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Abstract 

Degenerative cervical myelopathy (DCM) is a degenerative disease of the spinal cord that 

can lead to neurological dysfunction. It has been hypothesized that ischemia and hypoxia in 

the spinal cord at the site of compression could impact functional recovery after 

decompression surgery. Unfortunately, direct in-vivo quantification of hypoxia and ischemia 

in the spine has been limited in humans. Magnetic resonance imaging (MRI) can be utilized 

to measure hypoxia indirectly in soft tissue. Specifically, chemical exchange saturation 

transfer (CEST) is an MRI contrast that can be derived from the transfer of magnetization 

from selectively excited endogenous protons to bulk water protons. This exchange process is 

pH-dependent and can be exploited to produce a pH-weighted CEST contrast called 

amine/amide concentration independent detection (AACID). Hypoxia can decrease the pH of 

tissue. 

For the first time in DCM patients, the severity of spinal cord compression was correlated 

with functional brain activity changes, suggesting that hypoxic injury in the spinal cord may 

contribute to cortical reorganization in the motor areas of the brain. The results from this 

study provided the motivation for this thesis to develop three-dimensional (3D) AACID 

CEST pH-weighted MRI at the clinically relevant field strength of 3.0T in the healthy brain 

and spinal cord and then to demonstrate the feasibility of pH-weighted imaging in the spinal 

cord of DCM patients. Furthermore, the reproducibility of spinal cord AACID CEST MRI 

was quantified and found to have the greatest reproducibility at the center of the 3D volume 

when incorporating a B1-inhomogeneity correction. 

In conclusion, this dissertation demonstrates the process of developing a 3D pH-weighted 

CEST MRI contrast at the clinically relevant field strength of 3.0T in the cervical spinal cord. 

This work includes initially exploring how the severity of cord compression affects brain 

functional activity, optimizing the CEST sequence at 3.0T, evaluating the reproducibility of 

the AACID measurement in both the healthy brain and cervical spinal cord and initial 

utilization in the spinal cord of people with DCM. This dissertation lays the groundwork to 

determine if hypoxia is occurring in the spinal cord of DCM patients and if it is a measure of 

neurological outcome. 
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Summary for Lay Audience 

Degenerative cervical myelopathy (DCM) is a progressive disease of the spine that leads to 

compression, causing disruptions in hand function and walking and may lead to paralysis. 

Surgery is often the treatment recommended for DCM patients. Unfortunately, some patients 

continue to decline after surgery, and it is difficult to predict who. A new measure of 

outcome is needed to identify which patients will improve from decompression surgery and 

to determine when surgery should be performed. Compression of the spine might reduce the 

blood supply and oxygen available to the tissue, and this might affect how patients respond to 

decompression surgery. This thesis investigates and develops a way to non-invasively create 

images of the spine using magnetic resonance imaging (MRI) that is sensitive to changes in 

the tissue caused by a lack of oxygen.  Specifically, such tissue becomes acidic, decreasing 

the tissue pH.  

In DCM patients, a spinal cord compression measure was developed and compared to 

changes in brain activity observed when performing a hand-based task. The study found that 

patients who had more severely compressed spinal cords also tended to show more brain 

activation, suggesting that injury to the spinal cord caused by a lack of oxygen could cause 

adaptations to occur in the brain to compensate for the injury.  

This study motivated the development of a specialized MRI measurement that is sensitive to 

tissue acidity using clinically available MRI scanners. This technique has been previously 

utilized to detect changes in tissue acidity in animal models of stroke and cancer but has 

never been implemented in humans. Before assessing changes in tissue acidity in the spinal 

cord of DCM patients, the technique was fine-tuned and tested in the healthy human brain 

and cervical spinal cord. Measurement reproducibility was evaluated in the healthy brain and 

cervical spinal cord, demonstrating the feasibility of the method. Preliminary testing also 

demonstrated that the spinal cord of DCM patients may be acidic at the site of spinal cord 

compression.  

The research in this thesis lays the groundwork for future research in DCM patients to 

determine if tissue acidity can be used to predict functional outcome after surgery.  
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Chapter 1  

1 Introduction 

This introductory chapter provides the necessary information to understand the topics 

presented in the other subsequent chapters of this thesis. A brief overview is presented of 

the cervical spinal cord structure and vasculature, degenerative cervical myelopathy and 

the need to find a measure of outcome in these patients, and how ischemia and hypoxia 

could present itself in the spinal cord. In addition, the fundamentals of magnetic 

resonance imaging (MRI) and functional MRI (fMRI) and chemical exchange saturation 

transfer (CEST) techniques are thoroughly explained.  

1.1 Spinal Cord 

1.1.1 Spinal Cord Structure 

The spinal cord is an important component of the central nervous system (CNS). The 

CNS has both ascending sensory and descending motor tracts that transfer information 

from the brain, down the spinal cord to target muscles, or from muscles to the brain. The 

spinal cord is within the spinal canal and surrounded by cerebrospinal fluid (CSF). In 

adults, the spine has 33 vertebrae which protect the spinal cord from damage. These 

vertebrae are separated by cartilage disks that cause a buffer to any force caused by 

movements. Together, the vertebrae and cartilage form the spinal column. The spinal 

cord is comprised of four different regions: cervical (7 vertebrae, 8 nerve pairs), thoracic 

(12 nerve pairs and vertebrae), lumbar (5 nerve pairs and vertebrae), sacral (5 nerve pairs 

and fused vertebrae), and coccyx (1 nerve pair and 3-5 fused vertebrae) (1). There are 31 

segments of the spinal cord, which are defined by the 31 pairs of nerves exiting the cord 

(2). Dorsal and ventral roots enter and leave the vertebral column, respectively. Dorsal 

roots allow sensory information from all over the body to be relayed to the spinal cord, 

while the ventral roots allow motor information to exit the spinal cord to movement-

related muscles (2).  

Internally, the spinal cord has white matter in the periphery, gray matter within 

and a small canal with CSF in the centre. The gray matter is butterfly-shaped and is 
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divided into four main columns: dorsal, intermediate column, lateral, and ventral. The 

dorsal horn is primarily comprised of sensory nuclei, which receive and process sensory 

information. The intermediate column and lateral horn are comprised of autonomic 

neurons related to visceral and pelvic organs. The ventral horn is comprised of motor 

neurons that innervate skeletal muscle. Specifically, in the cervical region, the spinal cord 

has motor and sensory neurons related to the upper limbs. Surrounding the gray matter 

butterfly is white matter, which mainly contains glial cells and myelinated axons from 

sensory or motor neurons. In the peripheral region of the spinal cord, the axons can either 

carry sensory information from the brain down the body to control movements 

(descending pathways) or carry sensory information from the body upward toward the 

brain (ascending pathways) (3).  
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Figure 1.1: Anatomy of the spinal cord, showing the nerve pairs and vertebrae 

throughout the spinal cord. This figure was reproduced and modified with permission 

from Ahuja et al. (4) 
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1.1.2 Spinal Cord Blood Supply 

The spinal cord receives blood supply from three major arteries: the single anterior spinal 

artery (ASA) and the two paired posterior spinal arteries (PSA). The ASA originates from 

the brainstem, longitudinally runs the length of the spinal cord and is the primary blood 

supply of the anterior two-thirds of the spinal cord (5). Both PSA travel the length of the 

spinal cord longitudinally, are derived from the vertebral arteries, and supply blood to 

one-third of the spinal cord (5). Segmental arteries aid both the ASA and PSA in 

supplying blood to the spinal cord. One type of segmental artery that travels along the 

nerve roots of the cord are known as the radicular arteries. Radiculo-medullary arteries 

are a subcategory of radicular arteries; they occur alongside the ventral nerve roots and 

provide a blood source for the ASA. Radiculo-pial arteries are another subcategory and 

travel alongside the dorsal nerve roots. A collection of these radiculo-pial arteries is 

called the pial plexus and provides blood to the peripheral region of the spinal cord, or 

the white matter. Note that in the spinal cord, gray matter is highly vascularized 

compared to white matter (6), and the ASA provides adequate blood to the gray matter. 
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Figure 1.2: Schematic view of the blood supply of the spinal cord stemming from the 

aorta. a. stands for artery and n. stands for nerve. This figure was used with permission 

from Bosmia et al. (5) 

 

1.2 Degenerative Cervical Myelopathy 

Degenerative cervical myelopathy (DCM) is one of the leading causes of spinal cord 

dysfunction worldwide in adults. DCM is characterized by stenosis (or narrowing) of the 

cervical spinal canal due to the degeneration of the cervical spinal column, which can 

lead to chronic spinal cord compression. This is the most common form of spinal cord 
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dysfunction in adults over 55, with males being more predominately affected (7). 

Symptoms of DCM can range from mild dysfunction, such as dexterity/gait difficulties 

and numbness, to severe, such as incontinence and quadriparesis (7-10). When patients 

fail to respond to conservative treatment and symptoms are progressing, surgical 

intervention is required (10). However, studies have shown that some patients continue to 

deteriorate after surgery. This has created a need to identify predictors of outcome for 

DCM patients after decompression surgery. 

1.2.1 Pathophysiology and Pathobiology of DCM 

Degenerative changes to the spine components can occur from aging (10).  The 

pathogenesis of DCM can be divided into three main components: static, dynamic, and 

histopathological (11). Static components are structural changes that cause canal 

narrowing. Deterioration of the intervertebral discs is typically the beginning of the 

degenerative cascade. Disc herniation occurs when the nucleus pulposus (center of the 

intervertebral disc) pushes against the annulus fibrosus (outer ring of the disc) (12). When 

the annulus is worn or injured, the nucleus can squeeze through, causing spinal canal 

compression or narrowing. Discs can also lose height as aging occurs. Disc height can 

collapse due to the loss of water content, drying the discs out and becoming stiffer. The 

vertebrae move closer, and bone spurs form around the disc to strengthen it, causing the 

spinal canal to narrow and compress. The ligamentum flavum can thicken and buckle into 

the spinal canal. Ossification of the posterior longitudinal ligament can also cause direct 

spinal cord compression. These changes often lead to a loss of the range of motion, and to 

compensate for this decreased motion, adjacent structures of the spine become 

hypermobile (11,13).  

Dynamic components leading to DCM stem from abnormal repetitive cervical 

spine movement during flexion and extension (14). This repetitive movement can cause 

spinal cord compression. Hyperextension, or the over extension of the neck, can cause 

pinching of the spinal cord between the vertebral body anteriorly and the hypertrophied 

ligamentum flavum posteriorly (8,15), while flexion, or bending the neck towards the 

chest, may compress the cord against the anterior osteophytes and intervertebral discs 

(16,17).  
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Both the static and dynamic factors lead to chronic spinal cord compression.  This 

chronic spinal cord compression can lead to vascular changes, like regional malperfusion 

and deformation of the vessels, which can result in ischemia/hypoxia and 

neuroinflammation (7,8,10,11). Chronic cord compression may also lead to neuronal cell 

loss, gray and white matter degeneration, atrophy of the anterior horns, and endothelial 

damage, which results in a compromised blood-spinal cord barrier (10). The disruption of 

the blood-spinal cord barrier can permit the entry of inflammatory cells into the spinal 

cord parenchyma, which can also eventually lead to the neuroinflammatory process (8). 

Ischemia/hypoxia and neuroinflammation can activate the apoptotic pathway, causing 

progressive neuronal cell death (10,18). This has been suggested to affect the severity of 

the neurological deficits experienced by DCM patients (10,18,19). The 

pathophysiological process of DCM is summarized in Figure 1.3. 
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Figure 1.3: Flow graph of the pathophysiological process of degenerative cervical 

myelopathy (DCM). Static factors can cause stenosis of the spinal cord (narrowing of the 

cross-sectional area of the spinal cord), which is further exacerbated by dynamic factors 

during movement. This can cause compression of the spinal cord which can result in the 

disruption of the blood-spinal cord barrier (BSCB) via endothelial cell dysfunction or 

ischemia/hypoxia through regional malperfusion and vessel deformation. Both can 

eventually activate the apoptotic pathways, causing neuronal and oligodendroglial cell 

death. This figure was adapted with permission from Badhiwala et al. (8). 
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1.2.2 Clinical Assessment 

Common symptoms can include neck pain or stiffness, weakness, pain or numbness in 

the upper limbs, loss of dexterity, weakness, numbness or stiffness in the lower limbs, 

gait unsteadiness, and loss of control of the bowel/bladder. The modified Japanese 

Orthopaedic Association (mJOA) is used to grade the functional impairment of DCM 

patients (13,20). This is a clinically administrated index specific to DCM patients. mJOA 

assesses functional abilities on an 18-point scale, which is divided into the subdomains of 

upper limb motor function, lower limb motor function, upper limb sensation, and 

sphincter function. This scale is used to classify patients into different severity categories, 

with a score >15 indicative of mild DCM, 12-14 indicating moderate DCM, and <11 

indicating severe DCM (21). Table 1.1 shows how mJOA is assessed for DCM patients. 

This scale helps define whether patients are improving, either naturally or through 

surgical intervention. 

Physical examinations of DCM patients can include assessment of balance and 

gait, cervical range of motion, and dexterity tests. The Graded Redefined Assessment of 

Strength, Sensibility, and Prehension – Version Myelopathy (GRASSP-M) is a dexterity 

assessment tool that can assess the function and hand impairments in DCM patients to 

characterize motor, sensory, and dexterity changes following compression (22,23). 

Assessing hand impairment can assist with patient monitoring and treatment planning. 
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Table 1.1: The modified Japanese Orthopaedic Scale (mJOA), modified with permission 

from Benzel et al. (20). 

Type of Dysfunction 
Level of Dysfunction Score 

Motor Dysfunction,  

upper extremity 

Inability to move hands 0 

Inability to eat with a spoon, but able to move hands 1 

Inability to button shirt, but able to eat with a spoon 2 

Able to button shirt with great difficulty  3 

Able to button shirt with slight difficulty  4 

No dysfunction 5 

Motor dysfunction,  

lower extremity  

Complete loss of motor and sensory function 0 

Sensory preservation without ability to move legs 1 

Able to move legs, but unable to walk 2 

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

crutch) 

3 

Able to walk up and/or down stairs with handrail 4 

Moderate-to-significant lack of stability, but able to 

walk up and/or down stairs without handrail 

5 

Mild lack of stability, but walks with smooth 

reciprocation unaided 

6 

No dysfunction 7 

Sensory dysfunction,  

upper extremity  

Complete loss of hand sensation 0 

Severe sensory loss or pain 1 

Mild sensory loss 2 

No sensory loss 3 

Sphincter 

dysfunction 

Inability to micturate voluntarily  0 

Marked difficulty with micturition 1 

Mild-to-moderate difficulty with micturition  2 

Normal micturition 3 
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1.2.3 Diagnostics Using Imaging 

Computerized tomography (CT) scans of the cervical spine are useful when studying 

bone anatomy. Plain radiographs (X-rays) often are used to visualize how the spinal cord 

is narrowing, the degenerating discs and joints, and vertebral fusion (24,25). X-rays can 

be particularly useful in assessing the alignment of the cervical spinal cord when the 

patients are in an upright position under a physiological load. However, both CT scans 

and X-rays cannot provide information regarding the tissues and composition of the 

spinal cord.  

To characterize both the structure and compression of the cervical spine, magnetic 

resonance imaging (MRI) is a useful diagnostic tool. MRI allows for high-resolution 

visualization of neural structures, ligaments, and bone structures (26) in three dimensions 

(sagittal, axial, and coronal). Qualitative MRI can detect diagnostic features of DCM, 

such as the location and source of the spinal cord compression, the nature and degree of 

the degenerative changes (i.e., hypertrophy, disc herniation, etc.), narrowing of the spinal 

canal, and spinal cord edema based on signal intensity changes within the spinal cord 

(10,16,27). T2-weighted images typically demonstrate hyper-intensities, while T1-

weighted images typically demonstrate hypo-intensities, indicating atrophy of the spinal 

cord or spinal cord edema (28,29). MRI is also useful when trying to differentiate DCM 

from other conditions with similar presenting symptoms, like a tumour causing 

compression of the spinal cord (25,30). 
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Figure 1.4: Sagittal T2-weighted MRI (acquired on a Siemens 3.0 T MAGNETOM 

Prisma Fit, 3D spin-echo sequence, repetition time (TR)/echo time (TE) = 1400/136 ms, 

64 slices, isotropic resolution of 0.8 mm3) of the spinal cord of a DCM patient. Arrow 

indicates presence of spinal cord compression. 

 

1.2.4 Management 

Clinical practice guidelines recommend that when DCM patients are classified as mild 

(mJOA score > 15), conservative management is suggested (31). Conservative, non-

operative management can include neck bracing (32), manual therapy (33), bedrest and 

avoidance of risky activities and environments (34). The objective of conservative 

management is to treat the symptoms while protecting the spinal cord from any additional 

injury. There is debate about the efficacy of conservative management – studies have 

demonstrated that 23-54% of patients that were conservatively managed required follow 

up surgical intervention 29-74 months after initial management (8,32,35). Studies have 

also demonstrated that DCM patients who received conservative management showed 
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minimal improvement based on a nominal observed change in mJOA scores (observed 

change mostly between 0 and 1) (36).  

Surgical intervention is recommended for DCM patients who are considered 

moderate (mJOA score 12-14) or severe (mJOA score <11) (31). Surgical intervention 

decompresses the spinal cord, with the goal of preserving the alignment of the vertebrae 

and preventing any further neurological decline. Newer evidence suggests that mild DCM 

patients could also benefit from surgical intervention as a substantial reduction in quality 

of life can also occur in this cohort (37). The main objective of decompression surgery is 

to maintain neurological function and prevent further deterioration. A previous study has 

demonstrated that one-third of patients typically improve following surgery, while 40% 

show no change and 25% worsen (10,13). However, predicting surgical outcomes in 

individuals is a challenge. 

1.2.5 Predictors of Outcome 

Many studies have attempted to identify clinical predictors of surgical outcomes after 

decompression surgery. Some suggested predictors of outcome that are associated with 

worse surgical outcomes are older age, longer duration of symptoms, and higher severity 

of myelopathy (25,38). Unfortunately, the last two predictors undermine the importance 

of early diagnosis of DCM before irreversible spinal cord damage has occurred. A study 

performed by Vidal et al. demonstrated that there is a need for early diagnosis; when 

delayed decompression occurred in rodent models of DCM, there was poorer 

neurological recovery (39). MRI features have also been studied to try to predict the 

outcomes of surgery in DCM patients. Studies have shown that high signal intensity 

(hyper-intensity) on T2-weighted images, low signal intensity (hypo-intensity) on T1-

weighted images, the cross-sectional area of the spinal cord, and a combination of T1 and 

T2 signal changes are associated with poorer neurological surgical outcome (38,40,41). 

Unfortunately, these factors have been unreliable when trying to predict the outcome of 

surgery in individual DCM patients.  
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1.3 Ischemia and Hypoxia 

Brain et al. first introduced ischemia as a pathophysiological mechanism that influences 

the progression of DCM (42). Compression of the spinal cord can result in the 

deformation of vasculature structures (i.e., PSA, ASA, and radicular arteries). Physical 

changes reduce blood flow to the spinal cord and can cause ischemic damage (8,43). A 

study performed by Mair & Druckman demonstrated that spinal compression, caused by 

the protrusion of the cervical interverbal discs, led to the thickening of arterial and small 

vessel walls at the site of compression, causing the major vessels to have a reduced blood 

flow velocity and impaired regional perfusion (44). Studies have also demonstrated that 

ischemic injury of the gray and white matter has occurred in patients with cervical spine 

compression due to the compressed intramedullary arteries causing malperfusion of gray 

and medial white matter (11,45). This ischemic injury in the gray and medial white 

matter can lead to inadequate blood flow to axonal pathways, including corticospinal 

tracts (46). Furthermore, Ellingson et al., found a decrease in blood flow, measured using 

dynamic susceptibility contrast perfusion MRI, in the spinal cord region experiencing 

compression (47). 

In animal models of DCM, ischemic injury has been shown. A study performed by 

Kurokawa et al. demonstrated that compared to non-compressed sites of the spinal cord, 

there was a blood flow reduction of 20% at the site of compression in a rat model (48). In 

a study using micro-computer tomography (micro-CT), the ASA and radicular arteries of 

rats were compressed, and the diameter was significantly decreased compared to non-

compressed arteries; there was also a significant decrease in the microvasculature, 

depicted by the reduced density (49). Furthermore, Karadimas et al., also demonstrated 

that in a DCM rat model of chronic compression, there were microvasculature changes in 

the cervical spinal cord, indicated by decreased staining for laminin, which is a protein of 

the basement membrane of blood vessels (50). Other studies have considered the effect of 

decompression surgery on ischemia. Interestingly, when blood flow is restored to the 

ischemic site following decompression surgery, a secondary injury can manifest and 

induces oxidative damage in neurons (39,51). Ischemia-reperfusion injury will be further 

discussed in Section 1.3.1. 
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1.3.1 Reperfusion Injury 

It has been shown in a rodent model of DCM that a key factor that could explain 

neurological decline after decompression surgery is ischemia-reperfusion injury (39,51). 

Studies have demonstrated that reperfusion injury can contribute to the injury process of 

the central nervous system (CNS) by activating the immune system (52-54). One specific 

study demonstrated that after ischemic stroke, the increased activation of the immune 

system induced the recruitment of immune cells to the affected ischemic tissue, triggering 

an inflammatory response and increasing the infarct size (53). Ischemia-reperfusion 

injury can exacerbate the cellular damage that was already caused by ischemia/hypoxia. 

Post-revascularization causes a sudden increase in the blood and oxygen, which can 

activate the inflammatory response and cause further damage to the cells and membranes 

(55). A delay in decompression surgery in DCM patients could lead to an increase in 

neurological deficits and the absence of recovery post-surgery (51). Developing a 

measure of ischemia of hypoxia in the spinal cord could be informative when trying to 

diagnosis DCM patients early and determine who would benefit from decompression 

surgery instead of conservative management. 

1.3.2 Acidity measured by pH 

Naturally, water molecules (H2O) tend to ionize or separate into a proton (H+) and 

hydroxyl ion (OH-) (i.e., H2O→H+ + OH-). The dissociation constant of water (Kw) 

characterizes the product of ion concentrations at equilibrium: 

  

𝐾𝑤 = [𝐻+][𝑂𝐻−] [1.1] 

  

The logarithm form of Kw is known as pKw: 

  

𝑝𝐾𝑤 = −𝑙𝑜𝑔(𝐾𝑤) [1.2] 



 

16 

 

As an acid, H+ can either donate a proton or accept an electron pair; as a base, the 

hydroxyl ion can either accept a proton or donate an electron pair. To quantify how basic 

or acidic a solution is, Soren Sorensen developed the concept of pH: 

  

𝑝𝐻 = −𝑙𝑜𝑔[𝐻+] [1.3] 

  

where [𝐻+] is the molar concentration of protons (56,57). In biological tissue, the [𝐻+] in 

the intracellular (pHi) and extracellular (pHe) fluid can be calculated using equation 1.3. 

If pKw is known, then [𝑂𝐻−] can be calculated: 

  

[𝑂𝐻−] =
[𝐻+][𝑂𝐻−]

[𝐻+]
=
10−𝑝𝐾𝑤

10−𝑝𝐻
= 10𝑝𝐻−𝑝𝐾𝑤 [1.4] 

  

When ischemia and hypoxia occur, the cellular response includes the production 

of lactate and excess [𝐻+] by anaerobic glycolysis, which alters the tissue pH 

homeostasis. More specifically, cellular glucose metabolism plays an important role in 

pH homeostasis. The breakdown of one glucose molecule causes the reduction of two co-

enzymes called nicotinamide adenine dinucleotide (NAD+) to NADH, the conversion of 

two adenosine diphosphate (ADP) molecules to two adenosine triphosphate (ATP) 

molecules, and the phosphorylation of two inorganic phosphates (Pi). Two water 

molecules and two protons are also produced. 

  

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 2𝑁𝐴𝐷+ + 2𝐴𝐷𝑃 + 2𝑃𝑖

→ 2𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 2𝑁𝐴𝐷𝐻 + 2𝐻+ + 2𝐴𝑇𝑃 + 2𝐻2𝑂 [1.5] 
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Figure 1.5: Schematic diagram of pH homeostasis. Normal cellular glucose metabolism 

in normoxic (blue) and hypoxic (red) conditions. The hypoxic pathway contributes to 

proton and lactate production. MCT – monocarboxylate transporters 

 

In aerobic, or normoxic, conditions, pyruvate is transported to the mitochondrion 

and converted to acetyl co-enzyme a (acetyl-CoA) and CO2. Acetyl-CoA enters the citric 

acid cycle in the mitochondrion, producing more CO2 and reducing NAD+ to NADH. 

Then, the electron transport chain oxidizes NADH to NAD+ (oxidized form), with O2 

acting as the final electron acceptor. Consequently, a proton gradient is established across 

the inner mitochondrial membrane, producing ATP through oxidative phosphorylation 

(58).  

In hypoxic conditions, both the citric acid cycle and electron transport chain are 

inhibited, causing glycolysis to elevate to meet the energy demands. To meet the energy 
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demands, lactic acid fermentation occurs to create a sufficient supply of NAD+ for 

glycolysis. 

  

𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝑁𝐴𝐷𝐻 + 𝐻+ → 𝐿𝑎𝑐𝑡𝑎𝑡𝑒 + 𝑁𝐴𝐷+ [1.6] 

  

At physiological pH values, lactic acid mostly dissociates into the lactate anion 

and a proton, leading to acidification in hypoxic conditions (59).  

  

𝐿𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 ↔ 𝐿𝑎𝑐𝑡𝑎𝑡𝑒− + 𝐻+ [1.7] 

  

As well, the hydrolysis of the ATP that is produced in the mitochondria during 

hypoxia can contribute to the decrease in cellular pH if the cells cannot export the protons 

quickly enough (59).  

  

𝐴𝑇𝑃 + 𝐻2𝑂 ↔ 𝐴𝐷𝑃 + 𝐻𝑃𝑂4 + 𝐻+ [1.8] 

  

These metabolic acids like protons, lactate and CO2 can be transported to the 

extracellular space through membrane transporters to avoid acidosis (60,61). The 

metabolic acids can diffuse into local blood vessels and are carried to the lungs (CO2) or 

the kidneys (via urine) for removal. Normal human tissue can maintain a healthy balance 

of acid-base in many conditions, including brief periods of hypoxia. When tissue does not 

have sufficient oxygen to meet the metabolic demands (i.e., spinal cord compression), the 

elevated lactate and proton concentration can lead to an acidic pH. Furthermore, many 
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macromolecules, proteins, and peptides have pH dependent activities and structures 

(61,62), meaning that pH could be a fundamental marker of pathological progression. 

Cellular pH can be considered either intracellular (pHi) or extracellular (pHe). 

Both provide highly valuable information when assessing disease progression, 

investigating pathogenesis, and monitoring disease response. A study has demonstrated 

that pHe decreases correlated with immune response in acute infection and chronic 

inflammatory disease (63). Disruption in pHi has been demonstrated in cell proliferation 

and cellular death (64). Studies have shown that the acidification of lysosomes is a 

marker of ageing and several neurodegenerative diseases (65,66). However, it has been 

shown that pHi is more resistant to pH changes than pHe and less sensitive to metabolic 

alterations (67). As previously mentioned, this is due to the regulation of intracellular pH 

through transporters and channels – metabolic acids in cells can be transported to the 

extracellular space, influencing the pHe. Both pHi and pHe are dependent on each other.   

1.3.3 Imaging of pH 

There are several magnetic resonance spectroscopy (MRS) techniques that have been 

proposed to measure tissue pH. A study performed by Moon and Richards was the first to 

demonstrate that intracellular pH could be quantified using 31P MRS (68). They 

demonstrated that the inorganic phosphate (Pi) chemical shift resonance was pH 

dependent. Because concentrations of Pi are higher in the intracellular space compared to 

the extracellular space (2-3 mM compared to 1 mM, respectively), Pi is weighted towards 

intracellular pH changes. The 3-aminopropylphosphate (3-APP) resonance in 31P MRS 

has been used to measure extracellular pH in mice tumour models (69). A major 

limitation of 31P MRS is its low sensitivity, which leads to long acquisition times and low 

spatial resolution. Specially designed hardware is also required, including a dedicated 

phosphorous coil. However, 31P is the gold standard of MR pH measurements because of 

its extensive validation with microelectrode measurements and reliability (70). 

19F has a higher gyromagnetic ratio, leading to greater MRS signal sensitivity 

over 31P (71). A study performed by Deutsch and Taylor demonstrated the development 

of 19F probes to measure intracellular pH (72). The advantages are that 19F has a 
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relatively large chemical shift dispersion and an almost total lack of endogenous signal in 

normal tissue. Exogenous agents can then be resolved easily. Limitations include the 

instability of fluorinated compounds and the inability to measure other compounds 

simultaneously (70). Hyperpolarized 13C MRS is an emerging method to measure pH. It 

has shown that hyperpolarized 13C bicarbonate ratio to 13CO2 can be used to measure 

extracellular pH (67,73). However, because the hyperpolarized signal decreases quickly 

due to T1 relaxation, measurements must be completed within 1-2 minutes of sample 

preparation and injection, and typically have low spatial resolution (70). In 1H MRS, the 

lactate peak can be measured at the chemical shift of 1.33 ppm as a doublet peak (74). In 

normal, non-hypoxia conditions, the lactate concentration is very low and is rarely 

detected above the baseline noise; however, when concentrations of lactate are increased 

(i.e., hypoxic conditions), the lactate doublet can appear above the baseline at short echo 

times (TE), or as a phase inverted doublet below baseline at longer echo times (i.e., TE = 

135 ms) (75). Unfortunately, differentiation between lactate and lipid peaks can be 

problematic at short echo times and sensitivity needs to be improved.  

Radionuclide detection of hypoxia has also been studied using hypoxia positron 

emission tomography (PET) specific tracers 18F-labelled nitroimidazoles and Cu-labelled 

diacetyl-bis (N4-methylthiosemicarbazone) analogues (76). 2-Nitroimidazole compounds 

enter cells through passive diffusion and undergo reduction forming a reactive 

intermediate species. Under normoxic conditions, the compounds are reoxidized and 

diffuse out of the cell. In hypoxic conditions, the compounds further reduce and become 

irreversibly trapped in the hypoxic cell. One of the most extensively study tracers is 18F-

fluoromisaonidazole (18F-FMISO); however, it has a slow pharmacokinetic profile, with 

limited clearance from normal tissue, causing limited hypoxic contrast (76). Cu with 

diacetyl-bis (N4-methylthiosemicarbazone) (ATSM) can rapidly diffuse into cells and 

undergo intracellular reduction of Cu(II) to Cu(I). Under hypoxic conditions, Cu(I)-

ATSM can dissociate into Cu(I) and ATSM, causing the Cu(I) ion to be trapped. When 

oxygen is present, the compound can reoxidized to the parent compound and efflux from 

the cell (77). However, there is limited availability of the Cu isotope. PET imaging also 

has low resolution and cannot resolve very small point sources (78). 
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Optically, near-infrared spectroscopy (NIRS) can continuously monitor regional 

tissue oxygenation. NIRS can differentiate the absorption spectra from three important 

chromophores: oxygenated hemoglobin (O2Hb), deoxygenated hemoglobin (dHb), and 

cytochrome (cyt). The NIRS technique can achieve a quantitative measure of 

oxygenation saturation and hemoglobin content in tissue by utilizing the spectral 

differences in these chromophores (79,80). This technique is non-invasive, easy to apply, 

and has the potential for good temporal and spatial resolution. However, NIR light is also 

absorbed by skin and subcutaneous fat, causing individuals with high-fat deposition to 

have decreased signals. NIRS can only detect oxygenation approximately 2-3 cm deep 

(81), limiting this technique to superficial structures.  Utilizing NIRS to measure spinal 

cord oxygenation could also be challenging due to the optical properties of the 

surrounding bone (i.e., absorption and scattering), causing the spinal cord signal to be 

attenuated (82).  

