 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/topup
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this distortion-correction in a patient. A brain mask was created on the topup-corrected b0 image 

using FSL’s brain extraction tool (BET, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET/UserGuide) 

with a fractional threshold of 0.2, and a spinal cord mask was created by manually selecting the 

spinal canal and thresholding the manually drawn ROI. The brain and spinal cord masks were 

joined to create a combined brain and spinal cord mask. The results from topup (susceptibility-

distortion field map), the raw diffusion MRI data, the b-value and diffusion gradient vector tables, 

and the combined mask of the brain and spinal cord, were used to process motion-correction and 

eddy current distortion-correction using the FSL eddy tool 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy) 287. Additionally, the eddy tool was used to detect 

outlier slices (slices with mean signal intensity that were three standard deviations under the mean 

for that b-value) and replace these slices with Gaussian-normalized slices 288. The resultant 

corrected data, along with the mask of the brain and spinal cord, was then used to fit a diffusion 

tensor model using the FSL diffusion toolkit (FDT, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT), 

which produced fractional anisotropy (FA), mean diffusivity (MD), and mode of diffusion (MO) 

maps (Figure 4.1.C).  

Generalized q-sampling imaging (GQI) 289 analysis was performed using DSI Studio 

(http://dsi-studio.labsolver.org/) software. GQI is a model-free reconstruction method for diffusion 

MRI data, which estiamtes the density of diffusing spins in various orientations. GQI creates a 

spin distribution function (SDF) by scaling the average propagator from q-space MRI by the 

density function. The ensemble average propagators is given by: 

 

Equation 4.1.    𝑆(𝑞) = ∫ 𝑃(𝑅)𝑒2𝜋𝑖𝑞𝑅 𝑑𝑅 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET/UserGuide
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
http://dsi-studio.labsolver.org/
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where S is the diffusion MRI signal, q = G( is the gyromagnetic ratio, G is the gradient 

strength, and  is the gradient duration), and R is the diffusion displacement. While the propagator 

can be used to calculate the orientation distribution function (ODF) for diffusion, it can also be 

further scaled by spin density: 

 

Equation 4.2.    𝛹(�̂�) = 𝑍0 ∑ 𝑆(�̂�, 𝑏)𝐻(𝜎√6𝐷𝑏 < �̂�, �̂� >)𝑠  

where �̂� is a direction along which the spin distribution is calculated, 𝑍0 is a scaling constant, S is 

the diffusion signal, b is the b-value, H is a sinc basis function, 𝜎 is the upper diffusion distance 

limit for which signals are considered, D is the diffusivity, and �̂� is the direction of the diffusion-

encoding gradient. The density of diffusing spins is then used to represent distinct fiber populations 

in a voxel. GQI was created as a more flexible framework for fitting varying types of diffusion 

MRI sampling data, as opposed to the restrictions in acquisition presented by diffusion spectrum 

imaging (DSI) 290 or Q-ball imaging 291.  

GQI was selected because of its flexibility in fitting diffusion MRI data and aims to be a 

quantitative rather than probabilistic estimation, and because GQI also creates a set of voxelwise 

measures based on the SDF, which can be directly compared across subjects with the same scan 

sequence. Figure 4.3 offers a graphical illustration of some of the DTI and GQI measures used in 

this study. These measures included quantitative anisotropy (QA) which is a measure of anisotropy 

for the main fiber orientation determined by each ODF, and is defined by: 

 

Equation 4.3.    𝑄𝐴0 = 𝑍0(𝛹(�̂�0) − 𝐼𝑆𝑂(𝛹)) 

where 𝑄𝐴0 is the quantitative anisotropy in the direction of the resolved fiber, 𝑍0 is a scaling 

constant, 𝛹(�̂�0) is the spin distribution function for the orientation of the resolved fiber, and 
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𝐼𝑆𝑂(𝛹) is the isotropic component of diffusion (ISO) which measures the minimal or background 

amount of diffusion taking place based on the SDF. Another voxelwise metric, the component of 

restricted diffusion (RDI) 152 measures the degree of restricted diffusion as defined at a particular 

displacement length. Example images of the GQI metrics for the brain and spinal cord can be seen 

in Figure 4.1.D. The displacement length used for the analysis of RDI in this study was based on 

visual inspection of contrast between different tissue types in the acquired data, particularly 

contrast between cerebrospinal fluid (CSF), white matter (WM), and gray matter (GM), as seen in 

the RDI image in Figure 4.1.D. The length chosen was 0.2 x L, where L is the diffusion distance, 

defined as: 

 

Equation 4.1.     𝐿 =  √6𝐷𝑡 

where D is the diffusivity of free water (taken to be 3.00 μm2/ms) 292, and t is the diffusion time. 

For this experiment, the effective diffusion time for the equivalent monopolar encoding scheme, 

with Δ=43.1ms δ=28.0ms, was approximately Δ-δ/3 = 43.1ms/2-23ms/3 = 33.8ms. Thus, the 

diffusion distance was: 

 

Equation 4.2.   𝐿 =  √6 ∗ (3.00 𝜇𝑚2/𝑚𝑠) ∗ (33.8𝑚𝑠) = 24.7𝜇𝑚 

and the sampled diffusion distance for RDI was 0.2 x L = 0.2 x 23.6μm = 4.9 μm. Thus, the sampled 

diffusion distance was approximately 5 μm. GQI fit was performed on the data using the mask of 

the brain and spinal cord. Calibration of the spin distribution functions with respect to CSF (free 

water) was performed, with a diffusion sampling length ratio of 1.25 (1.25 times the diffusion 

distance defined by the measured diffusivity of CSF), an 8-fold ODF tessellation was performed, 

and the number of fibers resolved per voxel was set to 3. 
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Figure 4.3. Illustration of diffusion tensor imaging (DTI) and generalized q-sampling (GQI) 

techniques in a region of crossing white matter fibers. Images shown only for in-plane. The 

diffusion tensor fits an ellipsoid model to the measured diffusion MRI data, and the eigenvalues 

(λ) can be used to compute the DTI metrics. For the GQI fit, the isotropic component of diffusion 

(ISO) represents the background or minimum diffusion occurring in the voxel, while the 

quantitative anisotropy (QA) can be measured as the deviation from the isotropic diffusion in the 

resolved fiber directions (0, 1, 2), while the restricted diffusion imaging parameter (RDI) defines 

a particular diffusion length (L) and weighs the distribution of spins that remain within that length. 

GQI measures adapted from Yeh et al 293. 

 

After susceptibility distortion correction via topup, the spinal cord portion of the scan 

presented with corrected geometry that was identical to that of the T1w MPRAGE scan (Figure 

4.2), indicating that the distortion-correction was successful and re-aligned the data to its 

respective anatomically-correct locations. Given this, only small manual adjustments were 

performed to align the spinal cord data to the T1w spinal cord data space, which contained 

segmentations and registered atlas data. This was done using the tkmedit tool from FreeSurfer 
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(https://surfer.nmr.mgh.harvard.edu/fswiki) to align the diffusion data to the T1w spinal cord data, 

adjusting only translation and rotation as needed. The inverse of the resultant linear transform was 

then applied to the spinal cord segmentation labeled by vertebral level (see Chapter II). 

Additionally, white matter atlas labels for the gracile and cuneate fasciculi, the corticospinal tract 

(CST), and the spinal lemniscus tract (which contains the spinothalamic tract) 101,103 were 

registered to the spinal cord T1 space using the transform between the PMU atlas 101 and the spinal 

cord T1 image, which is described in Chapter III. 

For registration of atlas-based ROIs to the individual diffusion space of each subject, the 

FA maps of each subjects were registered to a standard space defined by the FMRIB FA atlas 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FMRIB58_FA), and the inverse of these registrations were 

used to transform the atlas-based ROIs to each subjects diffusion space. The registration between 

the FA images was performed in two steps: the first involved linear registration of the subject FA 

to the FMRIB FA atlas using FMRIB's Linear Image Registration Tool (FLIRT, 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) 294 using 12 degrees of freedom affine registration, 

correlation ratio weighting, and tri-linear interpolation. The linearly-registered subject FA was 

then warped to the FMRIB FA atlas using FMRIB’s nonlinear registration tool (FNIRT, 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT) 295 using default parameters. The inverse warp 

transform of the nonlinear registration and the inverse of the linear transform between the subject 

FA and the FMRIB atlas FA were applied to the atlas ROIs to align them to individual subjects 

space, with nearest neighbor interpolation.  

Probabilistic fiber modeling was performed on the distortion- and motion-corrected 

diffusion data using the Bayesian Estimation of Diffusion Parameters Obtained using Sampling 

Techniques (BEDPOSTX) algorithm from the FDT program, which uses Markov Chain Monte 

https://surfer.nmr.mgh.harvard.edu/fswiki
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FMRIB58_FA
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT
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Carlo modeling to estimate the number and orientation of fibers in each voxel 296. A maximum of 

two fibers were modeled with 1000 iterations per voxel. Probabilistic tractography was run using 

the ProbtrackX program from FDT, where repetitive sampling of the estimated diffusion directions 

creates a distribution of fiber tracts 296. ProbtrackX was run using a curvature threshold of 0.2, a 

distance threshold of 0 (meaning any tracts connecting two masks are included), a step length of 

0.5mm, number of samples of 5000, and 2000 steps per sample.  

ROIs for probabilistic tractography analyses used the FreeSurfer parcellations 82,83,89 that 

were used for the brain analyses in Chapter II. To transform these parcellations into each subjects 

individual diffusion MRI space, first the b0 image was registered to the T1 brain image using 

FSL’s EPI Boundary-Based Registration (BBR, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki 

/FLIRT_BBR) 297, which leverages contrast between GM and WM to better register EPI scans to 

anatomical scans. This inverse of this registration was then applied to the FreeSurfer Desikan-

Killiany-Tourville (DKT) cortical and subcortical segmentations 216, applying the inverse 

registration matrices using FSL’s Linear Image Registration Tool (FLIRT, 

https://fsl.fmrib.ox.ac.uk/ fsl/fslwiki/FLIRT) 294,298, with a nearest neighbor interpolation. The 

regions used for probabilistic tractography analysis included the primary sensorimotor cortex (SM) 

which consisted of both the precentral and poscentral gyri, the brainstem (B-stem), the anterior 

cingulate (AC) which comprised both the rostral and dorsal segments of the AC, the superior 

frontal gyrus (SFG), the precuneus, the thalamus (Thal.), and the putamen (Put.). Figure 4.4 shows 

an example of probabilistic tractography between the brainstem and the sensorimotor cortex in a 

single subject, with the resulting tracts displaying a distribution centered around the corticospinal 

tract, as expected. 

  

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki%20/FLIRT_BBR
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki%20/FLIRT_BBR
https://fsl.fmrib.ox.ac.uk/%20fsl/fslwiki/FLIRT
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Figure 4.4. Example of seeded probabilistic tractography used for analysis. Axial (left column), 

coronal (middle column) and sagittal (right column) slices of brain with the susceptibility 

distortion-corrected b0 image as underlay. Segmentations of the primary sensorimotor cortex (top 

row) and the brainstem (middle row) used for seeding probabilistic tractography. Log-transformed 

resultant track counts through voxels after performing probabilistic tractography (bottom row), 

thresholded at a level of 0.4 log of track count. Cross-hairs show location of respective anatomical 

planes in each row. 
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Site of Compression Spinal Cord Diffusion MRI Data Processing 

 Because of the reduced number of directions (20) and lower b-value (500 mm2/s), the 

diffusion MRI data from the site of compression was only analyzed in terms of DTI metrics. The 

FA and MD values were extracted in two different ways. The first method of measurement 

involved manual delineation of the spinal cord at the site of highest compression to obtain the 

mean FA and MD values from the scanner-generated maps. This was done in the Osirix viewer 

(http://www.osirix-viewer.com/), where a hand-drawn oval ROI was placed so as to cover the 

greatest extent of the spinal cord in the MD and FA maps, and the slice of the greatest extent of 

compression was selected in reference to the T2w sagittal MRI scan (described in Appendix A). 

This process is similar to that implemented in previous studies that have shown associations with 

mJOA scores and temporal stability of DTI measurements using this technique  201,284. 

The second method of measurement involved calculating the mean DTI metrics at the site 

of compression and adjacent vertebral levels using a semi-automated approach. Motion correction 

of the spinal cord data was processed using the Spinal Cord Toolbox (SCT) 101 with a polynomial 

normalization of 2, a smoothing kernel of 2mm, mean squares weighting, and linear interpolation 

of the motion-corrected slices registered to the first spinal cord volume. After motion correction, 

in order to align the T1w spinal cord segmentations (described in Chapter II) with the spinal cord 

in the diffusion MRI space, manual registration was performed using the tkmedit tool between both 

each of these scans and the T2w axial MRI scan (described in Appendix A). The T2w MRI was 

acquired in the same space and close in time to the diffusion MRI sequence at the site of 

compression, and as such only minor adjustments between these volumes needed to be made for 

this registration. The T1w image was also aligned to the T2w MRI, and the appropriate transforms 

were applied to register the T1w segmentations to the diffusion MRI space (Figure 4.5).  

http://www.osirix-viewer.com/
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Figure 4.5. Spinal cord diffusion MRI scan and analysis at site of compression. Left side shows 

sagittal sections of the trace images of the spinal cord, right side shows axial views at reference 

(blue markers on top sagittal section). Zoomed in section on the segmentations (seg.) shows 

improved alignment (green) to spinal cord after slice-wise registration compared to 6 DOF 

registration (red). Vertebral labeling (Lab.) separates different vertebral levels for analysis and 

used to calculate mean measures from the FA and MD maps at each level. 
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The spinal cord was segmented from the trace image, which was created by taking the 

average of all the diffusion weighted volumes. The trace image was thresholded at a level of 100 

and separated into clusters using the Analysis of Functional Neuroimages (AFNI) software 3dclust 

tool (https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dclust.html), and the cluster 

pertaining to the spinal cord was selected and used for further processing. This segmentation of 

the spinal cord from the trace image was then used for the final registration with the T1w structural 

MRI segmentation of the spinal cord. The T1w segmentation that was registerd to the diffusion 

MRI space was registered to the spinal cord segmentation using a z-regularized slice-by-slice 

registration of the center-of-mass for each segmentation through the SCT software. DTI metrics 

were computed using FDT, and the mean value was extracted for each vertebral level with usable 

data (Figure 4.5). 

