
RESTING-STATE FUNCTIONAL MAGNETIC RESONANCE IMAGING 

OF THE HUMAN BRAINSTEM AND CERVICAL SPINAL CORD 

 

By 

 

Shreyas Harita 

 

A thesis submitted to the Centre for Neuroscience Studies  

in conformity with the requirements for the  

Degree of Master of Science 

 

Queen’s University 

Kingston, Ontario, Canada 

June, 2017 

 

Copyright © Shreyas Harita, 2017 



ii 
 

Abstract 

Resting-state functional magnetic resonance imaging (rs-fMRI) has been used to map 

extensive networks within the cortex, but its use to study resting-state connectivity in the 

brainstem (BS) and spinal cord (SC) has been limited. This is because of the challenge associated 

with using fMRI in this region. One reason for this is the small cross sectional area of the SC. 

The proximity of the BS and SC to the heart and lungs increases the amount of noise arising 

from physiological sources. The noise has a larger effect on the MR data acquired from the BS 

and SC than the cortex. Therefore, having a larger source of noise makes it harder to identify the 

source and separate from the data. The studies presented in this thesis try to tackle this problem. 

Data for both studies in chapters two and three, were obtained from 16 healthy participants. The 

study in chapter two used axially acquired images at the level of the periaqueductal gray, the 

rostral ventro-medial medulla and the sixth cervical SC segment. The study presented in chapter 

three used sagittal slice images from the thalamus to the T1/T2 vertebral disk spanning 9 sagittal 

slices centered on the SC.  The results of the study in chapter two identify specific sources of 

noise and quantify their contribution to the overall signal variance. The largest contributor to the 

signal variance was bulk motion (19%). Cardiac-related motion accounted for 14% of the signal 

variance followed by non-specific signal variations detected in white matter (10%), respiratory-

related motion (2.6%), and end-tidal CO2 variations (0.7%). Significant left-right connectivity 

was detected in the dorsal horns and ventral horns of the SC after the noise was removed from 

the data. The study presented in the chapter three saw extensive connectivity within and across 

the BS and SC. Resting-state networks were observed between the BS and SC which involved 

primarily dorsal or ventral SC regions, and included specific anatomical regions within the BS as 



iii 
 

well. These results demonstrate the presence of resting-state connectivity within the BS and SC 

and are an important step towards developing rs-fMRI in this region.   
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Chapter 1 

 Introduction 

The study of the structure and function of the brainstem and spinal cord in human beings, and 

how they are affected due to injury or disease is challenging. Neuroimaging methods have 

developed rapidly in recent years and currently, they are widely used to non-invasively study the 

structure and function of the brain and spinal cord. Essentially, neuroimaging is the use of 

numerous techniques to image the structures and functions contained within the central nervous 

system (CNS). One of the most commonly used neuroimaging techniques, both in research and 

in clinical environments, is magnetic resonance imaging (MRI). An MRI system employs 

powerful magnetic fields and radio waves to obtain two and three dimensional images of the 

organ being investigated. (1). In order to study the functioning of the CNS, functional MRI 

(fMRI) is a specific extension of MRI, to study the function of neuronal sub-populations in 

specific regions of the brain, brainstem or spinal cord as well as to study how these regions 

interact with one another.  Functional MRI has proven to be a useful tool to study the function of 

the CNS in task-based paradigms. More recently, fMRI has been used to study the organization 

of the CNS in the resting-state. Resting-state fMRI (rs-fMRI) has been used in an attempt to map 

out various neuronal networks in the brain in the absence of a specific cognitive, sensory or 

motor task (2). These networks are called resting-state networks (RSNs). The most widely 

studied RSN is the default mode network (DMN). The neurons in the cortical regions, which are 

a part of the DMN, are coordinated at rest, but more importantly, their activity was seen to be 

reduced when a particular task was performed (2-4). This observation has been seen is other 

RSNs involved in memory, vision and hearing (5). The use of rs-fMRI has been extended to 
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study patients with neurological disorders like Alzheimer’s disease (AD), depression, autism and 

schizophrenia, to name a few. A change in the resting-state organization has been reported in 

each disorder (6). Thus, rs-fMRI has been shown to be useful to study how such conditions affect 

the brain.  

While rs-fMRI has been used extensively to study the functional organization within the 

cortex, its use to study RSNs in the brainstem and spinal cord has, however, been limited. This is 

partly because of the challenges associated with using fMRI in this region. The spinal cord and 

brainstem are structurally different from the cortex. The spinal cord has a smaller cross section 

area and it is a long, cylindrical structure. Physiological noise due to heartbeat and breathing 

arise due to the proximity of the spinal cord to the heart and lungs. These factors make the effect 

the noise has on the signal larger than in the cortex. (7). At the time the study in chapter two was 

published, only three publications had documented using rs-fMRI in the spinal cord. These 

studies have been important first steps in the development of rs-fMRI in the spinal cord. While 

the authors applied some form of noise reduction to account for the physiological noise, specific 

sources of noise have not been identified or quantified. As a result, the overall conclusions 

reached by these studies are not convincing (8-10).  

In chapter two, the study details methods that were employed to identify and model specific 

sources of noise. The contribution of each noise source was quantified and it was removed then 

from the data. A correlation analysis of the resulting ‘clean’ data was used to determine the 

presence of resting-state BOLD connectivity in the brainstem and spinal cord. The study 

presented in chapter three continues where chapter two left off, and tries to identify the source of 

the resting-state BOLD fluctuations in the brainstem and spinal cord. This study also documents 

the presence of resting-state BOLD networks in the brainstem and spinal cord. However, before 
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we explore each study and its importance, it is essential to have an understanding of the key 

concepts behind each study. The rest of this chapter deals with introducing the fundamentals of 

MRI research, including the MR signal, fMRI, rs-fMRI and its use in the brainstem and spinal 

cord. 

1.1 Magnetic Resonance Imaging (MRI) 

Magnetic resonance imaging (MRI) is a modern imaging technique used in medicine and 

research to study the anatomy and physiology of healthy subjects and clinical patients alike.  Its 

non-invasive nature makes MRI particularly useful in neuroscience to study the structure and 

functions of the different parts of the brain and spinal cord. Images of the human brain were 

obtained using an MR system for the first time in 1978 and since then MRI has rapidly grown 

and has been extensively used in neuroscience research, especially in the last two decades. In this 

thesis, fMRI was used during the resting-state to study the brainstem and spinal cord. In order to 

have a thorough understanding of the results in a MRI paper, one must first understand the 

fundamental concepts on which MRI is built. Where does the MR signal originate from? How is 

it measured? What is the difference between MRI and fMRI? What is BOLD? These questions 

are addressed in this section. 

1.1.1 The MR Signal 

At its core, MRI is based on the concept of electromagnetism and uses powerful magnetic 

fields. There is an ample amount of hydrogen in the human body and the MR system uses the 

hydrogen nucleus’ magnetic properties to function. There is a single proton present in the 

nucleus of the hydrogen atom. Protons are known to spin on their axes and have electric charges 

distributed within them. The intrinsic spin and the charge of the protons give rise to their 
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inherent magnetic field, called magnetic moment. The angular momentum of the proton is a 

result of this inherent spin coupled with the mass of the proton. The powerful magnetic fields 

produced by the MR system are used to control and alter the magnetic moments of the protons 

(hydrogen nuclei) within the tissues of the body. Once altered, the recovery of the magnetic 

moments of the hydrogen nuclei is measured and this is the source of the MRI data which is then 

reconstructed to form 3D images of the brain and spinal cord by a computer (1). 