1.4 Introduction to Magnetic Resonance Imaging (MRI) 

The nuclear magnetic resonance (NMR) phenomenon arises from the quantum 

mechanical properties of protons and neutrons of the atomic nuclei (83,84). Magnetic 

resonance imaging (MRI) typically exploits the interaction between the hydrogen nucleus 

(1H) as the nucleus of interest and the magnetic fields produced by the MR scanner, to 

generate a detectable localized signal and produce contrast associated with the bulk water 

in soft tissue. This section outlines the basic principles of MRI to help develop an 

understanding of functional MRI (fMRI) and chemical exchange saturation transfer 

(CEST) MRI techniques, which are used in the remainder of the thesis.  

1.4.1 Magnetic Moments 

A 1H nucleus is comprised of a positively charged proton and will be called a proton in 

this thesis. The angular momentum of the proton is characterized by the fundamental 

property called spin. I is the nuclear spin quantum number, which is equal to ½ for 

protons. The angular momentum of the proton generates a magnetic field, which is 

known as the nuclear magnetic moment, µ. Protons are placed into a static external 

magnetic field (B0) which has a fixed axis, considered to be the z or longitudinal axis. 
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The precession about B0 when placed in the external magnetic field is caused by torque 

(τ). 

  

𝑑

𝑑𝑡
𝜇⃗ = 𝜇⃗ × 𝐵⃗⃗0 [1.9] 

  

with the solution describing the magnetic moment rotating about B0 in the clockwise 

direction: 

  

𝜇⃗ = 𝜇⃗0𝑒
−𝑖𝛾𝐵⃗⃗0𝑡 [1.10] 

  

The magnetic moment rotates with an angular frequency equal to the Larmor frequency 

(rads s-1): 

  

𝜔⃗⃗⃗0 = 𝛾𝐵⃗⃗0 [1.11] 

  

  

where 𝛾 is the gyromagnetic ratio (106 rad s-1 T-1) and B0 is the main external magnetic 

field (in T) (85). 

When there is no external magnetic field present, the individual nuclear magnetic 

dipole moments are typically distributed randomly, resulting in the absence of net 

magnetization. Introducing B0 causes the distribution of the proton magnetic moments to 

align slightly in favour of the direction of B0, causing the net magnetization to be in the 
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same direction. In a hypothetical system where proton interactions are absent, proton 

magnetic moments precess in two possible orientations about B0: parallel or anti-parallel 

(86). In actuality, protons undergo continuous collisions with their surroundings, causing 

them to align in various orientations, with a slight majority favoring alignment in the 

direction of B0 (Figure 1.6). For the purpose of this thesis, the hypothetical spin system 

will be described. More specifically, a group of spins will be described, which are known 

as isochromats, where the net magnetization of the group aligns along the direction of B0 

(86). 

 

 

Figure 1.6: A. Protons spin in random orientation in the absence of a magnetic field. B. 

In the presence of a magnetic field (B0), the proton spins have a slight excess of magnetic 

moments aligned in parallel to the external field, leading to a net magnetization M0. 

 

As mentioned, magnetic moments are characterized by energy states either 

aligning parallel (low-energy - EL) or anti-parallel (high-energy - EH) with B0. The 

system's inclination is towards the lower-energy state, which involves alignment parallel 

to the external magnetic field. The energy difference between the two states is equal to:  
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∆𝐸 = 𝛾
ℎ

2𝜋
𝐵⃗⃗0 

[1.12] 

  

where ℎ is Planck’s constant (84). The distribution of the protons between the two energy 

states is described by the Boltzmann distribution: 

  

𝑁−
𝑁+

= 𝑒−(
∆𝐸
𝑘𝑇

)
 

[1.13] 

  

where 𝑁− and 𝑁+ represent the number of protons in the lower and higher energy states, 

respectively, 𝑘 is the Boltzmann constant (1.38 x 10-23 J/Kelvin), and 𝑇 is the absolute 

temperature in Kelvin. The fraction of excess protons in the lower energy state accounts 

for the net polarization, P: 

  

𝑃⃗⃗ =
𝑁− − 𝑁+
𝑁− + 𝑁+

=
𝑒(

∆𝐸
𝑘𝑇

) − 𝑒−(
∆𝐸
𝑘𝑇

)

𝑒(
∆𝐸
𝑘𝑇

) + 𝑒−(
∆𝐸
𝑘𝑇

)
 

[1.14] 

  

However, at room temperature, Curie’s Regime states that 𝑒(
∆𝐸

𝑘𝑇
) ≪ 1, therefore, 

polarization can be approximated as: 

  

𝑃⃗⃗ ≈
𝛾ℎ𝐵⃗⃗0
4𝜋𝑘𝑇

 
[1.15] 
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As mentioned, net magnetization, M0, is produced when there is an excess of protons in 

the lower energy state: 

  

𝑀⃗⃗⃗0 = 𝑁 ∙ 𝜇⃗ ∙ 𝑃⃗⃗ [1.16] 

  

where N is the number of proton nuclei per unit volume. This net magnetization is 

parallel with the fixed axis of the external magnetic field, or the z-axis. Therefore, the 

summation of all magnetic moments produces an equilibrium net longitudinal 

magnetization, denoted as 𝑀⃗⃗⃗𝑧
0: 

  

𝑀⃗⃗⃗𝑧
0 =

𝑁 ∙ (𝛾
ℎ
2𝜋) ∙ 𝐵⃗⃗0

4𝑘𝑇
 

[1.17] 

  

𝑀⃗⃗⃗𝑧
0 is comprised of magnetic moments precessing at the same Larmor frequency, 

so there is no phase coherence in the xy or transverse plane at equilibrium (84). 

Therefore, there is no net transverse magnetization. 

1.4.2 Excitation 

Faraday’s law of induction states that a rotating magnetization induces a corresponding 

voltage in the electric radiofrequency (RF) receive coils (87), which allows for MR signal 

detection. More specifically, the RF receive coils are in the transverse plane and can 

detect the magnetization rotating in the transverse plane (transverse magnetization 𝑀⃗⃗⃗𝑥𝑦). 

The net magnetization vector 𝑀⃗⃗⃗𝑧
0 aligned with B0 (described in Section 1.4.1), as shown 
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in Figure 1.7A, is excited or tipped into the transverse plane by an additional external 

magnetic field B1. This external magnetic field is produced when a RF pulse is applied 

perpendicular (i.e., in the transverse plane) to the main magnetic field (85). Once the net 

magnetization vector is tipped into the transverse plane, the B1 field is removed, creating 

a transverse magnetization 𝑀⃗⃗⃗𝑥𝑦, as shown in Figure 1.7B. The RF receive coils receive 

the voltage generated by the transverse magnetization undergoing precession around B0 

at the Larmor frequency. This produced voltage is proportional to the amplitude net 

magnetization and the square of the magnetic field strength B0 (83). 

 

 

Figure 1.7: Protons spin in the rotating reference frame. A. In the presence of an external 

magnetic field (B0), the protons tend to orient either parallel or anti-parallel with B0, 

leading to a net magnetization vector (𝑴⃗⃗⃗⃗𝒛
𝟎). B. Upon the application of an RF excitation 

pulse along the x′-axis, protons become evenly distributed between parallel and anti-

parallel orientations and phase in alignment along the y′-axis. Figure was recreated from 

de Graaf with permission (84). 

 

Based on Faraday’s Law, the RF coils not only receive magnetic signals but also 

produce magnetic fields. These magnetic fields, known as RF pulses, are used to excite 
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spins, and create transverse magnetization 𝑀⃗⃗⃗𝑥𝑦. An oscillating magnetic field with B1 

amplitude and frequency ωRF is created by the RF pulses. Criteria to achieve the tipping 

of the net magnetization into the transverse plane are: 1) the applied B1 field must be 

applied perpendicular to the external field B0, and 2) the applied B1 field must be tuned to 

the Larmor frequency (i.e ωRF = ω0). In a rotating frame of reference (x′ y′ z′ – rotating in 

a clockwise direction about the longitudinal axis), the motion of the net magnetization 

can be described by:  

  

𝑑

𝑑𝑡
𝑀⃗⃗⃗ = 𝑀⃗⃗⃗ × 𝛾𝐵⃗⃗1 

[1.18] 

  

Analogous to how the magnetic moment µ preccesses about the main magnetic 

field B0, the net magnetization vector rotates around 𝐵⃗⃗1, or x′-axis, towards the y′-axis in 

the transverse plane. The angle at which the net magnetization vector tips away from the 

longitudinal axis and to the transverse plane is know as the flip angle, α, and is determine 

by the duration and amplitude of the RF pulse (83): 

  

𝛼 = 𝛾𝐵1𝑇 [1.19] 

  

where B1 is the amplitude of the applied magnetic field and T is the RF pulse duration. In 

simple experiments, α is 90° and the net transverse magnetization vector aligns along the 

y′ axis and precesses about the main magnetic field B0 (83). Note that in a quantum 

mechanics perspective, protons are equally distributed in both orientations (i.e., energy 

states), but in phase coherence along the y′ axis.   
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1.4.3 Relaxation 

Following the excitation RF pulse, transverse magnetization begins to decrease in 

amplitude due to dephasing of the magnetic moments and the return of magnetization to 

the equilibrium magnetization 𝑀⃗⃗⃗𝑧
0. This process where magnetization comes back to 

equilibrium is called relaxation.  

Longitudinal or spin-lattice relaxation is where the longitudinal component of the 

magnetization returns to equilibrium after any perturbation, like excitation from an RF 

pulse. This relaxation is initiated by dipole-dipole interactions between neighbouring 

protons, leading to a net transfer of energy from an excited magnetic moment (spin) to its 

surrounding environment (lattice) (84). Transverse or spin-spin relaxation is the process 

in which magnetic moments dephase and transverse magnetization decays to zero. This 

relaxation is the loss of phase coherence from the energy exchange between spins. As an 

example, when excitation occurs, high energy spin may transfer energy to low energy 

spin, causing both spins to change states and lose phase coherence.  

  

𝑀⃗⃗⃗𝑧(𝑡) = 𝑀⃗⃗⃗𝑧(0) (1 − 𝑒
−𝑡

𝑇1
⁄ ) [1.20] 

  

  

𝑀⃗⃗⃗𝑥𝑦(𝑡) = 𝑀⃗⃗⃗𝑥𝑦(0) ∙ 𝑒
−𝑡

𝑇2
⁄

 [1.21] 

  

where 𝑀⃗⃗⃗𝑧(0) is the magnitude of the longitudinal relaxation at time t = 0, T1 is the spin-

lattice (longitudinal) relaxation time constant, 𝑀⃗⃗⃗𝑥𝑦(0) is the magnitude of the transverse 

relaxation at time t = 0, and T2 is the spin-spin (transverse) relaxation time constant (84).  
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 In a biological sample, transverse magnetization decays more quickly than what is 

explained by the T2 time constant after an excitation pulse which is due to time-

independent local magnetic field variations within the sample being imaged. In this 

environment, spins will experience a slightly different magnetic field depending on their 

location and have a range of Larmor frequencies. This range of Larmor frequencies 

causes dephasing of the transverse magnetization and addition loss of magnetization. This 

dephasing from local magnetic field inhomogeneities is described as the decay constant 

T2′. 

  

𝑀⃗⃗⃗𝑥𝑦(𝑡) = 𝑀⃗⃗⃗𝑥𝑦(0) ∙ 𝑒
−𝑡

𝑇2
⁄ ∗

 [1.22] 

  

where the apparent transverse relaxation is described as: 

  

1

𝑇2
∗ =

1

𝑇2
+
1

𝑇2
′ 

[1.23] 

  

To summarize, following an RF pulse excitation, magnetization begins to regrow 

in the longitudinal direction and dephase in the transverse direction. 

1.4.4 Signal Detection and Localization 

As mentioned in Section 1.4.2, the MR signal is detected based on Faraday’s Law. The 

observed signal immediately following an RF excitation pulse is called the free induction 

decay (FID) signal (84). The FID signal can be manipulated to generate an echo, which 

can be generated in two different ways: a spin echo generated by a refocusing pulse, 

usually with a 180° flip angle; or a gradient echo, which is generated by a gradient 

reversal.  
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The spin echo is generated by using two successive RF pulses, usually with flip angle 

of 90° and 180°, respectively (83). The first RF pulse will tip the net magnetization into 

the transverse plane and generate the FID. The spins then begin to dephase due to T2 and 

T2′ mechanisms, and after a short delay period where some transverse magnetization has 

dephased, the second RF pulse is applied, and the spins are flipped in the transverse 

plane. In the equivalent short delay period following the flip, all dephased spins rephased, 

producing a spin echo at a time defined as the echo time (TE). A gradient echo is 

generated using the magnetic field gradients of the MRI scanner. After applying the RF 

pulse and generating the FID, a negative gradient lobe creates a calibrated spatially 

dependent dephasing of the spins, causing accelerated dephasing of the transverse 

magnetization and attenuation of the FID signal. This is followed by a positive gradient 

lobe, which is equal in area to the negative lobe, to rephase the spins and generate the 

gradient echo (88). 

While the FID signal or echo generates a signal in the RF coil, it alone is insufficient 

to produce an image. Localization of the generated signals is needed through the use of 

external magnetic field gradients (i.e., magnetic field with spatially varying strength). 

Gradient amplitudes are deliberately varied in a linear way along a particular axis (x, y, 

and z), which makes the spins precess at different frequencies (i.e., slower or faster than 

the Larmor frequency). In this way, their precession frequency encodes their position 

along the gradient axis (83,85). The following equation describes the frequency of the 

spins as a function of gradient strength: 

  

𝜔⃗⃗⃗(𝑟) = 𝜔⃗⃗⃗0 + 𝛾𝐺⃗𝑟(𝑟) ∙ 𝑟 [1.24] 

  

where 𝐺⃗𝑟 is amplitude of the external magnetic field gradient along direction r and 𝑟 is 

the location of the spin as described by x, y, or z. In MRI, gradients are used to spatially 

encode the transverse magnetization. To localize the signal and to create an image, 
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gradients are used for three purposes: slice selection, frequency encoding, and phase 

encoding. 

 Slice selection is the excitation of a specific slab to isolate the signals (83). The 

slice selection gradient, which can be applied along any direction, causes the spins to 

precess at different frequencies along its axis. The slice is selected by simultaneously 

applying the magnetic gradient and an RF excitation pulse, which has a bandwidth equal 

to BWRF.  The bandwidth of the RF pulse represents a range of frequencies centered at 

the RF pulse frequency (ωRF) that are excited by the pulse. In short, only the spins 

matching the frequency of the RF pulse bandwidth are excited and only the spins within 

the selected slice will produce transverse magnetization (83). Other spins outside the 

selected slice will remain aligned with B0. For example, a slice of thickness Δz in a slice 

on the xy plane can be selected using an RF pulse with BWRF and a magnetic gradient in 

the z direction: 

  

∆𝑧 =
𝐵𝑊𝑅𝐹

𝛾
2𝜋 𝐺⃗𝑧

 
[1.25] 

  

After the slice has been selected the transverse magnetization must be spatially 

encoded using phase and frequency encoding gradients, which are orthogonal Gx and Gy 

gradients. Specifically, the y-direction of k-space ky is defined as the phase direction 

while the x-direction of k-space kx is defined as the frequency direction. 

  

𝑘⃗⃗𝑥(𝑡) =
𝛾

2𝜋
∫ 𝐺⃗𝑥(𝑥, 𝜏)𝑑𝜏

𝑡

0

 

[1.26] 
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𝑘⃗⃗𝑦(𝑡) =
𝛾

2𝜋
∫ 𝐺⃗𝑦(𝑦, 𝜏)𝑑𝜏

𝑡

0

 

[1.27] 

  

These spatially dependent integrals of the gradients represent points in the k-space 

domain. When the phase-encoding gradient Gy is applied, this causes the spins to precess 

at different frequencies based on position y. During the time the gradient is on, the phase 

of the spins is altered as a function of their position (83). Prior to the acquisition of the 

signal, the phase-encoding gradient is turned off, causing the spins to precess at their 

initial frequency (i.e., Larmor frequency) but the y-dependent phase accumulated shift 

remains. Therefore, the spins are now “phase-encoded” (83). The frequency-encoding 

gradient Gx is then applied, causing the spins to precess at different frequencies based on 

their position in x. These gradients are applied throughout signal acquisition, and like 

phase-encoding, Gx spatially encodes the x position of the spins through an x-dependent 

phase accumulation. Transverse magnetization is altered after the application of the 

phase-encoding and frequency encoding gradients: 

  

𝑀⃗⃗⃗𝑥𝑦(𝑡) = 𝑀⃗⃗⃗𝑥𝑦(0) ∙ 𝑒
−1

𝑇2
∗⁄
∙ 𝑒−𝑖2𝜋(𝑘⃗⃗𝑥(𝑡)𝑥+𝑘⃗⃗𝑦(𝑡)𝑦) 

[1.28] 

  

where 2𝜋(𝑘⃗⃗𝑥(𝑡)𝑥 + 𝑘⃗⃗𝑦(𝑡)𝑦) is the total phase accrued through the application of the 

phase-encoding and frequency encoding gradients. 

 The signal that we acquire can be decomposed into individual parts each 

representing a unique spatial frequency by Fourier theory. Fourier transforms of the 

signal can separate the individual frequency and spatial contributions, where the 

frequency and phase contribute to different spatial positions as described previously. This 
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information is stored in k-space, which is a raw Fourier space where each data point 

represents a unique spatial frequency and amplitude represents the relative contribution 

of that spatial frequency to the resultant image. Outer rows of k-space contribute to image 

resolution and correspond to high-order phase-encodings and high spatial frequencies; 

inner rows provide information on image contrast and correspond to low-order phase-

encodings and low spatial frequencies (89,90). An MR image is a 2D inverse Fourier 

transform of the whole k-space.   

1.5 Functional MRI 

Functional MRI (fMRI) is an MRI technique used to measure brain activity by detecting 

changes in the MRI signal caused by alterations in local blood flow and oxygenation. 

Blood oxygen level-dependent (BOLD) contrast is used to detect changes in local blood 

oxygenation and from the coupling between cerebral blood flow and neuronal activation.  

1.5.1 Neurovascular Coupling 

Neurovascular coupling denotes the intricate interplay between metabolism, cerebral 

blood flow, and neural activity. More specifically, there is an increase in blood flow 

when tissues are active. This heightened blood flow response is a consequence of 

elevated neuronal activity, involving a complex signaling mechanism cascade involving 

neurons, astrocytes, and energy metabolism (91). Under typical resting conditions, the 

brain’s primary energy source is adenosine triphosphate (ATP), primarily generated by 

glycolysis (anaerobic – 2 molecules) and oxidative glucose metabolism (aerobic – 36 

molecules) (91). Cerebral metabolism predominately relies on the aerobic process; 

cerebral blood flow can supply the required continuous supply of glucose and oxygen. 

When neural activation occurs, the cerebral metabolic rate of glucose increases, 

prompting an increase in cerebral blood flow. This causes an overcompensation of the 

amount of oxygen supplied, as shown in Figure 1.8. This is the basis of the BOLD signal. 
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Figure 1.8: A. Blood flow during rest; oxygen is extracted from the hemoglobin at a 

constant rate. B. Blood flow during neural activity; glucose and oxygen consumption 

triggers an increase in blood flow and the dilation of the capillary, overcompensating for 

the oxygen being extracted. The BOLD contrast occurs due to changes in the relative 

concentration of deoxyhemoglobin. 

 

Several signaling pathways organize the communication of increased blood flow 

requirements to nearby blood vessels. Initially, a feedback mechanism is triggered by 

various ions and metabolic by-products, including nitric oxide (NO), potassium (K+), 

adenosine, carbon dioxide, low levels of oxygen, and arachidonic acid (92,93). The 

energy demand directly influences alterations in blood flow through this mechanism 

(92,93). Activation or inhibition of the vascular smooth muscle cells modulates blood 

flow through the direct or indirect change in vessel diameter. A secondary pathway 

involves a feedforward mechanism, where signaling occurs via neurotransmitters. 

Astrocytes release vasoactive messengers that influence blood flow through either 

vasoconstriction or vasodilation of the vascular smooth muscle cells (94). Astrocytes are 

glial cells that act as the communication connection between the vascular and neuronal 

systems. This pathway relies on glial pathways rather than energy consumption. Lastly, 

the third mechanism involves the direct neuronal innervation of smooth muscle cells on 
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the blood vessels themselves. It is likely that these mechanisms work together to mediate 

neurovascular coupling (92,93).  

1.5.2 Hemoglobin 

Hemoglobin, a protein that is iron rich, plays a crucial role in oxygen transportation 

throughout the bloodstream. Hemoglobin has magnetic properties contingent on its 

oxygen binding status (95). Oxygen-bound hemoglobin (Hb) is diamagnetic. However, 

naturally, hemoglobin is paramagnetic due to the lack of bound oxygen molecules, 

making it deoxygenation hemoglobin (dHb). This can be exploited using MRI. When a 

magnetic field is present, blood vessels containing Hb show minimal or no distortions to 

the magnetic field. In contrast, the presence of dHb in capillaries or veins causes 

magnetic field distortions, leading to T2* based signal loss (96,97). As blood flow 

increases in response to neural activity, the relative amount of dHb decreases, resulting in 

an increase in T2* relaxation rate and an elevated MRI signal intensity relative to the 

normal resting state (96,97). This phenomenon by which dHb modulates the MRI signal 

intensity is called the blood oxygen level-dependent (BOLD) effect.  

1.5.3 Blood oxygen level-dependent (BOLD) contrast 

It was recognized that Hb and dHb yield different MRI signal intensities by Ogawa and 

colleagues, making them suitable to measure brain physiology (98). Specifically, Ogawa 

et al. manipulated blood oxygen levels in rats by adjusting the inhaled amounts of oxygen 

and carbon monoxide (98). When the rats inhaled normal air, areas with signal loss 

corresponded to blood vessels containing dHb. Increasing the amount of dHb caused 

blood vessels to be more prominent in T2*-weighted images. This signal change was 

attributed to the dephasing of tissue water signal induced by the paramagnetic 

deoxyhemoglobin (98). In comparison to Hb, the presence of dHB reduced the MR signal 

on T2* images and could be used non-invasively to monitor the blood oxygen levels in 

the brain. 
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1.5.4 Hemodynamic Response 

The utilization of the BOLD contrast to observe alterations in cerebral metabolic rate of 

oxygen, cerebral blood flow, and cerebral blood volume relies on the exploitation of the 

hemodynamic response (HDR). The HDR refers to the signal changes in T2* weighted 

images induced by neural activity (99). Given the predictable nature of the BOLD 

contrast response, fMRI sequence design and analysis can be used to manipulate it (91).  

 When neural activity increases in a specific brain region, there is a corresponding 

increase in blood flow to satisfy the elevated demands for oxygen and glucose (100). 

Studies have reported a delay in the onset of the HDR (approximately 2 seconds), which 

reflects the time required for blood to travel from the arteries to the capillaries (101). 

Following the onset of neural activity, there is a momentary decrease in the MRI signal, 

called the “initial dip”; this dip reflects the delay in the cerebral blood flow response 

relative to oxygen extraction, resulting in a higher proportion of dHb (i.e., decreased 

signal) (101,102). Subsequently, the increased blood flow and hemoglobin supply lead to 

an over-compensatory response (i.e., increase in signal) to meet the heightened metabolic 

demands of increased activity. This will reach a plateau after 6-12 seconds. When neural 

activity ceases, there is an excess of oxygen, causing the BOLD signal to decrease below 

the baseline in a phenomenon known as post-stimulus undershoot (102). This undershoot 

occurs as cerebral blood flow returns to baseline more rapidly than the blood volume. 

This is depicted in Figure 1.9. 
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Figure 1.9: At the stimulus onset, an initial dip occurs, leading to a temporary increase in 

deoxyhemoglobin (dHb) concentration due to heightened oxygen consumption. In 

response to the elevated demand for glucose and oxygen, both cerebral blood flow and 

blood volume increases. This surplus of oxygen exceeds the actual consumption, 

resulting in a relative decrease in dHb and elevation in BOLD signal. Once the activity 

subsides, the BOLD signal decreases below baseline, a phenomenon referred to as post-

stimulus undershoot. This occurs due to the blood flow decreasing more rapidly than 

cerebral blood volume. 

 

1.5.5 fMRI Applications in DCM and Spinal Cord Injury 

In clinical applications, functional MRI (fMRI) can be used to map cortical regions (like 

sensory and motor areas) when performing simple tasks, like tapping of the fingers. fMRI 

can also be used to identify differences between two populations or monitor the effects of 

a treatment or intervention of one clinical population. In response to brain or spinal cord 

injury, cortical reorganization has the potential to influence functional recovery or may 
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be a compensatory mechanism to minimize functional deficits (103-105). Many studies 

have demonstrated that DCM patients experience a cortical reorganization of the brain’s 

motor areas. Holly et al. demonstrated that there was an expansion of neuronal activity in 

the affected motor area when performing either a wrist extension task or ankle 

dorsiflexion task compared to healthy controls (104). Duggal et al. illustrated that 

reversible spinal cord compression increases the primary motor cortex (M1) activation 

volume compared to controls (103). In this study, decompression surgery resulted in 

cortical reorganization in the primary motor cortex (M1) and a significant return of 

clinical function. Furthermore, Bhagavatula et al. showed that compared to healthy 

controls, DCM patients had larger M1 volumes of activation. After decompression 

surgery, the activation decreased but remained higher than in the control group (106). 

Previous work in our lab has shown differences in activation between mild and moderate 

DCM patients. Mild patients demonstrated an increase in the volume of activation of the 

M1 compared to moderate patients, while six months post decompression surgery, 

activation between the two patient groups was no longer significantly different (107).  

Cortical reorganization is still not fully understood. The expansion of the activated 

motor areas when performing a hand task may be related to the rewiring of axons from 

the lower extremities to the hand regions (104). This can include modifying pre-existing 

connections and/or developing new circuity to preserve neurological function (108,109). 

This is primarily driven by using the less affected part to compensate for any difficulty 

with the instructed hand task. Spinal cord injury studies have previously shown this 

effect, with increased activation in a handgrip task in the medial precentral gyrus, which 

is consistent with leg representation (110). It has been proposed that cortical 

reorganization arises from the development of new lateral connections rather than the 

previously dormant connections (111). Henderson et al. studied complete thoracic spinal 

cord injury patients and controls and brushed their hands with a plastic brush. The SCI 

group demonstrated medial displacement of auricular finger activation toward the lower 

body representation, with patients of a longer time since injury demonstrating the greatest 

displacement of activation. In conjunction with the reorganization of the primary 

somatosensory cortex (S1), noticeable alterations in cortical anatomy were observed, 
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implying that substantial shifts in activation may be due to the growth of new connections 

(111).  

1.6 Chemical Exchange Saturation Transfer 

Chemical exchange saturation transfer (CEST) is a relatively new MRI contrast that 

exploits the selective saturation, or a state with no net magnetization, of a slowly 

exchanging group with a chemical shift distinct from water, leading to a transfer of the 

magnetization to the bulk water via chemical exchange (112,113). Chemical shift, or δ, is 

the Larmor frequency of the slowly exchanging group relative to the bulk water Larmor 

frequency. CEST was first introduced by Balaban and Ward, who described a new class 

of contrast agents that were sensitive to the surrounding environment (114). Typical 

exchanging groups of interest are endogenous protons like amide (NH), amine (NH2), and 

hydroxyl (OH). One unique advantage of CEST contrast is the ability to switch the 

contrast on and off using an RF saturation pulse. Because chemical exchange can be 

sensitive to the environment, the CEST effect can be used to image physiological 

parameters, such as pH and metabolite levels.  

1.6.1 CEST Mechanism 

CEST contrast is generated by the saturation of a solute (S) proton pool that is 1) 

resonating at a different frequency from water and 2) in chemical exchange with bulk 

water (W) protons. The exchanging solute proton pool is saturated using frequency 

selective RF irradiation at the frequency of the solute, and the energy is transferred to 

bulk water via chemical exchange. The transfer of energy causes a decrease in the 

magnetization (and thus the signal) of the water (as shown in Figure 1.10). One powerful 

advantage of CEST is that the continuous transfer of energy between the solute and water 

pools amplifies the observable signal change. The solute is typically low in concentration 

(~µM to mM range) and not observable with standard MR detection methods.  
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Figure 1.10: Schematic illustration of the basic chemical exchange saturation transfer 

(CEST) MRI principles. Solute protons (red) are saturated at their specific resonance 

frequency by a radiofrequency (RF) saturation pulse. This saturation is transferred to bulk 

water at exchange rate kSW and non-saturated protons (blue) return. After a period of 

time, the CEST effect becomes visible on the water signal and is an indirect measure of 

the solute concentration and the rate of exchange. 

 

As previously stated, the solute pool must be chemically shifted from the water 

pool. A chemical shift can be defined as the difference in the Larmor frequency of the 

two pools. As defined in Section 1.4.1, the Larmor frequency is the product of the 

nucleus-specific gyromagnetic ratio γ and the main magnetic field B0. For protons, the 

gyromagnetic ratio is identical; however, the local magnetic field depends on the proton’s 

chemical environment (i.e., the solute molecule the proton is associated with). The 

electron clouds enveloping the nucleus act as a shield against B0, resulting in an effective 

main magnetic field (B0′), causing the protons to have unique Larmor frequencies (𝜔⃗⃗⃗𝑠): 
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𝜔⃗⃗⃗𝑠 = 𝛾𝐵⃗⃗0(1 − 𝜎𝑠) =  𝛾𝐵⃗⃗0
′  [1.29] 

  

where 𝜎𝑠 is the solute-dependent shielding coefficient. In applications of CEST, the 

Larmor frequency of bulk water protons is defined as the reference frequency 𝜔𝑟𝑒𝑓. The 

frequency offset of the solute protons, or chemical shift from bulk water protons, is 

defined in ppm as: 

  

𝛿 =
𝜔𝑠 − 𝜔𝑟𝑒𝑓

𝜔𝑟𝑒𝑓
∙ 106 

[1.30] 

  

To saturate the magnetization of the solute in a CEST experiment, RF pulses are 

used. The z-component of the proton magnetic moments (µz) tend to align parallel to the 

direction of the static external magnetic field (B0). Protons that are parallel with B0 (i.e., 

in the low energy state) are slightly more excessive than protons anti-parallel with B0 

(i.e., in the high energy state). When an RF excitation pulse with equal energy to the 

energy difference between the two protons energy states is applied, saturation can be 

achieved after some time. The RF pulse drives low-energy protons to the high-energy 

state until the population of each energy state is equal. The applied RF pulse frequency 

ωRF must be equal to the Larmor frequency:  

  

ℎ𝜔⃗⃗⃗𝑅𝐹 = ∆𝐸⃗⃗ = 𝛾ℎ𝐵⃗⃗0 = ℎ𝜔⃗⃗⃗0 [1.31] 

  

The RF pulse is used to saturate the magnetization of a pool of solute protons 

resonating at a Larmor frequency (ωS) distinct from that of the bulk water protons. When 



 

42 

 

applying an RF pulse of amplitude B1 and at the frequency offset of the solute proton 

pool (i.e., ωRF = ωS), net excitation occurs of protons in the lower energy state to the 

higher energy state. When the number of protons in the lower energy state equalizes with 

the higher energy state (EH=EL), the proton pool has reached a state of saturation. 