  

Analysis of C2 Spinal Cord Diffusion MRI Data 

 Spinal cord MRI data was analyzed using the segmentation of the C2 vertebral level, 

produced in Chapter II, and registered to the diffusion MRI data as listed above. Linear regression 

was performed for the mean DTI and GQI variables at the C2 vertebral level with respect to 

symptom variables, mJOA and NDI, and the Torg Ratio, and significant results were reported. To 

visualize the general trends of the relationship between the diffusion metrics and the symptom and 

clinical variables of interest, Pearson’s correlations were calculated for the spinal cord white matter 

regions, namely the gracile and cuneate fasciculi, the lateral corticospinal tract, and the 

spinothalamic tract. The mean value of the DTI and GQI metrics was calculated for these regions 

and mapped back onto the spinal cord standard space defined by the PMU spinal cord atlas, color-

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dclust.html
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coded by strength of correlation (0-0.1 none, 0.1-0.3 weak, 0.3-0.5 moderate, >0.5 strong). for 

both positive and negative correlations. 

 

Analysis of Brain Diffusion MRI Data 

 Brain MRI data was analyzed using atlas-based ROIs of white matter and subcortical gray 

matter. The white matter ROIs were taken from the Johns Hopkins University (JHU) white matter 

atlas, and the subcortical gray matter ROIs were taken from the Harvard-Oxford subcortical atlas, 

both of which are distributed with the FSL package (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases). 

White matter ROIs included those along the corticospinal tract, starting at the cerebral peduncles 

(CP), the anterior and posterior limbs of the internal capsule (ALIC and PLIC, respectively), and 

the superior and posterior corona radiata (SCR and PCR, respectively). White matter ROIs also 

included fibers in the frontal lobe and adjacent to cortical regions important for pain, such as the 

cingulum (connecting to the anterior cingulate and precuneus), the external capsule (EC, 

connecting to the insula), the anterior corona radiata (ACR, connecting to the superior frontal 

gyrus). The subcortical structures analyzed included the thalamus, putamen, caudate, and globus 

pallidus, which were the same structures used for volumetric analysis in Chapter II. Linear 

regression between DTI and GQI variables with respect to symptom variables, the modified 

Japanese Orthopedic Association (mJOA) score, both for the combined HC and CS and the CS 

only groups, and the neck disability index (NDI), as well as the MRI-equivalent Torg Ratio, were 

calculated and significant results were reported. In order to visualize the general trends of the 

relationship between the diffusion metrics and the symptom and clinical variables of interest, 

Pearson’s correlations were calculated between the mean of the diffusion metrics in the structures 

and the respective symptom variables and were mapped back onto the regions in standard space, 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
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color coded by strength of correlation (0-0.1 none, 0.1-0.3 weak, 0.3-0.5 moderate, >0.5 strong) 

for both positive and negative correlations.  

Probabilistic tractography was run for each subject and resultant tract counts between ROIs 

was used for regression analyses with symptom variables. Probabilistic tractography was 

performed between all regions and the primary sensorimotor cortex. Additionally, probabilistic 

tractography between the AC and the thalamus, putamen, and precuneus was performed, as well 

as between the SFG and the thalamus, putamen, and precuneus. These were selected because of 

the underlying white matter pathways that connect these regions, namely the cingulum bundle 

connects the precuneus to the AC and SFG, and white matter pathways such as the anterior corona 

radiata connect the subcortical structures with the AC and SFG. Linear regression of the log-

transformed total track counts to symptom variables was performed, and significant results 

reported. 

 

Analysis of Site of Compression Spinal Cord Diffusion MRI Data 

 Because of the deformation of the spinal cord caused by compression, and due to the 

decreased SNR in the lower cervical cord, analysis of the spinal cord at the site of compression 

and adjacent levels was performed for the whole cord and not within white matter subregions. For 

the first method of analysis, the mean FA and MD values from the manually placed ROI of the 

spinal cord at the site of highest compression were compared to mJOA and NDI scores via linear 

regression. For the second method of analysis, the mean FA, MD, and MO, were computed at the 

site of compression by using the same slice number from the manual definition of the site of 

maximal compression, as well as at all available vertebral levels by using the registered T1w label 

map. Analyses involved looking at vertebral levels individually, or by centering around the site of 
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maximal compression and using the mean DTI measures from the vertebral levels above and 

below; these were compared to mJOA and NDI scores via linear regressions. Lastly, the C2 and 

brain corticospinal regions’ mean DTI metrics were evaluated with respect to the DTI metrics at 

the site of compression and with respect to the level of maximal compression. 

 

Comparison of DTI and GQI Metrics 

 One last objective of this chapter was to evaluate the relationship between the DTI and 

GQI metrics in the spinal cord and brain. This was performed using Pearson’s correlation matrices 

with correlation coefficients between the means of every pair of variables. For the spinal cord, this 

was done at the C2 vertebral level, and for the brain three different regions of interest were 

selected: the cerebral peduncles (CP, inferior portion of corticospinal tract in the brain), the 

superior corona radiata (SCR, the superior portion of the corticospinal tract in the brain), and the 

thalamus (Thal., a subcortical gray matter structure with high degree of myelinated fibers inside). 

These regions were selected because of their differing properties (location, signal intensity, degree 

of myelination, degree of single vs multiple crossing fiber populations), which may help elucidate 

the benefits or drawbacks of either technique across brain regions with differing microstructural 

features. Specific relationships between metrics were further probed using linear regression and 

visualization; these included relationships between QA and FA, and between MD and ISO, along 

with any other variables that showed a strong association in the correlation matrix.  

The coefficient of variation was calculated both in the overall and HC group to see how 

the relative variability of the DTI and GQI measures compared. Lastly, in order to evaluate the 

utility of combining multiple diffusion MRI metrics to evaluate associations with symptoms and 

with spinal cord compression, multiple linear regression models were created of the diffusion MRI 
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metrics with the symptom and compression measures at the C2 vertebral level of the spinal cord, 

CP, SCR, and thalamus. This was performed for all variables together, for DTI metrics (because 

of being linearly orthogonal to each other) and based on results from the above correlation matrices 

(to avoid issues of collinearity).  

 

Software and Statistical Analyses 

Susceptibility-distortion, eddy current, and motion-correction of diffusion data, 

computation of DTI measures, registration of diffusion maps to a standard space, and EPI BBR 

registration of brain diffusion data to structural brain data, were performed using FMRIB Software 

Library (FSL Version 5.0, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). Segmentations of brain regions 

used to define anatomical ROIs involved the subcortical segmentations and DKT atlas 

parcellations of cortical structures, and manual registration of the spinal cord diffusion data to the 

T1w MRI using tkmedit, were performed using FreeSurfer (Version 5.3.0, 

https://surfer.nmr.mgh.harvard.edu/fswiki). Statistical analyses were performed using GraphPad 

Prism (Version 7.0b, La Jolla California USA, www.graphpad.com), and multiple linear regression 

was performed in Free Statistics Software (Version 1.1.23-r7, 

http://www.wessa.net/rwasp_multipleregression.wasp/). 

 

ii. Diffusion MRI Metrics at the C2 Level of Spinal Cord 

Diffusion MRI Metrics at the C2 Level 

 Linear regression analysis of the mean diffusion metrics at the C2 vertebral level of the 

spinal cord revealed significant associations between the DTI measures and mJOA as well as 

between DTI measures and the MRI-equivalent Torg Ratio (Figure 4.6). mJOA was found to be 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://surfer.nmr.mgh.harvard.edu/fswiki
http://www.graphpad.com/
http://www.wessa.net/rwasp_multipleregression.wasp/
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significantly associated with FA (R2=0.11, P=0.03*, decreasing FA with worsening neurological 

function), and with MD (R2=0.11, P=0.03*, increasing MD with worsening neurological function) 

in the combined HC and CS groups. NDI was not found to be associated with any of the DTI 

measures. The Torg Ratio was associated with all three DTI measures at the C2 level: FA (R2=0.38, 

P=0.0008***, decreasing FA with worsening compression), MD (R2=0.19, P=0.02*, increasing 

MD with worsening compression), and MO (R2=0.20, P=0.02*, decreasing MO with worsening 

compression). The mean GQI measures at the C2 vertebral level of the spinal cord did not produce 

any significant associations with symptom variables. 
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Figure 4.6. Plots of linear regression of diffusion tensor imaging (DTI) metrics, fractional 

anisotropy (FA), mean diffusivity (MD), and mode of diffusion (MO), vs mJOA score (left) and 

MR-equivalent Torg Ratio (right). Plotted are the regression line (solid) with 95% confidence 

intervals (dashed). 
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In addition to the linear regressions evaluating the relationship between the symptom 

variables and diffusion measures, visualization of the correlation between specific tracts in the 

spinal cord revealed similar trends for DTI measures (Figure 4.7): increasing FA with increasing 

mJOA (better neurological status) especially in spinothalamic, corticospinal, and cuneate tracts; 

decreasing MD with increasing mJOA (better neurological status), especially in the corticospinal 

and spinothalamic tracts; weak correlations between mJOA and MO; weak correlations with NDI, 

but increasing FA, decreasing MD, and increasing MO with worsening neck pain; and strong 

correlations with the Torg Ratio, with increasing FA, decreasing MD, and increasing MO, in most 

tracts excepting the gracilis. GQI measures presented with weaker correlations overall, and also 

with a greater degree of spatial heterogeneity: the more posterior gracile tract appeared to display 

stronger associations with mJOA and NDI (as opposed to the DTI associations), with the opposite 

occurring for the Torg Ratio (stronger associations in frontal and lateral tracts as opposed to 

posterior ones). 
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Figure 4.7. Maps of correlations between mean diffusion metrics in several white matter tracts at 

the C2 vertebral level and clinical variables. Tracts are shown on level of PMU spinal cord atlas 

displayed at top right. Pearson’s correlations between diffusion MRI metrics and clinical variables 

are color coded by correlation categories: 0 to 0.1 is no correlation (black); 0.1 to 0.3 is minor 

correlation (red for positive, blue for negative); 0.3 to 0.5 is moderate correlation (orange for 

positive, light blue for negative); greater than 0.5 is strong correlation (yellow for positive, cyan 

for negative). Fractional anisotropy (FA), mean diffusivity (MD), and the mode of anisotropy 

(MO) are shown for diffusion tensor imaging (DTI) metrics, and the isotropic component of 

diffusion (ISO), quantitative anisotropy (QA), and restricted diffusion imaging component (RDI), 

are shown for generalized q-sampling imaging (GQI) metrics. 
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iii. Diffusion MRI Metrics in Brain Regions 

DTI Measures 

Linear regression analysis of brain WM and subcortical GM regions displayed significant 

associations between the DTI measures and symptom variables. The general trends for the results 

included: decreasing FA (Figure 4.8, left), increasing MD (Figure 4.8, right), and decreasing MO 

(Figure 4.9), with worsening symptoms or compression. The only region that showed a different 

trend was MO in the superior corona radiata with respect to NDI (Figure 4.9, bottom left), which 

presented an increasing MO with worsening neck pain. A few regions recurred across the 

associations between DTI measures and symptom variables. These included the cerebral peduncle 

(CP) was associated with the Torg Ratio for both FA (R2=0.21, P=0.02*) and MD (R2=0.11, 

P=0.03*), as well as for the association between MO and mJOA, both for all subjects (R2=0.11, 

P=0.03*) and for the group of CS patients only (R2=0.23, P=0.01*). The caudate also presented 

with a significant association with the Torg Ratio for FA (R2=0.18, P=0.03*) and MD (R2=0.11, 

P=0.03*), as well as the association between MO and mJOA for all subjects (R2=0.11, P=0.03*). 

In addition to the aforementioned relationship between the mean MO in the SCR and NDI, the 

SCR was also significantly associated with mJOA in the group with all subjects (R2=0.11, 

P=0.03*). 

Visualization of the correlation between specific white matter regions in the brain largely 

revealed similar trends for the DTI measures (Figure 4.10). Weak trends for increasing FA with 

increasing mJOA (better neurological status) was present in the corticospinal tract (CP, ALIC, 

PLIC, SCR, PCR), thalamus, and caudate, while weakly decreasing FA was found in the putamen. 