This magnetic property of hydrogen nuclei allow the tissues of a person to become weakly 

magnetized when they are placed in the magnetic field of the MR system. As a result, the 

hydrogen nuclei align in a parallel or antiparallel direction to the static magnetic field called B0. 

The parallel alignment allows for a lower energy state and therefore, hydrogen nuclei tend to 

align parallel to B0. This alignment of hydrogen nuclei to B0 is called equilibrium magnetization, 

denoted by M0. To clarify, the hydrogen nuclei do not automatically align with B0 as soon as 

they are placed in a magnetic field. As the hydrogen nuclei align with B0, they rotate on their 

axis (precession) at a fixed frequency around B0. This is comparable to the wobbling motion of a 

spinning top. This precession is in addition to the nucleus of the hydrogen atom spinning about 

its own axis due its mass and inherent spin (angular momentum). Different tissues in the body 

have a different magnetization. Thus, we are able to measure how the hydrogen nuclei in the 

various body tissues enter a state of equilibrium, via a process called ‘relaxation’. To measure 

the relaxation of the hydrogen nuclei, the nuclei must first be removed from the equilibrium 

state, which they achieve after the person enters the MR system. In order to remove the hydrogen 

nuclei from a state of equilibrium, a brief pulse of a smaller magnetic field (B1), called 

radiofrequency (RF) pulse, is applied.  The RF pulse is perpendicular (90º) to B0. The precessing 
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magnetization induces an electrical signal in the receiver coil of the MR system which is the MR 

signal (1).  

Hydrogen nuclei interact with one another, allowing them to lose energy and return to 

equilibrium, following the application of the RF pulse. The degree to which the RF pulse knocks 

the magnetization of the hydrogen nuclei away from B0 is called the flip angle. The relaxation 

process has two components: the longitudinal component and the transverse component. The 

recovery of the magnetization parallel to B0 represents the longitudinal component of relaxation. 

The time taken for this recovery is denoted by T1. The decline of the transverse magnetization to 

zero constitutes the transverse component of the ‘relaxation’ process. The time taken for this 

decline is denoted by T2. The added effects of magnetic field in homogeneities to the transverse 

relaxation cause the observed transverse relaxation which is characterized by the time T2
*
. The 

mobility of the hydrogen nuclei in water and lipids determine the length of T1 and T2. Mobile 

water increases the length of the relaxation process, while fatty tissues (lipids) shorten it. The 

different types of tissues and gives rise to different magnetic environments within the body. This 

allows us to differentiate between different tissues in a MR image (1).  

The RF pulse is applied to displace the magnetization out of alignment with B0. The 

precessing magnetization gives rise to the MR signal. To use the resulting MR signal, it has to 

last long enough in order to be measured and for us to detect differences in relaxation times 

between different time points and/or between different tissues. To achieve this, echoes of the MR 

signal are used. An echo, when used in relation to MR imaging, refers to the process of briefly 

bringing back the MR signal after its decay. Following the application of the RF pulse, the MR 

signal decays. Field imperfections, interactions between hydrogen nuclei and magnetic 

susceptibility differences result in the hydrogen nuclei of the same tissue to not be in the same 
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magnetic field. This causes the hydrogen nuclei to precess at different speeds and causes a spread 

in the directions of the transverse magnetization at different points in the tissue. In other words, 

the magnetization ‘dephases’ (thus contributing to the transverse relaxation that is characterized 

by the time T2
*), and in order to reverse this dephasing, echoes are employed to provide more 

time to measure the MR signal. Every MRI based study uses one of two fundamental imaging 

methods: A gradient echo (GE) or a spin echo (SE). Following the RF excitation pulse, a 

magnetic field gradient is applied for a short time.  Another gradient is applied in the opposite 

direction and shortly after this the effects of the two gradients cancel each other out. As a result, 

the transverse magnetization is brought back into phase and an MR signal can be detected. This 

is a gradient echo. Only the gradients applied are cancelled in a GE. It is important to note that 

GEs do not cancel the inherent spatial magnetic field variations or the dephasing caused by them. 

Thus, a gradient echo is T2
*-weighted. In contrast, a SE involves the application of a second RF 

pulse which is designed to rotate the magnetization 180º around an axis within the transverse 

plane. The 180º RF pulse essentially causes the magnetization to come back into phase after the 

90º RF pulse. The magnetization, however, does not perfectly return into phase and so, rather 

than the entire MR signal, a part of it is recovered at the peak of SE. The effects of constant 

magnetic field variations and any applied gradients are canceled out by the 180 RFº pulse. 

However, the 180º RF pulse does not affect the transverse relaxation (T2) as it is caused by the 

random interactions between hydrogen nuclei. Thus, a spin echo is T2-weighted. In both GE and 

SE, the time between the center of the initial RF pulse to the center of the echo is called the echo 

time (TE). This can be repeated as required at a chosen repetition time (TR). TR is the time 

between the first RF pulse and the next RF pulse after the echo has been formed. The amount of 
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T1 and T2 or T2
* -weighting in the MR signal is determined by the choices of TR and TE, 

respectively. Studies involving the use fMRI can use either spin or gradient echoes (1). 

1.1.2 Functional MRI (fMRI) 

Functional MRI (fMRI) is an extension of the concepts used in MRI. This method involves 

the use of contrast mechanisms to identify neural function. FMRI is used to study the functioning 

of neurons in healthy and disease conditions. Contrast refers to the different intensities (i.e., MR 

signal strengths) between features within the same image or between different images at two 

separate time points. Blood-Oxygenation-Level-Dependent or BOLD is the most common 

contrast mechanism used for fMRI. The BOLD contrast combines the following concepts – 1) as 

the neuronal activity changes, the amount of O2 consumption by the tissues increases, 2) the 

increase in supply of O2 exceeds the increase in demand of O2 and 3) local changes in relaxation 

rates are proportional to the ratio of the oxygen consumed to that of the total cerebral blood flow 

due to the magnetic properties of deoxygenated hemoglobin. Neurons require oxygen in order to 

function properly and as their activity increases, so does their need for oxygen. Oxygen is 

delivered to the tissues throughout the body via a metalloprotein containing iron, called 

hemoglobin (Hb). When Hb is paired with oxygen it has no free electrons and therefore, is 

diamagnetic. This means that when it is placed in a magnetic field (MR system) there is a very 

small effect on it. However, as the neuronal oxygen demand increases, Hb gives up the oxygen at 

the sites where it is required. When Hb is no longer paired with oxygen, it has four free electrons 

per heme group and is therefore, paramagnetic. There is a higher magnetic field inside the 

paramagnetic Hb molecule when it is placed in a magnetic field, than a diamagnetic Hb 

molecule. The higher magnetic field causes a larger local distortion of the magnetic field, which 

affects relaxation times (1).  
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This causes differences in the relaxation times which can be detected from the MR signal 

strength and compared between neuronal populations that are expected to be involved in task or 

stimulus paradigm. This is the underlying principle of BOLD contrast. It is important to note that 

the neuronal activity which is measured using the BOLD contrast refers to the pre-synaptic 

(incoming) input or local processing to the given area rather than the spiking outputs (11). 