For CEST, chemical exchange occurs either through the exchange of protons, 

molecular exchange, or a combination of both. A common example of proton exchange is 

when an exchangeable proton from the amide group (NH) moves to bulk water (H2O). To 

observe the CEST effect, the chemical exchange must satisfy the slow-to-intermediate 

exchange condition: 

  

∆𝜔⃗⃗ ⃗⃗ ⃗⃗ 𝑠 ≥ 𝑘𝑠𝑤 [1.32] 

  

where 𝑘𝑠𝑤 is the chemical exchange rate from the solute to the bulk water pool and ∆𝜔⃗⃗ ⃗⃗ ⃗⃗ 𝑠 

in the frequency offset between the solute and bulk water protons. Both the chemical 

exchange rate 𝑘𝑠𝑤 and frequency offset ∆𝜔⃗⃗ ⃗⃗ ⃗⃗ 𝑠 depend on temperature and pH. 

 To summarize, chemical exchange contrast can occur in an environment with a 

chemically shifted solute proton pool and bulk water proton pool. Applying a frequency 

selective RF saturation pulse can saturate the solute proton pool, creating the conditions 

for a transfer of high energy protons (aligned anti-parallel) from the saturated solute pool 

to the bulk water pool. The high-energy protons will accumulate in the bulk water pool, 

leading to partial magnetic saturation when there is a long saturation period. Therefore, 

saturation of the bulk water proton pool is limited by longitudinal relaxation. 

Simultaneous solute saturation and relaxation of the bulk water pool drives the system to 

a steady state (𝑀𝑆𝑆
𝑊):  
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𝑀𝑆𝑆
𝑊(𝜔)

𝑀0
𝑊 = 

1

(1 + 𝑘𝑓𝑇1𝑤)
 

[1.33] 

  

where 𝑀0
𝑊 is the bulk water magnetization without saturation, 𝑘 is the solute proton 

exchange rate, and 𝑓 is the mole fraction of solute protons (solute protons/water protons) 

(115). The CEST effect can be characterized by the partial saturation of the bulk water 

proton pool due to the saturation of the solute proton pool. 

CEST effects are often quantified using the magnetization transfer ratio (MTR): 

  

𝐶𝐸𝑆𝑇(𝜔) = 1 −
𝑀𝑆𝑆

𝑊(𝜔)

𝑀0
𝑊  

[1.34] 

  

This quantifies the CEST effect by calculating the reduced steady bulk water 

magnetization relative to the equilibrium magnetization. CEST is a sensitive 

measurement, especially compared to MRS, because of the accumulation of the bulk 

water saturation throughout long RF saturation periods, which amplifies bulk water signal 

reduction.  

1.6.2 Z-Spectrum/CEST Spectrum 

A Z-spectrum (or CEST spectrum) is a plot of the water signal intensity as a function of 

the saturation RF pulse offset frequency. For example, the signal intensity at one offset 

frequency will differ from the signal intensity measured at another. When acquiring an 

image following a saturation preparation pulse, a Z-spectrum can be obtained for each 

pixel in the image. More specifically, the normalized MRI signal intensity (
𝑀𝑆𝑆
𝑊(𝜔)

𝑀0
𝑊 , 

Section 1.6.1, Equation 1.33) is plotted a function of the saturation pulse frequency offset 

relative to the bulk water resonance. The average Z-spectra is often plotted for a region-
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of-interest (ROI) to depict the CEST effects occurring, as shown in Figure 1.11. A 

reduction in the MRI signal intensity (‘CEST peak’) can be observed in a CEST spectrum 

if appropriate experimental parameters are used and an exchangeable proton group is 

present.  

 

Figure 1.11: An example of a CEST spectrum. The CEST peak (or CEST effect) is 

observed at 5ppm, highlighted with the red arrow. The peak due to direct saturation of the 

bulk water protons by the RF saturation pulse is demonstrated at 0 ppm. 

 

 Using the CEST spectrum, several different CEST contrasts can be calculated. 

The simplest CEST contrasts read data points from the CEST spectrum, like asymmetry 

analysis. Other contrasts can be calculated using fitting approaches. Fitting based on the 

Bloch-McConnell equations can be used to quantify the metabolite concentration and 

exchange rate. Fitting raw data using a Lorentzian based approach can also be used to 

quantify metabolite concentration while minimizing the bulk water effect and 
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macromolecule saturation. The pools to fit in the model are chosen based on experimental 

parameters, like the magnetic field strength, RF pulse strength, and sampling of 

frequencies. An example of a Lorentzian fitted spectrum (6-pool model) is in Figure 1.12.  

 

 

Figure 1.12 An example of one pixel’s CEST spectrum fitted using a 6-pool model. 

 

1.6.3 CEST Contrast 

Endogenous CEST contrast depends on several parameters, including solute proton 

concentration and exchange rate, incorporating factors that also affect exchange rate like 

temperature and pH. The CEST effect also depends on magnetic field strength, bulk 

water relaxation time constants (T1 and T2), and experimental saturation parameters. 

Proton pools must have protons in a fairly high concentration to produce CEST contrast; 

however, continuous saturation allows for the detection of solutes in the range of µM to 

mM (116). Endogenous CEST contrast is also affected by the size of the molecule and 

the bulk water relaxation rate. There is a T1 relaxation rate dependency on the CEST 

effect because signal reduction caused by saturation transfer is reduced by longitudinal 
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relaxation of the bulk water signal (117). Furthermore, T2 relaxation affects the direct 

saturation of the bulk water signal (118). 

CEST measurements also become more sensitive at higher field strengths. The 

amount of bulk magnetization increases proportionally to the field strength due to the 

Boltzmann distribution. T1 also lengthens at higher field strengths, which causes an 

increase in the length of time that saturation persists in the bulk water proton pool before 

appreciable longitudinal relaxation occurs. This results in a lower steady-state water 

signal, which leads to greater detection sensitivity. Increasing the magnetic field strength 

also increases the chemical shift separation between proton pools (i.e., better adherence 

to the slow-exchange condition), making it easier to selectively saturate proton pools with 

different frequency offsets (117). Experimental saturation parameters, including B1 

saturation power, pulse type, pulse duration, interpulse delay, can also affect the 

measured CEST contrast (119).  

1.6.4 Proton Exchange Rate and pH 

The CEST proton exchange rate affects the magnitude of the CEST effect. The proton 

exchange rate 𝑘𝑒𝑥 is pH-sensitive for many exchangeable protons, including amide and 

amine groups. The pH-dependent exchange rate is described as follows: 

  

𝑘𝑒𝑥 = 𝑘0 + 𝑘𝑎[𝐻
+] + 𝑘𝑏[𝑂𝐻

−] = 𝑘0 + 𝑘𝑎10
−𝑝𝐻 + 𝑘𝑏10

𝑝𝐻−𝑝𝑘𝑤 [1.35] 

  

where 𝑘0 is the rate constant of spontaneous proton exchange between amide and water, 

𝑘𝑎 is the rate constant of the acid-catalyzed protonation of the amide, 𝑘𝑏 is the rate 

constant of the base-catalyzed proton exchange between hydroxyl and the amide, and 

𝑝𝐾𝑤 is the ionization constant of water (𝑝𝐾𝑤 = 15.4 at 37°C). Proton exchange is 

predominately base-catalyzed for both amide and amine protons and the expression can 

be simplified to:  
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𝑘𝑒𝑥 = 𝑘𝑏10
𝑝𝐻−𝑝𝐾𝑤 [1.36] 

  

CEST contrast is dependent on the proton exchange rate and is inherently 

sensitive to pH (115,120). The CEST effect, however, can also depend on other factors, 

including temperature, B1 amplitude, solute proton concentration, and bulk water 

relaxation time constants (T1 and T2), as described in Section 1.6.3. Isolation of the pH 

contribution on the CEST effect has been challenging. It is tedious to accurately measure 

pH from CEST contrast accounting for other contributing factors. For example, 

increasing pH can cause the CEST contrast to increase; however, increased solute proton 

concentration can induce near identical increases in the CEST effect. Macromolecule MT 

effects can further complicate the isolation of pH effects contributing to the CEST 

contrast because the exact solute proton concentration is unknown in vivo. Different 

methods have been developed to measure pH with endogenous CEST. 

1.6.5 Endogenous pH Measurements 

Endogenous CEST uses protons that exist with endogenous solutes present in tissue, 

which can include proteins, peptides, or metabolites. Endogenous CEST is advantageous 

compared to CEST generated using exogenous contrast agents because it is non-invasive 

and ideal for longitudinal studies as there is no concern about contrast agent 

accumulation or clearance (113,121). The most common endogenous CEST contrast used 

to measure pH is that from amide protons resonating at 3.50 ppm (122), which are 

associated with mobile proteins and peptides. Zhou et al. first developed amide proton 

transfer (APT), which has been used to endogenously measure intracellular pH (122). 

However, there are several limitations to this method.  

First, the asymmetric magnetization transfer ratio (𝑀𝑇𝑅𝑎𝑠𝑦𝑚) is used to subtract 

the macromolecule MT effect from the CEST effect. This is done by subtracting the 
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negative frequency offsets from the positive frequency offsets of the Z-spectrum, with 

bulk water referenced to 0 ppm (Equation 1.37). 

  

𝑀𝑇𝑅𝑎𝑠𝑦𝑚(∆𝜔) =
𝑀𝑍(∆𝜔) − 𝑀𝑍(−∆𝜔)

𝑀𝑍(−∆𝜔)
 

[1.37] 

  

  

𝑀𝑇𝑅𝑎𝑠𝑦𝑚(∆𝜔) =  𝑀𝑇𝑅′𝑎𝑠𝑦𝑚(∆𝜔) + 𝐴𝑃𝑇𝑅 [1.38] 

  

where 𝑀𝑍(∆𝜔) is the bulk water magnetization after saturation at the frequency offset 

∆𝜔 and 𝑀𝑇𝑅′𝑎𝑠𝑦𝑚(∆𝜔) is inherently pH-insensitive, including the nuclear Overhauser 

enhancements (NOE) of aliphatic protons in mobile macromolecules and semi-solid 

magnetization transfer effect. The 𝑀𝑇𝑅𝑎𝑠𝑦𝑚 curve was defined as the combination of a 

pH-sensitive amide proton transfer ratio (APTR) (equation 1.39) and the inherent pH-

insensitive curve (𝑀𝑇𝑅′𝑎𝑠𝑦𝑚). 

  

𝐴𝑃𝑇𝑅 =
𝑘𝑒𝑥[𝑎𝑚𝑖𝑑𝑒 𝑝𝑟𝑜𝑡𝑜𝑛]

𝑅1𝑊[𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑡𝑜𝑛]
∙ [1 − 𝑒−𝑅1𝑤𝑡𝑠𝑎𝑡] 

[1.39] 

  

where 𝑅1𝑊 is the spin lattice relaxation rate of water, and 𝑡𝑠𝑎𝑡 is the length of the 

saturation time. However, APTR is affected not just by pH but by amide proton 

concentration, longitudinal relaxation, and cellular water content. Secondly, this 

asymmetrical measurement may be contaminated by NOEs that occur between -2.0 and -

4.0 ppm, which opposes the amide protons at 3.50 ppm. All these factors can make the 

pH measurements using APT susceptible to errors (122-124).  
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 Another study has also shown that glutamate CEST (GluCEST) and creatine 

CEST (creCEST) are also sensitive to pH and have the potential to produce pH-weighted 

maps. Cai et al. demonstrated amine protons were sensitive to pH changes (125), while 

other groups have also demonstrated hydroxyl protons have a pH dependent exchange 

rate with water (126-128). A limitation of all these endogenous CEST contrasts is that the 

CEST effect is not just affected by pH but also by longitudinal relaxation.  

1.6.6 Amine/Amide Concentration Independent Detection 

Ward and Balaban developed a ratiometric exogenous CEST approach where the CEST 

effects at two distinct frequencies were used to quantify pH independent of bulk water T1 

and exchange site concentration (115). Previous work in our lab by McVicar et al. has 

focused on the development of a measure of absolute tissue pH using the endogenous 

CEST effects of both amide (3.50 ppm) and amine (2.75 ppm) protons within mobile 

peptides and proteins (129,130). Amine and amide protons have been shown to have 

different kb, therefore, they have different responses to pH changes (131,132). As pH 

increases, amide (kamide = 5.57 x 10pH-6.4) and amine (kamine = 10pH-4.2) base-catalyzed 

exchange rates increase. Saturation of the amide proton pool causes 
𝑀𝑆𝑆
𝑊(𝜔)

𝑀0
𝑊  (see section 

1.6.1, equation 1.33) to reduce as pH increases, causing an increase in the amide CEST 

effect. However, the amine CEST effect appears to decrease as pH decreases, which 

defies the theoretical equations. This, however, occurs because the amine proton 

exchange rate increases into the fast-exchange regime (k>ω) when pH increases above 

~6.5.  

The method proposed by Ward and Balaban used a ratiometric approach to 

measure pH using the CEST effects from two different exchange sites (i.e., site 1 and site 

2) on the same CEST solute (115). This approach was proposed due to the difficulty of 

direct pH measurement using the CEST effect of a single solute proton pool due to the 

impact of saturation pulse amplitude and duration, T1 relaxation, and solute concentration 

on the measured CEST effect. Using equation 1.33 (from Section 1.6.1) and knowing 

 f = [solute protons] [water protons]⁄ , Equation 1.40 is determined for either exchange 

site: 
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(𝑀0 −𝑀𝑆)
𝑆𝑖𝑡𝑒1,2

𝑀𝑆
𝑆𝑖𝑡𝑒1,2

= 𝑘𝑆𝑖𝑡𝑒1,2𝑇1𝑤 [
𝑠𝑜𝑙𝑢𝑡𝑒 𝑝𝑟𝑜𝑡𝑜𝑛𝑠

𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑡𝑜𝑛𝑠
]
𝑆𝑖𝑡𝑒1,2

 [1.40] 

  

The T1 relaxation effects and solute concentration effects cancel, leaving only a 

ratio of the pH-dependent exchange rates when taking the ratio of Equation 1.40 for the 

two different exchange sites: 

  

𝑀𝑆
𝑆𝑖𝑡𝑒2(𝑀0 −𝑀𝑆)

𝑆𝑖𝑡𝑒1

𝑀𝑆
𝑆𝑖𝑡𝑒1(𝑀0 −𝑀𝑆)𝑆𝑖𝑡𝑒2

=
𝑘𝑆𝑖𝑡𝑒1𝑇1𝑤 [

𝑠𝑜𝑙𝑢𝑡𝑒 𝑝𝑟𝑜𝑡𝑜𝑛𝑠
𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑡𝑜𝑛𝑠]

𝑆𝑖𝑡𝑒1

𝑘𝑆𝑖𝑡𝑒2𝑇1𝑤 [
𝑠𝑜𝑙𝑢𝑡𝑒 𝑝𝑟𝑜𝑡𝑜𝑛𝑠
𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑡𝑜𝑛𝑠]

𝑆𝑖𝑡𝑒2
 [1.41] 

  

In the approach developed by McVicar et al., amine protons resonating at 2.75 

ppm and amide protons resonating at 3.50 ppm on endogenous proteins were considered 

as site 1 and site 2, respectively. A common reference saturation frequency of 6.0 ppm 

was used because there are no observed CEST effects or NOEs at this frequency. This 

approach avoided contamination from NOEs and minimized endogenous macromolecule 

MT-related signal loss. Any significant signal modulations at the reference frequency 

(i.e., from T2 relaxation or MT) cancel in the ratiometric equation, thus justify the choice 

of a single reference point (129). Also, because the CEST effects of the amide and amine 

change in opposite directions with increasing pH, the ratio of the two is more sensitive to 

pH than using a single CEST effect. Figure 1.13 depicts how the CEST effects of amide 

and amine change at different pH values.  
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𝐴𝐴𝐶𝐼𝐷 =  
𝑀𝑍(3.50 𝑝𝑝𝑚) × (𝑀𝑍(6.0 𝑝𝑝𝑚) × 𝑀𝑍(2.75 𝑝𝑝𝑚))

𝑀𝑍(2.75 𝑝𝑝𝑚) × (𝑀𝑍(6.0 𝑝𝑝𝑚) × 𝑀𝑍(3.50 𝑝𝑝𝑚))
 

[1.42] 

In vitro studies using solutions of varying pH with different concentrations of 

bovine serum albumin (BSA) demonstrated that AACID was linearly dependent on pH, 

while AACID had little dependence on solute concentration and temperature (129). 

Animal models of both ischemic stroke and brain tumor also demonstrated that AACID 

was sensitive to changes in pH (129,130). 
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Figure 1.13: Schematic diagram demonstrating the effect of pH on the amine and amide 

CEST effects. The top schematic demonstrates both the amide and amine proton pools 

that are chemically shifted from the bulk water pool. The bottom schematic demonstrates 

CEST spectra measured at different pH (6.0, 6.5, and 7.0), showing the amide and amine 

pH dependent changes highlighted in blue and purple, respectively. This figure has been 

adapted with permission from McVicar et al. (129). 

 

1.6.7 Nuclear Overhauser Enhancement 

Non-exchangeable protons can transfer magnetization to nearby dipolar-coupled protons 

via cross-relaxation, which is known as the nuclear Overhauser effect (NOE). Examples 

of non-exchangeable protons are protons from carbon-bound aliphatic and aromatic 
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groups. Cross-relaxation can transfer energy due to dipolar interactions between spins 

that are in close proximity. Dipole-dipole interactions occur when two protons/spins are 

in close proximity and can be influenced by each other’s magnetic field. When two 

protons (interesting spin (I) and source spin (S)) are in close proximity, the thermal 

motion of proton S causes a local oscillating magnetic field that can induce the relaxation 

of the proton I.  

To recall in Section 1.4.1, spins have two energy levels, m = +1/2 and m = -1/2, 

which are associated with the lower (spin-up) and higher (spin-down) energy levels, 

respectively. When a spin pool is fully saturated, there are an equal number of spins in 

the spin-up and spin-down energy states, causing a population difference of zero. There 

are several pathways in which this energy can be transferred, including single spin flips 

(single quantum transitions) or mutual spin flips. Mutual spin flips are the pathways 

corresponding to the NOE. This can include double quantum transitions, which involves 

a pair of spin-up nuclei flipping to spin-down, or vice-versa, and zero quantum 

transitions, which involves the flipping of a pair of opposite spins. These energy 

exchanges are shown in Figure 1.14. The probability of any of these transitions occurring 

depends on the gyromagnetic ratios, rotational correlation time of the spins, and the 

energy of the dipolar interaction (84).  
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Figure 1.14: Schematic diagram illustrating the different mutual spin flips that are the 

pathways corresponding to the NOE. A. Energy level diagram for a dipolar coupled two 

spin system, I spin population difference of 5. B. A double quantum transition involves a 

pair of spin-up nuclei flipping to spin-down, or vice-versa, and causes an increase in the 

signal of the proton of interest. When spin S relaxes back to equilibrium, the coupled spin 

I flips from higher energy to the ground state, increasing the population difference (i.e., 

difference of 7). C.  Zero order quantum transitions involve the flipping of a pair of 

opposite spins and causes a decrease in the signal of the proton of interest. When spin S 

relaxes back to equilibrium, the coupled spin I flips from low energy to the ground state, 

decreasing the population difference (i.e., difference of 3). 
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Proton-proton NOE cannot attain a very considerable signal enhancement. 

Enhancement resulting from the NOE can be achieved through a relayed transfer process 

to other, exchangeable protons. The saturation of the non-exchangeable proton pool is 

continuous, and the effect can be relayed and incorporated into the larger, coupled 

exchangeable proton pool. This effect is called exchange relayed NOE (rNOE) (133). 

rNOE can be simplified as a two-step process, where saturation of the non-exchangeable 

protons is transferred via dipole-dipole interactions (cross-relaxation) to a neighbouring 

exchangeable proton, and then transferred to water via chemical exchange (as shown in 

Figure 1.15): 

  

𝐻𝑎

𝜎𝑛𝑒
→ 

𝜎𝑒𝑛
← 

𝐻𝑒

𝑘𝑒𝑤
→  

𝑘𝑤𝑒
←  

𝐻𝑊 
[1.43] 

  

where 𝐻𝑎, 𝐻𝑒 are the non-exchangeable aliphatic proton and neighbouring exchangeable 

proton, respectively.  
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Figure 1.15: Schematic illustrating the irradiation if a nonexchangeable proton pool with 

a radiofrequency (RF) pulse, which causes the bulk water pool signal to decrease through 

relayed nuclear Overhauser effect (rNOE). This figure has been recreated and adapted 

with permission from Zhou et al. (134) 

 

The rNOE signal depends on both the cross-relaxation rate and the chemical 

exchange rate. However, if there is a large rate difference, the rNOE signal will depend 



 

57 

 

on the signal rate-limiting step (i.e., the slowest) (134). When the cross-relaxation is the 

rate limiting step, the following relationship holds: 

  

𝑘𝑒𝑤 ≫ |𝜎𝑒𝑎| ≈ 𝜌𝑒 
[1.44] 

  

where 𝜎𝑒𝑎 is the dipolar cross-relaxation rate and 𝜌𝑒 is the longitudinal relaxation rate of 

the exchangeable proton. When cross-relaxation is the rate-limiting step in rNOE 

processes, the mobility of molecules is necessary to understand how the signal appears in 

the Z-spectra. For small molecules, cross-relaxation is dominated by the double-quantum 

transition and 𝜎𝑒𝑎 is positive. Cross-relaxation is small for these molecules, so the rNOE 

signal is negligible on the Z-spectra. For large molecules or those that have limited 

mobility (i.e., semisolid), the zero-quantum transition dominates, and cross-relaxation is 

negative and can be very large. It is important to note, that in semisolid components, the 

T2 relaxation times are extremely short, causing a broad signal and the magnetization 

transfer contrast (MTC) can begin to show in the Z-spectra, merging with any rNOE 

signal (134).  

Like the CEST effect, rNOE signal can depend on several different factors. The 

signal can increase with the concentration of the molecules or the density of the non-

exchangeable protons and neighbouring exchangeable protons. In a more complex 

macromolecular structure, only the exchangeable protons that are in close proximity 

affect the signal (134). pH could also affect the rNOE signal measured; however, studies 

have shown different results. Some studies have shown that rNOE does have a 

dependence on pH (133,135,136), but others have failed to demonstrate this relationship 

(124,135,137). Cross-relaxation is not directly affected by pH, any pH dependence on the 

rNOE signal is due to the proton chemical exchange, which has been shown to be pH 

dependent (see Section 1.6.4). Therefore, it can be speculated that the rNOE signal could 

be pH sensitive when the chemical exchange rate is the rate-limiting step in the rNOE 

process (120). Temperature can also affect the rNOE signal observed. Increasing 
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temperature will reduce cross-relaxation rates (molecular thermal motion is faster at 

higher temperatures) and water longitudinal relaxation rates (138), however, it will 

increase proton exchange rates. Thus, when cross-relaxation is the rate-limiting step, 

rNOE signal can be insensitive to temperature changes because cross-relaxation and 

longitudinal relaxation change in opposite directions on the same scale of magnitude 

(139). When chemical exchange is the rate-limiting step, temperature can affect rNOE 

signal in the same way that it affects the CEST signal (see Section 1.6.3). 

1.6.8 Spinal Cord MR Imaging Challenges 

Unfortunately, non-invasive investigation of spinal cord function and structure is limited 

by the inaccessibility of the cord. MRI is a non-invasive approach to assess the function 

and structure of the spinal cord. However, there are some inherent challenges when trying 

to perform MRI in the spinal cord: a spatially inhomogeneous magnetic field when in an 

MRI system, the small diameter of the cord cross-section (widest cervical enlargement 

only ~1.5 cm (140)), and physiological motion.  

Differences in the magnetic susceptibility between soft tissue, bone, and air can result 

in image distortion and signal intensity loss. Unfortunately, the spinal cord is very small 

and comprised of all three components. Shimming the magnetic field (i.e., making the 

field more uniform) can be employed within the spinal cord to increase uniformity. The 

small dimension of the spinal cord also requires high in-plane spatial resolution (typically 

1 mm x 1 mm) and relatively thin slices (1-2 mm) to accurately depict the anatomical 

features. Axial imaging allows for the highest resolution to be in the spinal cord cross 

section, where spinal cord anatomy is more varied (see Section 1.2.6). However, a large 

number of slices must be acquired to view the full inferior to superior extent of the cord, 

which significantly increases the scan time. The pulsation of the CSF flow can also cause 

artefacts in spinal cord images. Respiratory motion can also cause periodic motion in the 

spinal cord. Artefacts caused by motion can be distributed in the phase-encoding 

direction.  Consequently, choosing the phase-encoding direction so artefacts do not 

spread across the spinal cord can improve image quality. Periodic motion can be reduced 

by harmonizing the acquisition with cardiac and respiratory cycles, (i.e., gating is 

performed). However, this causes a dramatic increase in acquisition time.  
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1.6.9 CEST in the Spinal Cord 

Very few studies of CEST MRI have been performed in the cervical spinal cord of 

humans. The first study was performed by Dula et al. in the cervical spinal cord at 7.0 T 

(141). Using simulated optimal CEST saturation parameters, CEST imaging of the spinal 

cord was performed in 10 healthy controls and 10 patients with multiple sclerosis (MS) 

using both asymmetry analysis (MTRasymm) and a Lorentzian fitting method. It was found 

that there was increased asymmetry around the amide proton resonance in MS patients, 

but the measurement was complicated by NOE signal upfield in the Z-spectra. Lorentzian 

differences for lesions and normal-appearing white matter were also distinct from healthy 

white matter. Following this study, By et al. performed APT CEST in the cervical spinal 

cord of 10 healthy controls and 10 MS patients at 3.0 T (142). This study found that 

incorporating a respiratory correction created more reproducible Z-spectra in white 

matter. Normal-appearing white matter of the MS patients was also significantly different 

than the healthy controls. 

As mentioned in Section 1.6.8, there are many challenges in spinal cord MR 

imaging, and these exist also for CEST in the spinal cord. As the study performed by By 

et al. demonstrated, incorporating a respiratory correction could improve the 

reproducibility of the measurements in the spinal cord (142). It has been shown that field 

shifts caused by respiration can distort the B0 field and cause temporal signal fluctuations, 

up to 0.58 ppm at the seventh cervical vertebra (C7) level (143). Advanced shimming is 

important when trying to mitigate field inhomogeneities in spinal cord CEST to ensure 

spectrally accurate RF irradiation to generate the CEST contrast. B1 inhomogeneity can 

also be prevalent in the spinal cord, which can directly affect CEST contrast and the B1 

saturation pulse amplitude. It should also be noted that while in spinal cord imaging, it is 

recommended to have relatively thin slice thickness to accurately depict the structures of 

the spinal cord, CEST imaging in the spinal cord improves with thicker slices to 

maximize the signal-to-noise ratio (SNR) and contrast-to-noise (CNR). However, a thick 

slice can lead to partial volume effects and limited spatial resolution for CEST spinal 

cord imaging.  



 

60 

 

1.6.10 CEST Reproducibility 

Reproducibility in MRI is of upmost importance to ensure valid quantitative 

measurements, quality assurance of protocols, and to assist with transition to clinical 

practice. Quantification of reproducibility (i.e., producing the same results when repeated 

by a different team), variability (i.e., divergence of data from its center of distribution), 

and repeatability (i.e., producing the same results when repeated in the same 

circumstances) are essential for CEST research. More specifically, CEST contrast 

depends on the saturation parameters and exchange rate (see Section 1.6.3). Reproducible 

CEST measurements are needed in healthy tissue to begin to transition this technique to 

clinical populations. In the context of DCM patient outcomes, evaluating the 

reproducibility of CEST contrasts can help determine if non-invasive biomarkers of the 

recovery of pH and hypoxia can be established. CEST reproducibility studies have begun 

to emerge in brain research (144-147). 3D APT CEST was found to have high 

reproducibility in the supratentorial locations of the brain compared to the infratentorial 

locations in 19 healthy volunteers, 15 glioma patients, and 12 acute stroke patients (145). 

APT CEST reproducibility was found to be high in 21 healthy volunteers and 6 glioma 

patients for whole-brain, within-session, and between-day evaluations (147). Another 

study found good single-slice APT reproducibility in brain tumours between sessions in 

13 patients (146). Unsurprisingly because of the lack of CEST studies performed in the 

spinal cord, the only study examining CEST reproducibility in the spinal cord was 

performed by By et al. at a single cervical slice centred at the C3/C4 level (142). 

1.7 Thesis Overview 

DCM is a highly prevalent spinal cord disease and can cause motor and sensory function 

disruptions. While decompression surgery is the recommended treatment for DCM, some 

patients still have neurological decline post-operatively. Identifying biomarkers for 

surgical and functional success is of the utmost importance.  

The main objective of this thesis was the development of pH-weighted MRI 

measurements of the cervical spinal cord in DCM patients using CEST MRI. Very few 

studies have implemented CEST MRI in the human spinal cord, and no studies have 
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attempted to measure pH using CEST in the spinal cord. Initially, fMRI was used to 

determine if cortical reorganization of the motor areas in the brain were correlated with 

compression severity in DCM patients. Following the completion of this work, CEST 

MRI was optimized for pH-weighted contrast, and reproducibility was evaluated in the 

more stable brain structure. 3D pH-weighted CEST was then implemented in the cervical 

spinal cord of healthy subjects, and reproducibility was evaluated, leading to the use of 

pH-weighted CEST MRI in DCM patients.  

Chapter 1 of this thesis provides a literature review of degenerative cervical 

myelopathy and how ischemia and hypoxia could affect the surgical outcomes of these 

patients. Furthermore, an introduction to CEST MRI and how it can be exploited to 

measure hypoxia indirectly through pH-weighted measurements is discussed.  

Chapter 2 of this thesis presents work adapted from an original research manuscript 

titled “Spinal cord compression is associated with brain plasticity in degenerative cervical 

myelopathy”. The objective of this study was to determine if compression severity, used 

as a proxy for hypoxia, was correlated with increased activation of the motor areas in 

DCM patients while they performed a controlled tapping task during fMRI. The study 

showed that when the spinal cord was more severely compressed, larger regions of the 

primary motor cortex were activated, suggesting that cortical reorganization had 

occurred. This expansion of cortical activity may be due to brain plasticity and the 

rewiring of axons from the lower limb extremities into the hand region to compensate for 

difficulty with the instructed finger-tapping task.  