Weak trends for decreasing FA with NDI (worse neck pain) were present in the corticospinal tract, 

while stronger trends for decreasing FA were present in the anterior corona radiata (ACR) and in 
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the external capsule (EC). FA was weakly associated with the Torg Ratio in most regions, but was 

moderately associated in the cerebral peduncles, caudate, and cingulum. MD demonstrated weak 

negative associations with mJOA (increasing mJOA with worsening neurological symptoms) in 

most regions, and moderate association with mJOA in all subjects in the SCR and putamen. MD 

displayed weak negative correlations with NDI (decreasing MD with worsening neck pain) in the 

CP, ALIC and PLIC, caudate, putamen, and weak positive associations (increasing MD with 

worsening neck pain) with anterior-posterior tracts such as the SLF, cingulum, and EC, as well as 

with the SCR. For the associations between MD and the Torg Ratio, MD displayed a strong 

negative correlation (increasing MD with worsening compression) in the CP, a moderate negative 

association with the caudate and thalamus, and weak negative correlations in other regions. MO 

displayed moderate positive associations (increasing MO with better neurological function) with 

mJOA in the caudate for the group with all subjects, in the ALIC for CS subjects, and in the CP 

for both. Other regions displayed weak positive associations (the putamen showed a weak negative 

association in the putamen). For NDI, the CP and internal capsules (ALIC and PLIC) showed a 

negative association with MO, while the putamen and SCR showed a moderate positive 

association. For the Torg Ratio, MO showed a moderate positive association (decreasing MO with 

worsening compression) in the ACR, EC, caudate, and the cingulum. 
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Figure 4.8. Plots of linear regression of fractional anisotropy (FA, left) and mean diffusivity (MD, 

right) vs mJOA and Torg Ratio. Plotted are the regression line (solid) with 95% confidence 

intervals (dashed). ACR denotes anterior corona radiata, SCR denotes superior corona radiata, 

PCR denotes posterior corona radiata, SLF denotes superior longitudinal fasciculus, and CP 

denotes cerebral peduncles.  
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Figure 4.9. Plots of linear regression of the mode of anisotropy (MO) vs mJOA, NDI, and MR-

equivalent Torg Ratio. Plotted are the regression line (solid) with 95% confidence intervals 

(dashed). CP denotes cerebral peduncles, ALIC denotes anterior limb of the internal capsule, PLIC 

denotes posterior limb of the internal capsule, SCR denotes superior corona radiata, and Cing. 

denotes cingulum. 
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Figure 4.10. Legend presented on next page. 
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Figure 4.10. Maps of correlations between mean diffusion metrics in several white matter tracts 

and subcortical gray matter structures in the brain. ROIs are shown on the MNI T1 atlas. Pearson’s 

correlations between metrics and clinical variables are color coded by correlation categories: 0 to 

0.1 is no correlation (black); 0.1 to 0.3 is minor correlation (red for positive, blue for negative); 

0.3 to 0.5 is moderate correlation (orange for positive, light blue for negative); greater than 0.5 is 

strong correlation (yellow for positive, cyan for negative). Fractional anisotropy (FA), mean 

diffusivity (MD), and the mode of anisotropy (MO) are shown for diffusion tensor imaging (DTI) 

metrics. White matter tracts included the cerebral peduncle (CP), anterior and posterior limbs of 

the internal capsule (ALIC and PLIC, respectively), anterior and posterior corona radiata (ACR 

and PCR, respectively), external capsule (EC), and cingulum (Cing.). Subcortical gray matter 

regions included the thalamus (Thal.), caudate (Caud.), putamen (Put.), and globus pallidus (GP). 

 

GQI Measures 

Linear regression analysis of brain WM and subcortical GM regions displayed significant 

associations between the GQI measures and symptom variables. The general trends for the results 

included: decreasing QA (Figure 4.11), decreasing ISO (Figure 4.12), and decreasing RDI 

(Figure 4.13), with worsening symptoms or compression. The only region that showed a different 

trend was ISO in the caudate with respect to the Torg Ratio (Figure 4.12, bottom right), which 

presented a decreasing ISO with worsening neck pain. Even more so than for the DTI measures, 

the significant regressions of GQI measures vs symptom variables comprised a few select regions, 

which consisted of the corticospinal tract, from the CP to the anterior and posterior limbs of the 

interior capsules (ALIC and PLIC, respectively), and the corticospinal tracts nearer to the primary 

sensorimotor cortex such as the superior and posterior corona radiata (SCR and PCR). In addition 
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to these the caudate was also significantly associated to various symptom variables for GQI 

metrics. For mJOA, the SCR displayed a significant association with QA (R2=0.12, P=0.02* for 

overall, and R2=0.26, P=0.008** for CS only), ISO (R2=0.09, P=0.048* for overall, R2=0.16, 

P=0.042* for CS only), and RDI (R2=0.15, P=0.048* for CS only). Additionally, for mJOA, QA 

showed a significant positive association in the PCR (R2=0.11, P=0.03* for overall, R2=0.25, 

P=0.009** for CS only) and caudate (R2=0.10, P=0.04* for CS only). Only QA in the PCR 

(R2=0.17, P=0.047*) was associated with NDI. The Torg Ratio was significantly associated with 

GQI measures across the corticospinal tract, with cerebral peduncles and posterior limb of the 

internal capsule associated with all three measures, and the ISO and RDI of the anterior limb of 

the internal capsule (ALIC), superior and posterior corona radiata (SCR and PCR, respectively) 

associated with the Torg Ratio. 

Visualization of the correlation between specific white matter regions in the brain largely 

revealed similar trends for the GQI measures (Figure 4.14), which showed moderate positive 

correlations in the corticospinal tract for mJOA and Torg Ratio, and low to moderate correlations 

with NDI in anterior (ACR), superior (SCR) tracts, as well as the external capsule. Particularly, 

RDI and ISO are notable for their stronger associations along the corticospinal tract as compared 

to surrounding subcortical structures and other white matter tracts for both mJOA (particulary for 

the CS only group) and for the Torg Ratio. 
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Figure 4.11. Plots of linear regression of the quantitative anisotropy (QA) vs mJOA, NDI, and 

MR-equivalent Torg Ratio. Plotted are the regression line (solid) with 95% confidence intervals 

(dashed). SCR denotes superior corona radiata, PCR denotes posterior corona radiata, CP denotes 

cerebral peduncle, and PLIC denotes posterior limb of the internal capsule. 
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Figure 4.12. Plots of linear regression of the restricted diffusion (RDI) vs mJOA, and MR-

equivalent Torg Ratio. Plotted are the regression line (solid) with 95% confidence intervals 

(dashed). SCR denotes superior corona radiata, CP denotes cerebral peduncle, ALIC denotes 

anterior limb of the internal capsule, PLIC denotes posterior limb of the internal capsule, PCR 

denotes posterior corona radiata. 
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Figure 4.13. Plots of linear regression of the isotropic component of diffusion (ISO) vs mJOA and 

MR-equivalent Torg Ratio. Plotted are the regression line (solid) with 95% confidence intervals 

(dashed). SCR denotes superior corona radiata, CP denotes cerebral peduncle, ALIC denotes 

anterior limb of the internal capsule, PLIC denotes posterior limb of the internal capsule, and PCR 

denotes posterior corona radiata. 
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Figure 4.14. Legend presented on next page. 

  



168 

 

Figure 4.14. Maps of correlations between mean diffusion metrics in several white matter tracts 

and subcortical gray matter structures in the brain. ROIs are shown on the MNI T1 atlas. Pearson’s 

correlations between metrics and clinical variables are color coded by correlation categories: 0 to 

0.1 is no correlation (black); 0.1 to 0.3 is minor correlation (red for positive, blue for negative); 

0.3 to 0.5 is moderate correlation (orange for positive, light blue for negative); greater than 0.5 is 

strong correlation (yellow for positive, cyan for negative). Quantitative anisotropy (QA), the 

isotropic component of diffusion (ISO), and restricted component of diffusion (RDI), are shown 

for the generalized q-sampling imaging (GQI) metrics. White matter tracts included the cerebral 

peduncle (CP), anterior and posterior limbs of the internal capsule (ALIC and PLIC, respectively), 

anterior and posterior corona radiata (ACR and PCR, respectively), external capsule (EC), and 

cingulum (Cing.). Subcortical gray matter regions included the thalamus (Thal.), caudate (Caud.), 

putamen (Put.), and globus pallidus (GP). 
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Probabilistic Tractography Between Brain Regions 

Linear regression analysis of track counts from probabilistic tractography between regions 

of interest and symptom variables yielded significant results for particular connections (Figure 

4.15). The tracks between the anterior cingulate (AC) and thalamus (Thal.) were significantly 

negatively associated (increasing tracks with worsening symptoms) with mJOA for both the whole 

cohort (R2=0.20, P=0.003**) and for the CS cohort alone (R2=0.17, P=0.04*). The track counts 

between the AC and the putamen (R2=0.12, P=0.03*) and the AC and the primary sensorimotor 

cortex (SM, R2=0.18, P=0.006**) were significantly negatively associated with mJOA in the 

overall cohort, and the track counts between the brainstem (B-stem) and SM were significant 

positively associated (decreasing tracks with worsening symptoms) with mJOA in the CS cohort 

(R2=0.38, P=0.0008***). NDI was significantly associated with the track counts between the 

putamen and superior frontal gyrus (SFG, R2=0.28, P=0.009**) and the track counts between the 

AC and SM (R2=0.21, P=0.02*). For the Torg Ratio, associations were present with track counts 

between the SFG and the Thal. (R2=0.20, P=0.02*), the AC to Put. (R2=0.29, P=0.004**), and the 

AC to Thal. (R2=0.22, P=0.02*). The average log of the track counts is displayed in standard space 

in Figure 4.16.  
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Figure 4.15. Plots of linear regression of log-transformed probabilistic tractography track counts 

[Log(Tracks)] vs mJOA NDI, and MR-equivalent Torg Ratio. Plotted are the regression line (solid) 

with 95% confidence intervals (dashed). AC denotes anterior cingulate, Put. denotes putamen, 

Thal. denotes thalamus, SM denotes primary sensorimotor cortex, B-stem denotes brainstem, and 

SFG denotes superior frontal gyrus. 
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Figure 4.16. Plots of log-transformed voxel-wise track counts [Log(Tracks)] averaged across all 

subjects. B-stem denotes brainstem, SM denotes primary sensorimotor cortex, AC denotes anterior 

cingulate, Thal. denotes thalamus, SFG denotes superior frontal gyrus, and Put. denotes putamen. 
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iv. Diffusion MRI Metrics at the Site of Compression in the Spinal Cord 

Diffusion MRI Metrics at the Site of Compression 

 Linear regression analysis of the mean DTI metrics measured manually at the site of 

maximal compression in the spinal cord revealed significant associations between FA and mJOA  

(P=0.03) but not MD (P=0.3, Figure 4.17.A) and between Torg and MD (P=0.04) but not FA 

(P=0.2). When examining the variables based on the vertebral labeling of the spinal cord, neither 

FA, MD, nor MO showed significant associations with mJOA or NDI for any level evaluated, 

either centered at the site of compression or across vertebral levels. Generally, mean FA displayed 

a weak but positive correlation with mJOA (decreasing FA with worsening mJOA) and MD 

displayed a weak but negative correlation with mJOA (increasing MD with worsening mJOA). 

When examining the DTI measures centered around the site of compression (Figure 

4.17.B) FA displayed slightly larger variation around the site of injury and a slight decrease when 

moving from more superior to more inferior regions, while MD showed an apparent increase in 

the vertebral level directly above the site of compression. MO displayed a striking pattern of 

decreased value at the site of compression that increased the further away from the compression 

the vertebral levels were (i.e. 2nd Above and Below showed a higher value compared to the Above 

and Below segments, Figure 4.17.B). In one-way analysis of variance (ANOVA) for each the DTI 

measures centered at the site of compression, neither FA nor MD showed significance, but MO 

did (P<0.0001) and post hoc tests showed significant differences between the mean MO at the site 

of compression and the mean MO at both the 2nd vertebral level above and 2nd vertebral level below 

(P<0.0001 for both) after Tukey multiple comparisons correction. Figure 4.17.C displays the 

mean FA, MD, and MO values at each vertebral level, with FA decreasing by level, and MD and 

MO showing higher variance among sites of common compression (C3, C4).  
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Figure 4.17. Graphs of values from manual measurements and vertebral levels of spinal cord DTI 

acquired around the site of compression. A) Linear regression of FA and MD from manual 

measurements of the spinal cord at the site of compression with respect to mJOA. B) DTI measures 

at site of compression (Site Comp.) and at one (Above, Below) and two (2nd Above, 2nd Below) 

vertebral levels above and below the lesion, respectively. C) Mean DTI measures per vertebral 

level in the spinal cord. Points represent mean, and shaded areas are 95% confidence intervals. 
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Comparison of DTI Metrics at the Site of Compression, C2, and Brain 

 In order to assess the relationship between the findings in the spinal cord at the site of 

compression, these were evaluated with respect to the DTI measures at the C2 vertebral level and 

in the corticospinal tract in the brain (CP, ALIC, PLIC, ACR, SCR, PCR). This was performed for 

the manually measured FA and MD. Interestingly, mean FA at the site of compression only showed 

a significant linear relationship with the mean FA in the ACR and PCR (P=0.02 for both), while 

mean MD at the site of compression showed a significant association with all the regions (lowest 

P=0.008 for the ALIC) except for the CP and the PLIC (Figure 4.18.A). 

In relation to the level of the site of maximal compression, or how far away the maximal 

compression was from the upper cervical spinal cord and brain, only the mean FA at C2 showed a 

significant relationship, with a strong R2=0.44, P=0.0002, though the mean FA at the site of 

compression and the CP did show a trend towards significance (P=0.08 for both, Figure 4.18.B). 

Meanwhile, MD at the C2 level also showed a strong relationship with the level of injury with 

R2=0.27, P=0.006, and MD at the site of compression and at the CP were also significantly 

associated with the level of maximal compression (P=0.03 and 0.02, respectively, Figure 4.18.B), 

as well as the ALIC and ACR (P=0.03 for both). 
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Figure 4.18. Comparison of FA and MD at site of compression with C2 and relationship between 

FA and MD and level of maximal compression. A) Graphs showing relationship between FA and 

MD at the site of compression vs at the C2 vertebral level. B) Regression of the mean FA and MD 

vs the level at which maximal compression was present. Solid lines represent best fit and dashed 

lines represent 95% confidence intervals. 
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v. Comparison of DTI and GQI Metrics in the Brain and Spinal Cord 

 Figure 4.19 shows the correlation matrices between DTI and GQI metrics in the spinal 

cord and brain regions. Results indicate strong correlations within the DTI metrics and within the 

GQI metrics in the spinal cord: for DTI, FA was positively associated with MO (0.86) and 

negatively associated with MD (-0.63), while MD and MO did not demonstrate as strong a 

relationship (-0.36). Within brain regions, DTI metrics showed similar relationships amongst 

themselves, with the weakest correlations being present in the SCR, a stronger relationship 

between variables present in the CP, and the strongest correlations present in the thalamus. GQI 

metrics displayed very strong correlations between themselves: these correlations were 

approximately 0.9 and above for all associations in the C2, CP, and SCR (white matter regions), 

while in the thalamus (subcortical gray matter region) the correlation between QA and ISO was 

0.44, but other correlations were 0.89 (QA vs RDI) and 0.78 (ISO vs RDI).  