Therefore, a change in the BOLD signal can reflect either an inhibitory or excitatory input. 

While it is easy to link the “activity” seen in fMRI studies with excitatory input signals, it is 

important to consider that the “activity” referred to may very well be the result of inhibitory 

signals. Neuronal populations which are more active during a task or stimulus paradigm receive 

more inputs and the BOLD contrast utilizes this to study their response. 

1.2 The use of fMRI in brainstem and spinal cord 

1.2.1 Applying fMRI to the brainstem and spinal cord 

The use of fMRI extends beyond studying the functioning of the brain. Its use to the study the 

functions of the brainstem and spinal cord have seen a rapid increase over the last two decades. 

The brainstem is located in the posterior end of the brain and is comprised of the midbrain, pons 

and medulla oblongata. The cranial nerves originate at various levels of the brainstem and 

provide motor and sensory innervation to the face and neck. The major motor and sensory tracts 

to and from the body pass via the brainstem. The sensory tracts include the spinothalamic tract 

(pain, temperature, crude touch) and dorsal column medial lemniscus (vibration, fine touch, 

proprioception) and the corticospinal tract relays descending motor information. Furthermore, 

the brainstem plays a role in keeping us conscious, balancing the sleep-wake cycle and is 

involved in mediating functions like heart rate, eating and breathing. The spinal cord is 
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structurally continuous with the brainstem. The spinal cord is a long (~ 45 cm), thin, cylindrical 

structure and it spans a range starting at the base of the caudal medulla to the lumbar vertebrae of 

the spine. The spinal cord varies in width from 15 mm at the cervical enlargement and lumbar 

regions to 6.5 mm wide in the thoracic segments. Functionally, the spinal cord forms a neural 

interface between the brain and the rest of the body. It relays motor outputs from the motor 

cortex the muscles and glands and sensory information from the sensory receptors to the 

brainstem and sensory cortex. The spinal cord is also involved in the coordination of several 

reflexes and has reflex arcs which control reflexes independent of inputs from the cortex.  

There are some similarities in the methods used to acquire fMRI data in the brain and spinal 

cord, however there are some important differences as well. One of the primary factors which 

govern the use of fMRI in this region is the way it is structured. The spinal cord and brain are 

distinctly different when it comes to their structure. The spinal cord is a long (~ 45 cm in 

humans), cylindrical structure and has a much smaller cross section than the brain. This makes it 

susceptible to even the slightest body movement when the participant is in the scanner (7). 

Additionally, compared to the brain, the spinal cord is located much closer to visceral organs like 

the heart and lungs. As a result, the physiological noise (due to heartbeat and breathing) has a 

more pronounced effect on the fMRI signal acquired from the spinal cord. This is turn, can lead 

to the identification for false positive correlations. The spinal cord is located within the spinal 

canal and is immersed in cerebrospinal fluid (CSF). Along with each heartbeat, the CSF pulsates 

causing the innate motion of the spinal cord. The movements caused due body motion, heartbeat 

and breathing are the chief sources of noise in spinal fMRI data (7). In order to protect the 

delicate spinal cord, it is encapsulated by the meninges (dura mater, arachnoid, pia mater) and 

also has bony vertebrae which surround it throughout its length (the spine). The different tissue 
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layers (bone, meninges, cord) cause distortions in the magnetic field which in turn lead to spatial 

distortions in the MR image obtained. This can reduce the MR signal obtained from the cord 

near these interfaces. The above mentioned characteristics of the brainstem and spinal cord make 

it challenging to use fMRI in this region (1,7).  

When it comes to brain fMRI, typically GEs coupled with echo planar imaging (EPI) are used 

as this method is fast. However, if this method was applied to obtain images from the brainstem 

and spinal cord, the resulting images would be of poor quality and would appear distorted 

primarily because of the various tissue interfaces stated above. In order to circumvent this 

challenge, an alternate imaging choice is a SE method called half-Fourier acquisition single-shot 

turbo spin echo (HASTE) (12). HASTE provides MR images of high quality with a fast 

acquisition time and importantly, it bypasses the field distortions caused by the structures 

surrounding the brainstem and spinal cord. The results of this study concluded that a TE of 75 

milliseconds (ms) produces optimal BOLD contrast-to noise ratio when using the HASTE 

method of imaging, because this value matches the transverse relaxation time (T2) of the tissues 

in the spinal cord (12). Physiological noise reduction techniques have also been investigated with 

regards to spinal fMRI. Two ways have been shown to improve the quality of the data obtained 

from spinal fMRI. The normalization step involves the alignment of the images obtained to a 

template containing temporally averaged images from a single participant. This step helps to 

orient the functional and anatomical data in the same way. Not only does this lead to a decrease 

in the number of false-positives in the null data, but it also increased the active voxels identified 

in the task data. The process of co-registering the images helps to reduce the effects of motion 

(12). Including the first and second components of the independent component analysis (ICA) as 

regressors helps improve the data quality as well. ICA is a statistical method that has been used 
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to explore numerous networks spanning the entire brain. ICA breaks down the signal in order to 

see what components are present in the data. This way, ICA can help determine the sources that 

have generated the resulting signal (13). In fMRI studies, ICA can be used to break down the 

BOLD signal obtained to see what the constituent components are. This could correspond to 

common underlying physiological noise or a potential functional network generated by neuronal 

activity. This step substantially increased the number of active voxels identified in the task-based 

data. Temporal filtering helps to isolate the frequencies of interest. However, a temporal filter 

leads to the increase in the number of false-positives identified and does not significantly 

improve signal quality (12). These advancements in spinal fMRI have helped to better data 

acquisition methods and analyze the resultant data obtained. 

Functional MRI in the brainstem and spinal cord has been used study neuronal function at 

various levels and a range of functions. Spinal fMRI studies in humans and animals have looked 

at the cervical, lumbar and thoracic spinal segments (14-21). The functions that have been 

studied include motor, somato-sensation, pain and the emotional responses associated with pain. 

Sensory stimulations like innocuous stimulation, noxious thermal stimulation and vibration and 

the role the spinal cord plays in their processing has also been studied (14,18-20,22-27). 