Chapter 3 of this thesis presents work from an original research manuscript entitled 

“Reproducibility of 3D Chemical Exchange Saturation Transfer (CEST) Contrasts in the 

Healthy Brain at 3T”. This study evaluated the reproducibility of different 3D CEST 

contrasts, including AACID, in the brain. 3D CEST was successfully optimized and 

implemented at 3.0 T, and within-subject and between-subject reproducibility was 

evaluated in both gray and white matter. Results demonstrated that AACID and NOE 

contrasts were the most reproducible in both tissue types.  
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Chapter 4 of this thesis presents work from an original research manuscript entitled 

“Reproducibility of 3D pH-Weighted Chemical Exchange Saturation Transfer Contrast in 

the Healthy Cervical Spinal Cord”. This study continues the work presented in Chapter 3, 

and successfully implemented 3D AACID CEST in the healthy cervical spinal cord. The 

objective of this study was to evaluate the reproducibility of AACID along the cervical 

spinal cord and determine which post-processing scheme produced the most reproducible 

measurement. This study showed that 3D AACID was the most reproducible 

measurement at the centre of the volume when also applying a B1-correction. 

Chapter 5 of this thesis presents work from an original research manuscript titled 

“Spinal Cord pH-weighted CEST MRI Suggests Hypoxia in Degenerative Cervical 

Myelopathy Patients”. This study continues from work within Chapter 4, now utilizing 

3D AACID CEST MRI in the spinal cord of DCM patients and controls, while 

incorporating a B1-correction. The objective of this pilot study was to determine whether 

AACID measurements at the site of compression in the spine were significantly different 

compared to healthy controls. Preliminary results indicate that DCM patients have 

significantly higher AACID values in the compressed spinal cord, which is associated 

with a lower pH and indicative of hypoxia occurring in the spinal cord at the compression 

site of these patients.  

Chapter 6 of this thesis summarizes the work presented in the thesis, followed by the 

potential future work related to this thesis. 
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Chapter 2  

2 Spinal Cord Compression is Associated with Brain Plasticity 

in Degenerative Cervical Myelopathy 

The work presented in this chapter is from:  

Alicia E Cronin, Sarah A Detombe, Camille A Duggal, Neil Duggal, Robert Bartha, 

Spinal cord compression is associated with brain plasticity in degenerative cervical 

myelopathy. Brain Communications, Volume 3, Issue 3, 2021, fcab131, 

https://doi.org/10.1093/braincomms/fcab131 

Permission to reuse this article has been obtained. Please see Appendix B. 

2.1 Introduction 

Cortical reorganization, in response to brain or spinal cord injury, may influence 

functional recovery and provide a compensatory mechanism to minimize functional 

deficits (104). Many functional magnetic resonance imaging (fMRI) studies have 

demonstrated that there is increased cortical activity in patients with spinal cord injuries 

in response to hand movement tasks (103,104,106,148,149). Studies in patients with 

spinal cord injuries have also found increased levels of activation in subcortical areas 

compared to controls (148,150,151). However, it is unclear if the plasticity occurring in 

these patients is associated with the severity of spinal cord compression and if severity of 

spinal cord compression influences functional recovery. 

Degenerative cervical myelopathy (DCM) is one of the most common forms of 

spinal cord dysfunction, with the yearly incidence and prevalence in North America 

estimated to be 41 and 605 per million, respectively (152). It is a unique model of spinal 

cord injury that becomes increasingly prevalent with age (153), can result in compression 

of the spinal cord (7), and can lead to neurological dysfunction (154). Surgical 

intervention, in the form of decompression surgery, is universally accepted as a preferred 

treatment option (155) in patients with moderate to severe DCM (156,157). In many 

patients, surgical intervention can effectively prevent progression of neurological decline 
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and improve functional outcome (157,158). In fact, approximately two thirds of patients 

demonstrate some neurological recovery (e.g. upper limb function, lower limb function, 

and sphincter recovery) post-surgery (158). Unfortunately, select patients do not improve 

following surgery and some can continue to deteriorate. Identifying patients that do not 

respond to surgical intervention is a major unmet clinical need.   

Predicting functional recovery and surgical outcome based on patient 

demographic factors such as age (159,160), level(s) of compression (161), or duration of 

symptoms (162) has proven unreliable. Magnetic resonance imaging (MRI) parameters in 

the spine, such as hyper-intensity on T2-weighted images (29) and hypo-intensity on T1-

weighted images (28) have proven equally unreliable in predicting response to surgery 

and functional recovery. Interestingly, some studies have demonstrated that plasticity can 

occur in the brain when tissue damage occurs within the ascending and descending spinal 

cord fiber tracts (105,148). This finding suggests that the severity of spinal cord 

compression could be a useful prognostic indicator. To improve the prognostic 

determinates of DCM, the relationship between localized compression in the spinal cord, 

neuronal damage, cortical reorganization, and functional performance before and after 

surgery must be better understood. 

Most fMRI studies in DCM have made group level comparisons between DCM 

patients and healthy controls, which treats DCM patients as a homogenous group 

(103,104,106,149,163). The aim of the current study was to determine if cortical activity 

differences in individual DCM patients, measured by fMRI, were associated with the 

severity of spinal compression. Understanding the relationship between spinal 

compression and brain plasticity may help to develop an objective prognostic indicator of 

surgical response. The overall goal of the current study was to determine if brain activity 

variations in individual DCM patients, measured by fMRI, were associated with the 

severity of spinal cord compression and neurological dysfunction, measured by validated 

clinical outcomes scores. We hypothesized that cortical and subcortical reorganization 

would be greater in patients with more severe spinal cord compression, and that patients 

with severe compression would have more impaired neurological function despite 

increased fMRI measured cortical activity.  
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2.2 Materials and Methods 

2.2.1 Participants and Clinical Evaluation 

This study was approved by the Western University Health Sciences Research Ethics 

Board. Informed consent was obtained from each patient prior to the start of the study. 

Twenty-five patients (14 men, mean age (± SD) 63 ± 13.1 years, 24 right-handed) with 

symptoms of DCM and no other neurological disorders were recruited from November 

2018 to February 2020 and participated in a 3.0 T MRI session before decompression 

surgery. All patients completed the validated measure for assessing disability resulting 

from myelopathy, called the modified Japanese Orthopaedic Association (mJOA) 

outcome measure (164). This metric measures the severity of clinical symptoms in 

patients with myelopathy by assessing motor dysfunction in the upper and lower 

extremities, bladder function, and sensory function in the upper extremities. Patients were 

graded on an 18 point scale, where upper motor function was scored out of 5, lower 

motor function was scored out of 7, upper sensory function was scored out of 3, and 

bladder function was scored out of 3 (164). To be included in this study, DCM patients 

must have demonstrated some degree of hand dysfunction (4/5 or lower on upper mJOA 

score). Coincidently, all DCM patients also had varying degrees of gait dysfunction. 

2.2.2 Imaging Protocol 

Imaging was performed in DCM patients prior to their decompression surgery on a 

Siemens 3.0 T Prisma Fit MRI scanner using a 64-channel head and neck coil to acquire 

all data. Anatomical head images were acquired for each patient using a sagittal T1-

weighted 3D magnetization-prepared rapid acquisition gradient echo sequence (9˚ flip 

angle, matrix size 256 x 256, number of slices = 175, 1 mm slice thickness, and repetition 

time/echo time 2300/2.98 ms). Blood oxygen level-dependent (BOLD) images were 

acquired using an interleaved echo planar imaging pulse sequence (720 x 720 acquisition 

matrix, 52 slices per volume, slice thickness 2.3 mm, repetition time/echo time 1000/30 

ms, 40˚ flip angle). The total acquisition time of the BOLD scan was 5 minutes and 30 

seconds for 330 volumes. Field maps were acquired to correct for signal distortions (slice 

thickness 3 mm, repetition time/echo time 500/4.92 ms, 60˚ flip angle). Finally, 
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anatomical neck and spine images were also acquired for each patient using a T2-

weighted sagittal 3D spin-echo sequence (slice thickness 0.9 mm, repetition time/echo 

time 2170/135 ms, flip angle 140˚, number of averages = 2). 

2.2.3 Study Design 

To activate the motor pathway, a block paradigm task, which included 11 segments (six 

resting and five active), was performed. All patients were instructed to perform a fingers-

to-thumb pinch (duck quack) with their right hand in a button box. To control the 

frequency that patients were performing the task, visual cues were presented every 3 

seconds during the 30 second task period. Compliance was ensured by the recording of 

the button presses using an in-house program created using MATLAB v.R2019b and 

Psychtoolbox v.3.0.15. This protocol was also repeated for the left hand. 

2.2.4 Imaging Processing 

Anatomical and functional images were preprocessed using the fMRI pipeline fmriprep 

version 1.4.1 (165). Specifically, the anatomical T1-weighted head images were corrected 

for intensity non-uniformity using N4BiasFieldCorrection v2.1.0 (166) and skull-stripped 

using antsBrainExtraction.sh v2.1.0. Spatial normalization was performed through 

nonlinear registration with the antsRegistration tool of ANTS v2.1.0 (167). The 

cerebrospinal fluid (CSF), white-matter (WM), and gray-matter (GM) were all segmented 

on the brain extracted image to assist with registration. The functional images were 

corrected for motion using mcflirt (FMRIB Software Library (FSL) v5.0.9) (168), slice 

timing corrections were applied using 3dTshift from AFNI v16.2.07 (169), and field 

distortion corrections (170) were performed. Co-registration to the corresponding T1-

weighted image using boundary-based registration (BBR) (171) with 9 degrees of 

freedom was executed. The anatomical and functional data were all converted and 

reported in MNI space. For further details of the fmriprep pipeline, please refer to the 

online documentation:  https://fmriprep.readthedocs.io/en/1.4.1/. 

To find brain activity related to our proposed block design, a general linear model 

of the whole brain was run separately for each of the patients. The data were spatially 

smoothed by convolving each slice with a 6 mm full-width-half maximum Gaussian 
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kernel in FSL v6.03 (172). We modeled the predictors of each patient by convolving the 

block paradigm boxcar function with a double-gamma hemodynamic response function 

and included the nuisance regressors to form the complete statistical model. The nuisance 

regressors were the motion related parameters, consisting of three regressors for each 

translation direction and rotation direction. Cluster-based thresholding was performed (Z 

> 3.1, p = 0.001), where the p value was corrected for multiple comparisons (173). 

The cervical spinal cord was automatically segmented using the Spinal Cord 

Toolbox (SCT) v4.2.2 (174), specifically using the Deepseg module (175). This module 

is a deep-learning-based spinal cord segmentation module that uses two Convolutional 

Neural Networks (CNNs), where the first detects the spinal cord centerline and the 

second performs the segmentation (175). Quality of the segmentation was manually 

checked on every axial slice using the FSL viewer, FSLeyes. An example of the 

segmented cord is demonstrated in Fig. 2.1A. Using SCT, the cross-sectional area was 

found for each axial slice of the spinal cord. Using custom MATLAB code, the total 

volume of the spinal cord in the compressed region was measured by identifying the 

limits of the compressed region using the rate of change of cord area, then summing the 

areas of each slice within the compressed region, as shown in Fig. 2.1B. To measure the 

reliability of the spinal cord volume measurement, two raters performed repeated 

measurements of cord compression using the approach described above. The first rater 

developed the metric (A.E.C.) and therefore had significant previous experience using the 

tool and the second rater had no previous experience in performing imaging 

measurements (C.D.). Each performed the measurement three separate times on the full 

dataset. For each measurement, raters were blinded, and the data were scrambled. The 

intraclass correlation (ICC) was computed to determine the intra and inter-reliability. 

2.2.5 Statistical Analysis 

Brain regions of interest (ROIs) were selected based on previous studies using the same 

task block design and the demonstration of activation in these areas (106,163). The ROIs 

included were the cortical structures (primary motor cortex (M1), the primary 

somatosensory cortex (S1), the supplementary motor area (SMA), the premotor cortex 

(PMC)) and the subcortical structures (cerebellum, putamen, caudate, and thalamus). The 
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contralateral region of each of the cortical ROIs and bilateral subcortical ROIs were 

chosen for each of the scans (right and left hand). Cortical ROIs were obtained from the 

probabilistic Harvard-Oxford cortical structural atlas and subcortical ROIs from the MNI 

Structural Atlas. The extent of activation in these regions was quantified using beta 

weights, which represent how much BOLD signal is associated to the task (% BOLD 

signal), and the volume of activation (VOA).  

Pearson’s correlation coefficient (r) was used to test the hypothesis that the 

severity of spinal compression was correlated with neuronal activation characterized 

using % BOLD signal and VOA, and that the severity of spinal compression was 

correlated functionally using mJOA scores. Pearson’s correlation coefficient (r) was also 

used to determine whether the duration of symptoms (Table 2.1) was correlated with 

neuronal activation (% BOLD signal and VOA). 

2.3 Results 

The measurement of spinal cord volume was found to be highly reproducible.  

Specifically, the reliability of the spinal cord volume measurements between the two 

raters were characterized with an ICC of 0.977. Similarly, the intra-rater reliability of 

each rater was also substantial, with the first rater (A.E.C.) achieving an ICC of 0.996 and 

the second, less experienced, rater (C.D.) achieving an ICC of 0.967. Fig. 2.1C provides 

the individual measurements for each subject to show the small variation observed.  
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Figure 2.1: Volume of compression measurement. A: T2-weighted image of the cervical 

spinal cord of a DCM patient showing the segmented cord in red, with the compression 

site displayed on the inset. B: Line graph displaying the area of each axial slice of the 

segmented cord, from inferior to superior, with the coloured region the total compression 

volume measurement. C: Dot plot of rater agreement, with an ICC of 0.977 for inter-rater 

reliability, first rater achieving an intra-rater reliability ICC of 0.996, and the second rater 

achieving an intra-rater reliability ICC of 0.967. 

 

Two DCM patients were excluded from the study due to missing T2-weighted 

spine images and differing fMRI parameters. Demographics of this cohort of included 

patients are provided in Table 2.1. Supplementary Fig. 2.1 highlights the differences in 

cortical activation patterns in individual participants with varying degrees of spinal cord 

compression. When DCM patients tapped with their left hand, motor network and 

subcortical activation was correlated with spinal cord compression volume. Specifically, 

in the contralateral M1, the % BOLD signal was significantly correlated with the total 

compression volume (r = 0.49, p = 0.02; Fig. 2.2A) and VOA was also significantly 

correlated with total compression volume (r = 0.55, p = 0.006; Fig. 2.3A). In the 
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contralateral S1, the % BOLD signal was significantly correlated with the total 

compression volume (r = 0.49, p = 0.02; Fig. 2.2B) and VOA was also significantly 

correlated with total compression volume (r = 0.45, p = 0.03; Fig. 2.3B). In the associated 

motor areas (SMA and PMC), the total compression volume was only significantly 

correlated with the PMC VOA (r = 0.42, p = 0.04; Fig. 2.3C). Regarding subcortical 

brain areas, there was a significant correlation between spinal compression volume and % 

BOLD signal in the cerebellum (r =0.56, p = 0.006; Supplementary Fig. 2.2A), the 

putamen (r = 0.57, p = 0.005; Supplementary Fig. 2.2B), the caudate (r = 0.67, p = 

0.0004; Supplementary Fig. 2.2C), and the thalamus (r = 0.60, p = 0.003; Supplementary 

Fig. 2.2D). There was also a significant correlation between spinal compression volume 

and VOA in the cerebellum (r =0.56, p = 0.006; Supplementary Fig. 2.3A), the putamen 

(r = 0.58, p = 0.004; Supplementary Fig. 2.3B), the caudate (r = 0.70, p = 0.0002; 

Supplementary Fig. 2.3C), and the thalamus (r = 0.63, p = 0.001; Supplementary Fig. 

2.3D).
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Table 2.1: Demographic data and clinical characteristics of patients with DCM 

Case 

Age (mean 

65 ± 13 years) Sex 

Site of 

Impairmenta 

 mJOA Score (mean 9.9 ± 2.1) 

Duration of 

Symptoms 

(months) 

 

Upper 

Motor 

 

Lower 

Motor 

 

Upper 

Sensory 

 

 

Bladder 

Total 

Score 

(max 18) 

1 70 M C3-4 7 2 2 1 1 6 

2 51 M C6-7 4 3 4 1 1 9 

3 68 M C5-6 15 3 4 1 3 11 

4 57 F C5-6 30 2 4 1 1 8 

5 81 M C5-6 12 2 4 1 3 10 

6 77 M C4-5 4 3 4 1 2 10 

7 74 M C4-5 24 4 6 1 3 14 

8 60 M C5-6 36 4 4 1 3 12 

9 52 F C3-4 12 1 6 0 1 8 

10 82 F C3-4 12 4 6 2 3 15 
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11 52 M C5-6 4 4 3 1 2 10 

12 70 M C3-4 22 3 4 1 2 10 

13 72 M C3-4 24 2 4 1 2 9 

14 77 M C3-4 5 2 3 1 2 8 

15 51 F C4-5 11 4 4 1 2 11 

16 34 F C4-5 16 3 5 1 2 11 

17 84 M C3-4 7 2 3 1 2 8 

18 79 F C4-5 6 2 3 1 2 8 

19 45 M C3-4 5 3 4 1 2 10 

20 72 F C3-4 24 2 3 1 3 9 

21 67 F C4-5 3 2 4 1 2 9 

22 56 F C3-4 7 4 4 2 3 13 

23 73 M C3-4 3 3 3 1 2 9 

a Location of compression where surgery was performed, mJOA = modified Japanese Orthopaedic Association
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Figure 2.2: Left hand tapping BOLD signal and volume of compression. A: The 

correlation between the % BOLD signal of the contralateral M1 and the spinal cord 

compression volume.  B: The correlation between the % BOLD signal of the contralateral 

S1 and the spinal cord compression volume. C: The correlation between the % BOLD 

signal of the contralateral PMC and the spinal cord compression volume. D: The 

correlation between the % BOLD signal of the contralateral SMA and the spinal cord 

compression volume.   
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Figure 2.3: Left hand tapping volume of activation and volume of compression. A: The 

correlation between the VOA of the contralateral M1 and the spinal cord compression 

volume.  B: The correlation between the VOA of the contralateral S1 and the spinal cord 

compression volume.  C: The correlation between the VOA of the contralateral PMC and 

the spinal cord compression volume.  D: The correlation between the VOA of the 

contralateral SMA and the spinal cord compression volume.   
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Similarly, when patients tapped with their right hand, cortical and subcortical 

activation was correlated with spinal cord compression volume. Specifically, in the 

contralateral M1 of the patients, a larger % BOLD signal was associated with a larger 

spine compression (r = 0.56, p = 0.005; Fig. 2.4A) and a larger VOA was also associated 

with a larger compression (r = 0.45, p = 0.03; Fig. 2.5A). In the contralateral S1, the % 

BOLD signal was significantly correlated with the total compression volume (r = 0.53, p 

= 0.009; Fig. 2.4B) and the VOA was close to significance with the total compression 

volume (r = 0.41, p = 0.05; Fig. 2.5B). In the contralateral PMC, the VOA was also 

significantly correlated with the total compression severity (r = 0.50, p = 0.01; Fig. 2.5C). 

Likewise, in the contralateral SMA, it was demonstrated that patients with a larger % 

BOLD signal also had a larger spine compression (r = 0.46, p = 0.03; Fig. 2.4D) and a 

larger VOA was also associated with a larger compression (r = 0.47, p = 0.02; Fig. 2.5D). 

Regarding the subcortical areas, a larger spinal cord compression volume was associated 

a higher % BOLD signal in the cerebellum (r = 0.50, p = 0.02; Supplementary Fig. 2.4A), 

the putamen (r = 0.70, p = 0.0002; Supplementary Fig. 2.4B), the caudate (r = 0.65, p = 

0.0007; Supplementary Fig. 2.4C), and the thalamus (r = 0.52, p = 0.01; Supplementary 

Fig. 2.4D). Finally, total spinal cord compression volume was also significantly 

correlated with VOA in the cerebellum (r = 0.53, p = 0.01; Supplementary Fig. 2.5A), the 

putamen (r = 0.71, p = 0.0001; Supplementary Fig. 2.5B), the caudate (r = 0.73, p = 

0.0001; Supplementary Fig. 2.5C), and the thalamus (r = 0.59, p = 0.003; Supplementary 

Fig. 2.5D). 
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Figure 2.4: Right hand tapping BOLD signal and volume of compression. A: The 

correlation between the % BOLD signal of the contralateral M1 and the spinal cord 

compression volume.  B: The correlation between the % BOLD signal of the contralateral 

S1 and the spinal cord compression volume.  C: The correlation between the % BOLD 

signal of the contralateral PMC and the spinal cord compression volume.  D: The 

correlation between the % BOLD signal of the contralateral SMA and the spinal cord 

compression volume.   
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Figure 2.5: Right hand tapping volume of activation and volume of compression. A: The 

correlation between the VOA of the contralateral M1 and the spinal cord compression 

volume.  B: The correlation between the VOA of the contralateral S1 and the spinal cord 

compression volume.  C: The correlation between the VOA of the contralateral PMC and 

the spinal cord compression volume.  D: The correlation between the VOA of the 

contralateral SMA and the spinal cord compression volume. 

 

The mean mJOA score for the patient cohort was 9.9 ± 2.1 (mean ± SD). Analysis 

of compression severity and clinical scores (mJOA) did not demonstrate a significant 

relationship (r = -0.36, p = 0.09; Fig. 2.6). There was also no significant relationship 

between subcortical activation and clinical scores. However, analysis of the motor 

network and clinical scores (mJOA) demonstrated a significant relationship between 
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activation and function. When patients tapped with their left hand, the contralateral M1 % 

BOLD signal was significantly correlated with the mJOA score (r = -0.44, p = 0.03; Fig. 

2.7A), indicating that a higher function is associated with a smaller signal change. 

Likewise, in the contralateral S1, a smaller % BOLD signal was associated with a higher 

mJOA score (r = -0.48, p = 0.02; Fig. 2.7C). Furthermore, when patients were tapping 

with their right hand, the same significant relationships were demonstrated (contralateral 

M1 % BOLD signal (r = -0.50, p = 0.02; Fig. 2.7B), contralateral S1 % BOLD signal (r = 

-0.48, p = 0.02; Fig. 2.7D)). There were no significant associations between any motor 

network activation and duration of symptoms. 

 

 

Figure 2.6: The association between the neurological function in DCM patients 

measured by the mJOA score and spinal cord compression volume. 
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Figure 2.7: Correlation between % BOLD signal and mJOA. A: The correlation between 

the % BOLD signal of the contralateral M1when tapping with the left hand and 

neurological function of the CSM patients measured by the mJOA score. B: The 

correlation between the % BOLD signal of the contralateral M1 when tapping with the 

right hand and the mJOA score. C: The correlation between the % BOLD signal of the 

contralateral S1 when tapping with the left hand and the mJOA score.  D: The correlation 

between the % BOLD signal of the contralateral S1 when tapping with the right hand and 

the mJOA score. 
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2.4 Discussion 

In this study, conventional T2-weighted MRI was used to quantify spinal cord 

compression severity in DCM patients using a newly developed method with high 

reproducibility. The association between spinal cord compression and motor function was 

assessed using clinical scores. In addition, the association between spinal cord 

compression and activation of the motor network of the brain was assessed using fMRI in 

response to a finger tapping task. The results indicate that total compression volume was 

positively correlated with the volume and magnitude of activation in several motor 

regions including the M1, S1, PMC, SMA, cerebellum, putamen, caudate, and thalamus. 

Additionally, mJOA scores were negatively correlated with the % BOLD signal in 

contralateral M1 and S1. To our knowledge, this is the first study in DCM that 

specifically explores the relationship between the severity of spinal cord compression and 

compensatory brain plasticity. 

The current study demonstrates that DCM patients exhibit varying compensatory 

expansion of cortical activation depending on the severity of spinal cord compression. In 

many of the motor regions examined, there was a significant positive correlation between 

compression volume and activation levels, indicating that patients with greater spinal 

cord compression experience a larger compensatory expansion of activation or cortical 

recruitment. The expansion of the activated motor areas when DCM patients performed 

the controlled motor task may be related to rewiring of the axons of the lower limb 

extremities into the hand regions (176), which is driven by the use of the less affected 

part of the body to compensate for the difficulty with the instructed hand task. This effect 

has been shown in spinal cord injury patients, with an increase in handgrip related BOLD 

signal in the medial precentral gyrus, consistent with leg representation (110). The 

current study also demonstrated that patients with greater spinal cord compression have 

larger subcortical regions of activation. This increase in subcortical activation was 

previously suggested (151) to be due to the reduction of afferent input from the spinal 

cord, which could lead to more complex processing of the remaining input, leading to 

greater activation. Since the subcortical regions examined are part of circuits that 
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incorporate the cortical regions (177), activation pattern changes in subcortical regions 

could have a direct influence on the observed activation in the cortical regions. 

There is mounting evidence from studies performing group-wise comparisons to 

control subjects or examining longitudinal changes in DCM subjects that DCM patients 

experience a reorganization of the motor areas in the brain. In one of the first studies 

demonstrating cortical reorganization in DCM patients, Holly et al. showed in four 

patients that there was an expansion of neuronal activity in the motor areas affected when 

performing either a wrist extension task or an ankle dorsiflexion task compared to healthy 

controls (104). Duggal et al. completed a study including 12 patients and 10 controls and 

performed both pre-operative and 6-month post-operative fMRI scans using a finger-

tapping paradigm (103). It was found that patients demonstrated a larger VOA compared 

to controls in the precentral gyrus pre-operatively. Following surgery, this VOA 

difference between controls and DCM patients increased in this region. Hrabalek et al. 

completed a study involving seven patients and performed both pre-operative and 6-

month post-operative fMRI scans using wrist flexions and extensions (149). It was found 

that there was significant activation in the dorsal M1, the adjacent secondary motor and 

sensory areas, and the cerebellum. Following surgery, there was a significant decrease in 

activation in the right parietal operculum and posterior temporal lobe.  

In a larger study with 17 patients, Bhagavatula et al. also showed that compared 

to healthy controls, DCM patients had larger volumes of activation in their motor areas 

and cerebellum (106). Following decompression surgery, this cohort of patients 

demonstrated a decrease in activation compared to activation levels before surgery but 

remained higher than that of the control group. In a study that included 28 patients, 

Aleksanderek et al. demonstrated that there was a VOA difference pre-operatively 

between DCM patients with mild and moderate myelopathy, which was defined by 

mJOA (107). More specifically, the mild DCM patient group had a larger VOA in the 

postcentral gyrus compared to the moderate DCM group. This difference was no longer 

significant following surgery. Finally, Ryan et al. found that patients only exhibited a 

smaller VOA in the contralateral S1 compared to controls pre-operatively, which they 

attributed to the compression of the spinal cord attenuating signal transduction to the 
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cortical motor networks (163). Overall, these studies provide evidence to support the 

notion that there is a change in cortical activity in the motor areas of DCM patients pre-

operatively. 

We have demonstrated that DCM patients with larger spinal compression volumes 

also have greater activation levels within the motor regions of the brain. The compression 

of the spine may induce pathophysiological changes in the spine that could impact 

recovery after surgery. For example, both primary mechanical and secondary biological 

injury in the spinal cord have been acknowledged to cause functional deficits in DCM. 

However, cellular changes within the spine have not been well defined during disease 

pathogenesis. It has been hypothesized that ischemia and hypoxia, secondary to 

compression, are important pathophysiological mechanisms, however direct in-vivo 

measurement of these conditions has been challenging in humans. Studies involving 

animal models of DCM (48,50) and histological changes (24,44) have provided indirect 

evidence of these pathophysiological mechanisms. However, the role of ischemia and 

hypoxia in the spine in DCM disease progression and recovery is currently unknown.  

The significant correlation between spinal compression volume and cortical 

plasticity is consistent with the presence of ischemia and hypoxia in the spine. Previous 

studies have demonstrated that cortical reorganization can occur in the brain when there 

is injury within the ascending and descending fiber tracts within the spinal cord 

(105,148). Ischemia and hypoxia can be caused by the disruption of vascular structures as 

a result of tissue compression. A study performed by Ellingson et al. found a decrease in 

blood flow in the region of the spinal cord that was compressed, supporting the 

hypothesis that spinal cord compression in DCM patients may result in ischemia and 

hypoxia (47). Since greater compression likely induces greater ischemia and hypoxia in 

the cord, it is reasonable to hypothesize that the observed cortical reorganization is a 

compensatory response to tissue damage in the spinal cord.  

Our results also demonstrated that patients with a higher clinical score and 

functional ability, measured through mJOA, had lower activation in the brain motor 

areas. This result suggests that greater cortical recruitment may not necessarily translate 
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into functional gain pre-surgery. This effect has also been demonstrated in subjects with 

spinal cord injuries, where subjects with better upper limb function showed lower levels 

of activation in the primary motor cortex region (110). This has also been shown in stroke 

patients, where patients with increased cortical activation in the sensorimotor cortex also 

demonstrated increased functional impairment (178). They attributed this finding to the 

clinical changes indirectly reflecting injury-induced adaptive cortical recruitment of 

undamaged motor control pathways (178). 

There are several limitations of the current study that are important to note. First, 

due to the high dimensionality and complexity of fMRI data, it is challenging to interpret 

single subject results. One intermediate approach between group level analysis and 

individual analysis is to perform clustering of subgroups with similar activation 

characteristics. This method could be used to identify differences in DCM patients 

without the complexity of interpreting the single subject data. In the future, this approach 

could be used to determine if one subgroup of patients demonstrates neurological 

recovery following decompression surgery. However, for this method to work 

effectively, a larger cohort of patients is needed. Second, this study included participants 

with compression sites ranging from C3-C4 to C6-C7. The site of compression may also 

account for some variance in the functional measures, and future studies with larger 

cohorts should examine this effect. Third, this in-vivo study was not designed to identify 

the extent and pathogenesis of cellular injury in the spinal cord. Future studies should be 

performed to directly quantify the extent of ischemia and hypoxia in the cord and 

examine the relationship to tissue compression. Finally, it is currently unknown whether 

spinal cord compression measures, combined with measures of brain activation, could 

predict who will not respond favourably to spinal decompression surgery, but a 

longitudinal study should be performed to investigate.  

2.5 Conclusion 

The current study indicates that DCM patients recruit larger regions of the motor cortex 

and subcortical areas to tap their fingers when spinal cord compression is more severe. 

This adaptation may compensate for neurological injury in the spine. Interestingly, the 

relationship between motor cortex activation patterns and function showed an inverse 
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relationship indicating individuals with larger activation patterns had worse function. 