As far as correlations between DTI and GQI measures, the patterns and strengths for these 

were highly variable across the ROIs. In C2, QA showed a high correlation with FA and MO, 

while ISO was only slightly correlated with MD and MO (Figure 4.17). SCR showed low 

correlations between most DTI and GQI measures, with only QA being slightly correlated with 

the DTI metrics, while for CP there were modest correlations throughout, including negative 

associations between MD and the GQI metrics (Figure 4.18). The thalamus, presented as an 

interesting case, with MD and ISO being modestly positively correlated with each other (0.42) 

while being negatively correlated with the measure of anisotropy (QA vs MD was -0.52, and FA 

vs ISO was -0.36), QA presenting a strong correlation with FA (0.62) and a moderate correlation 

with MO (0.34) (Figure 4.18), and RDI presenting with the weakest correlations between DTI and 

GQI metrics. 
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Figure 4.16. Correlations matrix of mean values between diffusion tensor imaging (DTI) metrics 

fractional anisotropy (FA), mean diffusivity (MD), and mode of diffusion (MO), and generalized 

q-sampling imaging (GQI) metrics quantitative anisotropy (QA), isotropic component of diffusion 

(ISO), and restricted diffusion imaging component (RDI). Regions include the C2 vertebral level 

in the spinal cord, and the cerebral peduncle (CP), superior corona radiata (SCR), and thalamus 

(Thal.) in the brain. 
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Figure 4.17. Linear regression between diffusion MRI metrics mean values at C2 vertebral level 

between Diffusion tensor imaging (DTI) and generalized q-sampling imaging (GQI). Quantitative 

anisotropy (QA) is compared to fractional anisotropy (FA), the isotropic component of diffusion 

(ISO) is compared to mean diffusivity (MD), and restricted diffusion imaging component (RDI) 

and QA are compared to the mode of diffusion (MO). Plotted are the regression line (solid) with 

95% confidence intervals (dashed). 
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Figure 4.18. Linear regression between diffusion MRI metrics mean values in brain regions 

between Diffusion tensor imaging (DTI) and generalized q-sampling imaging (GQI). On the left 

column quantitative anisotropy (QA) is compared to fractional anisotropy (FA), and on the right 

column isotropic component of diffusion (ISO) is compared to mean diffusivity (MD). SCR 

denotes superior corona radiata, CP denotes cerebral peduncle, and Thal. denotes thalamus. Plotted 

are the regression line (solid) with 95% confidence intervals (dashed) 
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Figure 4.19 shows the coefficient of variation (CoV) of the DTI and GQI metrics across 

the different ROIs. Trends across the group with all subjects and the group with HC subjects only 

reveal the same trends. At the C2 level the DTI metrics show mostly low CoV, though for FA is 

larger (21%), but by comparison GQI measures show a very large CoV (32-38%). For the CP, 

which is in the brain but shares some characteristics with the C2 spinal cord (compact single 

orientation fibers) the CoV of the DTI measures were very low (~5%), while they remained high 

for the GQI metrics (~23%). In the SCR the CoV of the DTI metrics was relatively higher 

compared to the previous two regions (6-12%), and while it was lower for the GQI measures, these 

were around 15%. Interestingly, for the thalamus, FA and QA had similar CoV (11.1 and 11.4%, 

respectively), but the other DTI metrics showed a higher CoV (22.3% for MD and 23.7% for MO) 

while the other GQI metrics showed a lower CoV (9.7% for ISO and 9.0% for RDI). 
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Figure 4.19. Coefficient of variation for diffusion tensor imaging (DTI) measures fractional 

anisotropy (FA), mean diffusivity (MD), and the mode of diffusion (MO), and generalized q-

sampling imaging (GQI) metrics quantitative anisotropy (QA), the isotropic component of 

diffusion (ISO), and the restricted diffusion imaging component (RDI). Correlations calculated at 

the C2 vertebral level of the spinal cord, superior corona radiata (SCR), cerebral peduncle (CP), 

and thalamus (Thal.), computed in both the group with all subjects (top matrices) and in the group 

of HC subjects (bottom matrices). 
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Based on the results of the correlation matrices, the models selected for multiple linear 

regression analysis involved mJOA scores and Torg Ratios (not many significant associations with 

NDI were present), and the models constituted: all variables, DTI measures, and a model using 

both FA and QA as representative values of DTI and GQI (given that the GQI metrics were all 

highly correlated in most regions). In C2, multiple linear regression models of mJOA in all subjects 

and CS subjects only were not significant for the model with all the variables (P=0.29 for overall, 

P=0.62 for CS), DTI metrics (P=0.084 for overall, P=0.33 for CS), or for FA and QA (P=0.083 for 

overall, P=0.36 for CS). For Torg Ratio and metrics at C2, the model with all the metrics was not 

significant (P=0.85), while with the DTI metrics the model was significant (P=0.01*, R2=0.39) 

with FA being a significant independent predictor (P=0.042) while neither MD nor MO were 

(P=0.92 and P=47, respectively), and the combined FA and QA model was predictive (P=0.004**, 

R2=0.38) with FA a significant variable (P=0.003) while QA was not (P=0.76).  

In the brain, for CP similar trends to C2 emerged, with the model using all the variables 

not appearing as significant for mJOA in the whole or CS groups, while Torg was not significant 

for the model with all variables, but was for the model with DTI variables (P=0.033, R2=32, though 

none of the metrics were independently significant), and was significant for the combined FA and 

QA model (P=0.033, R2=0.26, though none of the metrics were independently significant). For 

SCR, significant model with all the metrics were produced for mJOA in the overall (P=0.024, 

R2=0.32, with MD, ISO, and RDI as significant independent variables) and CS-only (P=0.015, 

R2=0.53, all GQI metrics independently significant) groups, and the FA and QA model produced 

significant model in the overall (P=0.049, R2=0.14, no independent significant variables) and CS-

only (P=0.028, R2=0.27, QA significant variable), while this was not the case for the DTI metrics 

which produced no significant models. No significant models were produced between the SCR 
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and the Torg Ratio. For the thalamus the only multiple linear regression model that was significant 

was the model with the DTI variables (P=0.036, R2=0.32, MD significant independent variable). 

 

vi. Discussion 

 Recent studies have shown altered microstructure of the spinal cord at the site of 

compression in patients with cervical stenosis and associated myelopathy, with decreased FA and 

MD indicative of degenerative changes in the white matter 201,299. These associations between 

patient neurological symptoms and the microstructure of the spinal cord are more striking in the 

context of the degree of compression of the spinal cord: regular measurements of compression on 

anatomical ROI have shown very limited and weak associations with neurological symptom 

severity 40-46. In addition to changes at the site of compression, a recent meta-analysis of DTI 

patients with cervical stenosis and associated myelopathy indicated that the spinal cord at the C2 

vertebral level presents with significantly lower FA and higher MD in patients with CSM 

compared to healthy controls, though this difference is weaker than at the site of maximal 

compression 200. Additionally, studies in traumatic spinal cord injury (SCI) have shown changes 

that ascend even further rostrally, into the white matter of the brain such as the cerebral peduncle 

and the internal capsule 160. While diffusion MRI measures in the spinal cord at the site of 

compression have shown promise in associations with symptom severity for patients with cervical 

stenosis, there are likely white matter changes and reorganization happening in the uncompressed 

rostral spinal cord and brain in addition to those in the spinal cord. This chapter evaluated the 

association between diffusion MRI changes in the spinal cord at the site of compression, C2 

vertebral level, and in the brain in select white matter and subcortical gray matter regions based 

on a priori hypotheses and results from the previous two chapters in this dissertation.  
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Spinal Cord Diffusion MRI Measures Associated with Clinical Variables 

Generally, the spinal cord presented negative associations between mJOA and FA and 

positive associations between mJOA and MD. Both of these were present significantly at the C2 

vertebral level, at the site of compression there was a significant association of mJOA with FA but 

not with MD. This is in line with previous studies where generally at the site of compression FA 

has shown a stronger relationship with symptom severity and results with MD have been weaker 

201,283,284. Overall, these results are consistent with previous research both at the site of compression 

and at uncompressed upper levels. The neck disability index (NDI) did not show significant results 

of linear regression with mean diffusion MRI metrics of the spinal cord at the C2 level or the site 

of compression, which may be due to the neck pain being related to a combination of peripheral 

and central mechanisms instead of being due to injury within the spinal cord itself. Also, the 

complexity of internal spinal mechanisms for pain regulation 68,179 may render it more difficult to 

probe using neuroimaging and thus obfuscate any relationships with symptoms. 

While the analysis of DTI measures by vertebral level from the spinal cord diffusion MRI 

data did not yield strong relationships with mJOA, the trends (increasing FA and decreasing MD 

for worsening neurological symptoms) that were present are expected from previous studies. While 

FA and MD at vertebral levels centered around the site of compression did not yield striking 

results, one result of interest was the markedly decreased mode of anisotropy (MO) at the site of 

compression, which yielded a significant one-way ANOVA and the MO at the vertebral levels that 

were 2 above or below the site of compression were highly significantly different from the MO at 

the site of compression. While FA and MD are usually the variables of interest in DTI assessment 

of spinal cord integrity, one previous study has looked at the axial diffusion anisotropy, ψ, which 

involves subtracting the mean diffusivity from the axial diffusivity, and found that it was correlated 
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with mJOA 201. Thus, not only FA, but additional measures of tensor shape may help better identify 

sites of compression and assess spinal cord integrity. 

Strong associations between the MRI-equivalent Torg Ratio and all three DTI variables 

(FA, MD, and MO) in the spinal cord at the C2 vertebral level were observed in this chapter. 

Additionally, MD at the site of compression was also associated with the Torg Ratio. In a previous 

study that had a similar sample size of CSM patients (n=27), an association between the Torg Ratio 

and the FA at the site of compression was observed 283; however, this association, while significant 

(P=0.02), showed a lower R2 (0.20) 283 than that observed in the analysis in this chapter (R2=0.38, 

P=0.0008***). Another study that analyzed DTI in patients with cervical stenosis found significant 

associations between FA and the Torg Ratio in the spinal cord, with correlations up to 0.75 

(P=0.001) 300; however, this study evaluated the Torg Ratio at the same vertebral level as the DTI, 

with the listed correlation being between FA and the Torg Ratio at the C2 vertebral level, with the 

associations losing strength more inferiorly along the spinal cord. Additionally, in this chapter MD 

and MO also displayed significant associations with the Torg ratio consistent with degenerative 

changes. So, while Torg Ratio was not associated with symptoms in this study (R2=0.050, P=0.3, 

Chapter II, Section iii), it was strongly associated with these rostral degenerative changes as 

assessed using DTI. 

While DTI measures were associated with symptoms and degree of compression, the mean 

values of the GQI measures were not significantly associated with symptoms or compression. This 

may be due to several factors. First, imaging of the spinal cord generally presents more challenges 

than the brain, due to its greater magnetic field inhomogeneity caused by the different tissue types, 

its smaller cross-sectional area and volume, and increased physiological noise. Because DTI is a 

model-based method (i.e. a tensor fit of the data is performed based on Gaussian diffusion) these 
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model constraints may help mitigate some of the signal intensity discrepancies that may reduce 

the quality of a model-free approach such as GQI, especially when GQI is dependent not only on 

the orientation distribution of the signal, but is also sensitive to the distribution of spins 152,289. 

Additionally, the spinal cord (at the relatively large acquisition voxel-size) can be considered to 

have a primarily single-fiber orientation organized in the inferior superior direction, and thus a 

DTI fit of the acquired diffusion data may be sufficient to accurately describe these voxels with 

mostly a single fiber population. In a previous publication, constrained spherical deconvolution 

(CSD), which similar to GQI produces an ODF, was used to perform probabilistic tractography of 

the spinal cord at the site of compression, and the density of track fibers was associated with patient 

neurological symptoms 280. However, for this study a response function was created from white 

matter with an assumed single fiber distribution, and this response function was then used for the 

deconvolution of the diffusion signal; thus, a model constraint was still being implemented when 

using the CSD technique, unlike the completely model-free method implemented by GQI. 

When examining the regional correlations between white matter tracts in the spinal cord 

and symptom and compression measures, FA and MD yielded expected patterns: overall positive 

associations with mJOA for FA and overall negative associations with mJOA for MD. In general, 

these associations between DTI measures and mJOA were stronger in more lateral tracts 

(spinothalamic, corticospinal, and cuneate) and less so in the gracile tract. The Torg Ratio 

presented with strong correlations for all three variables, again more focused on the lateral tracts 

and less so on the gracilis. The GQI measures showed weak correlations with mJOA, except for 

ISO and RDI which displayed a moderate correlation with the gracile tract. Correlations between 

NDI and GQI measures produced moderate-to-strong correlations, though these were not localized 

to the spinothalamic tract, but were rather present in the corticospinal, cuneate and gracile tracts. 
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The correlation between the Torg Ratio and the GQI measures yielded moderate correlations with 

QA and weak correlations with ISO and RDI.  

One possible reason for the differences in the relationship between DTI and GQI metrics 

in the spinal cord at C2, particularly in the gracile fasciculus, is the distribution of stress due to 

compression and which white matter tracts can be affected. Biomechanical models of spinal cord 

compression have indicated that while gray matter and posterolateral white matter tracts are 

frequently affected by higher levels of stress, the gracile fasciculus is relatively spared 245,301. With 

the posterolateral tracts being more affected by the compression, DTI may be better suited to detect 

classical signs of retrograde and anterograde degeneration, while changes occurring in the gracile 

nucleus may represent more complex reorganization that is better assessed via GQI. This is also 

in line with the relatively low prevalence of lower limb sensory deficits and paresthesia in patients 

with CSM, which was 10% in a recent study encompassing 58 patients at UCLA 302. 