Furthermore, conditions affecting the cord like spinal cord injury (SCI) (28), fibromyalgia (29) 

and multiple sclerosis (MS) (30,31) have also been investigated. More recently, spinal fMRI has 

been used to study the function of the brainstem and spinal cord during the resting-state; 

however this sub-field is in its infancy. 
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1.2.2 Resting-state fMRI (rs-fMRI) and its use in the brainstem and spinal cord 

Since its inception, fMRI has mainly been used to study the response of neuronal populations 

to a stimulus (sound, light) or their activity during a task (cognitive, motor). However, a 

particularly interesting use of fMRI was first documented by Bharat Biswal. In this study, 

participants were instructed to do nothing as they lay inside the MR scanner (32). In other words, 

the functional activity of neuronal populations was observed in the absence of a particular 

stimulus or task. This is the basis of resting-state fMRI. Since then, the use of rs-fMRI has 

increased exponentially. The human brain can be thought of as a network which consists of 

functionally linked but spatially distributed networks and two regions can be functionally linked 

and yet be structurally separated (2). Variations in low frequency (< 0.1 Hz) BOLD signals have 

been identified by temporal correlations across spatially distributed cortical areas, from data 

acquired during the resting-state (2,32). It has been previously established that the brain is very 

active even when the activity does not relate to a particular sensory input or the initiation of a 

motor output. Furthermore, the brain is never at rest and is in a constant state of activity, both 

metabolically and neuro-electrically (13). Resting-state fMRI is useful for studying the activity 

of specific cortical regions when no task/stimulus is present and also sheds light on how these 

regions interact with other, anatomically distant cortical regions. By doing so, rs-fMRI helps to 

study the brain as a functionally interacting integrative network and can help further our 

understanding of how and why neurons communicate the way they do (33). The use of rs-fMRI 

has helped us to map some of these cortical networks like the default mode network (DMN), 

executive network, motor network and visual network (2). These resting-state networks (RSNs) 

typically mirror known functional networks which share a common function. The DMN is one of 

the most widely explored RSN. The BOLD signals in this network fluctuate (up or down) and 



13 
 

are more strongly correlated during rest than during other task or stimulus paradigms. In other 

words, as the name suggests, this reflects the brains default setting for neuronal activity (2-4). 

This unique feature of RSNs has also been observed in the networks associated with vision, 

memory and hearing (5).  

Task-based fMRI allows us to observe a particular functional network of interest. A finger 

tapping task based on a visual cue would typically lead to functional responses in the visual 

cortex, primary and supplementary motor cortices and the supplementary motor area (2). This 

way, based on the task given a response is expected and it is measured. In a resting-state study 

there is no task or external stimulus and therefore, there is no expected response. Resting-state 

fMRI measures the functional connectivity of anatomically isolated neuronal populations. By 

doing so, rs-fMRI has been extended to study the functional connectivity in persons with various 

neurological disorders like Alzheimer’s disease (AD), Parkinson’s disease (PD), depression, 

schizophrenia and autism (6). In each disorder, an abnormality in the RSNs within the brain has 

been reported. This suggests that the functional connections between brain regions is altered or 

in some cases absent. In this way, rs-fMRI can be used to track the changes in an individual with 

a particular condition. Furthermore, rs-fMRI has been used to measure the effectiveness of 

treatment methods. Essentially rs-fMRI can be used to check if the given method of treatment 

has restored the original state of the RSNs by comparing them to healthy controls (34). The 

simplicity and versatility of rs-fMRI has led to its widespread use in modern neuroscience. On 

one end, rs-fMRI has been used to study the growth and development of infants and on the other, 

to study the effect of neurological disorders in aging adults. 

While rs-fMRI has been used to study functional connections throughout the brain, its use to 

study functional connectivity in the brainstem and spinal cord has been limited. As described 
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previously, the main reason for this is associated with the challenges associated with using fMRI 

in this region (7). However, spinal fMRI has been around for the last two decades and since its 

inception significant advances in the application of fMRI to the brainstem and spinal cord have 

been achieved. Spinal fMRI has mostly been used to investigate sensory and motor functions 

associated with the spinal cord. The concept of using rs-fMRI in the brainstem and spinal cord 

has been under development fairly recently. Studies have used rs-fMRI to study networks in the 

brainstem, but in association with the cortex. The studies in this thesis also document the use of 

rs-fMRI to study RSNs within the brainstem and spinal cord. At the time the study in the chapter 

two was published there were only three published reports of rs-fMRI in the spinal cord (8-10).  

As mentioned earlier, in a resting-state study, there is no external stimulus or task involved. In 

a region like the spinal cord, this makes it challenging to obtain clear BOLD signals due the 

presence of physiological noise. In a task or stimulus based study, there is an expected response 

from certain regions of the brainstem and spinal cord. In a resting-state study, there is no 

expectation of a response from a particular region and herein lies the challenge: to isolate the 

resting-state BOLD signals of interest from the physiological noise sources. The studies by Wei 

et al, Kong et al and Barry et al have shown the presence of resting-sate connectivity in the 

spinal cord (8-10). Each of these studies has employed some form of motion correction to tackle 

the noise arising due to bulk motion. The studies by Kong et al and Barry et al utilized 

RETROICOR to model the physiological noise and remove them (8,9). In order to further 

minimize the noise effects, the studies either observed BOLD contributions explicitly from gray 

matter regions within the cord (9) or used independent component analysis (ICA) to separate the 

BOLD signal into its fundamental components in order to isolate the noise components from the 

signal (8,10). However, these studies have not identified specific sources of noise nor have they 
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quantified the amount of noise removed and as a result, we questioned the authenticity of the 

results reported. Nonetheless, these early studies have provided an important insight in to the use 

of rs-fMRI in the spinal cord. In order to further this line of research, the studies presented in this 

thesis have isolated specific noise sources, determined their contribution and have confirmed the 

presence of resting-state BOLD fluctuations in the spinal cord. Furthermore, a potential source of 

the resting-state BOLD fluctuations in the brainstem and spinal cord has been discussed and the 

presence of separate dorsal and ventral RSNs has been identified. 

1.3 Research Overview 

1.3.1 Purpose 

There were two main objectives behind the studies presented in this thesis. The first was to re-

affirm the presence of resting-state BOLD fluctuations in the brainstem and spinal cord after 

identifying specific sources of noise and removing them. The second was to determine the 

sources of the resting-state BOLD fluctuations identified and to identify RSNs network present 

within the brainstem and spinal cord. 

1.3.2 Rationale 

The use of rs-fMRI in the brainstem and spinal cord has been limited. There are few studies 

that have shown the presence of resting-state BOLD signals in the spinal cord. However, the 

noise correction methods employed by the authors are not convincing. These studies do not 

identify the sources of noise which they claim to have removed. Furthermore, the amount of 

noise that has been removed has not been quantified by these studies. Therefore, we question the 

authenticity of the conclusions the authors have reached based on their methods. In order to 

address this issue, the study presented in chapter two aimed to identify specific sources of noise 
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and document the contribution of each source. Once the identified sources of noises were 

removed, time-series correlations were used to determine the presence of resting-state BOLD 

fluctuations in the brainstem and spinal cord. The study presented in chapter three attempts to 

answer the question raised by the results of the previous study: what is the source of the resting-

state BOLD fluctuations in the brainstem and spinal cord? This study also tries to determine the 

presence of RSNs within the brainstem and spinal cord for the first time. 

1.3.3 Hypotheses 

In chapter two we hypothesized that resting-state BOLD fluctuations occur in the spinal cord 

and brainstem after we have identified and removed the sources of physiological noise. In 

chapter three we hypothesized that resting-state networks (RSNs) could occur in the brainstem 

and spinal cord. This hypothesis does not rule out the presence of RSNs related to sensory, motor 

and/or autonomic functions.  

1.3.4 Objectives 

The objectives of the study presented in chapter two were to quantify and remove the sources 

of physiological noise affecting the resting-state BOLD signal and confirm the presence of 

resting-sate BOLD fluctuations after the identified noise was removed. 