Taken together, this data suggests that individuals with more severe spinal cord 

compression exhibit larger brain activation patterns to complete motor tasks, but that this 

does not translate into improved function. Future studies should determine whether larger 

activation patterns confer an advantage for recovery following decompression surgery. 
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2.8 Supplementary Materials 

2.8.1 Results 

 

Supplementary Figure 2.1:  fMRI activation map variations associated with spinal cord 

compression severity. A: Participant with a significant compression site (white arrow). B: 

A symptomatic participant with a lesser degree of spinal cord compression (white arrow). 

C: The corresponding fMRI activation map (left hand tapping) for the participant with 

severe compression. D:  The corresponding fMRI activation map (left hand tapping) for 

the participant with less compression.     
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Supplementary Figure 2.2: Left hand tapping BOLD signal and volume of 

compression. A: The correlation between the % BOLD signal of the cerebellum and the 

spinal cord compression volume.  B: The correlation between the % BOLD signal of 

putamen and the spinal cord compression volume.  C: The correlation between the % 

BOLD signal of the caudate and the spinal cord compression volume.  D: The correlation 

between the % BOLD signal of the thalamus and the spinal cord compression volume. 
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Supplementary Figure 2.3: Left hand tapping volume of activation (VOA) and volume 

of compression. A: The correlation between the VOA of the cerebellum and the spinal 

cord compression volume.  B: The correlation between the VOA of putamen and the 

spinal cord compression volume.  C: The correlation between the VOA of the caudate 

and the spinal cord compression volume.  D: The correlation between the VOA of the 

thalamus and the spinal cord compression volume.   
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Supplementary Figure 2.4: Right hand tapping BOLD signal and volume of 

compression. A: The correlation between the % BOLD signal of the cerebellum and the 

spinal cord compression volume.  B: The correlation between the % BOLD signal of 

putamen and the spinal cord compression volume.  C: The correlation between the % 

BOLD signal of the caudate and the spinal cord compression volume.  D: The correlation 

between the % BOLD signal of the thalamus and the spinal cord compression volume.    
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Supplementary Figure 2.5: Right hand tapping volume of activation (VOA) and volume 

of compression. A: The correlation between the VOA of the cerebellum and the spinal 

cord compression volume.  B: The correlation between the VOA of putamen and the 

spinal cord compression volume.  C: The correlation between the VOA of the caudate 

and the spinal cord compression volume.  D: The correlation between the VOA of the 

thalamus and the spinal cord compression volume.   
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Supplementary Table 2.1: The measurements of the spinal cord compression volume (mm3) found for each rater 

Subject 
Rater 1 Rater 2 

Measure 1 Measure 2 Measure 3 Measure 1 Measure 2 Measure 3 

1 607.3 607.3 607.3 582.0 626.7 569.9 

2 611.8 611.8 611.8 611.8 611.8 611.8 

3 1191.8 1191.8 1191.8 1191.8 1191.8 1191.8 

4 542.2 529.4 529.4 604.2 491.0 455.4 

5 346.8 346.8 346.8 317.9 314.9 308.0 

6 899.3 892.4 892.4 876.4 875.4 905.7 

7 170.7 189.2 189.2 169.8 169.8 189.2 

8 500.5 500.5 500.5 500.5 499.7 472.6 

9 789.4 669.0 638.7 662.2 660.9 660.9 

10 153.9 153.9 153.9 148.6 162.9 153.9 

11 1062.4 1062.4 1062.4 836.7 1062.4 896.8 

12 217.9 228.1 228.1 173.2 196.5 288.1 

13 788.2 788.2 788.2 788.2 788.2 788.2 
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14 852.6 852.6 879.8 651.0 651.0 879.8 

15 256.7 256.7 256.7 239.1 256.7 210.4 

16 480.6 480.6 486.6 480.6 486.6 480.6 

17 416.7 416.7 416.7 416.7 416.7 417.3 

18 384.2 384.2 384.2 384.2 384.2 384.2 

19 201.8 201.8 201.8 143.5 143.5 168.9 

20 557.2 557.2 557.2 545.7 328.5 557.2 

21 330.6 330.6 330.6 310.4 276.2 279.2 

22 235.4 186.0 235.4 186.0 186.0 186.0 

23 380.4 385.9 385.9 385.9 376.7 373.8 
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Chapter 3  

3 Reproducibility of 3D Chemical Exchange Saturation 

Transfer (CEST) Contrasts in the Healthy Brain at 3T 

The work presented in this chapter is from the manuscript:  

Alicia E Cronin, Patrick Liebig, Sarah A Detombe, Neil Duggal, Robert Bartha. 

Reproducibility of 3D Chemical Exchange Saturation Transfer (CEST) Contrasts in the 

Healthy Brain at 3T.  In preparation for submission. 

Optimization work is from the manuscript:  

Alicia E Cronin, Patrick Liebig, Sarah A Detombe, Neil Duggal, Robert Bartha. 

Reproducibility of 3D pH-Weighted Chemical Exchange Saturation Transfer Contrast in 

the Healthy Cervical Spinal Cord. NMR in Biomedicine. 2024; 1-13. 

doi:10.1002/nbm.5103. 

Permission to reuse this article has been obtained. Please see Appendix B. 

3.1 Introduction 

Chemical exchange saturation transfer (CEST) imaging can indirectly detect select 

metabolites and is sensitive to tissue physiological conditions including temperature and 

pH. CEST contrast is generated using the transfer of magnetic saturation from selectively 

excited endogenous or exogenous exchangeable protons to bulk water (112,113). 

Exchangeable protons include amide (NH) and amine (NH2) protons, which are found in 

tissue metabolites, proteins, and peptides (121). Several prominent CEST effects 

including amide-CEST and nuclear Overhauser enhancement (NOE) CEST (179-186) 

have been previously used to study cohorts with various neurological conditions. For 

example, amide-CEST (exchangeable protons at 3.5 ppm) has been extensively studied 

for brain tumour grading (182,186), detecting early treatment effects (184,185), and 

monitoring pH effects during ischemia (180). NOE-CEST is an emerging contrast 

targeting non-exchangeable protons (i.e., carbon-bound aliphatic and aromatic protons) 
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that transfer magnetic saturation to nearby dipolar-coupled protons via cross-relaxation 

(187). NOE signals at the downfield frequency of -3.5 ppm are of particular interest and 

have been used to characterize tumour aggressiveness (181), discriminate between 

tumour regrowth and radiation necrosis (183), and linked to protein aggregation in an 

Alzheimer’s disease mouse model (179). More recently, a ratiometric endogenous CEST 

contrast, called amine/amide concentration independent detection (AACID), has also 

emerged as a contrast sensitive to intracellular pH relying on the relative amide (3.5 ppm) 

and amine (2.75 ppm) CEST effects and has been used to track pH changes following 

ischemic stroke and in tumours (129,130).  

However, future application of these novel contrasts in clinical settings to assess 

patients with neurological conditions requires characterization of reproducibility in 

healthy brain gray matter (GM) and white matter (WM) tissue. Reproducibility measures 

are necessary to compare contrast efficacy and estimate detectable effect sizes. Previous 

studies have evaluated the reproducibility of amide proton transfer (APT) CEST (144-

147). A recent study demonstrated high whole-brain within-session, between-session, and 

between-day APT reproducibility in 21 healthy participants and 6 people with glioma 

using clinically feasible scan times at 3.0 T (147). Another study performed with 19 

healthy volunteers, 15 people with glioma, and 12 people with acute stroke found that 3D 

APT CEST had higher reproducibility in the supratentorial locations of the brain 

compared to the infratentorial locations, regardless of disease condition (145). Another 

study found that single-slice APT reproducibility in brain tumours between sessions in 13 

patients was characterized by an intraclass correlation coefficient (ICC) of 0.95 (146). 

Finally, a fourth study found the limit of agreement was below 20% for both APT and 

NOE CEST but only in two healthy volunteers (144). There have been no studies 

performed to date that have compared the reproducibility of different CEST contrasts in 

the healthy brain. Identifying CEST contrasts with high reproducibility will aid in clinical 

translation and the development of robust thresholds to identify pathological tissue. 

The purpose of the current study was to develop an optimized CEST acquisition 

protocol to generate pH-weighted AACID contrast at 3.0 T. The current study 

characterized and compared the scan-rescan reproducibility of four different CEST 
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contrasts in healthy volunteers in both GM and WM at the clinically relevant field 

strength of 3.0 T. This study also aimed to quantify the difference in these contrasts in 

GM and WM tissue. 

3.2 Material and Methods 

3.2.1 Phantom Preparation 

To optimize the in-vivo CEST acquisition and determine the AACID dependency on pH 

at 3.0 T, phantoms of differing pH were created using 100% liquid egg white and pH was 

adjusted by adding hydrochloric (HCl) acid (concentration 5N). Egg white phantoms 

were chosen based on the study by Yeung et al. that demonstrated that raw egg white is 

an appropriate material to model the pH sensitivity of amide and amine protons from 

mobile proteins (188). Ten samples were created (pH ranging from 9.17 – 5.82) and 

transferred into 50 mL conical tubes. The pH of the samples was measured using a pH 

meter (Orion Green pH Combination Electrode - GD9156BNWP, Thermo Fisher 

Scientific Inc., Waltham, MA, USA).  

3.2.2 Participants 

This study was approved by the Western University Health Sciences Research Ethics 

Board and informed consent was obtained from all participants prior to the first scan. 

Twelve healthy participants were included in this study (7 females, mean age (± SD) 26 ± 

4 years). The inclusion criteria were (1) age >18 years, and (2) no clinical or MRI 

evidence of brain pathologies. Participants with contra-indications to 3.0 T MRI were 

excluded. Each participant was scanned twice (10 ± 4 days between scans) to determine 

the reproducibility of each CEST contrast in the brain. 

3.2.3 Image Acquisition 

All participants were scanned using a Siemens 3.0 T MAGNETOM Prisma Fit MRI 

scanner (Siemens, Erlangen, Germany) equipped with a 64-channel head and neck coil to 

collect the necessary data. The prototype CEST sequence consisted of a series of 

selective saturation pulses to produce CEST contrast followed by a rapid 3D gradient-

echo readout using a centric spiral k-space sampling. The saturation scheme used in the 
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current study consisted of a train of 30 Gaussian-shaped RF pulses with length (tpulse) of 

100 ms and an interpulse delay (tdelay) of 1 ms, resulting in a total saturation time of 3.03s. 

A recovery time of 2 s was utilized after each readout period. It should be noted that for 

the brain optimization experiments, a 2D prototype CEST sequence was used, which 

consisted of the same saturation scheme as previously stated, followed by a 2D gradient-

echo readout. 

The optimum B1 amplitude of the saturation pulses was assessed in both 

phantoms and human participants. For the optimization of B1 amplitude in phantoms, Z-

spectra were obtained at 66 frequency offsets from -6.5 ppm to 6.5 ppm, in 0.2 ppm 

increments, and an additional frequency was acquired at -300 ppm as a control frequency. 

The imaging parameters included matrix size = 112 x 112 x 8, nominal resolution = 2.0 x 

2.0 x 5.0 mm3, repetition time (TR)/echo time (TE) = 3.35/1.16 ms, and GRAPPA 

acceleration factor = 2. The total CEST scan time was 7 minutes and 54 seconds. For the 

optimization of B1 amplitude in the brain, three additional participants were scanned, and 

Z-spectra were obtained at 131 frequency offsets from -6.5 ppm to 6.5 ppm, in 0.1 ppm 

increments, and an additional frequency was acquired at -300 ppm as a control frequency. 

The imaging parameters for the brain optimization experiment included matrix size = 96 

x 96, field of view = 19.2 cm, slice thickness = 2 cm, TR/TE = 3.35/1.16 ms, and 

GRAPPA acceleration factor = 2. The total CEST scan time was 6 minutes and 50 

seconds. Both the phantom and brain scans were performed at six different B1 amplitudes 

(0.1 µT, 0.2 µT, 0.5 µT, 1.0 µT, 1.5 µT, and 2.0 µT). In all cases, the height of the amide 

peak was used to determine which B1 amplitude was optimal. Note that this optimization 

protocol was created for the contrast AACID. 

To evaluate the reproducibility in the brain, a whole-brain 3D MPRAGE T1-

weighted scan was acquired including the following scan parameters: TR of 2300 ms, TE 

of 2.98 ms, inversion time (TI) of 900 ms, flip angle (FA) of 9°, matrix size of 256 x 256 

x 176, producing a 1 mm³ isotropic nominal pixel size. Based on the optimization, a 

selective saturation scheme was employed that used a series of 30 Gaussian-shaped RF 

pulses (B1,mean = 0.5 µT) with a tpulse of 100 ms and a tdelay of 1 ms. The total saturation 

time was 3.03 s, followed by a 2 s recovery time after each readout. CEST images were 
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acquired at 45 pre-saturation frequency offsets ranging from -6.5 ppm to 6.5 ppm (with 

uneven increments, emphasizing the amide and NOE features, see Supplementary Table 

3.1 for specific details) and an additional frequency was acquired at -300 ppm for 

normalization. The 3D CEST volume was positioned superior to the ventricles in the 

brain of all participants, with imaging parameters set at a matrix size of 96 x 96 x 8, a 

nominal pixel size of 2.0 x 2.0 x 5.0 mm³, a TR/TE of 3.35/1.16 ms, and a GRAPPA 

acceleration factor of 2. The total CEST imaging scan time was 3 minutes and 38 

seconds. To ensure the 3D volume between scans was positioned in the same location, an 

automated slice positioning scout sequence (Siemen’s AutoAlign) was employed during 

the first scan. The AutoAlign images were acquired by 3D FLASH using the following 

parameters: TR/TE = 3.15/1.37 ms, 1.6 mm3 isotropic, FA = 8°, acquisition time = 14 s. 

AutoAlign references a 3D MR brain atlas, and automatically aligns the follow-up scan 

slice positions in a standardized manner.  

A water saturation shift referencing (WASSR) scan was also acquired for B0 

correction (189). For WASSR saturation, a train of 5 Gaussian pulses with tpulse = 50 ms, 

tdelay = 40 ms, and B1,mean = 0.5 µT was used and sampled at 25 frequency offsets from -

2.5 ppm to 2.5 ppm, in increments of 0.2 ppm. The total WASSR scan time was 1 minute 

and 4 seconds. 

3.2.4 CEST Postprocessing 

For each scan, the whole-brain T1-weighted images were automatically segmented using 

the FMRIB Software Library (FSL) v.6.0. Specifically, for whole-brain extraction and 

creation of GM and WM binary regions-of-interest (ROIs), optiBET was used (190). 

Registration of the 3D CEST images to the T1-weighted image was performed using 

FMRIB’s Linear Image Registration Tool (FLIRT) and the whole-brain, GM, and WM 

masks were transformed into CEST space for further analysis by applying the inverse 

transformation matrix obtained from the previous CEST to T1-weighted anatomical 

image registration. All acquired and registered CEST data was loaded into MATLAB 

R2021a (Mathworks, Natwick, MA, USA) custom code. To correct for B0 

inhomogeneities, the corresponding Z-spectrum of each pixel was frequency-shifted 



 

97 

using the corresponding WASSR spectrum (189). For each pixel, the Z-spectrum was 

fitted with a five-pool Lorentzian model including water, amide, amine, NOE, and 

magnetization transfer (MT) pool contributions. More information regarding the fitting is 

available in the Supplementary Materials. Starting points and boundaries of the fit are 

given in Supplementary Table 3.2. To minimize the effect of fat signal contamination on 

the NOE side of the Z-spectrum (191), any pixel that had a residual mean between the fit 

and raw data below -0.2 (from -4 ppm to -3 ppm), was eliminated because the Lorentzian 

model was not designed to fit a positive peak.  

Different CEST contrasts were calculated to compare the between-subject and 

within-subject reproducibility. AACID (Equation 3.1) is the ratio of the amine proton 

CEST effect at 2.75 ppm and the proton amide CEST effect at 3.50 ppm, normalized by 

MT effects after saturation at 6.0 ppm. This CEST contrast has been shown to have only 

a small dependence on temperature, bulk water T1 relaxation, and macromolecular 

concentration (129,130). 

  

𝐴𝐴𝐶𝐼𝐷 =  
𝑀𝑧(3.50 𝑝𝑝𝑚) × (𝑀𝑧(6.0 𝑝𝑝𝑚) − 𝑀𝑧(2.75 𝑝𝑝𝑚)) 

𝑀𝑧(2.75 𝑝𝑝𝑚) × (𝑀𝑧(6.0 𝑝𝑝𝑚) − 𝑀𝑧(3.50 𝑝𝑝𝑚)) 
 [3.1] 

 

where 𝑀𝑧 is the bulk water magnetization. Jin et al. introduced a three-offset contrast 

method (Equation 3.2), which reduces the effect of MT asymmetry by using two 

boundary frequencies, with minimal CEST effect from other mobile macromolecules. 

This technique assumes that the two boundary frequencies can be approximated by a 

straight line, which eliminates the Z-spectra fitting approach by calculating the difference 

between the amide CEST effect and the line segment (124).  

  

𝐴𝑚𝑖𝑑𝑒∗ = (
𝑀𝑧(3.0 𝑝𝑝𝑚) +𝑀𝑧(4.0 𝑝𝑝𝑚)

2
) −𝑀𝑧(3.5 𝑝𝑝𝑚) [3.2] 
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Finally, studies have shown spillover and MT effects can be corrected by 

inversely subtracting the Lorentzian fit of the Z-spectrum consisting of all pools except 

that of pool i (Zref,i) from the complete Lorentzian fit of the Z-spectrum (Zlab), yielding 

MTRRex (Equation 3.3) (192). This contrast was calculated when the amide pool was of 

interest (i = 3.5 ppm), and the NOE pool was of interest (i = -3.5 ppm).  

  

𝑀𝑇𝑅𝑅𝑒𝑥(𝛿𝑖) =
1

𝑍𝑙𝑎𝑏(𝛿𝑖)
−

1

𝑍𝑟𝑒𝑓,𝑖(𝛿𝑖)
 [3.3] 

 

where 𝛿𝑖 is the displacement from the frequency of the bulk water protons. To determine 

the CEST contrast values in both GM and WM, the binary GM and WM ROIs were 

applied to the 3D CEST contrast maps, and the average contrast values were calculated 

for both GM and WM. 

3.2.5 Statistics 

Pearson’s correlation coefficient (r) was used to determine whether the measured AACID 

values from the pH phantoms were correlated with pH at the 3.0 T field strength. 

A repeated measures t-test was performed to compare the GM and WM 

measurements (at both timepoints) for all CEST contrasts at a significance level of p = 

0.05. CEST contrast scan-rescan reproducibility was characterized for both GM and WM 

using the coefficient of variation (CV) and percent difference of the contrast 

measurements. The CV is indicative of both the reproducibility and repeatability of a 

measurement, while the percent difference represents the reproducibility between scans. 

Between-subject and within-subject reproducibility was quantified using between-subject 

CV and within-subject CV, respectively. Between-subject CV was calculated for each 

scan as the standard deviation divided by the mean value across all subjects. The two 
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between-subject CVs were averaged to find the mean between-subject CV for both GM 

and WM. Within-subject CV was calculated as the standard deviation divided by the 

mean of the two scans for each subject separately. Mean within-subject CV was found for 

both GM and WM by averaging the 12 within-subject CVs together. Percent difference 

was calculated for each subject by finding the absolute difference between the scans and 

dividing it by the average of the two scans, multiplied by 100. The 12 individual percent 

difference measurements were averaged to determine the mean percent difference for 

both GM and WM of each contrast. All these calculations were performed for each CEST 

contrast. To determine if there were any differences in reproducibility between tissue, a 

repeated one-way ANOVA (corrected for multiple comparisons (Tukey), p<0.05) was 

performed for between-subject CV, within-subject CV, and percent difference. CV and 

percent difference calculations were performed in MATLAB R2021a, and all tests of 

significance were performed using GraphPad Prism 9 (San Diego, CA). To standardize 

the different contrasts for visualization, contrasts of one subject were converted to Z-

score maps (Figure 3.1), which describe each pixel’s relationship to the mean of the 

contrast. Z-scores for each contrast were calculated using Equation 3.4: 

  

𝑍 =
(𝑥 − 𝜇)

𝜎
 [3.4] 

  

where 𝑥 is the contrast value of a pixel, 𝜇 is the mean of the contrast of one subject, and 

𝜎 is the standard deviation of the contrast of one subject. 

3.3 Results 

In the egg white phantoms at all pH values studied, it was found that the amide signal 

amplitude was maximized when using Gaussian saturation pulse amplitude B1= 0.5 µT.  

This result is demonstrated in Figure 3.2A for pH in the physiological range. AACID 

maps (Figure 3.2B) demonstrate the homogeneity of the measurements throughout the 

egg white phantoms. Using the optimal B1 amplitude of 0.5 µT, the measured AACID 
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values of each pH phantom were found to be strongly linearly correlated with the 

measured pH value (p < 0.01, r = -0.98, Figure 3.2C). Similarly, in the three healthy 

control brains, the average amide signal amplitude was also maximized when using 

Gaussian saturation pulse amplitude B1= 0.5 µT, as shown in Figure 3.3A. A typical 

transverse slice through the healthy human brain (Figure 3.3B) shows the variation of the 

amide signal amplitude. 

 

Figure 3.1: A: Axial T1-weighted slice of the brain of a healthy participant 

corresponding to the center of the 3D volume (slice 4). The same T1-weighted axial 

image with overlayed B: segmented gray matter (black), white matter (grey), and 

cerebrospinal fluid (white) regions of interest; C: amine/amide concentration independent 

detect (AACID) Z-Score map; D: Amide* Z-Score map; E: MTRRex(δamide) Z-Score 

map, and F: MTRRex(δNOE) Z-Score map. 
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Figure 3.2: A. B1 amplitude optimization using egg white phantoms (values represent 

mean amide signal of control egg white phantom map ± standard deviation of the map), 

demonstrating maximized amide signal amplitude at B1 = 0.5 µT. Although all phantoms 

demonstrated a similar pattern of change as a function of pH, only data from the four 

phantoms that encompass the physiological pH range are shown. B. Average 

amine/amide concentration independent detection (AACID) maps (slices = 8) for the ten 
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egg white phantoms ranging in pH from 5.82-9.17 when using a B1 amplitude of 0.5 µT. 

C. The correlation between the measured AACID value and the pH of each egg white 

phantom, demonstrating a significant linear relationship (p < 0.001, r = -0.98). The line of 

best fit has a slope of -0.176. pH accounts for 97% of the total variation in AACID. The 

inset represents the data in the physiological range, also demonstrating a significant linear 

relationship (p < 0.05, r = -0.91) and slope of -0.236. AACID values represent the mean 

AACID value of each phantom map ± standard deviation of the map. 

 



 

103 

 

Figure 3.3: A. B1 amplitude optimization in the human brain in three healthy participants 

(values represent mean amide signal of the three volunteers ± standard deviation), 

showing maximum amide signal amplitude at B1 = 0.5 µT. B. Axial slice amide signal 

amplitude map through the brain of one healthy participant using B1 amplitude = 0.5 µT. 
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Figure 3.1A shows the T1-weighted brain image of an exemplary axial slice from 

one healthy subject with the corresponding GM (black), WM (gray), and cerebrospinal 

fluid (CSF) (white) segmentations overlayed on Figure 3.1B. The corresponding CEST 

slice contrast Z-score maps are shown as follows: AACID (Figure 3.1C), Amide* (Figure 

3.1D), MTRRex(δamide) (Figure 3.1E), and MTRRex(δNOE) (Figure 3.1F). To compare 

the differences between GM and WM, the different brain tissue was compared for each of 

the four different CEST contrasts, as illustrated in Figure 3.4. It was found that the 

AACID value was significantly greater in WM compared to GM (2.60% difference, 

Figure 3.4A, p<0.0001) as was the MTRRex(δNOE) value (4.90% difference, Figure 3.4D, 

p<0.0001) measures. It was also found that the Amide* value was significantly lower in 

WM compared to GM (31.0% difference, Figure 3.4C, p<0.05) and as was the 

MTRRex(δamide) value (4.27% difference, Figure 3.4B, p<0.0001) measures. Table 3.1 

provides the mean GM (± SD) and mean WM (± SD) contrast values for all participants. 
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Figure 3.4: A: Mean amide/amine concentration independent detection (AACID) values 

(with standard deviation) for gray matter (GM) and white matter (WM), with WM 

significantly greater than GM (p < 0.0001). B. Mean MTRRex(δamide) values (with 

standard deviation) for GM and WM, with GM significantly greater than WM (p < 0.05). 

C. Mean Amide* values (with standard deviation) for GM and WM, with GM 

significantly greater than WM (p < 0.0001). D. Mean MTRRex(δNOE) values (with 

standard deviation) for GM and WM, with WM significantly greater than GM (p < 

0.0001). Means were calculated from all subjects and both time points (24 

measurements). 
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Table 3.1: Summary of the mean values in both gray matter and white for each of the 

four contrasts (amine/amide concentration independent detection (AACID), Amide*, 

MTRRex(δamide), and MTRRex(δNOE)) at each time point (with standard deviation). 

  Gray Matter 

(mean ± SD) 

White Matter 

(mean ± SD) 

AACID 

Scan 1 1.37 ± 0.03 1.40 ± 0.02 

Scan 2 1.36 ± 0.02 1.40 ± 0.02 

Amide* 

Scan 1 0.56 ± 0.07 0.44 ± 0.08 

Scan 2 0.53 ± 0.09 0.39 ± 0.13 

MTRRex(δamide) 

Scan 1 0.015 ± 0.002 0.015 ± 0.002 

Scan 2 0.016 ± 0.002 0.015 ± 0.002 

MTRRex(δNOE) 

Scan 1 0.11 ± 0.005 0.11 ± 0.004 

Scan 2 0.11 ± 0.005 0.11 ± 0.003 

 

 Figure 3.5A illustrates an axial slice of a CEST image of one healthy participant. 

Figure 3.5B shows the AACID map from the first scan, while Figure 3.5C is the AACID 

map from the second scan, both from the same slice. Visually, the similarities between 

the AACID values of the two scans in both the GM and WM tissue is apparent. Figure 

3.6 provides histograms of the distribution of the measurements of all CEST contrasts in 

GM (top row) and WM (bottom row) for the same healthy participant showing the initial 

scan and rescan overlayed.  
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Figure 3.5: A. Axial CEST image of one slice (corresponding to the center of the 3D 

volume) of one healthy participant. B-C. Amide/amine concentration independent 

detection (AACID) map of the same healthy participant for the first scan (B) and second 

scan (C), with both overlayed onto the corresponding T1-weighted axial slice. 

 

Figure 3.6: Histograms of the four different calculated contrasts of one healthy 

participant (amide/amine concentration independent detection (AACID), Amide*, 

MTRRex(δamide), and MTRRex(δNOE)) for both the scan (pink) and rescan (blue) 

conditions. The top row shows the histograms for the gray matter region-of-interests 

(ROIs), while the bottom row shows the histograms for the white matter ROIs. The 

overlap of the two scans is demonstrated in purple and visually, the histograms show 

good reproducibility between scans for all calculated contrasts. 
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 Between-subject reproducibility of all CEST contrasts was characterized using 

between-subject CV. Figure 3.7A demonstrates the between-subject CV of the different 

CEST contrasts for both GM and WM. AACID between-subject CV was 2.0% for GM 

compared to 1.3% for WM. In comparison, MTRRex(δamide) demonstrated a between-

subject CV for GM of 13.3% and a similar CV of 13.2% for WM. MTRRex(δNOE) GM 

between-subject CV was 4.6% compared to 3.2% for WM. Finally, Amide* showed a 

between-subject CV in GM of 15.3% and 25.4% in WM. 

 Within-subject reproducibility for all CEST contrasts was characterized using 

both within-subject CV and percent difference. Figure 3.7B shows the within-subject CV 

of all CEST contrasts for both GM and WM. Within-subject CV for AACID was 1.2% 

for GM and 1.0.% for WM. Within-subject CV for MTRRex(δamide) was 6.2% for GM 

and 5.5% for WM. Within-subject CV for MTRRex(δNOE) was 1.3% for GM and 1.9% 

for WM. Finally, Amide* demonstrated within-subject CV of 10.7% for GM and 17.4%. 

for WM. Figure 3.7C illustrates the percent difference between the timepoints for all 

subjects in GM and WM showing all CEST contrasts. For GM, the lowest percent 

difference was 1.7% for AACID and 1.9% for MTRRex(δNOE), followed by 

MTRRex(δamide) with percent difference of 8.8%, and Amide* with percent difference of 

15.9%. For WM, lowest percent difference was 1.4% for AACID and 2.7% for 

MTRRex(δNOE), followed by MTRRex(δamide) with percent difference of 7.8%, and 

Amide* with percent difference of 24.5%. 
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Figure 3.7: A. Mean between-subject coefficients of variation (CV) for each calculated 

contrast for both gray matter (GM) and white matter (WM). Between-subject CV values 

represent the mean ± standard error of the mean across the 12 participants (averaged over 

the two time points). B. Mean within-subject CV for each calculated contrast for both 

GM and WM. Within-subject CV values represent the mean ± standard error of the mean 

between the two time points (averaged across the 12 participants). C. Mean percent 

difference for each calculated contrast for both GM and WM. Percent difference 

represents the mean ± standard error of the mean between the two time points (averaged 

across the 12 participants). 
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3.4 Discussion 

The goal of this study was to measure the reproducibility of four common CEST 

contrasts in healthy subjects in the brain at 3.0 T, which were acquired within a clinically 

feasible scan time. In egg-white phantoms and healthy human brain, it was found that the 

B1 amplitude to maximize the amide CEST contrast was 0.5 µT when using a 3 s long 

train of 100 ms Gaussian pulses for selective saturation. The AACID measurement was 

shown to be linearly dependent on pH in egg white phantoms at 3.0 T, demonstrating that 

AACID CEST is sensitive to pH changes at this magnetic field strength. Overall, scan-

rescan reproducibility within the same subject (within-subject CV and percent difference) 

was consistently better than the reproducibility between different subjects (between-

subject CV) for both GM and WM tissue. Furthermore, both between-subject and within-

subject reproducibility were similar in GM and WM for each of the different CEST 

contrasts; however, there were significant differences in the measured contrast between 

GM and WM among the four CEST contrasts. Finally, the results indicate that AACID 

CEST and MTRRex(δNOE) were the most reproducible imaging biomarkers at 3.0 T in 

both GM and WM for the top portion of the cerebrum, which includes both the frontal 

and parietal lobes. Interestingly, the reproducibility differed greatly between 

MTRRex(δamide) and Amide*, with the inverse fitting MTR approach having greater 

reproducibility.  

The maximum amide signal in both the egg white phantom and healthy brain 

slices was obtained when using a pulse train with B1 amplitude of 0.5 µT. A train of 

Gaussian pulses is commonly used at clinical field strengths such as 3.0 T, where the 

absolute frequency separation between resonances of interest is small compared to higher 

fields, leading to challenges in resolving specific CEST signals. Previous work at 3.0 T 

has shown that slow-exchanging pools (i.e., amide protons) do show greater detection 

sensitivity and spectral selectivity when using lower saturation powers (193), consistent 

with the current results. The high spectral sampling allows for several CEST effects to be 

discerned using the multi-pool Lorentzian model. This lower-power, high-spectral 

resolution approach has been used in previous studies (193,194), where it was shown that 

lower powers were optimal for isolating the amide CEST effect at 3.5 ppm. Despite the 
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sub-optimal saturation power used in the current study to detect the more quickly 

exchanging amine protons, the AACID measurement was found to be linearly dependent 

on pH at 3.0 T. While higher field strength studies have found that AACID has an inverse 

relationship with pH in stroke and tumor mouse models (129,130) when using higher 

power saturation to increase sensitivity to the amine CEST effect (125), the current 

results indicate that AACID is also sensitive to tissue pH at 3.0 T using saturation power 

levels optimized for amide CEST detection.   