 

Brain Diffusion MRI Measures Associated with Clinical Variables 

In the brain, there were associations between DTI metrics and mJOA scores and Torg 

Ratios. Significant regressions with mJOA were present in the corona radiata and in the cerebral 

peduncles, while for Torg the cerebral peduncle and caudate produced significant results with FA 

(decreasing FA with worsening symptoms) and MD (increasing MD with worsening symptoms). 

These are in line with previous studies of the white matter in patients with traumatic spinal cord 

injury, where degenerative changes appear to be present rostral to the site of injury 160,168,303, and 

while the exact localization of changes varies from one study to another, these usually involve the 

corticospinal tract, both superiorly near the motor cortex and inferiorly near the brainstem. NDI 

was not found to be associated with the mean DTI values in brain regions except for the mode of 
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diffusion in the cingulum, which may be related to the involvement of the cingulate cortex in 

chronic pain 304. The correlation between DTI measures and the brain regions confirmed these 

results, with global decreases in FA and increases in MD with worsening symptom measures.  

For GQI measures, these largely followed similar trends of positive association with mJOA 

(decreasing metric with worsening neurological symptoms) in the superior and posterior corona 

radiata for all the symptom and compression measures. Additionally, the Torg Ratio was 

associated with the mean GQI measures in many regions along the cortical spinal tract, including 

the cerebral peduncles, the anterior and posterior limbs of the internal capsule, and the corona 

radiata. Similar to the DTI results, not many significant regressions with NDI were present for 

GQI metrics, with only the mean QA in the posterior corona radiata showing an association. The 

map of correlations further solidifies this point: GQI metrics appear highly positively correlated 

with the corticospinal tract for mJOA and Torg Ratio, with regions outside of these showing lower 

correlations and sometimes negative correlations. 

One of the main advantages of model-free and q-space based diffusion MRI techniques is 

the representation of more complex fiber populations and microstructural characteristics. 

However, definition and standardization of appropriate imaging metrics, which is well-established 

and widely-used for DTI, is not yet well-developed for techniques that evaluate more complex 

diffusion distributions 305. This is partially remedied with the development of standard metrics, 

such as generalized fractional anisotropy (GFA) 291. and generalized q-sampling imaging (GQI) 

metrics, such as quantitative anisotropy (QA) 289,293. Analyses from this chapter indicated that 

while these measures can be correlated with DTI measures in certain regions, this varies with the 

different microstructural properties of each region. For example, this chapter found strong 

associations between the measures in the thalamus, a subcortical gray matter structure with a high 
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degree of intersecting white matter fibers, while brain white matter regions (cerebral peduncle and 

superior corona radiata) showed relatively weaker associations. When combining the different 

measures from DTI and GQI, they seemed to offer the most complimentary information for regions 

with more complex fiber populations, such as the superior corona radiata (corticospinal tract but 

with additional fiber populations present) and thalamus (subcortical structure with internal white 

matter). Additionally, QSI measures tended to show increased coefficient of variation, especially 

in the spinal cord and cerebral peduncles, indicating the potential need for model constraints in 

regions susceptible to artifacts and with low signal intensity, while GQI metrics had a lower CoV 

in the regions with more complex microstructure, namely the SCR and the thalamus. 

Probabilistic tractography results indicated increased connectivity between the anterior 

cingulate and the various cortical and subcortical brain regions with worsening symptoms 

(decreasing mJOA, increasing NDI, and decreasing Torg Ratio). Specifically, for pain, a previous 

study in patients with irritable bowel syndrome (IBS) found increased number of connections 

between the anterior cingulate and the thalamus and between the thalamus and prefrontal cortex 

when compared to healthy control subjects 196. In this chapter the anterior cingulate presented with 

increased connectivity to the primary sensorimotor cortex with increasing neck pain, and the 

anterior cingulate presented with increased connectivity to the thalamus with worsening 

neurological symptoms. However, the superior frontal gyrus presented with decreasing 

connectivity to the putamen with worsening neck pain, indicating that the relationship between the 

number of tracts and symptoms may not simply be a global increase between subcortical and 

cortical regions but rather may be more functionally specific. 

One result of interest for the probabilistic tractography analysis was the association 

between mJOA and the brainstem to primary sensorimotor cortex. The corticospinal tract has been 
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evaluated extensively in other neurological conditions, such as stroke, where altered corticospinal 

tract integrity was associated with worse motor function and outcome 306,307. Probabilistic 

tractography methods have also detected altered corticospinal tract integrity in patients with 

amyotrophic lateral sclerosis (ALS) 308-310. Though the mechanism of decreased tract integrity 

(namely, infarcted tissue for stroke, and upper motor neuron death for ALS) are different for these 

conditions than that for SCI, corticospinal tract integrity is still shown to be an important marker 

for motor function and recovery. 
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Chapter V. Associations and Combined Use of Multimodal MRI Features 

 The previous three chapters have outlined the acquisition, processing, and analysis of 

structural, functional, and diffusion MRI data in patients with cervical stenosis. These were 

evaluated in terms of their association with neurological symptoms and neck pain, and displayed 

changing brain structure, microstructure, and function, with worsening symptom severity. Across 

the different MRI modalities, some similar structures appeared related to symptoms, including 

primary sensorimotor regions such as the primary sensory and motor cortex, the thalamus, and the 

corticospinal tract, as well as supplemental brain regions involved in motor control or chronic pain 

such as the putamen, the precuneus, the anterior cingulate, and the superior frontal gyrus. 

 One goal of this chapter is to qualitatively summarize the results from the previous three 

chapters by comparing the relationship between symptoms and the involved structures across the 

different MRI modalities. For example, contrasting results from the anterior cingulate for both 

structural MRI, which presented decreased cortical thickness, with the functional MRI results, 

which showed an increased connectivity between regions of the anterior cingulate and the 

thalamus, and diffusion MRI results which presented with decreased tracts between the anterior 

cingulate and the thalamus. These results will be presented side-by-side in summary tables and 

figures. The other goal of this chapter was to use simple machine learning techniques for 

quantitative comparisons between the different measures. The comparison between, and 

dimensionality reduction of, the different MRI measures was performed through principal 

component analysis (PCA) and corresponding correlation matrices. An additional goal of this 

chapter was to evaluate the association between symptom severity and the computed principal 

components using multiple linear regression models. 
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i. Feature Selection and PCA Methods 

Subject Data 

The data used in this chapter was collected from the analyses of the previous chapters. 

Subjects used for this chapter included all the patients with cervical stenosis (CS), and the healthy 

control subjects (HC) that underwent the same imaging protocol (see Table A.1). For acquisition 

and processing of structural MRI data see Chapter II; for acquisition and processing of resting-

state functional MRI data (rs-fMRI) see Chapter III; for acquisition and processing of diffusion 

MRI data see Chapter IV. For analyses using the modified Japanese Orthopedic Association 

(mJOA) score, the whole cohort of 43 (HC and CS) subjects was used, while for analyses using 

the Neck Disability Index (NDI) only the 23 CS subjects with NDI scores were used, similar to 

the analyses performed in the previous chapters. 

 

Qualitative Summary 

 The results from the previous three chapters are reported in this chapter side-by-side: 

summaries of structural, functional, and microstructural findings are displayed both in tables and 

in figures. This was done with respect to the two clinical symptom measures of interest: the mJOA 

score for neurological symptoms, and the NDI for neck pain. The summaries revolve around a 

priori structures of interest, such as the primary sensorimotor cortex, as well as regions that 

recurred throughout the results, such as the precuneus. Results are reported with respect to 

worsening symptom severity, which means that negative changes represent a decrease in the MRI 

measure with respect to worsening mJOA (lower mJOA) and worsening NDI (higher NDI), which 

is in contrast to how mJOA was reported in previous chapters. This reversed reporting scheme for 
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mJOA was done only for the qualitative summary in this chapter to facilitate comparisons across 

the mJOA and NDI scores. 

 

Feature Selection for Quantitative Analysis 

Measures of interest for each MRI modality were selected based on the results from the 

previous sections, and all variables were calculated from predefined ROIs in respective gray matter 

and white matter atlases. Briefly, for structural measures, these included the cortical thickness and 

subcortical volumes of regions defined by the Desikan-Killiany-Tourville (DKT) cortical atlas 216 

from FreeSurfer (https://surfer.nmr.mgh.harvard.edu/fswiki) 82,83,89. For rs-fMRI, these constituted 

functional connectivity between regions defined by the Harvard-Oxford cortical and subcortical 

atlases. For diffusion MRI metrics, these included significant DTI, GQI, from the spinal cord at 

C2 and white matter regions defined by the Johns Hopkins University (JHU) white matter atlas, 

and subcortical gray matter ROIs taken from the Harvard-Oxford subcortical atlas, both of which 

are distributed with the FSL package (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases). Diffusion 

MRI metrics also included probabilistic tractography track counts between selected Harvard-

Oxford cortical regions. For CS subjects, DTI measures at the site of compression of the spinal 

cord were also included for a separate CS cohort analysis. For bilateral structures, measures were 

averaged across hemispheres in order to simplify and reduce the number of variables, as well as to 

focus on system-wide (i.e. overall motor, sensory, pain processes) associations with symptom 

severity; this averaging across hemispheres also reduced the variance in the measures for most 

regions, and stabilized the variance in regions where one hemisphere showed markedly increased 

variance Figure 5.1 illustrates the case for several measures from the mJOA dataet. Additionally, 

results from previous chapters indicated mostly bilaterally symmetric findings. 

https://surfer.nmr.mgh.harvard.edu/fswiki
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
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Figure 5.1. Variance in structural, functional, and diffusion MRI features by hemisphere. For 

Structural and diffusion MRI features, coefficient of variation (CoV) is used because different 

measures were compared, while for functional MRI features (connectivity) the standard deviation 

(STDev) is shown instead because these measures were Pearson’s correlations and the means are 

sometimes close to zero, complicating the use of CoV. The averaged (red) measures generally 

show lower variance, and for cases where one hemisphere showed a larger variance the averaged 

variance is closer to the lower variance between the two.  
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Principal Component Analysis 

MRI features also needed to pass an additional threshold of a Pearson’s correlation 

coefficient with the symptom measure of interest of 0.2 or higher to be included in the principal 

component analysis (PCA) 311,312. In cases where subjects lacked specific values or data for a 

particular MRI modality these were treated as missing data-points and accounted for using the 

alternating least squares (ALS) algorithm 313. PCA was performed in MATLAB 

(https://www.mathworks.com/) and the different MRI features were standardized using Z-score 

normalization across subjects for each variable. To determine the number of components to 

evaluate in further analyses, random matrices were created using the same size as the respective 

feature vector (mJOA and NDI related features and subjects) and the mean variance explained 

across each component after 50,000 random permutations was recorded 314. The principal 

components (PC-MRIk) that had a larger explained variance than the respective randomly 

generated components (PC-RANDk) were used in further analyses. MATLAB was also used to 

generate biplots for the respective feature sets for mJOA and NDI, displaying both the observations 

(subjects) and the coefficients (MRI features) on the first three principal components. 

 

Regression Analyses with respect to Symptom Measures 

 The final analyses evaluated the relationship between the principal components and the 

symptom measures mJOA and NDI. These were performed using multiple linear regression in two 

ways: the first involved evaluating the largest principal component (PC1) of each feature set as the 

dependent variable in the analysis and age and the symptom measure as the independent variables, 

similar to the evaluation of single measures from specified regions as performed in previous 

chapters. The second form of analysis involved creating a multiple linear regression model using 

https://www.mathworks.com/
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the various principal components, along with age, as independent variables, while having the 

symptom measure as the dependent variable. The second multiple linear regression model was 

constructed by pruning the independent variables via a stepwise process of eliminating the variable 

with the highest individual P-value in the model, re-evaluating the model, and finishing when only 

variables that significantly contributed individually to the model remained. To ensure the 

appropriateness of multiple linear regression models, variance inflation factors (VIF) were 

calculated for the independent variables, Goldfeld-Quandt tests for Heteroskedasticity 315 at type-

I error-corrected rate of 0.05, and D’Agostino & Pearson normality tests for the residuals 316. 

 

Software 

MATLAB (MATLAB Version 2014a, https://www.mathworks.com/) was used for PCA. 

Statistical analyses were performed using GraphPad Prism (Version 7.0b, La Jolla California USA, 

www.graphpad.com), and multiple linear regressions were performed in Free Statistics Software 

(Version 1.1.23-r7, http://www.wessa.net/rwasp_multipleregression.wasp/). 

  

ii. Qualitative Comparison of Brain and Spinal Cord Multimodal MRI Results 

Qualitative Summary of MRI Features Associated with Neurological Score 

The results for the association of MRI features with neurological symptoms (as assessed 

via mJOA scores) are presented in Table 5.1 and Figure 5.2. These results show a decrease in 

cortical thickness and subcortical volumes in regions involved in motor performance and 

monitoring, such as the superior frontal gyrus, the precuneus, the anterior cingulate, and the 

putamen. In addition to these supplemental brain regions for motor function, subdivisions of the 

primary motor (Brodmann area 4A) and the primary sensory area (Brodmann area 3a) showed 

https://www.mathworks.com/
http://www.wessa.net/rwasp_multipleregression.wasp/
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some relationship with neurological function, though these effects were not seen for the entire 

structure. Functional connectivity (FC) showed both positive and negative association with 

worsening neurological symptoms (lower mJOA scores). The primary sensorimotor cortex 

displayed increasing FC to the thalamus and precuneus, while the putamen showed decreasing FC 

to the precuneus and primary sensorimotor cortex. The thalamus, in contrast to its FC with the 

primary sensorimotor cortex, displayed a decreasing FC with the anterior cingulate (AC) and the 

superior frontal gyrus. For diffusion MRI measures, the tractography counts displayed a negative 

relationship with symptom severity (decreasing connectivity) along the corticospinal tract, and 

thus between the spinal cord (C2), thalamus, and primary sensorimotor cortex. The AC appears to 

show increased connectivity with several cortical and subcortical regions, including the thalamus, 

putamen, and primary sensorimotor cortex. The thalamus and primary sensorimotor cortex were 

regions where both functional and diffusion connections were present, and these presented with 

an inverted relationship: increasing functional connectivity with decreasing diffusion connectivity. 