The objectives of the study presented in chapter three were to determine the source of the 

resting-state BOLD connectivity observed in the brainstem and spinal cord and to identify RSNs 

present in this region. 
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Chapter 2 

 

 

Confirmation of resting-state BOLD fluctuations in the human brainstem 

and spinal cord after identification and removal of physiological noise. 

 

 

Note: The study presented in this chapter has been published in the journal Magnetic Resonance 

in Medicine. Online: January 11th, 2017. 
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Abstract 

Purpose: Resting-state functional magnetic resonance imaging (rs-fMRI) has been used to 

investigate networks within the cortex but its use in the brainstem (BS) and spinal cord (SC) has 

been limited. This region presents challenges for fMRI, partly due to sources of physiological 

noise. The aims of this study were to quantify noise contributions to rs-fMRI, and obtain 

evidence of resting-state BOLD fluctuations.  

Methods: Rs-fMRI data were obtained from the BS/SC in 16 participants, at 3 tesla, with T2-

weighted single-shot fast spin-echo imaging. The peripheral pulse, respiration, and expired CO2 

were recorded continuously. Physiological noise was modeled from these recordings, movement 

parameters, and white matter regions. Model fits were then subtracted from the data. BOLD 

contributions were then investigated via connectivity. 

Results: Bulk motion was the largest contributor to the signal variance (19% of the total), 

followed by cardiac-related motion (14%), non-specific signal variations detected in white matter 

(10%), respiratory-related motion (2.6%), and end-tidal CO2 variations (0.7%). After noise was 

removed, significant left-right connectivity was detected in the SC dorsal horns and ventral 

horns.  

Conclusion: Resting-state BOLD fluctuations are demonstrated in the SC, as are the dominant 

noise contributions. These findings are an essential step towards establishing rs-fMRI in the 

BS/SC. 

Keywords: resting-state, spinal cord, physiological noise, human, fMRI 
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Introduction 

Functional magnetic resonance imaging (fMRI) acquired during a resting state (rs-fMRI) has 

proven to be a valuable tool for investigating coordinated networks throughout cortical regions, 

but its use to date in the brainstem and spinal cord has been limited (1-4). Time-series data 

acquired during the resting-state reveal blood-oxygenation level-dependent (BOLD) signal 

variations at relatively low frequencies (< 0.1 Hz) which can be identified by temporal 

correlations across spatially distributed brain regions (5). Results have revealed numerous brain 

networks related to the default-mode network, motor, sensory, salience and executive functions 

(5,6), and how these are altered in disease states or as a result of injury (7,8). Resting-state fMRI 

is expected to be similarly valuable for investigating networks related to sensory, motor, pain, 

and autonomic functions, in the brainstem and spinal cord (SC), as well as connections to 

cortical regions. Evidence of resting-state BOLD signal variations has been shown in the spinal 

cord and brainstem, but fMRI data from this region are affected by a number of technical 

challenges that can influence the quality of the results obtained (1-4). 

The technical challenges of spinal cord fMRI are the result of the small cross-sectional 

dimensions of the SC, the proximity to bone in the spine and air/tissue interfaces resulting in 

poor magnetic field homogeneity, and the physiological motion caused from cardiac- and 

respiratory-related motion (including blood and CSF flow) (9-11). Several developments have 

been achieved to mitigate these challenges, and high-quality fMRI data have been demonstrated 

in this region, even in the presence of fixation devices after traumatic spinal cord injury (12-16). 

Investigations of physiological noise have resulted in data pre-processing methods and analysis 

methods to identify the noise sources, and to reduce their impact (10,11). These methods include 

modeling of motion based on physiological recordings (pulse, respiration) during the fMRI 
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acquisition, estimates based on principal components of global signal variations, and estimates 

based on motion parameters obtained from co-registration (i.e. motion correction) procedures 

(10,11,17-19). These can be used to investigate the confounding noise sources in rs-fMRI as 

well, and can be used to further develop rs-fMRI methods for use in the SC and brainstem. As 

with the development of rs-fMRI methods in the brain, it is essential to first establish the 

presence of resting-state BOLD fluctuations amid confounding effects such as physiological 

motion. 

Resting-state spinal fMRI studies by Kong et al., Barry et al., and Wei et al. (2-4) all 

employed motion correction methods to reduce physiological noise contributions. Barry et al. 

and Kong et al. also used methods based on the RETROICOR method to model and remove 

physiological noise (2,3,18,20). Connectivity analysis methods were also designed to avoid 

contributions from physiological noise. Barry et al. (3) analyzed time-series correlations between 

specific anatomical regions in the spinal cord gray matter. Kong et al. (2) and Wei et al. (4) used 

independent components analysis (ICA) to decompose the signal into its constituent parts in an 

effort to separate physiological noise and BOLD contributions, and analyzed the spatial 

distributions of connected regions. However, none of these studies reported how much signal 

variance was attributed to physiological noise and removed, nor describe the noise characteristics 

of the data, or ICA components, that were used to infer connectivity. Without this evidence, the 

possibility remains that the observed resting-state fluctuations were influenced by residual 

effects of physiological motion. The purpose of this study was therefore to acquire fMRI time-

series data in the brainstem and SC during the resting state, determine the contributions from 

physiological noise, and confirm the presence of resting-state BOLD signal variations. 

 



26 
 

Methods 

All methodological protocols received approval from our institutional human research ethics 

review board. Written, informed consent was obtained from all participants prior to the initiation 

of the study. 

Participants 

Resting-state fMRI studies were carried out with 16 healthy participants (2 men, 14 women), 

with ages ranging from 18 to 25 years (average age, 21 ± 2 years). Eligible participants were free 

of prior injury to the brain or spinal cord, or any history of a neurological disorder. Participants 

with potential MRI safety risks were not considered.  

Experimental Setup 

Studies were carried out using a 3T whole-body MRI system (Siemens Magnetom Trio; 

Siemens, Erlangen, Germany). In preparation for imaging, participants were positioned supine 

and were supported with foam padding, to ensure comfort and minimize bulk body movement. 

Participants were provided with earplugs for hearing protection. The posterior half of a head coil 

(6 channels), a posterior neck coil (4 channels), and the upper elements of a spine coil array (3 

channels) were used for signal reception. A mirror positioned in front of the participant’s eyes 

enabled viewing of a rear-projection screen mounted inside the magnet bore. A peripheral pulse 

sensor was attached to the participant’s left index finger to record the pulse and a respiratory 

gating belt was placed around the abdomen to record breathing movement. Participants also wore 

a nasal cannula connected to a Nonin® RespSense™ capnogram. This device was used to 

measure expired CO2 from which end-tidal CO2 variations were determined, and provided a 

second method of recording the timing of respiration. A squeeze ball was provided for signaling 
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the experimenter in the event of an emergency. Participants then entered the bore of the MRI 

system head-first, and were instructed to lie as still as possible and to remain awake. All 

participants viewed the same static image of a tree. No external sensory stimulus was present in 

this study. 

fMRI Data Acquisition 

Initial localizer images were acquired in three planes to provide a reference for subsequent 

slice positioning. A half-Fourier single-shot fast spin-echo (HASTE) sequence was used to 

provide time-series images of the cervical spinal cord and brainstem with high image quality as 

well as BOLD contrast, as established previously, and to be consistent with our prior spinal cord 

fMRI studies (11,12,21-24). In an effort to obtain higher temporal resolution, data were acquired 

from only 3 axial slices positioned at key anatomical locations expected to be involved with 

sensory/pain processing. The three slices were positioned in the midbrain at the level of the 

periaqueductal gray (PAG) matter, in the medulla at the level of the rostral ventromedial medulla 

(RVM) and in the cervical spinal cord, 85 mm from the ponto-medullary junction to be at 

approximately the center of the 6th cervical spinal cord segment (C6). Images were acquired 

with 1 mm x 1 mm in-plane resolution in a 192 mm x 144 mm field of view (FOV), and were 4.5 

mm thick. These parameters were chosen to provide good properties of both spatial resolution 

and signal-to-noise ratio (SNR). 