Consistent with previously published amide CEST studies (193,195,196), it was 

found that both MTRRex(δamide) and Amide* had significantly higher signal in GM 

compared to WM. Similarly, the CEST-NOE signal (MTRRex(δNOE)) was found to be 

significantly greater in WM compared to GM, agreeing with previous literature 

(137,193,196). The CEST amide signal arises primarily from mobile proteins and 

peptides (122). Since GM contains a higher concentration of proteins compared to WM, 

as well as a higher density of cells, it is reasonable to expect that the resultant amide 

CEST effect would be larger in WM. On the contrary, the CEST NOE signal also has 

contributions from mobile lipids (197), which have a higher concentration in WM (198). 

Interestingly, a previous animal study of AACID found no significant AACID value 

differences between GM and WM in the mouse brain (129). However, the current study 

in the human brain showed that AACID was significantly greater in WM compared to 

GM, albeit the magnitude of the difference was small. The discrepancy may be due to 

differences in the composition or density of GM and WM in the mouse brain compared to 

the human brain, or may be due to methodological limitations in the mouse brain 

analysis, due to the very small WM area (corpus callosum) that may have been 

susceptible to partial volume contamination from surrounding GM. The field strength of 

the measurements was also very different than the current study. 

 Both the between-subject and within-subject reproducibility assessments 

demonstrated that AACID and MTRRex(δNOE) measurements were the most 

reproducible. While the proton exchange rate is pH dependent, it is also a function of the 

bulk water T1-relaxation rate. Zaiss et al. introduced the concept of AREX, or apparent 

exchange-dependent relaxation compensated CEST, and concluded that amide-CEST 
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contrast in the brain is influenced by the inherent water T1-relaxation tissue properties 

(192) and a T1 correction is necessary to achieve measurements independent of T1. T1 

differences have been observed in human GM and WM (196,199), indicating the 

importance of a T1 correction to produce CEST contrasts that are more accurate to a 

metabolite of interest. In the current study, T1-relaxation was not considered in any of the 

CEST contrast calculations, except AACID, which demonstrated the highest 

reproducibility of the calculated CEST contrasts. Since AACID utilizes a ratiometric 

approach as well as a reference to normalize MT effects, AACID has been shown to have 

minimal dependence on temperature, bulk water T1-relaxation, and macromolecule 

concentration (129,130).  

Interestingly, between-subject reproducibility was also greatest for AACID and 

MTRRex(δNOE) measurements, indicating that these contrasts may be the most robust of 

these imaging biomarkers. Studies of MTRRex(δNOE) have shown that at 3.0 T in a 

glioma model, the tumour region was hypointense compared to the control region (200). 

AACID studies at a higher field strength have also shown that in animal models of 

ischemia, AACID values are consistently higher in regions of ischemia (129), and in 

glioma models, AACID measurements are consistently lower in the tumour regions 

compared to controls (130). Multiple studies have demonstrated that these individual 

contrasts significantly differ between normal tissue and various pathologies (i.e., 

ischemia and cancer). Therefore, these contrasts, which also demonstrate excellent 

between-subject reproducibility, would be preferred for clinical application to monitor 

changes in brain pathologies.  

Amide* had poorer within-subject and between-subject reproducibility compared 

to the other calculated CEST contrasts. While the Amide* method has the benefit of 

being simple, it seems to underestimate the full extent of the amide CEST effect (201), 

lowering accuracy. In the current study, a pulse train with B1 amplitude of 0.5 µT was 

used. Using a low power allows for several CEST effects to be discerned when using the 

multi-pool Lorentzian model, which is ideal when calculating MTRRex, for both amide 

and NOE. Fitting allows for the removal of confounding components, like direct water 

saturation and MT (118), allowing for the MTRRex measurements to be a more accurate 
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representation of a metabolite of interest. This could explain why MTRRex(δamide) had 

greater reproducibility than Amide*. The overall higher within- and between-subject CV 

value and percent difference of the MTRRex(δNOE) contrast compared to 

MTRRex(δamide) is likely due to the larger NOE effect compared to the amide effect at 

low saturation power levels. Studies have also previously demonstrated that low-power 

NOE CEST has larger observed effects at 3.0 T compared to amide CEST 

(135,193,194,202). This could produce a higher signal-to-noise (SNR) for the NOE effect 

in comparison to the amide effect, contributing to the reproducibility differences between 

MTRRex(δNOE) and MTRRex(δamide). 

As with any study, there are several limitations that should be considered. First, it 

should be noted that optimization was performed using Lorentzian line fitting and the 

amplitude of the amide signal because AACID cannot be optimized based on power. 

Second, while no apparent signs of denaturing of the proteins occurred in the egg white 

phantoms, one should consider using a lower concentration of HCl to ensure minimum 

protein aggregation and conformational when performing optimization experiments.  

Slow-exchanging pools, like amide pools, show greater spectral selectivity and detection 

sensitivity at lower saturation powers (193,194), which also limits the MT effect and 

direct water saturation (118) and is beneficial for fitting-based approaches. A limitation 

that needs to be considered is that the B1 amplitude was optimized based on the amide fit 

amplitude and was not optimized for each contrast. Asymmetry analysis also was not 

performed due to the low power chosen, which causes NOE to be a confounding factor in 

the contrast calculation. Also, Amide* relies on clear delineation of the raw data amide 

peak (124), which would be easier to distinguish at a higher field strength and may have 

improved the reproducibility of this contrast. 

The current study also only investigated the reproducibility within a four cm 3D 

volume of tissue positioned at the upper portion of the cerebrum, containing the frontal 

and parietal lobes. Reproducibility measurements in the future should include more 

inferior regions and deep brain structures by performing whole-brain 3D CEST. While 

reproducibility was favourable in the current study, reproducibility may be different in 

some regions of the brain with lower signal to noise. It is possible that reproducibility 
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would be reduced for all the CEST contrasts in the lower regions of the brain, especially 

areas around the sinuses and ear cavities, like the orbitofrontal cortex. We would expect 

lower reproducibility in these areas due to the presence of greater B0-inhomogeneities, 

which would impact the Z-spectrum and our calculated contrasts (203). Robust B0-

inhomogeneity correction would be of upmost importance when extending the coverage 

to full brain. 

Spatial resolution of the CEST images (in-plane resolution of 2.0 x 2.0 mm) could 

also be improved in future studies to mitigate partial volume effects at the junction 

between the GM, WM, and CSF tissue. Although the regions were automatically 

segmented using the anatomical image and transformed to CEST space, CEST space 

ROIs could have included some contributions from different tissue types. While the 

AACID measurements had minimal dependence on T1-relaxation, the other CEST 

contrast measurements were potentially affected by T1, which could also affect their 

reproducibility and reliability as incorporating relaxation properties can lead to more 

accurate quantification due to the mitigation of any errors arising from variations in 

relaxation times between different tissues and subjects (192). Incorporating AREX (192) 

has been shown to be more sensitive to metabolite concentration and exchange rate 

without the confounding effects from MT- and T1-relaxation (192,199,204) and only a T1 

map is needed to implement this correction. Incorporating this correction may improve 

the reproducibility and reliability of the other contrasts, especially the amide CEST 

contrasts. Finally, this study only measured the reproducibility in young participants at 

two time points on the same scanner. Increasing the number of repeated measures and 

extending the measurements to healthy older participants would provide a more robust 

measure of reproducibility. Reproducibility between scanners/vendors is also of interest 

when aiming for clinical implementation, as scanning on the same scanner is not always 

clinically feasible for follow up sessions. 

3.5 Conclusion 

The findings of this study indicate that AACID and MTRRex(δNOE) measurements made 

using a 3D CEST sequence had the highest within-subject reproducibility for both GM 
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(CV of 1.2% and 1.3%, respectively) and WM (CV of 1.0% and 1.9%, respectively) at 

the clinically relevant field strength of 3T. Both contrasts could have the potential to be 

used to determine clinically relevant differences between brain tissue pathologies.  
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3.8 Supplementary Materials 

3.8.1 CEST Acquisition 

Supplementary Table 3.1: Offsets (measured in ppm) sampled to acquired Z-spectrum 

for all healthy participants (read left to right, top to bottom) 

-300 -6.5 -6.0 -5.5 -5.0 -4.5 -4.3 -4.1 -3.9 -3.7 

-3.5 -3.3 -3.1 -2.9 -2.5 -2.0 -1.5 -1.0 -0.5 -0.3 

-0.1 0 0.1 0.3 0.5 1.0 1.5 1.7 1.9 2.1 

2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9 4.1 

4.3 4.5 5.0 5.5 6.0 6.5     

3.8.2 Fitting 

Fitting was performed in MATLAB using the Levenberg-Marquardt algorithm using the 

following equation: 

𝑀𝑧(∆𝜔)

𝑀𝑧
0(∆𝜔)

= 𝑍(∆𝜔) = 𝑍𝑏𝑎𝑠𝑒 −∑𝐿𝑖
𝑖

(∆𝜔) [1] 

with 

𝐿𝑖(∆𝜔) = 𝐴𝑖  

Γ𝑖
2

4
⁄

Γ𝑖
2

4
⁄ + (∆𝜔 − 𝛿𝑖)2

 [2] 
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Each Lorentzian function (𝐿𝑖) is defined for each offset (∆𝜔) by amplitude 𝐴𝑖, full-width 

at half maximum (FWHM) Γ𝑖, and displacement from the frequency of bulk water 

protons 𝛿𝑖. 𝑍𝑏𝑎𝑠𝑒 corrects for constant signal reduction.  

Supplementary Table 3.2: Starting points and boundary values of all fit parameters of 

the five-pool Lorentzian fit. Chemical shift (δ) and FWHM (Γ) are given in ppm. 

 Start Lower Upper 

Zbase 95 50 100 

Awater 67 2 100 

Γwater (ppm) 1.8 0.3 10 

δwater (ppm) 0 -1.0 1.0 

AMT 15 0 50 

ΓMT (ppm) 10 30 60 

δMT (ppm) -2.0 -2.5 0 

ANOE 40 0 20 

ΓNOE (ppm) -1.0 0.4 6.0 

δNOE (ppm) -3.5 -4.0 -3.0 

Aamide(3.50ppm)  5 0 20 

Γamide(3.50ppm) (ppm) 4.5 0.4 6.0 

δamide(3.50ppm) (ppm) 3.5 3.2 3.8 

Aamine(2.75ppm) 5 0 10 

Γamine(2.75ppm) (ppm) 1.0 0.4 6.0 

δamine(2.75ppm) (ppm) 2.75 2.5 3.0 
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Chapter 4  

4 Reproducibility of 3D pH-Weighted Chemical Exchange 

Saturation Transfer Contrast in the Healthy Cervical Spinal 

Cord 

The work presented in this chapter is from the manuscript:  

Alicia E Cronin, Patrick Liebig, Sarah A Detombe, Neil Duggal, Robert Bartha. 

Reproducibility of 3D pH-Weighted Chemical Exchange Saturation Transfer Contrast in 

the Healthy Cervical Spinal Cord. NMR in Biomedicine. 2024; 1-13. 

doi:10.1002/nbm.5103. 

Permission to reuse this article has been obtained. Please see Appendix B. 

4.1 Introduction 

Magnetic resonance imaging (MRI) of the human spinal cord non-invasively provides 

essential structural information to help diagnose spinal cord disease and dysfunction. 

However, advanced functional and metabolic MRI remains a challenge due to the 

inaccessibility, anatomy, and motion of the spinal cord and its surrounding structures 

including the lungs, heart, and cerebrospinal fluid (CSF). Non-invasive assessment of 

ischemia and/or hypoxia is of particular interest in disease assessment because these 

conditions can lead to irreversible cell death. Ischemia and hypoxia of the spinal cord can 

be caused by compression (48,49), injury (205), vascular alterations (206), and multiple 

sclerosis (MS) (207). The prevalence of degenerative cervical myelopathy is particularly 

high in the aging population, with rates in North America approximated at 605 per 

million (152). Although surgery is the standard treatment for spinal cord compression, it 

remains difficult to identify patients, prior to surgery, who will not respond to the 

treatment. However, the presence of ischemia in the cord has been hypothesized as an 

important contributing factor to surgical response (48,49). Although methods to measure 

ischemia (i.e., arterial spin labeling) and hypoxia (i.e., magnetic resonance spectroscopy) 

are commonly used in the brain (208,209), such methods have not easily translated to the 

spinal cord. Recently, chemical exchange saturation transfer (CEST) MRI has been 
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utilized to measure altered pH in the brain caused by ischemia (180,210) and has shown 

promise for implementation in the spinal cord (141,142). 

CEST is an MRI contrast that exploits the transfer of magnetic saturation from 

selectively excited endogenous or exogenous exchangeable protons to bulk water protons 

(112,113). These exchangeable protons can include but are not limited to, amide (NH) 

and amine (NH2) protons, which can be found in tissue proteins and peptides (121). 

These exchangeable protons have distinct chemical shifts, allowing frequency-selective 

saturation through the application of narrow bandwidth radiofrequency (RF) irradiation. 

Given sufficient time, selectively saturated protons can exchange with protons in the bulk 

water pool, reducing the bulk water magnetization and creating image contrast 

(112,113,121). The exchange rate between these pools has been shown to be pH-

dependent, creating an opportunity to produce pH-dependent contrast (122,211). Cellular 

response to ischemia and hypoxia includes the production of lactate and excess [H+] by 

anaerobic glycolysis altering tissue pH homeostasis (212). Consequently, pH-weighted 

CEST contrasts could identify ischemic and/or hypoxic tissue. It should be noted that 

studies have shown intracellular pH dynamically decreases due to ischemia and hypoxia, 

and when no reperfusion occurs, the level of pH reduction is maintained (213). The 

produced CEST effect is also dependent on magnetic field strength, with a greater CEST 

effect generally visible at high fields ( 7.0 T) (113).  

Several pH-weighted CEST contrasts have been developed and demonstrated in 

the brain, including amide proton transfer (APT) (122) and glucose CEST (glucoCEST) 

(126). Studies have previously shown that the ratio of the CEST effects from amide 

protons at 3.5 ppm and amine protons at 2.75 ppm produces a linear pH-dependence in 

the physiologic range. This ratiometric endogenous CEST contrast, called amine/amide 

concentration independent detection (AACID), is primarily sensitive to intracellular pH 

changes while having only a small dependence on temperature, bulk water T1 relaxation, 

and macromolecule concentration (129,130). While the amine and amide CEST effects 

contributing to the AACID measurement represent the average tissue signal, they are 

heavily weighted to the intracellular compartment. The method has been used to track pH 
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changes in the brains of animals following ischemia and within tumours at 9.4 T 

(129,130). 

Given the prevalence of spinal cord compression from degenerative disc disease, 

particularly in the elderly population, and the lack of measures that predict functional 

outcomes following surgical treatment, there is a need to develop more specific imaging 

biomarkers at clinically accessible field strengths (i.e., 3.0 T). AACID contrast could 

provide valuable information about spinal cord tissue hypoxia and ischemia, however, 

several challenges have limited in-vivo application. The spinal cord has a small diameter 

and is close to the lungs and heart, which creates problematic motion artefacts. 

Previously, Jones et al., introduced a postprocessing correction scheme that can mitigate 

artefacts caused by signal drift, which can be induced by respiratory motion (137). 

Additionally, there is a potential for B1 inhomogeneity in the spinal cord (214), which 

impacts AACID contrast as the CEST effect depends on the B1 amplitude of the selective 

RF irradiation (215). Windschuh et al. previously introduced a B1-inhomogeneity 

correction that improved CEST image quality in the brain at 7.0 T (216). Combining 

these corrections could improve the reproducibility of the CEST contrast along the 

healthy cervical spinal cord at 3.0 T.  

The scan-rescan reproducibility of the AACID measurement was assessed at 3.0 T 

along the cervical spinal cord of healthy volunteers and AACID measurements were 

compared between levels of the cervical spinal cord. Furthermore, the current study 

evaluated previously introduced signal drift and B1-inhomogeneity corrections to 

determine if they improved the reliability of quantitative AACID CEST measurements in 

the cervical spinal cord at 3.0 T.   

4.2 Methods 

4.2.1 Participants 

The study was approved by the Western University Health Sciences Research Ethics 

Board. Informed consent was obtained from each healthy volunteer prior to the first scan. 

Participants with a previous diagnosis of any spinal cord pathologies, including 
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compression, injury, or MS were excluded. Twelve healthy young volunteers participated 

in the spinal cord reproducibility study (7 females, mean age (± SD) 26 ± 4 years). Each 

volunteer was scanned twice (10 ± 4 days between scans) to determine the reproducibility 

of the AACID CEST measurement at different levels of the cervical spinal cord.  

4.2.2 Imaging Acquisition 

Imaging was performed on a Siemens 3.0 T MAGNETOM Prisma Fit MRI scanner 

(Siemens, Erlangen, Germany) using a 64-channel head and neck coil to acquire all the 

data. The prototype CEST sequence consisted of a series of selective saturation pulses to 

produce CEST contrast followed by a rapid 3D gradient-echo readout using a centric 

spiral k-space sampling. The saturation scheme used in the current study consisted of a 

train of 30 Gaussian-shaped RF pulses (B1,mean = 0.5 µT) with length (tpulse) of 100 ms and 

an interpulse delay (tdelay) of 1 ms, resulting in a total saturation time of 3.03s. A recovery 

time of 2 s was utilized after each readout period. This was chosen based off previous 

optimization experiments performed in the healthy brain and egg whites (Chapter 3).  

To measure AACID CEST reproducibility in the spinal cord of human 

participants high-resolution (resolution parameters 0.8 x 0.8 x 0.8 mm3) anatomical neck 

and spine images were acquired in each subject using a T2-weighted sagittal 3D spin-

echo sequence (repetition time(TR)/echo time(TE) = 1400/136 ms, flip angle (FA) 140°, 

number of slices = 64, number of averages = 2). The shim adjust volume (“shimbox”) 

was manually placed over the spinal cord area of interest to maximize the static magnetic 

field homogeneity. CEST images were obtained at each of 45 pre-saturation frequency 

offsets from -6.5 ppm to 6.5 ppm (densely sampled increments of 0.2 ppm around areas 

of interest (amide, amine, water, and nuclear Overhauser enhancement (NOE)), with 0.5 

ppm increments elsewhere), and an additional frequency was acquired at -300 ppm as a 

control frequency. Non-saturated (S0) acquisitions, achieved by applying saturating far 

off resonance at 100 ppm, were interleaved after every third frequency offset (total of 16 

S0 scans). See Supplementary Table 4.1 for specifics. In total, 62 image sets were 

acquired. The 3D CEST imaging volume was centered at the C4 level of the spinal cord 

for all subjects. The same saturation was used as previously described, with total 
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saturation time of 3.03s. The imaging parameters were matrix size = 96 x 96 x 14, 

nominal resolution = 2.0 x 2.0 x 5.0 mm3, TR/TE = 3.35/1.16 ms, and GRAPPA 

acceleration factor = 2. The total CEST imaging scan time was 8 minutes and 14 seconds. 

Additionally, CEST images were acquired at three different B1 amplitudes (the optimized 

B1 value of 0.5 µT and two surrounding B1 values of 0.2 µT and 0.8 µT) to implement a 

B1 amplitude correction (216). To acquire the three Z-spectra at different B1 amplitudes, 

the total scan time was 24 minutes and 42 seconds. A 2D flip angle map was also 

acquired in the same region for each participant using a gradient-echo sequence utilizing 

a turbo-FLASH readout. The imaging parameters were TR/TE = 5000/1.99 ms, 5 mm 

thickness, 8 slices (5 mm gap between slices), and a total acquisition time of 10 seconds. 

Since the flip angle map was 2D, interpolation between the slices was performed using an 

in-house MATLAB R2021a code (Mathworks, Natwick, MA, USA) to transform it into a 

3D flip angle map.  

A water saturation shift referencing (WASSR) scan was also acquired for B0 

correction (189). For WASSR saturation, a train of 5 Gaussian pulses with tpulse = 50 ms, 

tdelay = 40 ms, and B1 amplitude = 0.5 µT was used. Z-spectra were obtained using 25 

frequency offsets from -2.5 ppm to 2.5 ppm, in increments of 0.2 ppm. The total WASSR 

scan time was 1 minute and 36 seconds. To ensure the 3D CEST volume was aligned 

between scans, an automated slice positioning scout sequence (Siemen’s AutoAlign) was 

used during the first scan. AutoAlign was acquired using 3D FLASH using TR/TE = 

3.30/1.27 ms, 1.7 mm3 isotropic, FA = 8°, and acquisition time = 19 s. AutoAlign 

automatically aligned the follow-up 3D CEST volume position in a standardized manner. 

4.2.3 CEST Postprocessing 

For each time point, the T2-weighted cervical spinal cord images were automatically 

segmented using the Spinal Cord Toolbox (SCT) v.5 (174). The segmentation quality was 

checked manually using the FMRIB Software Library (FSL) v.6.0 viewer, FSLeyes. The 

spinal cord vertebrae were automatically labelled using SCT, and the spinal cord level 

regions of interest (ROI) (C2-C6) were created. Registration of the 3D CEST images to 

the T2-weighted image was also performed using the SCT, specifically using a multi-step, 
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non-rigid registration process. The spinal cord level ROIs were transformed into the 

CEST space for further analysis by applying the inverse transformation matrix obtained 

from the previous CEST image to T2-weighted anatomical image registration.  

All acquired and registered CEST data were loaded into MATLAB for further 

analysis using custom MATLAB code. All corrections and analyses were performed on 

Z-spectra produced for each pixel in the CEST image. To correct for any signal drift 

caused by respiratory motion in the spinal cord CEST scans, a signal drift correction first 

introduced by Jones et al. was implemented (137). To summarize, the signal intensities of 

the 16 S0 offsets were spline-interpolated as a function of time in each pixel, and the 

spline-interpolated data was used to normalize the signal intensity of the other saturation 

frequency offsets to account for any signal drift. Henceforth, this will be called the signal 

drift correction.  

To correct for B0 field inhomogeneities, the Z-spectrum corresponding to each 

pixel was frequency shifted using the corresponding WASSR spectrum (189). Z-spectra 

from each pixel were then fitted with a six-pool Lorentzian model including water, 

amide, amine (2.75 ppm), amine (2.0 ppm), NOE, and MT pools. Fitting parameters can 

be found in Supplementary Table 4.2. For the spinal cord CEST scans, the three-point Z-

B1-correction method was implemented, which was first proposed by Windschuh et al. 

(216) and used to ensure all offsets of the Z-spectra had a signal corresponding to the 

signal associated with the optimized B1 value.  

The AACID value is the ratio of the amine proton CEST effect at 2.75 ppm and 

the amide proton CEST effect at 3.50 ppm, normalized by MT effects after saturation at 

6.0 ppm (129). AACID was calculated using Equation 4.1:  

  

𝐴𝐴𝐶𝐼𝐷 = 
𝑀𝑧(3.50 𝑝𝑝𝑚) × (𝑀𝑧(6.0 𝑝𝑝𝑚) − 𝑀𝑧(2.75 𝑝𝑝𝑚)) 

𝑀𝑧(2.75 𝑝𝑝𝑚) × (𝑀𝑧(6.0 𝑝𝑝𝑚) − 𝑀𝑧(3.50 𝑝𝑝𝑚)) 
 [4.1] 
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where 𝑀𝑧 is the bulk water magnetization. To determine AACID values at the different 

cervical spinal cord levels, the individual spinal cord level ROIs (C2-C6) were applied to 

the 3D cervical spinal cord AACID map, and the AACID values were averaged for each 

level.  

4.2.4 Statistics 

AACID measurement scan-rescan reproducibility was characterized for the different 

spinal cord levels using the coefficient of variation (CV) and the absolute difference of 

the AACID measurements for the following post-processing schemes: (1) signal drift 

correction and B1 correction, (2) signal drift correction with no B1 correction, (3) no 

signal drift correction with a B1 correction, and (4) neither signal drift nor B1 correction. 

The CV reflects both the variability and reproducibility of a measurement, while the 

absolute difference in AACID measurements reflects the reproducibility between scans. 

CVs were calculated between subjects and within subjects to quantify both the between-

subject and within-subject repeatability and reproducibility, respectively. Between-

subject CV was calculated for each time point separately as the standard deviation 

divided by the mean value across all subjects. The two time point CV values were 

averaged for the mean between-subject CV of each spinal cord level. Within-subject CV 

was calculated as the standard deviation divided by the mean of the two time points for 

each subject separately. The 12 within-subject CVs were averaged to determine the mean 

within-subject CV for each spinal cord level. The absolute difference of AACID 

measurements was calculated separately for each subject by taking the absolute 

difference of the AACID measurements of each time point. The 12 absolute AACID 

difference measurements were averaged to determine the mean absolute difference of 

each spinal cord level.  

To compare the reproducibility of the four post-processing correction schemes, 

the mean absolute AACID difference between time points was compared between the 

different correction schemes for the spinal cord levels C3 – C5 using a Repeated One-

Way ANOVA (corrected for multiple comparisons (Tukey), p < 0.05). To determine if 

AACID measurements significantly changed throughout the healthy spinal cord, the 
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average AACID measurements for each spinal cord level (C3 – C5) for both time points 

were compared using a Repeated One-Way ANOVA (corrected for multiple comparisons 

(Tukey), p < 0.05). This comparison was performed for each of the four different post-

processing schemes. CV calculations were performed in MATLAB (R2021a), while all 

tests of significance and correlation were performed using GraphPad Prism 9 (San Diego, 

CA). 

4.3 Results 

Figure 4.1A illustrates the different cervical spine ROIs (labeled C2-C6) segmented using 

the SCT overlaid on the T2-weighted anatomical image of one participant. The positions 

of slices 5 (through C3), 7 (through C4), and 10 (through C5) corresponding to the 3D 

CEST axial-oblique acquisition are outlined in yellow. Figures 4.1B-3D show the 

corresponding CEST images acquired at slices 5 (Figure 4.1B), 7 (Figure 4.1C), and 10 

(Figure 4.1D), at the different spinal cord levels, using the optimized B1 Gaussian 

saturation pulse amplitude of 0.5 µT (frequency offset = 100 ppm). The AACID maps of 

the spinal cord for each slice are overlayed on the corresponding T2-weighted anatomical 

images (Figures 4.1E-4.1G). Figures 4.1H-4.1J provide the corresponding average 

uncorrected CEST spectra from the cord in slices 5, 7, and 10, respectively, with the 6-

pool Lorentzian fit model overlayed.  
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Figure 4.1: A. Sagittal T2-weighted image of the cervical spinal cord of a healthy 

participant showing the segmented and labelled spinal cord levels (C2-C6), with the 

positions of corresponding CEST slices of interest overlayed in yellow. B-D. Axial 

oblique CEST images from the same participant corresponding to slices 5, 7, and 10 

respectively in the 3D volume, shown by the yellow outlines in panel A. Each CEST 

image shows the spinal cord ROI outlined in white. The ROI was created by transforming 

the segmented cord into the CEST space. E-G. Amine/amide concentration independent 

detection (AACID) maps of the spinal cord corresponding to slices 5, 7, and 10, 

overlayed onto the corresponding T2-weighted anatomical axial oblique image. H-J. 

Average raw CEST spectra (blue points) for all pixels within the cord in slices 5, 7, and 

10, respectively, with the average 6-pool Lorentzian model fitted line overlayed. 
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 Between-subject reproducibility of the AACID measurements was characterized 

using CV. Figure 4.2 demonstrates the between-subject CV of the AACID measurements 

at each spinal cord level, for each post-processing scheme. Spinal cord levels C3, C4, and 

C5, exhibited lower between-subject CVs (ranging between 5.6-10.7%) compared to 

spinal cord levels C2 and C6 (ranging between 14.7-25.1%). The middle of the stack of 

reconstructed CEST slices corresponds to the C4 level of the spinal cord, which had the 

lowest between-subject CVs (ranging between 5.6-6.3%) for all post-processing schemes. 

The specified ranges represent the minimum and maximum between-subject CVs 

obtained across all participants and post-processing schemes.  

 

Figure 4.2: Mean between-subject coefficients of variation (CV) for each of the post-

processing schemes at each spinal cord level (C2-C6). Between-subject CV values 

represent the mean ± standard deviation across the 12 participants (averaged over the two 

time points). 
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 Within-subject reproducibility of the AACID measurements was characterized 

using both CV and absolute AACID differences. Figure 4.3A shows the within-subject 

CV of the AACID measurements at each spinal cord level, for each post-processing 

scheme. As with the between-subject CV, spinal cord levels C3, C4, and C5, 

demonstrated lower within-subject CVs (ranging between 4.1-7.4%) compared to C2 and 

C6 (ranging between 7.8-27.5%). The C4 spinal cord level also demonstrated the lowest 

within-subject CVs (ranging between 4.1-4.3%). These ranges represent the minimum 

and maximum within-subject CVs for the 12 participants at both time points, across all 

post-processing schemes. Figure 4.3B shows the average absolute AACID difference 

between the time points for all subjects at all spinal cord levels and post-processing 

schemes. The middle levels of the spinal cord (C3, C4, and C5) also exhibited lower 

absolute AACID difference values (ranging between 0.09–0.16, or 5.8-10.5% difference), 

with the very middle level (C4), demonstrating the lowest difference values (ranging 

from 0.089–0.093, 5.8-6.1% difference), compared to the spinal cord levels C2 and C6 

(ranging from 0.16–0.55, 10.7-36.0% difference). These ranges represent the minimum 

and maximum absolute AACID difference across all participants and post-processing 

schemes. A summary of all CV and absolute difference measurements can be found in 

Supplementary Table 4.3. 
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Figure 4.3: A. Mean within-subject coefficients of variation (CV) for each of the post-

processing schemes at each spinal cord level (C2-C6). Within-subject CV values 

represent the mean ± standard error of the mean between the two time points (averaged 

across the 12 participants). B. Mean within-subject absolute amine/amide concentration 

independent detection (AACID) difference for each post-processing scheme at each 

spinal cord level (C2-C6). Absolute AACID difference values represent the mean 

difference ± standard deviation between the two time points (averaged across the 12 

participants). A typical AACID value is ~1.5 in healthy spine. 

 

 To compare the four post-processing schemes and their effectiveness, the absolute 

AACID difference in the spinal cord was compared between time points using levels C3, 

C4, and C5, as illustrated in Figure 4.4. The B1 correction significantly decreased AACID 

differences across time (adjusted p-value = 0.002) compared to using no correction. 