The thalamus and AC presented with a similar phenomenon: decreasing functional connectivity 

with increasing diffusion connectivity. 
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Table 5.1. Tabular qualitative summary of structural, functional, and diffusion MRI analyses with 

respect to neurological symptoms. All results (i.e. ↓CT) are shown with respect to worsening 

neurological symptoms (decreasing mJOA score). For measure abbreviations: CT denotes cortical 

thickness, Vol denotes volume, FC denotes functional connectivity, FA denotes fractional 

anisotropy, MD denotes mean diffusivity, MO denotes mode of diffusion, GQI denotes generalized 

q-sampling imaging measures, Trk denotes tracts. For region abbreviations: BA3a denotes 

Brodmann area 3a, AC denotes anterior cingulate, SFG denotes superior frontal gyrus, SMA 

denotes supplementary motor area, ACR, SCR, and PCR denote anterior, superior, and posterior 

corona radiata, respectively, CP denotes cerebral peduncle, and B-stem denotes brainstem. 

Region Structural Functional Diffusion 

C2 SC No significant results. No significant results. ↓FA and ↑MD.  

Primary 

Motor 

Regionally varying ↓CT. ↑FC to Precuneus, 

Thalamus, Cerebellum. 

↓FC to Putamen. 

↑MD, SCR, PCR. 

↓MO, CP. 

↓GQI, SCR. 

↓Trk to B-stem 

↑Trk to AC. 

Primary 

Sensory 

Regionally varying ↓CT in 

BA3a. 

↑FC to Precuneus, 

Thalamus, Cerebellum. 

↓FC to Putamen. 

↑MD, SCR, PCR. 

↓MO, CP. 

↓GQI, SCR. 

↓Trk to B-stem 

↑Trk to AC. 

Thalamus No significant results. ↑FC to primary 

sensorimotor. 

↓FC to AC, SFG. 

↑Trk to AC. 

Anterior 

Cingulate 

↓CT. ↓FC to Thalamus, 

Cerebellum. 

↓FA, ACR. 

↑Trk to Primary 

Sensorimotor, Putamen, 

Thalamus. 

Superior 

Frontal 

Gyrus 

↓CT. ↑FC to SMA,  

↓FC to Thalamus, 

Cerebellum. 

↓FA, ACR. 

 

Precuneus ↓CT. ↑FC to Primary 

Sensorimotor, SMA. 

↓FC to Putamen. 

↑MD, PCR. 

Putamen ↓Vol. ↓FC to Primary 

Sensorimotor, Precuneus. 

↑MD. 

↑Trk to AC. 
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Figure 5.2. Graphic qualitative summary of structural, functional, and diffusion MRI analyses 

with respect to neurological symptoms. All results are shown with respect to worsening 

neurological symptoms (decreasing mJOA score). Decreasing structure is shown as blue on the 

respective brain region, while increasing and decreasing diffusion (Diff.) and functional (Func.) 

connections are illustrated with colors according to the legend. 
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Qualitative Summary of MRI Features Associated with Neurological Score 

The results for the association with neck pain (as assessed via NDI scores) are presented in 

Table 5.2 and Figure 5.3. These results show a decrease in cortical thickness and subcortical 

volumes in regions similar to those seen for neurological symptoms, such as the SFG, the 

precuneus, the AC, and the putamen. Additionally, decreasing cortical thickness of the insula was 

associated with neck pain. However, NDI did not show associations with the overall structure or 

subregions of the primary sensorimotor cortex. Functional connectivity (FC) showed mostly 

positive associations with worsening neck pain (higher NDI scores), though the FC between the 

thalamus and the AC presented a negative association with neck pain. The primary sensorimotor 

cortex displayed increasing FC to the thalamus, precuneus, AC, and SFG, while, similar to 

neurological symptom severity, the thalamus displayed a decreasing FC with the AC. There were 

fewer associations between NDI and diffusion connectivity, with only the thalamus and putamen 

showing a decreasing connectivity, and the primary sensorimotor cortex showing an increasing 

connectivity with the AC, with respect to NDI. The insula did not appear to display altered 

functional or diffusion connectivity. Diffusion and functional connectivity only coincided for the 

AC and primary sensorimotor cortex, which showed an increasing association with NDI for both. 
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Table 5.2. Qualitative summary of structural, functional, and diffusion MRI analyses with respect 

to neck pain. All results (i.e. ↓CT) are shown with respect to worsening neck pain (increasing NDI 

score). For measure abbreviations: CT denotes cortical thickness, Vol denotes volume, FC denotes 

functional connectivity, FA denotes fractional anisotropy, MD denotes mean diffusivity, MO 

denotes mode of diffusion, QA denotes quantitative anisotropy, Trk denotes tracks. For region 

abbreviations: AC denotes anterior cingulate, MFG and SFG denote middle and superior frontal 

gyri, SMA denotes supplementary motor area, ACR and SCR and PCR denote anterior superior 

and posterior corona radiata, CP denotes cerebral peduncle, and B-stem denotes brainstem. 

Region Structural Functional Diffusion 

C2 SC No significant results. No significant results. No significant results. 

Primary 

Motor 

No significant results. ↑FC to Precuneus, PC, 

Thalamus, SFG, SMA, 

AC, MFG. 

↓QA, PCR. 

↑MO, PLIC. 

↓MO, SCR. 

↑Trk to AC 

Primary 

Sensory 

No significant results. ↑FC to Precuneus, PC, 

Thalamus, SFG, SMA, 

AC, MFG. 

↓QA, PCR. 

↑MO, PLIC. 

↓MO, SCR. 

↑Trk to AC 

Thalamus No significant results. ↑FC to Primary 

Sensorimotor. 

↓FC to AC. 

No significant results. 

Anterior 

Cingulate 

↓CT. ↑FC to Primary 

Sensorimotor. 

↓FC to Thalamus. 

↑Trk to Primary 

Sensorimotor. 

Insula ↓CT. No significant results. No significant results. 

Superior 

Frontal 

Gyrus 

↓CT. ↑FC to Primary 

Sensorimotor, SMA, 

PC, Precuneus. 

↓Trk to Putamen. 

Precuneus ↓CT. ↑FC to Primary 

Sensorimotor, SFG, 

MFG. 

No significant results. 

Putamen ↓Vol. No significant results. ↓Trk to SFG. 
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Figure 5.3. Graphic qualitative summary of structural, functional, and diffusion MRI analyses 

with respect to neck pain severity. All results are shown with respect to worsening neck pain 

(increasing NDI score). Decreasing structure is shown as blue on the respective brain region, 

while increasing and decreasing diffusion (Diff.) and functional (Func.) connections are 

illustrated with colors according to the legend. 
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iii. Quantitative Comparison of Brain and Spinal Cord Multimodal MRI Results 

Evaluation of Trends from Qualitative Assessment 

 To further investigate the counterintuitive functional and diffusion relationships seen in the 

features related to neurological symptoms, namely the dichotomy between diffusion/functional 

increasing and decreasing associations with mJOA, these were evaluated via a correlation matrix. 

As can be seen in Figure 5.4.A, the relationship with mJOA was confirmed: tracks between the 

AC and the thalamus had a negative correlation with mJOA (-0.41) while the functional 

connectivity between the AC and the thalamus had a positive correlation (0.47); on the other hand, 

tracts between the brainstem and the primary sensorimotor cortex (SM) had a positive correlation 

with mJOA (0.62) while functional connectivity between the thalamus and postcentral gyrus 

(ostensibly mediated by the corticospinal tract) had a negative association (-0.50). The diffusion 

and functional measures from the anterior cingulate to thalamus (Figure 5.4.B) and the diffusion 

and functional measures from the corticospinal-related connections (Figure 5.4.C) displayed a 

negative association (-0.38 and -0.25, respectively), though both of these were weaker than the 

correlation presented with each individual measure and the mJOA score. 
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Figure 5.4. Examination of regions with opposite functional and diffusion connectivity trends 

(anterior cingulate to thalamus and primary sensorimotor to thalamus or brainstem) associated 

with neurological symptoms in CS cohort. A) Correlation matrix of mJOA and measures 

between regions. B) Regression between functional and diffusion connectivity of anterior 

cingulate (AC) to thalamus (Thal). C) Regression between functional connectivity of postcentral 

gyrus (PostC) to thalamus and primary sensorimotor cortex (SM) to brainstem (Bstem), both 

mediated by the corticospinal tract. Displayed are regression line (solid) with 95% confidence 

intervals (dashed). 
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PCA of MRI Features Associated with Neurological Symptoms: Combined CS and HC Group 

A total of 32 features were used in the set of MRI features for neurological symptoms 

across 43 subjects with mJOA scores. These included: 9 structural MRI features, 13 diffusion MRI 

features, and 10 functional MRI features (Figure 5.5.A). The structural MRI features appeared to 

all be positively correlated with each other, while positively associated with FA and QA measures, 

negatively associated with tractography measures, and mostly positively associated with 

functional connectivity measures, especially the connectivity between primary sensorimotor 

cortex and the putamen. Diffusion MRI features varied in strength and sign (positive and negative) 

depending on whether they were measures of fiber coherence, diffusivity, or tractography counts, 

while showing weaker correlations with functional MRI connectivity. Functional features were 

mostly weakly positively correlated to each other, with a few similar connections (such as some 

of those shared by the pre- and post-central gyri) showing stronger correlations (Figure 5.5.A). 

After comparison with the random matrix of 32 features by 43 observations, the first five principal 

components, which together accounted for 66% of the total variance in the data, were used in 

subsequent analyses (Figure 5.5.B).  
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Figure 5.5. Correlation and coefficient plots for principal component analysis of MRI features 

associated with neurological symptoms in combined CS and HC group. A) correlation matrix of 

MRI features, color-coded by modality. B) Scree plot of percentage of variance explained by 

component for mJOA MRI features and randomly created matrices. The last component where 

variance explained PC-MRIk > PC-RANDk was for k=5, so five components were included for 

further analysis and highlighted in the matrix of coefficients (C). 
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When evaluating the principal component loadings on the variables (Figure 5.5.C), the 

first component appeared to be positively weighted across the structural features, varying across 

the diffusion features, and weak across most but not all the functional features. Inspection of the 

PCA biplot (Figure 5.6), revealed similar trends: the first principal component accounted for 

variance in structural and diffusion features. The second principal component appeared weighted 

towards a few functional measures, specifically the FC between the precentral gyrus and the 

precuneus and posterior cingulate (PC), and the FC between the postcentral gyrus and the 

precuneus (Figure 5.6.B). The third principal component also appeared to load evenly across 

functional and structural features, displayed particularly well when plotted against the first 

principal component (Figure 5.6.C). The fourth principle component appeared weighted more 

towards diffusion features, while the fifth principle component appeared to be loaded across 

diffusion and functional features, but presenting with a particularly strong loading on the 

probabilistic tractography counts between the primary sensorimotor cortex and the brainstem 

(Figure 5.5.C). 



208 

 

 

Figure 5.6. Biplot of principal components (axes), subject scores (points), and coefficients of 

features (lines) for MRI features associated with mJOA in combined CS and HC group. A) 3D 

biplot with principal components 1,2 and 3. B) 2D biplot with principal components 1 and 2. C) 

2D biplot with principal components 2 and 3. D) 2D biplot with principal components 1 and 3. 
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PCA of MRI Features Associated with Neurological Symptoms: CS Cohort Only 

In order to evaluate the dimensionality reduction of MRI features in CS patients alone, and 

in order to incorporate some of the diffusion metrics (FA and MD) at the site of compression in 

the spinal cord, an additional PCA analysis was performed using only the 26 CS patients. The 

spinal cord mean FA and MD were included in this analysis, and the number of components was 

limited to 26 (same as number of patients) by sequentially eliminating features that had the lowest 

Pearson’s correlation with mJOA. A total of 26 features were used in the set of MRI features for 

neurological symptoms across 26 subjects with mJOA scores. These included: 5 structural MRI 

features, 14 diffusion MRI features, and 7 functional MRI features (Figure 5.7.A). In comparison 

to the results for the overall CS and HC analysis of mJOA features described above, there was a 

higher proportion of diffusion MRI features present in this study (54% for CS only compared to 

40% for the overall), though similar trends were seen with respect to the correlation between the 

different features and modalities. After comparison with the random matrix of 26 features by 26 

observations, the first four principal components, which together accounted for 64% of the total 

variance in the data, were used in subsequent analyses (Figure 5.7.B). 
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Figure 5.7. Correlation and coefficient plots for principal component analysis of MRI features 

associated with neurological symptoms exclusively within the CS cohort only. A) correlation 

matrix of MRI features, color-coded by modality. B) Scree plot of percentage of variance explained 

by component for mJOA MRI features and randomly created matrices. The last component where 

variance explained PC-MRIk > PC-RANDk was for k=4, so four components were included for 

further analysis and highlighted in the matrix of coefficients (C). 
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When evaluating the principal component loadings on the variables (Figure 5.7.C) for 

mJOA within the CS cohort alone, the first component appeared to be positively weighted across 

the structural features, varying across the diffusion features depending on if they were a measure 

of diffusivity (negative loaded) or fiber coherence (positively loaded), and weak across most 

functional features. The second component appeared to also be positively weighted across the 

structural features, varying across the diffusion features depending on if they were a measure of 

diffusivity (positively loaded) or fiber coherence (negatively loaded) with opposite loading 

direction compared to the first compoent, and a few functional features displayed a strong negative 

loading. The PCA biplot (Figure 5.8) showed structural features clustered in the same quadrant 

across the first and second principal component, while diffusion features, depending on whether 

they were of fiber coherence or diffusivity, were split across the first two principal components. 