The echo time (TE) was set to 76 ms for optimal BOLD sensitivity (11). The phase encoding 

direction was anterior-posterior. The repetition time (TR) was 2.25 seconds per volume (the 

shortest possible with our imaging method) and 200 volumes were acquired to produce a time 

series spanning 7 minutes and 40 seconds. Time-series acquisitions were repeated two or three 

times in each participant. 
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Data pre-Processing  

The resulting rs-fMRI data were pre-processed and analyzed using custom-written software in 

MATLAB®. Images were first converted to NIfTI format. Axial slice images were co-registered 

to a template based on the temporally averaged images from one participant in this study. The 

co-registration involved an initial rigid-body transformation (translation, rotation), followed by 

fine-tuning with a non-linear 2D transformation using the Medical Image Registration Toolbox 

(MIRT) (25). The net translation needed to co-register the images at each volume of the time-

series was recorded at a reference point selected on the midline dorsal edge of the spinal cord or 

brainstem in each slice. These motion parameters were used for later modelling of residual 

effects of bulk motion.  

Estimates of physiological noise were obtained from the recordings of the peripheral pulse, 

respiratory movement, and expired CO2 during each time-series acquisition. Each physiological 

data recording was synchronized with the start of the corresponding fMRI time-series 

acquisition. In order to relate the recordings of the peripheral pulse and respiratory movement to 

the expected temporal patterns of motion within the spinal cord, we used the “RESPITE” terms 

described previously (17). These terms are the first three principal components of movement of 

the SC as a function of the cardiac cycle, and provide a way of generalizing models of movement 

that may vary in phase relative to physiological recordings and with position along the spine. We 

therefore used this generalized model for both cardiac and respiratory movement. The three 

RESPITE terms were repeated for each heart-beat (systole-to-systole), and for each respiratory 

cycle (peak inspiration to peak inspiration). Recordings of expired CO2 were used to monitor 

end-tidal CO2 (et-CO2) which reflect variations in vascular CO2 levels during each acquisition, 

and which influence vascular tone (26). The resulting time-series physiological data were re-
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sampled at the time of acquisition of each slice to produce 3 terms for general cardiac-related 

motion, 3 terms for general respiratory-related motion, and one term for et-CO2 (17). As an 

additional means of estimating physiological noise contributions to the rs-fMRI data, a region of 

white matter was selected in each axial slice. The average time-series data from this region is not 

expected to include a BOLD component and is used as a model of White Matter fluctuations 

(WMf). Finally, the motion terms (right/left and anterior/posterior motion for each slice) 

obtained from the co-registration step were also used as models of noise. Each model was 

normalized to a mean value of zero.  

Data Analysis 

The rs-fMRI time-series data for each voxel were then fit to all of the noise models (3 cardiac, 

3 respiratory, 1 et-CO2, 2 motion, and 1 WMf term), and a constant term, using a general linear 

model (GLM) for each slice. The significance of the weighting factor for each noise model was 

also estimated for each voxel. The fit to the noise models was then subtracted from the original 

data, resulting in the “clean” time-series data. 

The contribution of individual noise terms to the rs-fMRI data was determined by repeating 

this process with one noise term omitted at a time (i.e. not removed from the data) in order to 

determine the individual contribution of each term. The effects of band-pass filtering the rs-fMRI 

data were also determined by applying a filter with a pass-band of 0.01 Hz to 0.13 Hz, either 

before or after the noise terms were removed. When a noise term was not removed from the data, 

or filtering was applied, the effect was characterized by the change in variance in each voxel, 

expressed as a percentage of the variance of the “clean” data.  

In order to enable comparisons of time-series responses across slices, differences in slice 

timing were corrected by means of linear interpolation to the acquisition times of the 2nd slice 



30 
 

acquired (the cervical spinal cord). We also investigated the effect of applying the slice-timing 

correction prior to the spatial normalization step, as a reference for subsequent studies that may 

require pre-processing operations to be applied in three-dimensions. The properties of the noise 

in the resting-state data were investigated by computing the correlation between every 

combination of voxels in the brainstem and spinal cord in the normalized data, after masking out 

surrounding regions. The correlation between voxels was computed for the “clean” data, and 

with each of noise terms not removed from the data, or band-pass filtering applied after the noise 

removal, one at a time. The purpose of this analysis was to identify effects of temporally 

correlated noise that is distributed across voxels that would produce apparent connectivity (time 

series correlations) between regions. Voxel-voxel correlations were expressed as Z-scores to 

reflect the significance, and histograms showing the distribution of Z-scores across all voxels 

were used to demonstrate the effects of the noise. If the noise in the data was entirely random 

Gaussian noise, these histograms would have a normal distribution. 

A connectivity analysis was used in an effort to identify resting-state BOLD contributions. 

Regions-of-interest (seed regions) were selected within specific gray matter regions with 

expected anatomical connectivity (3), and within white matter regions as controls to confirm the 

contribution of BOLD effects as opposed to residual physiological motion. Resting-state fMRI 

data which had been “cleaned” and then band-pass filtered (based on the results of the analysis 

described above) were averaged over each seed region. The data were combined across 

participants/runs by first subtracting the mean value and then concatenating the individual runs. 

The connectivity between all possible pairs of seed regions was estimated by means of the 

correlation across the concatenated time series, and the significance of the correlation was 

determined.  
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Noise Reference from Cadaver Studies  

The relative contribution of physiological noise to the overall signal variance was estimated 

using data from two cadavers as well as resting-state data from 18 live healthy participants, in an 

existing database from other studies. These data are comparable to the axial slice data in the 

present study because they were acquired using the same imaging sequence, acquisition matrix, 

voxel volume, phase-encoding direction, receiver bandwidth, and echo time. The resulting voxel 

dimensions were 1.5 x 1.5 x 2 mm3. However, data were acquired in sagittal slices with a 

repetition time of 6.75 seconds. The data were also pre-processed as in the current study. The 

proportion of the noise generated by physiological sources is therefore expected to be the same 

as in axial slice data in the present study. Time-series data were extracted from 4 mm3 regions-

of-interest (ROI) in spatially normalized data in the cervical spinal cord at C6, in the rostral 

medulla, and in the midbrain, and the signal variance in the time domain was determined. The 

variance values were normalized by dividing by the average signal intensity for each ROI. 