Compared to B1 correction alone, the signal drift correction produced similar results (p = 

0.34). When adding the B1 correction with the signal drift correction (combined 

correction), no additional benefit was observed compared to B1 correction alone (p = 

0.58). Compared to using no correction, neither the signal drift correction (p = 0.59) or 

the combined correction showed any improvement (p = 0.85). The combined correction 

also did not show any significant AACID changes across time compared to the signal 

drift correction alone (p = 0.29). These data suggest that the B1 correction alone was the 

most effective approach to improve reliability. 
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Figure 4.4: A. Mean absolute amine/amide concentration independent detection 

(AACID) difference between the two time points (with standard deviation) comparing the 

four different post-processing schemes at the spinal cord levels C3, C4, and C5. The B1 

correction significantly decreased AACID changes across time (adjusted p-value = 0.002) 

compared to no correction. Neither the signal drift correction nor the combined correction 

showed any improvement compared to no correction. B. Mean AACID difference 

between the two time points (with standard deviation) for all participants comparing the 

different post-processing schemes at spinal cord levels C3, C4, and C5.  

 

 To determine if the AACID measurements differed along the healthy cervical 

spinal cord, the average AACID values for both time points were compared between the 

spinal cord levels for all post-processing schemes. Figure 4.5 illustrates the results 

obtained for the B1 correction post-processing scheme, showing that average AACID 

values were the same at each level (all adjusted p values were non-significant). The 

average AACID value across C3, C4, and C5 (the most reproducible spinal cord levels) 

following B1 correction was 1.54 ± 0.09 (mean AACID ± SD). Similar results (data not 

shown) were obtained when comparing AACID values between segments after combined 
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correction, signal drift correction alone, and when using no correction. A summary of the 

AACID values for all subjects and post-processing schemes can be found in 

Supplementary Table 4.4. It should be noted that all results are depicted in AACID and 

not pH due to the inability to perform a calibration experiment at 3.0 T as done at 9.4 T in 

the mouse brain (129) because no 31P-MRS experiments were performed in the spinal 

cord. AACID is inversely related to the tissue pH, where higher AACID values are 

associated with lower pH. 

 

Figure 4.5: Average amine/amide concentration independent detection (AACID) values 

(with standard deviation) within different spinal cord levels. No significant differences in 

AACID values were observed between the cervical spinal cord levels for the B1 

correction post-processing scheme. Similar results were obtained for combined 

correction, signal drift correction alone, and when using no correction (not shown). 

 

4.4 Discussion 

The goal of this study was to measure the reproducibility of CEST contrast along the 

healthy cervical spinal cord at 3.0 T. In particular, the pH-sensitive AACID CEST 

measurement was made using a prototype 3D CEST sequence incorporating B1-field 

inhomogeneity and signal drift post-processing corrections. AACID measurements were 
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found to be most reproducible at the center of the 3D CEST volume, corresponding to the 

spinal cord levels C3, C4, and C5, when considering both between-subject CVs, within-

subject CVs, and absolute AACID differences measured over time. Absolute AACID 

percent difference was smallest at the C4 level at ~6%, demonstrating that the center of 

the CEST volume has the greatest reproducibility. Overall, within-subject CVs were 

lower than between-subject CVs for all spinal cord levels, indicating less variability 

within subjects for AACID scan-rescan measurements. While the use of B1 corrections 

increased the reliability of repeated AACID measurements, the signal drift correction did 

not. Finally, AACID measurements did not differ between the C3, C4, and C5 spinal cord 

levels, suggesting that AACID values are consistent throughout the healthy cervical 

spinal cord.  

The center of the CEST volume, corresponding to image slices at spinal cord 

levels C3 – C5, produced the most reproducible AACID measurements for all post-

processing correction schemes. This result is not unexpected for several reasons. The 

CEST volume was centered at the C4 level in all participants, ensuring images at C4 were 

perpendicular to the spinal cord to minimize partial volume effects (214). However, when 

not perfectly perpendicular, a loss of spatial resolution can result in the blurring of 

adjacent structures. Most participants had some natural spinal cord curvature, causing 

slices at the edges of the CEST volume (i.e., in C2 and C6) to not be perfectly 

perpendicular to the cord. This misalignment could lead to some blurring in the CEST 

images due to partial volume effects which may affect the contrast and consequently the 

AACID measurements.  

AACID reproducibility in the spinal cord was investigated at different cervical 

spine levels, incorporating previously published B1 inhomogeneity correction and signal 

drift correction schemes. The signal drift correction scheme has been previously applied 

in the spinal cord at 3.0 T to examine the reproducibility of APT CEST measurements in 

five healthy controls; however, the study explored only a single slice centred at the 

C3/C4 level (142). The B1 inhomogeneity correction method was first applied to CEST 

brain imaging at 7.0 T (216) and has now been implemented in multiple studies 

(217,218), including studies at 3.0 T (144,219). The B1 inhomogeneity correction scheme 
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has not been previously tested in the cervical spinal cord, and the combination of the B1 

inhomogeneity and signal drift correction has not been explored. Use of the B1 

inhomogeneity correction resulted in a significant improvement in reproducibility 

compared to using no corrections. CEST contrast depends on the B1 amplitude of the 

saturation pulses (215). Consequently, any spatial inhomogeneity in the applied B1 can 

affect the contrast-to-noise ratio (CNR) of the CEST signal. The B1 field is produced by a 

large body coil on the 3.0 T Siemens scanner used in the current study and is expected to 

be homogeneous within small tissue volumes. However, the spinal cord is long and 

surrounded by vertebral bodies, that can lead to B1 non-uniformities as the vertebral 

bodies differ in electrical permittivity from the spinal cord (214). Furthermore, when 

extending coverage over a 3D volume, CEST effects become more sensitive to any 

inhomogeneity of B1 irradiation (219). B1 inhomogeneity correction could be of even 

greater importance in patient populations, which could introduce additional variability in 

tissue homogeneity due to edema and myelomalacia of neural tissue in the spinal cord 

(207). 

Incorporating the signal drift correction to correct for signal changes due to 

respiratory motion did not demonstrate any significant improvement in the 

reproducibility of the AACID. Although a previous study has shown that the signal drift 

method slightly improved the reproducibility of ATP measurements in the spinal cord 

shown demonstrated by an improved intraclass correlation coefficient (ICC) value (142), 

our study used a different method to quantify reproducibility (CV and difference in 

AACID value). The lack of improvement in the current study could also be due to the 

level of the spine that was studied. Previous studies have shown that the greatest impact 

from respiratory motion  occurs in the region of the cervicothoracic junction (220), which 

suggests that the largest signal fluctuations will occur in the C7 and upper thoracic 

regions, which correspond to the rostral portion of the lungs (143). Since magnetic field 

shifts and motion are more significant at spinal cord levels below those investigated in 

the current study, including this correction may improve AACID reproducibility and 

should be considered when examining lower levels of the spine. 
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 The current study also found that AACID values were consistent between 

different levels of the cervical spine. For the cervical spinal cord, it has been shown that 

the structure (221) and MRI signal intensity (222) remain relatively constant throughout 

its length. It is also noteworthy that a previous study of AACID values found no 

significant AACID value differences between gray and white matter in the mouse brain 

(129). Since AACID value are expected to show little difference in gray and white 

matter, AACID values were expected to be consistent throughout the cervical spinal cord.  

As described by van Belle (223), the between-subject CVs of the C4 level can be used to 

determine the sample size required to detect a defined biological effect at a 95% 

significance level and power of 80%. In a previous study, ischemic tissue was estimated 

to have an AACID value that was ~5% higher than normal tissue (129). To detect a 

minimum change of 5% at the C4 level, a sample size of 19 is required in each group 

(ischemic and control). In comparison, to detect a change of 10%, a sample size of 5 is 

required in each group. 

 As with any study, there are several limitations that should be considered. First, 

the spatial resolution of the CEST images (in-plane resolution of 2.0 x 2.0 mm) was 

sufficient to identify the cord but resulted in some partial volume effects at the edges of 

the cord that could impact on the AACID measurements. Although the spinal cord ROIs 

were automatically segmented using the anatomical image and transformed into the 

CEST space, an ROI could include some pixels with CSF contributions. The small cross-

sectional area of the cord (the widest part of the cervical cord is only ~1.5 cm in 

diameter) (140) would benefit from higher-resolution imaging to minimize partial volume 

effects. Increasing the spatial resolution would also allow for AACID to be measured in 

both gray and white matter.  

Secondly, the CEST acquisition used in the current study was designed to 

maximize the CEST effect and signal-to-noise (SNR), and consequently scan time was 

not optimized. Implementation of the B1 correction required that the CEST scan was 

repeated three times, resulting in a total CEST acquisition time of ~30 minutes. Future 

work in the spine should increase the resolution of the CEST images, while also 

implementing strategies to reduce the total scan time. Scan time could be shortened by 
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reducing the number of slices acquired, particularly in studies only interested in AACID 

measurements at one spinal cord level corresponding to the site of a spinal cord 

compression or injury and more sophisticated reconstruction methods, like compressed 

sensing. Another opportunity to reduce scan time is use a different B1 correction method 

called the contrast-B1-correction method (216). The contrast-B1-correction method has 

been shown to provide better results with few scans (as few as two points compared to 

the Z-B1-correction method) (216), which would reduce scan time.  

In the future, collection of respiratory motion data using bellows and 

incorporating the bellows data with the drift correction, first implemented by By et al. 

(142), may significantly improve AACID reproducibility. Finally, the current study was 

designed to examine reproducibility in young participants using only two data points 

separated in time by approximately 10 days. A more robust measure of reproducibility 

would be made by increasing the number of repeated measures and extending the 

measurement to healthy older participants that are more representative of the patient 

populations who are likely to suffer degenerative disc disease causing spinal cord 

compression. Subject motion may be more problematic in elderly participants who are 

not comfortable lying down for extended periods of time.  

4.5 Conclusion 

This study successfully demonstrated that pH-weighted AACID measurements made 

using a 3D CEST sequence and incorporating B1-inhomogeneity correction were 

reproducible within subjects (CV ~4%) along the healthy cervical spinal cord at the 

clinically relevant field strength of 3.0 T. Optimal image quality was achieved in the 

center of the 3D CEST volume, which should be centered over the spinal level of interest 

in future clinical studies. 
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4.8 Supplementary Materials 

4.8.1 CEST Acquisition 

Supplementary Table 4.1: Offsets (measured in ppm) sampled to acquired Z-spectrum 

for all healthy participants (read left to right, top to bottom), with non-saturated scan (S0) 

of 100 ppm interleaved after every third frequency offset. 

-300 100 -6.5 -6.0 -5.5 100 -5.0 -4.5 -4.3 100 

-4.1 -3.9 -3.7 100 -3.5 -3.3 -3.1 100 -2.9 -2.5 

-2.0 100 -1.5 -1.0 -0.5 100 -0.3 -0.1 0 100 

0.1 0.3 0.5 100 1.0 1.5 1.7 100 1.9 2.1 

2.3 100 2.5 2.7 2.9 100 3.1 3.3 3.5 100 

3.7 3.9 4.1 100 4.3 4.5 5.0 100 5.5 6.0 

6.5 100         

 

4.8.2 Fitting 

Fitting was performed in MATLAB using the Levenberg-Marquardt algorithm using the 

following equation: 

𝑀𝑧(∆𝜔)

𝑀𝑧
0(∆𝜔)

= 𝑍(∆𝜔) = 𝑍𝑏𝑎𝑠𝑒 −∑𝐿𝑖
𝑖

(∆𝜔) [4.8.1] 

with 
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𝐿𝑖(∆𝜔) =  
𝐴𝑖

1 + (
∆𝜔 − 𝛿𝑖

Γ𝑖
)
2 

[4.8.2] 

 

Each Lorentzian function (𝐿𝑖) is defined for each offset (∆𝜔) by amplitude 𝐴𝑖, full width 

at half maximum (FWHM) Γ𝑖, and displacement from the frequency of bulk water 

protons 𝛿𝑖. 𝑍𝑏𝑎𝑠𝑒 corrects for constant signal reduction.  
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Supplementary Table 4.2: Starting points and boundary values of all fit parameters of 

the six-pool Lorentzian fit. Chemical shift (δ) and FWHM (Γ) are given in ppm. 

 Start Lower Upper 

Zbase 100 80 100 

Awater 90 2 100 

Γwater (ppm) 1 0.03 2 

δwater (ppm) 0 -2 1.0 

AMT 10 2 20 

ΓMT (ppm) 10 7 100 

δMT (ppm) -2 -3 0 

ANOE -2 -10 10 

ΓNOE (ppm) 0.8 0.1 2 

δNOE (ppm) -4 -4.25 -3.5 

Aamide(3.50ppm)  1 0 10 

Γamide(3.50ppm) (ppm) 0.3 0.1 1 

δamide(3.50ppm) (ppm) 3.5 3.25 3.75 

Aamine(2.75ppm) 1 0 10 

Γamine(2.75ppm) (ppm) 0.3 0.1 1 

δamine(2.75ppm) (ppm) 2.75 2.5 3.0 

Aamine(2.0ppm) 1 0 10 

Γamine(2.0ppm) (ppm) 0.3 0.1 1 

δamine(2.0ppm) (ppm) 2.0 1.75 2.5 



 

140 

4.8.3 Results 

Supplementary Table 4.3: Summary of the mean between-subject coefficients of 

variation (CV), within-subject CV, and absolute amine/amide concentration independent 

detection (AACID) difference for each spinal cord level (C2-C6) for all post-processing 

schemes (averaged across the 12 healthy participants ± standard deviation). 

 
 

Combined 

Correction 

Signal Drift 

Correction 
B1 Correction No Correction 

C2 Between-

Subject CV 
24.5 ± 3.6 % 25.1 ± 3.2 % 15.1 ± 1.1 % 15.2 ± 0.9 % 

Within-

Subject CV 
22.9 ± 19.9 % 27.5 ± 18.4 %  9.8 ± 6.8 % 9.9 ± 4.9 % 

AACID 

Absolute 

Difference 

0.47 ± 0.46 0.55 ± 0.42 0.22 ± 0.18 0.22 ± 0.14 

C3 Between-

Subject CV 
10.0 ± 1.5 % 10.7 ± 1.9 % 6.7 ± 0.4 % 7.3 ± 0.7 % 

Within-

Subject CV 
6.5 ± 7.2 % 6.9 ± 7.9 % 5.2 ± 4.8 % 5.7 ± 5.0 % 

AACID 

Absolute 

Difference 

0.15 ± 0.16 0.16 ± 0.18 0.11 ± 0.11 0.13 ± 0.11 

C4 Between-

Subject CV 
5.6 ± 1.3 % 6.3 ± 1.9 % 5.8 ± 2.4 % 6.0 ± 2.4 % 

Within-

Subject CV 
4.1 ± 2.8 % 4.2 ± 3.5 % 4.3 ± 3.9 % 4.3 ± 3.8 % 

AACID 0.09 ± 0.06 0.09 ± 0.07  0.09 ± 0.08 0.09 ± 0.08 
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Absolute 

Difference 

C5 Between-

Subject CV 
7.8 ± 0.4 % 8.9 ± 0.2 % 6.1 ± 0.6 % 7.0 ± 0.5 % 

Within-

Subject CV 
6.6 ± 4.5 % 7.4 ± 5.2 % 4.5 ± 3.7 % 5.3 ± 3.9 % 

AACID 

Absolute 

Difference 

0.15 ± 0.1 0.16 ± 0.11 0.10 ± 0.08 0.11 ± 0.08 

C6 Between-

Subject CV 
19.0 ± 6.8 % 21.2 ± 4.5 % 14.7 ± 8.8 % 16.9 ± 8.8 % 

Within-

Subject CV 
7.8 ± 5.7 % 7.5 ± 4.2 % 8.8 ± 5.8 % 9.7 ± 5.8 % 

AACID 

Absolute 

Difference 

0.16 ± 0.13 0.17 ± 0.13 0.19 ± 0.16 0.21 ± 0.17 
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Supplementary Table 4.4: Summary of the mean amine/amide concentration 

independent detection (AACID) for each time point (with standard deviation), comparing 

the four different post-processing schemes for each spinal cord level (C2-C6). 

 
 

Combined 

Correction 

Signal Drift 

Correction 
B1 Correction No Correction 

C2 Scan 1 1.33 ± 0.36 1.31 ± 0.36 1.48 ± 0.23 1.47 ± 0.23 

Scan 2 1.55 ± 0.34 1.57 ± 0.36 1.55 ± 0.22 1.56 ± 0.23 

C3 Scan 1 1.59 ± 0.18 1.60 ± 0.19 1.56 ± 0.10 1.56 ± 0.10 

Scan 2 1.53 ± 0.14 1.53 ± 0.14 1.52 ± 0.11 1.52 ± 0.12 

C4 Scan 1 1.53 ± 0.07 1.53 ± 0.08 1.52 ± 0.11 1.53 ± 0.12 

Scan 2 1.55 ± 0.07 1.55 ± 0.12 1.53 ± 0.06 1.53 ± 0.07 

C5 Scan 1 1.56 ± 0.13 1.56 ± 0.09 1.54 ± 0.10 1.54 ± 0.11 

Scan 2 1.58 ± 0.12 1.59 ± 0.14 1.56 ± 0.09 1.55 ± 0.10 

C6 Scan 1 1.48 ± 0.35 1.49 ± 0.36 1.48 ± 0.31 1.51 ± 0.35 

Scan 2 1.52 ± 0.22 1.54 ± 0.28 1.48 ± 0.13 1.47 ± 0.16 
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Chapter 5  

5 Spinal Cord pH-weighted CEST MRI Suggests Hypoxia in 

Degenerative Cervical Myelopathy 

The work presented in this chapter is from the manuscript:  

Alicia E Cronin, Patrick Liebig, Sarah A Detombe, Neil Duggal, Robert Bartha. Spinal 

Cord pH-weighted CEST MRI Suggests Hypoxia in Degenerative Cervical Myelopathy.  

In preparation for submission. 

5.1 Introduction 

Degenerative cervical myelopathy (DCM) is one of the leading causes of spinal cord 

dysfunction in adults over 55 years of age worldwide (7). The onset of DCM is often 

gradual and progresses stepwise (156,224), and the recommended treatment is surgical 

intervention by means of decompression surgery (10). The main objective of 

decompression surgery is to maintain neurological function and prevent further 

deterioration. Unfortunately, it has been observed that only about one-third of patients 

demonstrate improvement following surgery, while 40% maintain function and 25% 

worsen (10,13). These inconsistent results have created a need to identify predictors of 

surgical outcomes for potential surgical candidates to determine which patients would 

benefit from surgery and when.  

Predictors of surgical outcomes have been extensively studied, with some 

predictors, like older age, longer duration of symptoms, and higher myelopathy severity, 

associated with worse outcomes (25,38). However, there is controversy surrounding the 

validity of these predictors, with queries surrounding the strength and direction of the 

relationship to surgical outcome (38). Imaging biomarkers have also been studied to 

predict outcomes in DCM patients. Studies have tried to associate poorer neurological 

recovery with hyper-intensity on T2-weighted images (29), hypo-intensity on T1-weighted 

images (28), and a combination of both T1 and T2 signal changes (28,38). Unfortunately, 
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these imaging measures undermine the importance of early diagnosis in these patients as 

these features probably reflect tissue that have already experienced neural injury. 

Interestingly, ischemia and hypoxia in the spinal cord have been shown to be 

pathophysiological mechanisms that influence the progression of DCM (42) and recovery 

following decompression surgery (39,51). Therefore, the presence of ischemia and 

hypoxia could also be a predictor of surgical outcomes in this cohort of patients. 

Chemical exchange saturation transfer (CEST) MRI can be utilized to measure altered 

tissue pH in the brain and spinal cord (129,130,225,226). CEST exploits the transfer of 

magnetic saturation from selectively excited exchangeable protons to bulk water protons 

(112,113). Because the exchange rate between the exchangeable protons and bulk water 

protons is pH-dependent, pH-dependent contrast can be produced (122,211). pH-

weighted CEST contrasts could identify ischemic and hypoxic tissue in the spinal cord 

due to the excessive production of lactate and [H+] by anaerobic glycolysis when the 

tissue is ischemic/hypoxic (212). Previous studies have demonstrated that the ratiometric 

endogenous CEST contrast, amine/amide concentration-independent detection (AACID), 

which is the ratio of the CEST effects from the amide protons at 3.5 ppm and amine 

protons at 2.75 ppm, produces a CEST contrast that is linearly dependent on pH in the 

physiological range (129). In the healthy cervical spinal cord at 3T, AACID CEST has 

been shown to be homogeneous and highly reproducible (225). 

The purpose of the current study was to measure AACID values in the spinal cord 

of DCM patients and determine: (1) if there is a difference between AACID values at the 

compression site of DCM patients and the spinal cord of healthy control participants, (2) 

if AACID values change throughout the cord of DCM patients, and (3) if compression 

severity, which has previously been used as a proxy for hypoxia, is correlated with 

AACID measurements. It was hypothesized that DCM patients would exhibit higher 

AACID values at the site of compression compared to the healthy control participants, 

which is indicative of a lower tissue pH and hypoxic tissue.  
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5.2 Materials and Methods 

5.2.1 Subjects 

This study was approved by the Western University Health Sciences Research Ethics 

Board. Informed consent was obtained from each DCM patient and healthy control 

participant prior to the start of the study. Six patients (6 females, mean age (± SD) 53 ± 

10 years) with symptoms of DCM and no other neurological disorders were recruited 

from October 2022 to July 2023. Five healthy older controls (4 males, mean age (± SD) 

56 ± 16 years) with no history of neurological disorders were also recruited. Twelve 

younger healthy controls (7 females, mean age (± SD) 26 ± 4 years), with no history of 

neurological disorders, were also scanned at two different time points (10 ± 4 days 

between scans). The results from this younger control group have been previously 

published (225) and are included in this current study as an additional control group. 

5.2.2 Imaging Acquisition 

All imaging was performed on a Siemens 3.0 T MAGNETOM Prisma Fit MRI scanner 

(Siemens, Erlangen, Germany) equipped with a 64-channel head and neck coil to acquire 

all the data. T2-weighted sagittal 3D spin-echo anatomical images of the neck and spine 

were acquired with the following scan parameters: repetition time (TR) of 1400 ms, echo 

time (TE) of 136 ms, flip angle of 140°, number of slices = 64, producing a 0.8 mm3, 

number of averages = 2. The shim adjust volume (“shimbox”) was manually placed over 

the spinal cord region of interest to maximize the static magnetic field homogeneity. A 

Siemens prototype CEST sequence was used, which consisted of a series of selective 

saturation pulses to produce CEST contrast, followed by a rapid 3D gradient-echo 

readout using a centric spiral k-space sampling. The selective saturation scheme consisted 

of 30 Gaussian-shaped RF pulses (B1,mean = 0.5 µT) with a pulse length (tpulse) of 100 ms 

and an interpulse delay (tdelay) of 1 ms, resulting in a total saturation time of 3.03 s. A 2 s 

recovery time was employed after each readout. These parameters were chosen based on 

a previous optimization performed in both egg-white phantoms and brain data (225). 

CEST images were acquired at 45 pre-saturation frequency offsets ranging from -6.5 ppm 
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to 6.5 ppm (densely sampled increments of 0.2 ppm around areas of interest (amide, 

amine, water, and nuclear Overhauser enhancement (NOE), with 0.5 ppm increments 

elsewhere) and an additional frequency was acquired at -300 ppm for normalization. See 

Supplementary Table 5.1 for specific details. 

In patients, the 3D CEST imaging volume was centered over the level of 

compression in the spinal cord. If the patient had more than one compression site, the 3D 

CEST imaging volume was centered between the compression sites. Table 5.1 provides 

demographic information of the patients, including compression site location. In controls, 

the 3D CEST imaging volume was either centered at the location of their matched patient 

(older healthy controls) or centered at the C4 level of the spinal cord (younger healthy 

controls). The imaging parameters were matrix size = 96 x 96 x 14, nominal resolution = 

2.0 x 2.0 x 5.0 mm3, TR/TE = 3.35/1.16 ms, and GRAPPA acceleration factor = 2. The 

total CEST imaging scan time was 8 minutes and 14 seconds. Additionally, CEST images 

were acquired at three different B1 amplitudes (B1 value of 0.5 µT and two surrounding 

B1 values of 0.2 µT and 0.8 µT) to implement a B1 amplitude correction (216), which has 

been shown to improve spinal cord CEST reproducibility (225). The total scan time to 

acquire three Z-spectra at different B1 amplitudes was 24 minutes and 42 seconds. To 

implement the B1 correction, a 2D flip angle map was acquired using a gradient-echo 

sequence utilizing a turbo-FLASH readout. The imaging parameters were TR/TE = 

5000/1.99 ms, 5 mm thickness, 8 slices (5 mm gap between slices), and a total acquisition 

time of 10 seconds. Transformation to a 3D flip angle map was performed by 

interpolation between the slices using an in-house MATLAB R2021a code (Mathworks, 

Natwick, MA, USA). 

A water saturation shift referencing (WASSR) scan was also acquired for B0 

correction (189). For WASSR saturation, a train of 5 Gaussian pulses with tpulse = 50 ms, 

tdelay = 40 ms, and B1,mean = 0.5 µT was used and sampled at 25 frequency offsets from -

2.5 ppm to 2.5 ppm, in increments of 0.2 ppm. The total WASSR scan time was 1 minute 

and 36 seconds.  
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Table 5.1: Demographic data and clinical characteristics of patients with degenerative 

cervical myelopathy (DCM). 

Patient 

Age Range 

53 ± 10 years 

(Mean Age ± SD) Sex mJOA 

Site of 

Compression 

1 65+ F 12 C4/C5 

2 30-49 F 17 C4/C5 

3 30-49 F 15 

C5/C6 

C6/C7 

4 30-49 F 15 

C4/C5 

C5/C6 

5 50-64 F 16 

C5/C6 

C6/C7 

6 50-64 F 15 C6/C7 

mJOA = modified Japanese Orthopaedic Association 

 

5.2.3 CEST Data Processing 

The T2-weighted cervical spinal cord images were automatically segmented using 

the Spinal Cord Toolbox (SCT) v.5 (174). Segmentation quality was manually checked 

using the FMRIB Software Library (FSL) v.6.0 viewer, FSLeyes. Registration of the 3D 

CEST images to the T2-weighted image was performed by a multi-step, non-rigid 
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registration process utilizing the SCT. The spinal cord segmentation was transformed into 

the CEST space for further analysis by applying the inverse transformation matrix 

obtained from the previous CEST image to T2-weighted anatomical image registration.  

All acquired and registered CEST data was loaded into MATLAB custom code. 

All corrections and analyses were performed on Z-spectra produced for each pixel in the 

CEST image. To correct for B0 inhomogeneities, the corresponding Z-spectrum of each 

pixel was frequency-shifted using the corresponding WASSR spectrum. For each pixel, 

the Z-spectrum was fitted with a six-pool Lorentzian model including water, amide, 

amine (2.75 ppm), amine (2.0 ppm), NOE, and magnetization transfer (MT) pools. More 

information regarding fitting is available in the Supplementary Materials, and specific 

fitting parameters can be found in Supplementary Table 5.2. To correct for B1-

inhomogeneities, the proposed method by Windschuh et al. (three-point Z-B1-correction) 

was implemented (216). 

AACID is the ratio of the amine proton CEST effect at 2.75 ppm and the amide 

proton CEST effect at 3.50 ppm, normalized by MT effects after saturation at 6.0 ppm 

(129). AACID was calculated using Equation 5.1:  

  

𝐴𝐴𝐶𝐼𝐷 = 
𝑀𝑧(3.50 𝑝𝑝𝑚) × (𝑀𝑧(6.0 𝑝𝑝𝑚) − 𝑀𝑧(2.75 𝑝𝑝𝑚)) 

𝑀𝑧(2.75 𝑝𝑝𝑚) × (𝑀𝑧(6.0 𝑝𝑝𝑚) − 𝑀𝑧(3.50 𝑝𝑝𝑚)) 
 [5.1] 

 

where 𝑀𝑧 is the bulk water magnetization. The AACID map of the slice corresponding to 

the site of compression was averaged to find the AACID value corresponding to 

compression for each patient. If the patient had multiple compression sites, the average 

AACID value was determined for each compression site. The AACID maps above the 

compression (slice 3), and below the compression (slice 11) were also averaged to find 

the corresponding AACID values. In healthy controls, the center slice AACID map was 

averaged to find the control AACID value. 
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5.2.4 Compression Measurement 

The severity of compression was compared to the AACID measurements found at the 

compression site of each patient. The compression volume was measured using a 

previously published approach (227). In short, using the patient’s segmented cord and 

custom MATLAB code, the total volume of the compressed region was measured by 

identifying the limits of the compressed region using the rate of change of the 

compressed cord area and then summing the areas of each slice within the compressed 

region (227). This spinal cord severity metric is total compression volume and is 

measured in units of mm3. If a patient had more than one compression site, a separate 

measurement was made for each site.  

5.2.5 Statistics 

To determine if AACID measurements significantly differ in the spinal cord of DCM 

patients, the average AACID slice measurements for the compression site, above the 

compression, and below the compression site were compared using a repeated one-way 

ANOVA (corrected for multiple comparisons (Tukey), p < 0.05). To determine if AACID 

measurements at the site of compression in DCM patients were significantly different 

than the controls, two different Welch’s t-tests (p < 0.05) were used: (1) DCM patient 

mean AACID compression value compared to younger control mean AACID value from 

slices 6-8, and (2) DCM patient mean AACID compression value compared to older 

control mean AACID value from slices 6-8. Multiple slices around the centre of the 3D 

volume were chosen as a previous study demonstrated that the centre had the most 

reproducible measurements and AACID did not significantly differ along the healthy 

cervical spinal cord (225). Pearson’s correlation coefficient (r) was used to determine if 

the severity of spinal cord compression in DCM patients was correlated with the mean 

AACID value measured at the compression site.  

5.3 Results 

Three of the DCM patients had multiple sites of compression and AACID values were 

found for each site, resulting in 9 AACID compression measurements. Figure 5.1A and 
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5.1D demonstrate the T2-weighted anatomical image of one DCM patient and their age-

matched healthy control, respectively. The position of the center slice (slice 7) 

corresponding to the 3D CEST axial-oblique acquisition is outlined in yellow on both 

panels. The corresponding AACID maps of the spinal cord for the slice are overlayed on 

the corresponding T2-weighted axial anatomical image for the DCM patient (Figure 5.1B) 

and healthy control (Figure 5.1E). Figures 5.1C and 5.1F provide the corresponding 

average CEST spectra for the patient and healthy control, respectively, with the 6-pool 

Lorentzian fit model overlayed. These example images highlight both the reduced size of 

the spinal cord at the site of compression and suggest that within this DCM participant, 

the AACID value is slightly higher (1.64 ± 0.09 (mean AACID ± SD)), than the average 

value in the control participant (1.53 ± 0.10). 
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Figure 5.1: A. Sagittal T2-weighted image of the cervical spinal cord of a degenerative 

cervical myelopathy (DCM) patient, with the position of CEST slice 7 overlayed in 

dotted yellow. B. Amine/amide concentration independent detection (AACID) map of the 

compressed spinal cord of the DCM patient, overlayed onto the corresponding T2-

weighted anatomical axial oblique image. C. Average raw CEST spectrum (blue points) 

for all pixels within the cord in slice 7 of the DCM patient, with the average 6-pool 

Lorentzian model fitted line overlayed. D. Sagittal T2-weighted image of the cervical 

spinal cord of a healthy control, with the position of CEST slice 7 overlayed in dotted 

yellow. E. AACID map of the spinal cord, corresponding to slice 7, overlayed onto the 

corresponding T2-weighted anatomical axial oblique image. F. Average raw CEST 

spectrum (purple points) for all pixels within the cord in slice 7 of the healthy control, 

with the average 6-pool Lorentzian model fitted line overlayed. 
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To determine if the AACID measurements differed along the cervical spinal cord 

of the DCM patients, the average AACID value of the slices at the sites of compression, 

above the site of compression, and below the site of compression were compared. Figure 

5.2 illustrates the results of the comparison between the compression sites (n = 9) of the 

patients to other locations along the spinal cord (all adjusted p values were non-

significant). Specifically, the difference was not significant between the compression site 

and above the compression (n = 6) (adjusted p-value = 0.85), or between the compression 

site and below the compression (n = 6) (adjusted p-value = 0.15). The average AACID 

value at the compression site was 1.64 ± 0.07 (mean AACID ± SD). Furthermore, the 

average AACID value above the compression site was 1.58 ± 0.19, and the average value 

below was 1.48 ± 0.17.  