The third principal component appeared weighted negatively across most features, but especially 

so for quantitative anisotropy in the upper cerebral white matter regions, the superior and posterior 

corona radiata (SCR and PCR, respectively, Figure 5.7.C), and which is seen well on the biplots 

with the third principle component (Figure 5.8.C,D). The fourth principal component appeared 

strongly loaded on the mean diffusivity measures in the brain (Figure 5.7.C). The functional 

features were more spread out in this version of the analysis, though the FC of the precentral and 

postcentral gyri to the thalamus, and the posterior cingulate to the putamen, showed similar loading 

patterns (Figure 5.8.). 
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Figure 5.8. Biplot of principal components (axes), subject scores (points), and coefficients of 

features (lines) for MRI features associated with mJOA within the CS cohort only. A) 3D biplot 

with principal components 1,2 and 3. B) 2D biplot with principal components 1 and 2. C) 2D biplot 

with principal components 2 and 3. D) 2D biplot with principal components 1 and 3. 
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PCA of MRI Features Associated with Neck Pain 

A total of 23 features were used in the set of MRI features associated with neck pain across 

23 subjects with NDI scores. These included: 6 structural MRI features, 5 diffusion MRI features, 

and 12 functional MRI features (Figure 5.9.A). The within-modality correlations of structural and 

diffusion features were similar to those presented by the mJOA features, with the structural 

measures being highly positively correlated, while the diffusion measures were more variable and 

had positive or negative correlations depending on whether the measures were based on anisotropy 

or diffusivity. Also, similar to the mJOA features, the structural and diffusion NDI features also 

displayed weaker and varying relationships to functional connectivity. Functional features 

presented as highly positively correlated with one another, except for the thalamus to anterior 

cingulate (final row/column) which appeared negatively associated with the other measures 

(Figure 5.9.A). After comparison with the random matrix of 23 features by 23 observations, only 

the first two principal components, which together accounted for 55% of the total variance in the 

data, were used in subsequent analyses (Figure 5.9.B).  



214 

 

 

Figure 5.9. Correlation and coefficient plots for principal components of MRI features associated 

with neck pain. A) correlation matrix of MRI features, color-coded by modality. B) Scree plot of 

percentage of variance explained by component for NDI MRI features and randomly created 

matrix. The last component where variance explained PC-MRIk > PC-RANDk was for k=5, so two 

components were included for further analysis and highlighted in the matrix of coefficients (C). 
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When evaluating the principal component loadings on the variables (Figure 5.10.C), the 

first component appeared to be loaded evenly across the variables, presenting a positive loading 

on the structural features, mixed and weaker loadings on the diffusion features, and a negative 

loading on the functional features. The second principal component was strongly loaded towards 

the structural features, and for diffusion features was positively loaded towards the quantitative 

anisotropy (QA) of the posterior corona radiata (PCR) and negatively loaded on the probabilistic 

tractography counts from the thalamus to the AC (Figure 5.10.C). The second principal 

component was also mostly moderately positively loaded towards the functional features. The 

PCA biplot confirmed these associations, with the first principle component splitting across 

functional and structural features, and the second principal component positively loaded across 

most features except for notably the probabilistic tractography counts between the primary 

sensorimotor cortex and the AC (Figure 5.9.C). 



216 

 

 

Figure 5.10. Biplot of principal components (axes), subject scores (points), and coefficients of 

features (lines) for MRI features associated with NDI. A) 3D biplot with principal components 1,2 

and 3. B) 2D biplot with principal components 1 and 2. C) 2D biplot with principal components 2 

and 3. D) 2D biplot with principal components 1 and 3. 
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iv. Multiple Linear Regression Analysis of Principal Components 

Multiple Linear Regression with Neurological Symptoms: Combined CS and HC Group 

 When evaluating multiple linear regression of the first principle component as an 

independent variable with respect to mJOA and age as dependent variables in the combined CS 

and HC group, this yielded a strong association: the overall model had an R2=0.58, an adjusted-

R2=0.56, with a significance of P<0.0001; mJOA was a significant independent predictor with a 

coefficient of +0.42 and P=0.002, while age was also a significant independent predictor with a 

coefficient of -0.11 and P<0.0001. The VIF for age and mJOA was 1.13, and the model passed 

tests for heteroskedasticity and normality of residuals. When implementing the principal 

components as independent variables along with age, and mJOA as a dependent variable in the 

multiple linear regression model, the non-significant variables were removed in the following 

order: PC4 (P=0.657), PC3 (P=0.439), Age (P=0.383), and PC2 (P=0.053). This left only PC1 and 

PC5 as independent predictors in the model, which resulted in n R2=0.39, and an adjusted- 

R2=0.36, with a significance of P<0.0001; PC1 had a coefficient of +0.47 and P<0.0001, while 

PC5 had a coefficient of +0.54 and P=0.02. The VIF for PC1 and PC5 was 1 (orthogonal 

measures), thought the model displayed homoscedasticity, likely reflecting the fact that mJOA is 

a categorical variable and thus less suitable to be a dependent variable in a regression analysis. 

 

Multiple Linear Regression with Neurological Symptoms: CS Cohort Only 

When evaluating multiple linear regression of the first principle component as an 

independent variable with respect to mJOA and age as dependent variables within the CS cohort 

only, this yielded a very strong association: the overall model had an R2=0.63, an adjusted-

R2=0.60, with a significance of P<0.0001; mJOA was a significant independent predictor with a 
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coefficient of +0.56 and P=0.0002, while age was also a significant independent predictor with a 

coefficient of -0.14 and P=0.0005. The VIF for age and mJOA was 1.00, and the model passed 

tests for heteroskedasticity and normality of residuals. When implementing the principal 

components as independent variables along with age, and mJOA as a dependent variable in the 

multiple linear regression model, the non-significant variables were removed in the following 

order: PC3 (P=0.587), Age (P=0.324), PC4 (P=0.0.082), and PC2 (P=0.058). This left only PC1 

as an independent predictor in the model, which resulted in an R2=0.37, P=0.001, and PC1 had a 

coefficient of +0.618. This linear regression is shown in Figure 5.11. 

 

 

Figure 5.11. Plot of mJOA with respect to the first principal component for patients with CS. 

Plotted are the linear regression lines along with the 95% confidence intervals (dashed line). 
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Multiple Linear Regression with Neck Pain 

 When evaluating multiple linear regression of the first principle component as a dependent 

variable with respect to NDI and age, this yielded a strong association: the overall model had an 

R2=0.50, an adjusted- R2=0.45, with a significance of P=0.0009; NDI was a significant variable 

with a coefficient of -0.016 and P=0.0003, while age was also a significant variable with a 

coefficient of -0.19 and P<0.0001. The VIF for age and mJOA was 1.12, and the model passed 

tests for heteroskedasticity and normality of residuals. When constructing the multiple linear 

regression model with NDI as the dependent variable, both PCs and age were significant 

independent variables, so all were included in the final model, which yielded an R2=0.74, an 

adjusted- R2=0.70, with a significance of P<0.0001; PC1 had a coefficient of -2.38 and P<0.0001, 

PC2 had a coefficient of -2.63 and P=0.001, and age had a coefficient of -0.50 and P=0.002. The 

VIFs were 1.05 for PC1, 1.43 for PC2, and 1.48 for age, thought the model displayed 

homoscedasticity, likely reflecting the fact that NDI is a categorical variable and thus less suitable 

to be a dependent variable in a regression analysis. 

 

v. Discussion 

This chapter summarized the multimodal MRI results from the associations with patient 

neurological symptoms (mJOA) and neck pain (NDI) measures, from the previous three chapters, 

and quantitatively evaluated their relationship using principal component analysis (PCA). PCA 

results were then used for multiple linear regression analysis of the data with respect to the 

symptom and pain measures. Results indicated that brain structures undergo degenerative changes 

with worsening neurological symptoms, including region-specific thinning of the primary 

sensorimotor cortex, and decreased structure in brain regions that supplement motor tasks. 
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Functional changes included an increased connectivity between the primary sensorimotor cortex 

and the precuneus and thalamus, and a decreased connectivity between the primary sensorimotor 

cortex and the putamen. These are accompanied by changes in functional connectivity between 

the medial prefrontal cortex, the anterior cingulate (AC) and the superior frontal gyrus (SFG), and 

the subcortical structures of the thalamus and the putamen. Diffusion tractography showed a 

decreasing connectivity across the corticospinal tract, and an increased connectivity between the 

AC and the subcortical structures, thalamus and putamen, and with the primary sensorimotor 

cortex. The decreased diffusion-based connectivity across the corticospinal tract contrasts with the 

increased functional connectivity between the thalamus and the primary sensorimotor cortex.  

For neck pain, the brain presented with decreased thickness in the AC and insula, regions 

typically associated with pain, as well as in the SFG, precuneus, and decreased putamen volume. 

These were accompanied by functional changes where the primary sensorimotor cortex displayed 

greater functional connectivity with the precuneus, thalamus, AC, and SFG with worsening neck 

pain. The thalamus also displayed a decreasing connectivity with the AC. Only a few diffusion 

connectivity changes were seen, between the primary sensorimotor cortex and the AC, and 

between the putamen and SFG. Correlation analyses and PCA results indicated that structural, 

diffusion, and functional measures appeared mostly strongly correlated within the respective types 

of measures, but more weakly associated with the findings from other modalities. Loadings of the 

MRI features on the first principle components appeared to distribute across the different 

modalities, which may indicate that the different modalities reveal different symptom-related 

aspects of the disease. 

In general, studies have found functional connectivity to be associated with diffusion-

derived connectivity. In the advent of the discovery of the default-mode network in resting-state 
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fMRI, Greicius et al later found that functional connectivity at rest of this network largely reflected 

in structural connections as assessed using DTI 317. While strong functional connectivity can exist 

between regions that are not functionally connected, the white matter is nevertheless an anatomical 

substrate that constrains and influences the presence of functional connectivity 318. The finding in 

this study of disparate functional and diffusion connectivity along the corticospinal tract in relation 

to worsening neurological symptoms appears counterintuitive. However, previous studies in 

conditions such as amyotrophic lateral sclerosis (ALS), though showing mixed results in terms of 

functional connectivity 319, several have found decreased white matter connectivity but increased 

functional connectivity at rest in sensorimotor networks 320,321. The interpretation for these results 

in ALS was that there may be a compensatory effect for accomplishing motor function in the 

presence of white matter degeneration, or that it may be due to a loss of inhibitory circuitry. Thus, 

the combined data presented in this dissertation may indicate white matter degeneration, which 

occurs in the spinal cord at the site of injury and rostral to this site, along with increased functional 

connectivity due to decreased inhibition and seen in functional activation tasks where larger areas 

are recruited to accomplish the same functional tasks 203,204. 

PCA for dimensionality reduction and subsequent classification have been used previously 

with neuroimaging datasets focused on Alzheimer’s disease for both MRI 322 and positron emission 

tomography (PET) and single photon emission computed tomography (SPECT) 323. Both of these 

previous studies (and most studies applying machine learning techniques) generally have larger 

sample sizes, in the hundreds of subjects, in order to train and test their classification algorithms. 

Because of the small sample size of this study, PCA was used for dimensionality reduction and to 

evaluate the general relationships between variables using a simple model (linear regression). PCA 

techniques have recently been implemented using MRI measures in both cervical 324 and thoracic 
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325 acute spinal cord injury, in which grading and structural measurements of the spinal cord were 

analyzed using PCA and where principal components were found to be useful in predicting 

neurological scores at discharge. These studies had more similar sample sizes (25 subjects for the 

thoracic and 95 for the cervical spinal cord injury studies) to that presented in this work, and as 

such represent a more feasible model for using PCA: extracting principle components and using 

them for regression analyses with symptom scores, as was done for this work. 

The multiple linear regression models for the first principle component vs mJOA and age 

produced strong statistical models, with an R2=0.58 for the entire group including HC and an 

R2=0.58 in the CS-only group. These are larger than the strongest models of structural measures 

as independent variables from Chapter II, namely which presented with R2 ~ 0.47 in the entire 

cohort, and R2 ~ 0.42 in the CS-only cohort. The results from this chapter also compare favorably 

to previous results of FA (R2 = 0.41) and MD (R2 = 0.26)  in terms of regression with respect to 

mJOA 201. This means that the principal component, accounting for the most variance across 

different multimodal MRI measures, was better represented by neurological symptom severity and 

age than individual structural MRI measures. For the combined model of mJOA vs the principal 

components and age, the resultant selected principal components were the first and fifth. While 

the first principal component, which accounts for the most variance in the data, provides an easier 

interpretation, the significance of the fifth component is harder to interpret, but appears to be 

strongly linked to the tractography counts from to brainstem to the sensorimotor cortex, to the 

diffusion measures in the superior and posterior corona radiata, and several functional measures 

including the connection between the pre- and post-central gyri and the thalamus.  

For NDI, the multiple linear regression model of the first principle component vs NDI and 

age produced a strong R2=0.50; however, this was similar to the strongest associations seen in the 
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structural MRI measures in Chapter II, namely several (bilateral Precunues, RH Putamen, LH 

insula) with R2 ~ 0.55. The multiple linear regression model with NDI as the dependent variable 

and age and the first two principal components as dependent variables produced an extraordinarily 

strong association, with an R2=0.74. This means that a model using only these first two principle 

components and age accounted for almost 75% of the variance in the neck pain scores. Given the 

small cohort size of CS patients (and smaller still for the patients that also had NDI scores) further 

data is necessary to validate this finding; however, such a strong model represents significant 

progress in predicting patient symptoms from imaging biomarkers. 
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Chapter VI. Conclusion 

In the paper “Will imaging biomarkers transform spinal cord injury trials?”, Cadotte and 

Fehlings 326 note that the current system of classification for traumatic spinal cord injury (SCI), 

the American Spinal Injury Association (ASIA)'s impairment scale (AIS), while easy to 

administer, does not take advantage of the advancements in understanding about the spinal cord 

and also fails to account for the heterogeneity of injury and potential development of secondary 

injuries after the initial trauma, where a significant proportion of patients (30%) will degrade from 

the lowest symptom severity category (grade A) to worse symptom severity categories (B or C). 