Results 

A total of 46 rs-fMRI runs were obtained from 16 healthy participants. Example images from 

one participant are shown in Figure 2.1. Suspected sources of physiological noise and 

confounding signal changes included the cardiac- and respiratory-related motion, variations in 

end-tidal CO2, bulk motion, and WMf. The contributions of each of these sources to the temporal 

signal variance were determined as detailed below (Table 2.1). 

Cardiac-related Motion 

The effect of cardiac-related motion, as determined from the GLM fit, was observed 

predominantly at the tissue edges in all 3 slices, but some interior voxels also contained a 
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contribution from this source of variance. When this term was omitted from the GLM fit, it 

added an average of 14 ± 17% to the variance across all voxels, with the largest number of 

voxels having a contribution of approximately 2%, and values ranged from 2% to 69% (Figure 

2.2 a). 

Respiratory-related Motion  

Respiratory-related motion appeared to have minimal effects in our data, the majority of 

which was located at the edges of the spinal cord and brainstem. This motion contribution 

accounted for only 2.6 ± 1.4% of the variance across all voxels, with the largest number of 

voxels at 2% (range roughly 1% to 8%) (Figure 2.2 b). 

The effect of end tidal CO2 

Signal intensity components corresponding to the timing of end-tidal CO2 variations 

accounted for an average of only 0.7 ± 0.3% of the variance across voxels, with the largest 

number of voxels at roughly 1% (range 0.3% to 2%) (Figure 2.2 c). 

Bulk Motion 

Significant signal intensity variations corresponding with the timing of bulk motion were 

observed in widespread regions, and the contributions were larger at the edges of the spinal cord 

and brainstem in all 3 slices. Not removing this contribution added an average of 19 ± 28% to the 

variance across all voxels, with a range of 2% to 96%. The largest number of voxels had a 

change in variance of roughly 2% (Figure 2.3 a). 
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The effect of White Matter fluctuations 

White matter fluctuations were observed to have contributions in widespread regions across 

the 3 slices. This noise model added an average of 10 ± 63% to the variance across voxels when 

omitted from the GLM fit, with most voxels at approximately 7% (range 7% to 123%) (Figure 

2.3 b). 

The effect of applying a Band Pass Filter (BPF) 

When the BPF was applied before the time-series data were fit to the noise models, it reduced 

the temporal signal variance by 18 ± 17%. Most of the voxels were at 24% with the variance 

change ranging from -15% to 44%. Post-fitting resulted in the BPF providing a 23 ± 3% of 

reduction in the variance. Most of the voxels were at approximately 23% (range 11% to 45%) 

(Figure 2.3 c). 

Noise Reference from Cadaver Studies  

The temporal signal variance was observed to be relatively consistent in the cadaver data 

across the C6 region, medulla, and midbrain, with normalized values of 0.28 ± 0.12, 0.32 ± 0.01, 

and 0.38 ± 0.16 respectively. Corresponding average values across 18 healthy participants were 

0.91 ± 0.40, 0.70 ± 0.30, and 0.67 ± 0.46, respectively. These values indicate that the proportion 

of the variance in the absence of physiological noise (cadavers) was approximately 32%, 46%, 

and 57% of the variance observed in healthy people. That is, physiological noise can be expected 

to account for approximately 68% to 43% of the signal variance, with an apparent dependence on 

the location within the brainstem/cord. 
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Connectivity across seed-regions 

After the time-series data had been processed to remove each of the identified sources of 

confounding signal variations and a band-pass filter was applied, time-series responses were 

observed to be significantly correlated across regions (Figure 2.4). Connectivity, inferred from 

time-series correlations, was detected predominantly between SC right and left dorsal horn (DH) 

regions, and between right and left ventral horn (VH) regions. The time-series correlation 

between the ventral horns (0.73) was higher than the dorsal horns (0.48). Connectivity was also 

detected between right and left corticospinal tracts and dorsal columns. Connectivity was not 

detected within the midbrain, within the rostral medulla, or between midbrain, medulla and SC. 

Discussion 

The objectives of this study were to quantify the contributions of physiological noise sources 

to the MRI signal in the SC and brainstem, and to obtain evidence of resting-state BOLD signal 

fluctuations once these confounds had been removed. The sources of noise that were observed to 

have the largest effects included bulk motion, cardiac-related motion terms, and white matter 

fluctuations, accounting for an average of 19 ± 28%, 14 ± 17%, and 10 ± 63% of the variance 

respectively. Respiratory-related motion and variations in end-tidal CO2 accounted for only 2.6 ± 

1.4% and 0.7 ± 0.3% of the variance, respectively. It therefore appears that we can remove 

roughly 46% of the variance in the rs-fMRI data that we acquired. The band-pass filter had a 

slightly larger effect when it was applied after confounds were fit and removed (23 ± 3%) 

compared to applying it before (18 ± 17%). The contributions from each noise model did not 

appear to be significantly affected by applying the slice-timing correction before, or after, fitting 

and removing the physiological noise. 
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Motion artifacts arise from various interlinked sources (27,28), including the natural 

movement of the SC within the spinal canal, blood flow and CSF pulsation (which are both 

driven by the cardiac cycle), cardiac and respiratory movements, and bulk body movement 

(11,27-29). The noise component that we modeled based on bulk motion had the largest 

observable effect of any of the modeled sources of noise (19% of the variance) and was seen 

across all 3 slices. The large effect of bulk motion may be attributed to the fact that the 

participant’s neck and torso move slightly every time they breathe and relax or tense their 

muscles. However we did not measure the sources of bulk motion or separate this contribution 

from linked effects such cardiac- and respiratory-related motion (18). Because the motion 

parameters were estimated from the image data itself, via the co-registration procedure, it may 

include components of other sources of physiological motion. Similarly, the noise contribution 

modeled from ROIs in white matter (WMf) accounts for another 10% of the variance and likely 

arises from bulk motion and physiological motion, either directly, or indirectly as a result of 

motion artifacts. Our results suggest that either cardiac- and respiratory-related motion 

contributed less than bulk motion to the variance in our rs-fMRI data in the brainstem and spinal 

cord, or that the assumed models of these sources of physiological noise are poor representations 

of the actual noise. Prior studies attempting to remove physiological noise from spinal cord and 

brainstem fMRI data achieved only moderate improvements in task-based fMRI results (17,18). 

In these studies noise models were based on recordings of cardiac- and respiratory-related 

motion, or only cardiac-related motion, and demonstrated 5-6% improvements in specificity and 

15-20% improvements in sensitivity (17). While these studies did not report the total variance 

removed, the reported values appear to correspond with the moderate ~17% total reduction of 

variance that we observed based on cardiac- and respiratory-related noise models. Based on these 
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studies and our current findings, and as proposed by Brooks et al. (18), it seems likely that 

physiological noise is complex and poorly represented by simple models. It also appears that 

bulk motion is a greater source of confounding signal changes than previously appreciated (17). 