 

Figure 5.2: Mean single slice amine/amide concentration independent detection 

(AACID) (with standard deviation) corresponding to the compression site for 

degenerative cervical myelopathy (DCM) patients (n = 9), a single slice above the 

compression (slice 3) (n = 6), and a single slice below the compression (slice 11) (n = 6). 

No significant differences were observed throughout the spinal cord of DCM patients. 
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To evaluate if AACID measurements can distinguish the spinal cord of patients 

from the spinal cord of healthy subjects, AACID measurements at the site of compression 

were compared to the healthy participants, as illustrated in Figure 5.3. The average 

AACID value for the compression site of DCM patients (n = 9) was 1.64 ± 0.07 (mean 

AACID ± SD), 1.54 ± 0.10 for younger controls (n = 24, slices 6-8), and 1.55 ± 0.08 for 

older controls (n = 5, slices 6-8).  The AACID measurement at the site of compression 

was significantly different compared to the younger controls (p < 0.05), as shown in 

Figure 5.3. Interestingly, the older controls did not have a significantly different AACID 

value than the patient compression value (p = 0.16), also demonstrated in Figure 5.3. 

Figure 5.4 illustrates the relationship between compression severity and the AACID 

measurement at the site of compression. Finally, there is no significant relationship 

between patient compression severity and AACID measurements at the site of 

compression (p = 0.17, r = 0.51). 
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Figure 5.3: Mean amine/amide concentration independent detection (AACID) (with 

standard deviation) corresponding to the single slice at the compression site for 

degenerative cervical myelopathy (DCM) patients (n = 9), slices 6-8 for the younger 

healthy controls (n = 24), and slices 6-8 for older healthy controls (n = 5). DCM patients 

had a significantly higher AACID value than younger controls (p = 0.03). 
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Figure 5.4: The correlation measured between the amine/amide concentration 

independent detection (AACID) value at the spinal cord compression of degenerative 

cervical myelopathy (DCM) patients and the associated spine compression volume, 

demonstrating a nonsignificant linear relationship (p = 0.17, r = 0.51). 

 

5.4 Discussion 

The goal of this study was to determine if AACID CEST, at the clinically relevant field 

strength of 3.0 T, could be used to detect an acidic tissue environment at the site of spinal 

compression in people with DCM compared to the spinal cord of healthy participants. 

Such data would provide evidence to support the hypothesis that tissue hypoxia may 

contribute to the pathology of DCM at the site of spinal compression. Based on a 

previous CEST reproducibility study in the spinal cord (225), the 3D CEST volume was 

centered at the site of compression for all patients and a B1 magnetic field correction was 

performed. The current study suggests that AACID measurements were significantly 

higher at the site of spinal compression in people with DCM than that observed in healthy 
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young participants, but not different compared to older participants. Throughout the 

spinal cord of the people with DCM, it was found that the AACID values do not 

significantly differ between the compression site and that found above or below the 

compression site, suggesting that hypoxia might extend beyond the site of compression. 

Finally, AACID measurements at the site of spinal compression did not significantly 

correlate with the compression severity metric, indicating that the compression metric, 

which was used as a proxy for hypoxia in a previous study (227), might be too crude to 

capture subtle changes in hypoxia.  

 There is mounting evidence that ischemia and hypoxia are important 

pathophysiological mechanisms in the progression of DCM and recovery after 

decompression surgery. Direct in-vivo quantification of this tissue injury mechanism has 

been challenging in humans to date. However, several previous studies have provided 

evidence to support this theory. For example, Mair & Druckman demonstrated that spinal 

compression led to the thickening of the arterial and small vessel walls at the site of 

compression, causing reduced blood flow velocity and impaired regional perfusion (44). 

Similarly, a study performed by Ellingson et al. found decreased blood flow in the spinal 

cord area experiencing compression, which was measured using dynamic susceptibility 

contrast perfusion MRI (47). MR spectroscopy has also shown lactate peaks in the spinal 

cord of DCM patients, indicating that anaerobic metabolism is occurring, and ischemia 

and hypoxia are present (228). In addition, studies in animal models (48,50) and 

histological changes (24,44) have also provided indirect evidence of this 

pathophysiological mechanism occurring. Histopathological autopsy studies have shown 

necrosis and cystic cavitation in the central gray and white matter, which progresses to 

lacunae, gliosis, and anterior horn dropout (229). In agreement, animal studies have 

demonstrated that decreased blood flow in the compressed spinal cord is related to 

anterior-posterior spinal cord compression and microvessel changes (48). In the current 

study, pH-weighted (AACID) CEST contrast was measured at the site of spinal cord 

compression in humans to determine if pH changes were present, which is indicative of 

hypoxia. At the group level, it was found that AACID measurements at the site of 

compression in DCM patients were significantly higher than in young healthy 

participants but not from older healthy participants. This observation supports the 
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hypothesis that hypoxia exists in the spinal cord in DCM patients, as it has been 

demonstrated that a higher AACID value is associated with a lower pH (129,130). While 

no difference was observed between the patients and the older healthy participants, it is 

possible that an age effect may obscure the changes (230,231), but more likely it is 

simply a lack of statistical power as only five older healthy participants were included. 

The increase in AACID value (suggesting lower pH) in the spinal cord of people with 

DCM compared to young healthy participants is consistent with previous animal studies 

that have demonstrated spinal cord compression is associated with decreased spinal cord 

blood flow and ischemia.  

The measurement of human spinal cord microcirculation during compression is 

beyond the scope of the current study. Interestingly, studies have shown that spinal cord 

ischemia can manifest differently depending on the nature of the compression. It has been 

reported that posterior cord compression reduces the central gray matter blood flow 

through intramedullary branches, while anterior cord compression reduces the blood flow 

of the anterior sulcus arteries through the transverse arterioles (11,45). Spinal cord 

compression has demonstrated localized ischemia and hypoxia at the site of compression 

(48), resulting in neurological dysfunction and neuronal cell apoptosis (10,18). However, 

ischemic damage may not be localized to the site of compression and have a more 

extensive effect above and below the site. The specific vascular anatomy of the 

compressed region could create more widespread ischemic effects around the 

compression site. While the anterior spinal artery supplies two-thirds of the blood supply 

to the spinal cord (5), both the posterior and anterior arteries are highly interconnected 

along the cord at a capillary level (232). The watershed areas of the spinal cord could also 

become hypoxic if nearby areas are subjected to compression (233). Watershed areas are 

created when opposing blood flow currents meet due to the highly complex 

haemodynamics of the cord, with blood flow being both ascending and descending (234). 

The current study demonstrated that there were no significant differences in the AACID 

measurements between the site of compression and the spinal cord above and below, 

suggesting that ischemia and hypoxia can have a widespread effect. This extensive 

ischemic effect could also make the spinal cord more vulnerable to vascular network 
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damage compared to the brain; tissue oxygen levels in the spinal cord are the same as in 

the brain (35-39 mmHg), but blood flow is 40-60% lower (235). 

A previous study suggested that there was a significant correlation between spinal 

cord compression volume, which was used as a proxy for hypoxia, and cortical plasticity 

in the brain (227). The study hypothesized that the increased cortical plasticity observed 

in more severely compressed DCM patients was due to cortical reorganization, which is a 

compensatory response to tissue damage in the cord (110,227). This observation could be 

another indicator that ischemia and hypoxia may not just affect the site of compression or 

the spinal cord but could affect other parts of the body. However, this study used 

compression severity as a proxy for hypoxia. When AACID, which is a more direct 

measure of hypoxia, was correlated with compression severity in the current study, no 

significant correlation was found. The compression volume metric may not encompass 

the complexity of hypoxia in the spinal cord. Ramsey et al. performed a study in 

monkeys with controlled epidural compression using balloons, both anteriorly and 

posteriorly (236). Using selective spinal angiography, it was found that while severe 

compression resulted in significant blood flow reduction, moderate anterior compression 

also caused microvasculature deformation and reduced blood flow in the gray matter. 

This study indicates that compression severity might not be linearly correlated with blood 

flow and ischemia.  

Limitations of this current study must also be considered. The spatial resolution of 

the CEST images (in-plane resolution of 2.0 x 2.0 mm) should be improved in the future 

as the spinal cord has a small cross-sectional area (cervical cord widest part is ~1.5 cm in 

diameter) (140), while, in people with DCM, the compressed cord is even smaller. 

Higher-resolution imaging would also be beneficial for mitigating partial volume effects. 

Interestingly, studies have demonstrated that ischemic injury of the gray and white matter 

occurs in DCM patients, causing malperfusion of the gray and medial white matter 

(11,45). Spinal cord ischemia can manifest differently; anterior spinal artery disruption 

causes ischemia to be limited to the bilateral or unilateral anterior horns and adjacent 

white matter (237) while posterior spinal artery disruption can cause ischemia to affect 

the posterior columns or the surrounding white matter (238). It has also been shown that 
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capillary network density is higher in gray matter compared to white matter (239), and 

while motor neurons are located in areas of lower density, there is a higher risk of 

damage due to vascular alterations. Increasing the spatial resolution of the CEST images 

would allow AACID to be measured in both tissue types to determine if ischemic injury 

is differentiable between tissues.  

Second, the statistical power of this study must be increased. Due to the low 

numbers of patients and older controls, it is challenging to detect differences in the 

AACID measurements between the groups and along the spinal cord of the DCM 

patients. A previous study determined that to detect a minimum AACID change of 5%, a 

sample size of 19 in each group would be required (225). Also, the previous study found 

that while the center of the 3D volume has a variability of ~4%, moving above and below 

can increase the variability to ~10% (225). While the slices chosen to examine the 

AACID measurements along the cord in the 3D CEST volume have less variability than 

the first and last slices, the increased variability in the surrounding spinal cord AACID 

measurements is a limitation. To mitigate this problem, performing a variable slice 

angulation scheme that maintains slice perpendicularity to the spinal cord would be 

optimal, improving variability while mitigating partial volume effects. 

In the future, a study utilizing both task-based functional MRI and AACID CEST 

should be performed to determine if ischemic injury in the cord leads directly to cortical 

reorganization in the brain to adapt to the functional deficits experienced by DCM 

patients (227). Also, the comparison of ischemia in mild, moderate, and severe DCM 

patients, based on mJOA scores, should be performed. Characterizing AACID changes 

along the spinal cord in patients with mild and severe symptoms could uncover if the 

contribution of ischemia/hypoxia differs between groups. Including a broader range of 

symptom severity would also help to determine how sensitive the AACID measurement 

is to functional changes. Finally, a study should be performed linking AACID 

measurements to outcomes following decompression surgery to determine if AACID 

could be utilized as a predictor of long-term functional outcomes for these patients. Such 

a biomarker could help to identify which and when patients should undergo surgery, with 
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the goal of fine-tuning patient selection to those that will improve or remain 

neurologically stable after decompression surgery.  

5.5 Conclusion 

The current study supports the hypothesis that spinal cord compression in DCM patients 

may result in both spinal cord ischemia and hypoxia. The extent of spinal cord ischemia 

could extend beyond the site of compression. Future work should correlate AACID 

measurements to neurological outcomes after decompression surgery to determine if the 

magnitude of pH change can predict long-term functional outcomes.  
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5.8 Supplementary Materials 

5.8.1 CEST Acquisition 

Supplementary Table 5.1: Offsets (measured in ppm) sampled to acquired Z-spectrum 

for all patients and healthy controls (read left to right, top to bottom), with non-saturated 

scan (S0) of 100 ppm interleaved after every third frequency offset. 

-300 100 -6.5 -6.0 -5.5 100 -5.0 -4.5 -4.3 100 

-4.1 -3.9 -3.7 100 -3.5 -3.3 -3.1 100 -2.9 -2.5 

-2.0 100 -1.5 -1.0 -0.5 100 -0.3 -0.1 0 100 

0.1 0.3 0.5 100 1.0 1.5 1.7 100 1.9 2.1 

2.3 100 2.5 2.7 2.9 100 3.1 3.3 3.5 100 

3.7 3.9 4.1 100 4.3 4.5 5.0 100 5.5 6.0 

6.5 100         

5.8.2 Fitting 

Fitting was performed in MATLAB using the Levenberg-Marquardt algorithm using the 

following equation: 

𝑀𝑧(∆𝜔)

𝑀𝑧
0(∆𝜔)

= 𝑍(∆𝜔) = 𝑍𝑏𝑎𝑠𝑒 −∑𝐿𝑖
𝑖

(∆𝜔) [5.8.1] 

with 
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𝐿𝑖(∆𝜔) =  
𝐴𝑖

1 + (
∆𝜔 − 𝛿𝑖

Γ𝑖
)
2 

[5.8.2] 

 

Each Lorentzian function (𝐿𝑖) is defined for each offset (∆𝜔) by amplitude 𝐴𝑖, full width 

at half maximum (FWHM) Γ𝑖, and displacement from the frequency of bulk water 

protons 𝛿𝑖. 𝑍𝑏𝑎𝑠𝑒 corrects for constant signal reduction.  
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Supplementary Table 5.2: Starting points and boundary values of all fit parameters of 

the six-pool Lorentzian fit. Chemical shift (δ) and FWHM (Γ) are given in ppm. 

 Start Lower Upper 

Zbase 100 80 100 

Awater 90 2 100 

Γwater (ppm) 1 0.03 2 

δwater (ppm) 0 -2 1.0 

AMT 10 2 20 

ΓMT (ppm) 10 7 100 

δMT (ppm) -2 -3 0 

ANOE -2 -10 10 

ΓNOE (ppm) 0.8 0.1 2 

δNOE (ppm) -4 -4.25 -3.5 

Aamide(3.50ppm)  1 0 10 

Γamide(3.50ppm) (ppm) 0.3 0.1 1 

δamide(3.50ppm) (ppm) 3.5 3.25 3.75 

Aamine(2.75ppm) 1 0 10 

Γamine(2.75ppm) (ppm) 0.3 0.1 1 

δamine(2.75ppm) (ppm) 2.75 2.5 3.0 

Aamine(2.0ppm) 1 0 10 

Γamine(2.0ppm) (ppm) 0.3 0.1 1 

δamine(2.0ppm) (ppm) 2.0 1.75 2.5 
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Chapter 6  

6 Conclusions 

6.1 Thesis Summary 

The primary goal of this thesis was to develop and assess the reproducibility of pH-

weighted CEST MRI measurements in the human cervical spinal cord, which could 

eventually be applied in DCM patients to determine if hypoxia is an important predictor 

of outcome for surgical decompression treatment.  

6.1.1 Spinal cord compression is associated with brain plasticity in 
degenerative cervical myelopathy 

Before the development and implementation of AACID CEST MRI, Chapter 2 describes 

the results of the first exploratory study of motor area brain functional activation in 

twenty-three DCM patients to explore the relationship between spinal cord compression 

severity pre-operatively and functional activation patterns. Using task-based fMRI that 

utilized a structured finger-tapping paradigm, we observed that functional motor activity 

was increased in patients with more severely compressed cervical spinal cords, with the 

most significant correlation occurring in the contralateral primary motor cortex. This 

observation demonstrated that DCM patients exhibited varying compensatory cortical 

activation pattern expansion depending on the severity of the spinal cord compression. 

This expansion of cortical activity may be the result of brain plasticity and the rewiring of 

axons from the lower limb extremities into the hand region to compensate for the loss of 

motor hand function required to complete the finger-tapping task (176). In this study, 

spinal cord compression severity was used as a proxy for hypoxia as the assumption was 

made that compression of the spinal cord may induce pathophysiological changes, like 

hypoxia. Since greater compression likely induces greater ischemia/hypoxia in the spinal 

cord, we hypothesized that the observed cortical reorganization, manifested as increased 

functional activity, was a compensatory response to tissue damage in the spinal cord.  

Overall, this was the first study to demonstrate that DCM patients recruit larger 

regions of the motor cortex to perform a structured finger-tapping task when spinal cord 
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compression is more severe. This recruitment may be a compensatory mechanism for 

neurological injury occurring in the spinal cord, which we hypothesize is associated with 

hypoxia. 

6.1.2 Reproducibility of 3D Chemical Exchange Saturation 
Transfer (CEST) Contrasts in the Healthy Brain at 3T 

AACID is a CEST contrast that has previously been shown to be pH-weighted and can 

detect changes in pH in different animal models at the higher magnetic field strength of 

9.4 T (129,130). However, this specific CEST contrast has never been utilized at a lower 

field strength nor in humans. 

In Chapter 2, it was hypothesized that the pathophysiological mechanism of 

ischemia/hypoxia occurs in the spinal cord of DCM patients; however, direct in-vivo 

quantification of hypoxia is challenging. However, when hypoxic conditions occur in 

tissue, there is an excess production of lactate and H+, lowering the pH of the affected 

tissue. AACID CEST is a ratiometric approach using the endogenous CEST effects of 

both amide (3.50 ppm) and amine (2.75 ppm) exchangeable protons. AACID is sensitive 

to changes in intracellular pH while only exhibiting a small dependence on temperature, 

bulk water T1 relaxation, and macromolecule concentration.  Chapter 3 focused on the 

development and optimization of the AACID CEST MRI measurement in both egg-white 

phantoms and the healthy brain. The reproducibility of multiple 3D CEST contrasts, 

including AACID, was characterized in both gray and white matter.  

Optimization of the in-vivo AACID acquisition was performed in both egg-white 

phantoms, which is an appropriate material to model the amide and amine CEST effect, 

and the healthy brain of three volunteers. It was found in both the phantom and healthy 

brain that the amide signal was maximized when using a Gaussian saturation pulse 

amplitude of B1 = 0.5 µT (30 pulses, 100 ms each, 1 ms delay between each pulse, total 

saturation time of 3.03 s). Utilizing egg-white phantoms of differing pH, it was found that 

the linear relationship between pH and AACID was valid at the 3.0 T magnetic field 

strength.  
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Because the healthy brain is larger and experiences less physiological movement 

compared to the spinal cord, the brain was used to characterize the reproducibility of four 

different 3D CEST contrasts in healthy volunteers at 3.0 T. This strategy was used prior 

to optimization in the more difficult spinal cord.  Two 3D CEST scans, which were 

positioned superior to the ventricles, were performed in 12 healthy subjects, 

approximately 10 days apart. The scan-rescan reproducibility was characterized both 

within-subject and between-subject in AACID, Amide*, MTRRex(δamide), and 

MTRRex(δNOE). Both AACID and MTRRex(δNOE) had the highest within-subject and 

between-subject reproducibility for both tissue types. This result suggested that these 

contrasts would be the most sensitive and preferred for clinical applications in the brain. 

The high reproducibility of AACID in the healthy brain was a promising indicator that it 

would be feasible to implement this pH-weighted CEST contrast at lower magnetic field 

strength in the spinal cord. 

6.1.3 Reproducibility of 3D pH-Weighted Chemical Exchange 
Saturation Transfer Contrast in the Healthy Cervical Spinal 
Cord 

Having established in Chapter 3 that AACID CEST had a very high within-subject and 

between-subject reproducibility in the healthy brain, the application of AACID in the 

healthy cervical spinal cord was studied in Chapter 4. Additional challenges were present 

when translating CEST MRI from the brain to the spinal cord. The spinal cord is small in 

diameter and close to the heart and lungs, which can lead to problematic motion artefacts. 

The small diameter of the cord and the surrounding larger, bony vertebrae can also 

introduce B0 and B1 inhomogeneities in the spinal cord, which would also impact AACID 

measurements.  

As this was the first study to develop and measure AACID CEST in the cervical 

spinal cord, there were two main objectives. The first objective was to evaluate the scan-

rescan (both within-subject and within-subject) reproducibility of AACID measurements 

along the healthy cervical spinal cord at 3.0 T and determine if AACID measurements 

significantly differed between cervical spinal cord levels. The second objective of this 

study was to compare measurement reproducibility when utilizing different post-



 

167 

processing schemes that incorporate a signal drift (respiratory) correction, B1-

inhomogeneity correction, or a combination of both.  

Two 3D CEST scans were performed on 12 healthy subjects approximately 10 

days apart, with the 3D CEST volume centered at the C4 level for all subjects. It was 

found that in the healthy cervical spinal cord, AACID measurements were not 

significantly different throughout the cord. The C4 level, or the level associated with the 

center of the 3D volume, demonstrated both the lowest within-subject and between-

subject reproducibility for all post-processing schemes. Incorporating the B1-correction 

significantly improved the reproducibility compared to no correction, while interestingly, 

the signal drift (respiratory correction) did not show any significant improvement. 

Overall, this study was the first to apply the pH-weighted AACID CEST contrast in the 

cervical spinal cord, and it was concluded that AACID measurements, while 

incorporating a B1-inhomogeneity correction, were sufficiently reproducible for study of 

pathological conditions and that optimal image quality was achieved at the center of the 

3D CEST volume.  

6.1.4 Spinal Cord pH-weighted CEST MRI Suggests Hypoxia in 
Degenerative Cervical Myelopathy 

Chapter 4 demonstrated that AACID measurements were most reproducible in the 

cervical spinal cord at the center of the 3D CEST volume while also incorporating a B1-

inhomogeneitiy correction. Chapter 5 describes preliminary work acquiring CEST scans 

in DCM patients and older volunteers. As a research group, we were interested in 

utilizing pH-weighted CEST contrast in the spinal cord of DCM patients to determine if 

hypoxia could be an indicator to tissue damage and potentially a predictor of surgical 

outcome. Surgical intervention, by means of decompression surgery, is the recommended 

treatment for DCM patients who are considered moderate or severe. However, studies 

have shown that 25% of patients will still worsen after surgery, creating a need to find 

reliable surgical outcome predictors (10,13). As previously mentioned, it has been 

hypothesized that ischemia/hypoxia is a pathophysiological mechanism that could 

influence the progression of DCM (42) and has the potential to be a measure of outcome. 
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The purpose of the study described in Chapter 5 was to determine: 1) if AACID 

values at the compression site of DCM patients significantly differed from healthy 

control subjects, 2) if AACID measurements changed throughout the spinal cord of DCM 

patients, and 3) if the compression severity metric from Chapter 2 significantly correlated 

with AACID measurements at the site of compression. For this initial pilot study, six 

DCM patients were recruited, along with five older controls and 12 younger controls. No 

differences were found in AACID measurements within the cord of DCM patients, 

possibly suggesting that hypoxia is not localized to the site of compression. Interestingly, 

AACID measurements at the site of compression in DCM patients did not significantly 

differ from the AACID values at the center of the 3D volume of the older controls but 

were significantly higher compared to the AACID measurements of the younger controls. 

This result could indicate that hypoxia may be present in DCM patients at the site of 

compression; an increased AACID measurement is associated with a more acidic pH. 

Comparing the compression severity metric from Chapter 2 to the AACID measurements 

at the site of compression did not demonstrate a significant correlation; however, the 

trend is beginning to show that patients with higher severity of compression also had a 

higher AACID value. The compression severity metric, however, could be too crude of a 

measurement to encompass the complexity of tissue hypoxia. Overall, this pilot study 

initially supports the hypothesis that spinal cord compression in DCM patients may result 

in both spinal cord ischemia and hypoxia.  

6.2 Thesis Significance and Impact 

Each of the presented studies offered novel information regarding cortical activity 

correlating with compression severity and the development of pH-weighted CEST MRI 

in the cervical spinal cord, which could be utilized in patients with DCM to determine if 

tissue hypoxia is present. The most important findings presented in this thesis are as 

follows: 1) functional activity is increased in the motor areas of the brain in DCM 

patients with more severe compression, which may be due to cortical reorganization 

occurring to compensate for functional deficits experienced during a structured tapping 

task; 2) pH-weighted AACID CEST can be successfully implemented at the clinically 

relevant field strength of 3.0 T and the linear relationship between AACID and pH still 
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holds; 3) AACID and MTRRex(δNOE) are the most reproducible 3D CEST contrasts at 

3.0 T in both gray and white matter in the healthy brain; 4) AACID CEST can be 

successfully measured in the healthy cervical spinal cord, with the center of the 3D 

volume, in conjunction with a B1-inhomogeneity correction, producing the most 

reproducible results; and 5) preliminary data demonstrates higher AACID values in the 

spine at the site of compression in DCM patients compared to younger controls, 

indicating lower pH. Overall, this thesis demonstrated that AACID CEST can be utilized 

at a clinical field strength and can be implemented in the cervical spinal cord. All the 

studies in this thesis provide the groundwork to determine if hypoxia occurs in the spinal 

cord of DCM patients and to determine if it can be used as a predictor of outcome after 

decompression surgery. Ultimately, the work from this thesis has the potential to be used 

to increase the number of patients who either improve or remain neurologically 

unchanged following decompression surgery, overall, enhancing the care provided for 

DCM patients.  

6.3 Future Directions 

6.3.1 CEST Image Acquisition Improvements 

The studies performed in Chapters 4 and 5 demonstrated the successful development and 

utilization of CEST MRI in the cervical spinal cord. However, one limitation of the 

current implementation of AACID in the spinal cord is the low spatial resolution, 

particularly in-plane resolution (2.0 x 2.0 mm). While the spatial resolution of the CEST 

images was sufficient to identify the cord, partial volume effects between the edges of the 

cord and the CSF are of particular concern. The concern about in-plane spatial resolution 

is even more prevalent in DCM patients, as the cross-sectional area of the spinal cord is 

even smaller in the compressed region. Higher spatial resolution would also allow for 

gray and white matter to be discerned in the spinal cord. It would be of interest to 

determine if hypoxia manifests differently in the different tissue types of the cervical 

spinal cord. One current concern about improving the in-plane spatial resolution, 

however, is the increase in scan time. Ideally, when scanning subjects, especially older 

subjects who are more prone to experience DCM, shorter scan times are preferred for 

clinical implementation. Future steps should also reduce scan time by either minimizing 
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the number of slices acquired or utilizing more sophisticated reconstruction methods, like 

compressed sensing.  

 Furthermore, the current slice thickness associated with the 3D CEST acquisition 

is 5 mm, which is necessary to provide adequate signal-to-noise (SNR), increase 

coverage, and improve sensitivity to detect small changes in the CEST effect. 

Unfortunately, a problem that is inherent to spinal cord imaging is the need to acquire 

axial slices along a curved structure. Increasing the sensitivity and SNR by increasing the 

thickness is only effective when axial slices are truly perpendicular to the cord. When 

slices are not perpendicular to the spinal cord, partial volume effects between tissue types 

and CSF can cause a loss in spatial resolution due to blurring. Unfortunately, a vast 

majority of people have natural curvature to their spinal cord and achieving slice 

perpendicularity is a challenge. Chapter 4 highlights this issue, as slices that were not 

perfectly perpendicular to the spinal cord (i.e., slices on the C2 and C6 levels) were not as 

reproducible as the center of the volume. To improve the accuracy of the AACID 

measurements throughout the 3D volume, an automatic slice angulation algorithm should 

be integrated into the acquisition. Using the Spinal Cord Toolbox (SCT) to identify the 

spinal cord on the scanner (174), the algorithm could automatically perform individual 

slice placements to ensure perpendicularity throughout the cord. 

 Finally, to improve the acquisition of 3D CEST in the cervical spinal cord, 

introducing a prospective motion correction could be beneficial. Chapter 4 incorporated a 

respiratory correction that leveraged the idea that CEST images acquired with no 

presaturation should have a consistent signal intensity. Any change in this non-saturated 

CEST signal intensity was ascribed to motion and should be normalized to reduce the 

effect. Ultimately, this signal drift correction did not provide any significant 

improvement to the reproducibility of the AACID measurements. However, introducing a 

more comprehensive 3D motion correction of the CEST images in the spinal cord may 

provide a more robust correction to any respiratory motion induced in the spinal cord. 

More specifically, introducing k-space navigators could prospectively measure the 

motion during the scan. MRI data is acquired in the k-space domain, so motion during 

acquisition (i.e., k-spacing filling) would result in blurring in the reconstructed CEST 
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images. K-space navigators can track this motion; navigators acquire portions of k-space 

at multiple time points throughout the acquisition, and when referenced to each other can 

be used to estimate motion. Future development should consider incorporating these 

navigators into the CEST sequence to robustly correct motion and potentially improve the 

accuracy of the CEST measurements. Through these various suggestions, the quality of 

spinal cord CEST imaging could be further improved, which would further increase its 

value in spinal cord MRI research.  

6.3.2 DCM Study Continuation 

Chapter 5 describes the initial pilot study utilizing AACID CEST MRI in the spinal cord 

of DCM patients. The preliminary results demonstrated that DCM patients had a 

significantly higher AACID value at the site of spinal cord compression compared to the 

spinal cord of younger controls, but the AACID value was not significantly different than 

older controls. However, the statistical power of this study must be increased. Because 

there is a low number of patients and older controls, detecting minor differences in 

AACID values between the two groups with the current data is challenging. Recruitment 

for this study must be continued to increase statistical power. Additionally, future 

recruitment should also focus on scanning and comparing DCM patients who are mild, 

moderate, and severe. The sensitivity of AACID CEST in the spinal cord could be 

evaluated to determine if ischemia/hypoxia is related to neurological changes occurring 

in these patients. Furthermore, a study should be performed that utilizes the task-based 

fMRI presented in Chapter 2 and AACID CEST. This study would be able to determine if 

ischemic injury in the spinal cord leads to cortical reorganization in the motor areas of the 

brain, which is what was hypothesized to be occurring in the Chapter 2 study. 

Finally, to determine if hypoxia could be a measure of surgical outcome in DCM 

patients, a study will need to be performed that would determine if AACID 

measurements in the spinal cord of these patients correlate with outcomes following 

decompression surgery. This study would determine if AACID is a good predictor for 

neurological outcomes in DCM patients. Identifying a reliable predictor of surgical 

outcome in these patients would assist in determining which patients would benefit from 

decompression surgery and when surgery should be performed. Such a measure would 
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increase the number of patients who either improve or remain neurologically unchanged 

following decompression surgery. 
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