Cadotte and Fehlings then highlight work performed by Freund et al 327 where they tracked 

symptoms and performed longitudinal brain and spinal cord MRI in patients with SCI, and found 

that neuroanatomical substrates as assessed by varied MRI methods were altered with injury and 

tracked with symptom progression. Cadotte and Fehlings conclude: “Through a combination of 

treatment strategies and adoption of imaging biomarkers, the next generation of clinical trials will 

have the potential to personalize the care of patients with spinal cord injury.” 

While the investigation of imaging biomarkers has improved by leaps and bounds in 

traumatic SCI, less work has been done on patients with chronic compression of the spinal cord, 

or cervical spondylotic myelopathy (CSM). Arguably, the ability to assess the neuroanatomical 

substrate is more important in chronic compression cases because the natural history and response 

to surgery are so variable, and because chronic compression can occur over a long time-span. The 

work presented in this dissertation presents a step in the direction of further understanding the 

neurobiological changes in the brain and spinal cord of patients with chronic spinal cord 

compression through imaging biomarkers and how these neurobiological substrates relate to 
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patient symptom severity and pain, which are not well represented by traditional MRI or other 

non-invasive techniques. 

The objective of this dissertation was to evaluate the relationship between patient symptom 

severity and the structure, microstructure, and function of the brain and spinal cord. This work 

used an MRI protocol that encompassed the brain and extended into all or part of the cervical 

spinal cord, and scans were acquired in 26 subjects with cervical stenosis (CS), with or without 

accompanying myelopathy, and in a set of 17 healthy control subjects. Analyses of both the brain 

and spinal cord data were processed using modality-specific pipelines, and associations were 

evaluated between the resulting MRI measures and the clinical symptoms and clinical measures 

of the spinal cord. The modified Japanese Orthopedic Association (mJOA) score was used as 

measure of neurological function. The neck disability index (NDI) was used as a measure of 

chronic neck pain. Measures from clinical anatomical MRIs included the Torg Ratio, a measure of 

the compression of the spinal cord. 

Patients with CS demonstrated changes associated with neurological symptom severity, 

including decreasing cortical thickness in subregions of the primary sensorimotor cortex, as well 

as motor supplemental brain regions such as the anterior cingulate, superior frontal gyrus, 

precuneus, and decreasing volume of the putamen. These macrostructural changes in the brain that 

were associated with symptom severity provide a stark contrast to the macrostructural assessment 

of the spinal cord in patients with CS, where the degree of spinal cord compression or the cross-

sectional area of the spinal cord does not relate strongly to symptom measures. Additionally, this 

study found that patients with CS and neck pain exhibited a pattern of brain changes that has been 

well-documented for chronic pain: decreasing cortical thickness in the anterior cingulate and 

insula, both important regions in the perception and affective assessment of pain. Patients with CS 
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also displayed decreased cortical thickness in the precuneus and decreasing volume of the putamen 

with worsening pain. As a group, patients with CS demonstrated a greater decrease in structure 

with age for particular brain regions when compared to HC subjects, which may indicate that these 

patients develop chronic brain structural changes that worsen at a greater rate with age compared 

to the healthy population. 

Patients with CS also demonstrated altered connectivity between brain regions at rest that 

were related to symptom severity. These changes revolved around altered connectivity between 

the primary sensorimotor cortex and other cortical and subcortical brain regions, where there was 

an increasing functional connectivity with neurological symptom severity to the precuneus, 

posterior cingulate, thalamus, and cerebellum, which parallels the previously reported increase in 

functional activation area of the primary motor cortex exhibited by patients with CS. The putamen 

instead demonstrated decreasing functional connectivity with the primary sensorimotor cortex. 

The thalamus and putamen both displayed decreasing functional connectivity to the anterior 

cingulate and superior frontal gyrus with worsening neurological symptom severity. In relation to 

neck pain, patients with CS demonstrated generally increasing functional connectivity with 

worsening neck pain between the precentral and postcentral gyri, superior and middle frontal gyri, 

and the precuneus. The thalamus also displayed increasing functional connectivity to the primary 

sensorimotor cortex, but displayed decreasing connectivity to the anterior cingulate. Thus, mostly 

increasing functional connectivity between sensorimotor brain regions was observed, though the 

thalamus and putamen demonstrated different patterns of connectivity. These changes may 

indicate compensatory mechanisms in the brain to accomplish motor tasks in the presence of 

compromised spinal cord integrity. 
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Several models of diffusion were used to assess tissue microstructure in white matter and 

subcortical gray matter in patients with CS. Patients with worsening neurological symptom 

severity demonstrated decreased fractional anisotropy (FA) and increased mean diffusivity (MD) 

at the C2 level of the spinal cord, similar to the results previously reported at the site of 

compression level in previous studies and indicating possible retrograde or anterograde 

degeneration in the spinal cord rostral to the site of injury. These trends of decreasing white matter 

integrity were also found in the brain along the corticospinal tract, providing further evidence for 

rostral changes in white matter. As for subcortical structure results, the putamen presented with 

increased diffusivity with neurological symptom severity, providing additional evidence to the 

structural findings that the putamen is altered in association with motor symptoms. Probabilistic 

tractography results found increasing number of fiber tracts between the anterior cingulate and 

multiple regions, including the primary sensorimotor cortex, the thalamus, and the putamen, with 

worsening symptoms, while there was a decreasing number of tracts along the corticospinal tract 

with worsening symptoms. Fewer associations were found between diffusion measures and neck 

pain, but the anterior cingulate displayed increased tracts to the primary sensorimotor cortex, and 

the putamen displayed decreased tracts to the superior frontal gyrus. 

The MRI-derived measures proved to be correlated to one another to varying degrees, and 

even when reduced to a few components via principal component analysis, these components still 

maintained strong associations with the neurological symptom and pain scores, pointing towards 

a similar pattern of brain changes across patients with chronic compression of the spinal cord. The 

multimodal assessment also indicated that various structures showed changes in combinations of 

structural, functional, and microstructural MRI features, which reinforce the findings of individual 

MRI modalities. 
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This dissertation has added to the evaluation of rostral brain and spinal cord changes in 

patients with chronic compression of the spinal cord, critical work which is needed for spinal cord 

compression neuroimaging research to catch up to the further-along neuroimaging research which 

has been conducted for traumatic spinal cord injury. This work also highlights the brain changes 

occurring in patients with CS and chronic neck pain, an often under-rated patient symptom in the 

presence of the more blatant neurological symptoms. The current results for brain changes with 

neck pain are similar to previous research in more well-known and research-intensive chronic pain 

conditions, and indicate that this is an important disease dimension for physicians to consider and 

for future research to investigate. 

In the paper “Embodied neurology: an integrative framework for neurological disorders”, 

Freund et al discuss the need to address the supraspinal, spinal, and peripheral aspects of 

neurological disorders simultaneously, especially in SCI. Freund et al correctly point to the 

integrative nature of the nervous system and the body, that this proper integration is disrupted by 

disease, and that treatment should holistically attempt to remedy these deficits. The findings in this 

dissertation provide targets for future potential brain- or behavior-based therapies, where 

addressing the whole of the nervous system, from the direct site of injury to the intact spinal cord 

and the brain, may provide a more holistic treatment that helps patients recover and adapt more 

fully. 
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Appendix A. Patient and Healthy Volunteer Demographics and Conventional MRI Findings 

Patient and Healthy Volunteer Populations 

A total of 26 patients with cervical stenosis with or without myelopathy were prospectively 

enrolled in a cross sectional study involving observational MRI and evaluation of neurological 

function. Patients were recruited from an outpatient neurosurgery clinic, and each had at least 

moderate cervical stenosis on standard cervical MRI, defined as no visible cerebrospinal fluid 

signal around the spinal cord at the site of maximal compression. All patients signed Institutional 

Review Board (IRB) approved consent forms, and all analyses were done in compliance with the 

Health Insurance Portability and Accountability Act (HIPAA). The cohort included 20 males and 

6 females, with a mean age of 59 years (range 40 to 80). The modified Japanese Orthopedic 

Association (mJOA) score was used as a measure of neurological function.5 The mean mJOA score 

for the patient cohort was 15 (range 9 to 18). Of the 26 patients, 6 had neck pain only without 

neurological symptomatology (mJOA=18), 14 presented with mild myelopathy (mJOA between 

15 and 17), and 6 presented with moderate to severe myelopathy (mJOA < 14). The neck disability 

index (NDI) was used as a measure of neck pain 20,21. Of the 26 patients enrolled in this study, 23 

had NDI scores: 8 had no disability (NDI between 0 and 4), 10 had mild disability (NDI between 

5 and 14), 1 had moderate disability (NDI between 15 and 24), 1 had severe disability (NDI 

between 25 and 34), and 2 had complete disability (NDI between 35 and 50). There was a 

significant negative Pearson’s correlation (r=-0.456, P=0.03) between mJOA and NDI scores, 

which may mean that some of the results may reflect an overlap in the symptoms. 

A cohort of 17 neurologically intact, healthy volunteer subjects (11 males and 6 females 

with average age of 40 years, range 25-62) underwent the same brain and spinal cord research MRI 

protocol for comparison.  
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For the structural brain analysis, MRI data from an additional 28 HC subjects (21 males 

and 7 females) older than age 40 (average age of 49 years, range 40-61) and similar structural MRI 

scans were extracted from the Pain and Interoception Imaging Network (PAIN) Repository, 

(http://uclacns.org/programpain-research-program/pain-repository/) maintained by the UCLA 

Center for the Neurobiology of Stress and Resilience 214. These subjects had comparable T1 MRI 

acquisition, but the scan only covered the brain and the top portion of the spinal cord. Thus, this 

additional cohort of HC subjects was only used for structural brain analyses.  

Patients with CS presented with significantly increased age with respect to both the joint 

HC group and the HC subjects with the research brain and spine MRIs (t-tests, P<0.001 for both), 

but did not present with significantly different body mass index (BMI, t-tests, P=0.4 for overall, 

and P=0.2 for brain and spine HC) or sex (Chi-squared tests, P>0.2 for both overall and brain and 

spine HC). Patient and volunteer demographics are summarized in Table A.1. 

 

Table A.1. CS patients and HC subjects cohort demographics. 

Subject 

Population 

N Age (mean 

years +/- SD) 

Sex BMI (mean 

+/- SD) 

mJOA (mean 

+/- SD) 

NDI (mean 

+/- SD) 

CS Patients 

(Brain + Spine) 

26 59 ± 11 years 20M / 6F 27.2 ± 6.7 15.4 ± 2.8 10.6 ± 10 

HC Subjects 

(Brain + Spine) 

17 41 ± 13 years 11M / 6F 26.2 ± 3.0 18  
 

HC Subjects 

(Brain Only) 

28 49 ± 5 years 21M / 7F 26.8 ± 5.5 18   

 

  

http://uclacns.org/programpain-research-program/pain-repository/
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Conventional Clinical Spine MRI Findings 

T2w turbo spin echo (TSE) sagittal and axial MRI scans were acquired in the patient 

population as part of clinical routine scanning on a 3T scanner, which was the same one used to 

acquire the research sequences (Siemens Prisma; Siemens Healthcare, Erlangen, Germany). The 

T2w sagittal TSE scan used an echo time (TE) of 105ms, a repetition time (TR) or 4000ms, and a 

flip angle of 140°; the field of view (FOV) was 220mm x 220mm, with an acquisition matrix of 

348 x 348, and a slice thickness of 3mm, to give a voxel size of 0.573mm x 0.573mm x 3mm. The 

T2w axial TSE used a TE of 84ms, a TR of 9430ms, and a flip angle of 160°; an FOV of 220mm 

x 220mm with an acquisition matrix of 384 x 384 was obtained, to yield an in-plane resolution of 

0.469mm x 0.469mm; a slice thickness of 4mm was acquired with an interslice gap of 1 mm. Both 

scans covered the entirety of the cervical spinal cord in all patients. Both scans were used to 

identify sites of compression as well as T2w signal abnormalities in the spinal cord. The T2w TSE 

sagittal scan was used to compute the MRI-equivalent Torg Ratio. 

In the cohort of 26 patients, the distribution of sites of maximal compression was the 

following: 1 patient had maximal compression at the C2/C3 intervertebral disc, 11 patients had 

maximal compression at the C3/C4 intervertebral disc, 5 at the C4/C5 disc, 5 at the C5/C6 disc, 

and 4 at the C6/C7 disc. Compression at multiple intervertebral disc levels was noted for 17 (65%) 

of the patients. The mean anterior-posterior spinal canal diameter at the site of the largest extent 

of compression was 6.1mm (±1.6mm standard deviation, range of 3.7mm to 10.3mm), and the 

mean MRI equivalent of the Torg-Pavlov Ratio was 0.36 (±0.10 standard deviation, range of 0.20 

to 0.58) in the cohort of CS patients, which compares well to another study that found a mean Torg 

Ratio of 0.36 in a cohort of fifty-five patients 284. Out of the 26 CS patients, 14 (54%) presented 

with T2 hyperintensity within the cord, 8 of which (30% of total patients, 57% of patients with T2 
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hyperintensity) presented with “Snake-Eye” Appearance (SEA) 37-39. Neither spinal canal diameter 

nor MRI-equivalent Torg-Pavlov Ratio were correlated with neurological function (linear 

regression with mJOA, R2=0.092, P=0.1, and R2=0.050, P=0.3, respectively) or neck pain (linear 

regression with NDI, R2<0.0001, P>0.9, and R2=0.0008, P=0.7, respectively). Subjects with T2 

hyperintensity in the spinal cord did not have a significantly different mJOA compared to those 

without (t-test, P=0.7), but they did present with significantly lower NDI (t-test, P=0.01).  
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