The use of the HASTE method is expected to have influenced the contributions of noise in 

our data. This method was chosen because it provides BOLD sensitivity and rapid image 

acquisition without the need to use echo-planar imaging (EPI). It provides high spatial fidelity in 

the brainstem and spinal cord, and is less sensitive to magnetic susceptibility differences than are 

gradient-echo imaging methods. It is therefore less sensitive to air/tissue interfaces, and changes 

in lung volumes with the respiratory cycle, than other methods. This may explain, at least in part, 

the relatively low contribution of respiratory-related motion to the noise in our data. Because the 

HASTE method is sensitive to BOLD responses however, the choice of method does not explain 

the low contribution of et-CO2 variations. In brain rs-fMRI data it has been shown that et-CO2 

variations can contribute approximately 0.1% BOLD signal change per 1 mmHg change in et-

CO2, although it varies significantly across brain regions (30). Variations in et-CO2 averaged 1.6 

± 1.7 mmHg during each acquisition, across all runs/participants, and the expected BOLD 

magnitude due to the et-CO2 variation is therefore no more than about 0.2% of the average 

signal. With a signal-to-noise ratio of approximately 50 in the spinal cord, the temporal standard 

deviation is about 2% of the signal average. The expected effect of et-CO2 variations therefore 

could account for roughly 10% of the noise, to a first-order approximation. However, our 

observations indicate that et-CO2 variations only accounted for 0.7% of the signal variance, 

which equates to approximately 0.4% of the standard deviation. This observation may be 

explained by a lower effect of et-CO2 variations in the brainstem and spinal cord, or that the 

BOLD contribution due to et-CO2 variations was obscured by other sources of noise and was not 
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accurately identified due to its small effect. Nonetheless, we can conclude the et-CO2 variations 

are not a significant source of noise in the spinal cord and brainstem with the imaging methods 

used for this study. 

 While the results of this study indicate that we can remove an average of approximately 46% 

of the variance in rs-fMRI data in the spinal cord and brainstem, they do not clearly identify the 

sources of the noise. It appears that bulk movement accounts for much more noise than cardiac- 

or respiratory-related movement, but these sources cannot be disentangled. Much of the variance 

that has been removed by fitting to the motion parameters or WMf may arise from cardiac- and 

respiratory-related motion. However, the results demonstrate that we can remove much of the 

noise by means of data-driven methods with motion parameters derived from co-registering the 

data, and WMf terms obtained from ROIs in white matter regions. The additional 14% of the 

variance that can be removed by modeling cardiac-related motion is expected to provide further 

improvement in rs-fMRI data quality. The comparison between signal variance in healthy 

participants and two cadavers indicates that physiological noise (including bulk motion) can 

account for 68% to 43% of the signal variance, depending on the location in the brainstem and 

spinal cord. This observation indicates that the 46% of the variance that we have removed 

represents a large proportion of the noise that can be removed. The variance of the “clean” data 

has an approximately normal distribution (Fig 2), as expected for random noise. We can 

therefore presume that this data contains predominantly random Gaussian noise, and BOLD 

signal variations. 

After all modeled sources of noise were fit and removed from the data, resting-state time-

series correlations were observed to be significant between specific seed regions. We infer this to 

be evidence of resting-state BOLD signal variations. Significant connectivity was detected 
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between the left and right dorsal horns (DH) and between the left and right ventral horns (VH). 

The VH regions had higher connectivity than the DH regions, with correlation values of 0.73 and 

0.48, respectively. Somewhat surprisingly, the left and right corticospinal tracts and dorsal 

columns also showed connectivity. However, no other regions were significantly correlated. The 

importance of this finding lies in the fact that these time-series correlations were found even after 

all the potential sources of noise were removed, and then a band-pass filter was applied. The 

correlations were observed in regions that have related functions; dorsal horn regions being 

involved primarily with sensory function, and ventral horn regions involved primarily with 

motor functions (31). There are a number of potential sources of signaling within and across the 

brainstem/SC during the resting state, including tonic descending modulation of sensory 

responses, continuous control of muscle tone, even subtle motor activity (such as those that give 

rise to the motion-related noise), and proprioception and sensory information relayed from the 

extremities. The correlated BOLD signals within the SC indicate that the regions receive input 

signals which are correlated. The left and right dorsal horn regions may be reciprocally 

connected, or they may receive input signaling from a common 3rd region which we have not 

identified, or the input may come from multiple interconnected sources. The same range of 

possible connections can be inferred for the ventral horns, but the BOLD signal variations in the 

dorsal regions and ventral regions do not appear to arise from the same networks. The apparent 

connectivity between the left and right corticospinal tracts and dorsal columns may be explained 

by the fact that they are in close proximity to the ventral and dorsal horns respectively, and 

partial-volume effects and imperfect normalization may have resulted in overlap of the regions.  

While the predominant connectivity was observed in the SC, across the right and left sides, it 

is notable that the phase-encoding direction in our data and any motion artifacts from blood or 
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CSF flow, was in the anterior-posterior direction. We did not observe connectivity between the 

dorsal and ventral horns on either side of the cord. This indicates that the connectivity that we 

detected across right-left regions was not the result of motion artifacts. It is possible that dorsal-

ventral connectivity was obscured by motion artifacts and we failed to detect it. 

The results of the present study agree with previous spinal cord resting state studies (2-4) 

which have also reported the presence of resting state BOLD signals in the spinal cord and 

connectivity between regions (12,32-34). Barry et al (3) and Kong et al (2) also reported BOLD 

signal correlations specifically between the two dorsal horns, and between the two ventral horns. 

Moreover, both studies reported a higher correlation between the ventral horns than the dorsal 

horns (2,3). The consistency of our results with these prior studies further supports the 

conclusion that resting-state BOLD fluctuations do indeed occur in the human SC. The studies 

by Barry et al., and Kong et al., also showed intersegmental interactions between the DH regions, 

and between the VH regions (2,3). In the present study we acquired data from a single axial slice 

in the spinal cord and cannot investigate intersegmental connectivity, but we were able to 

investigate connectivity between specific brainstem and spinal cord regions. Importantly, we did 

not detect connectivity between the regions of midbrain at the level of the PAG, the level of the 

rostral ventral medial medulla, and the spinal cord at the C6 segment. 

A limitation of this rs-fMRI study is that it is unlikely that we have removed all effects of 

noise that arise from motion or physiological effects, and which may therefore be coordinated 

across regions and could confound connectivity analyses. Nonetheless, we have succeeded in 

removing a large proportion of the noise, and we have observed connectivity between specific 

regions in the SC in the resting state. The results do not show any connectivity within brainstem 

regions, or between the brainstem and SC, so they do not provide information about the sources 
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of resting-state input signaling to the SC. It is possible that our choice of axial slices at the level 

of the medulla and midbrain have not included regions responsible for descending input to the 

SC during the resting-state. Future studies are needed to investigate connectivity across the entire 

cervical SC and brainstem in order to identify the networks involved. The ability to identify 

complete resting-state networks across the brainstem and SC, and within the SC, may provide 

valuable information for future investigations of the effects of injury or disease. 

Conclusions 

This study evaluated the effects of motion and physiological noise on the BOLD signal 

obtained in the resting state, and the connectivity within the brainstem and SC after the noise was 

removed. We were able to account for ~46% of the signal variance, which appears to be a large 

proportion of the noise that can be removed, based on our comparison with data from cadavers. 

After as much noise as possible was removed from our data, we were able to detect significant 

connectivity between spinal cord regions in the resting state. These findings have helped us to 

understand and to quantify the effects of physiological noise on fMRI data from the SC and 

brainstem, and they confirm the presence of resting-state BOLD variations, and connectivity 

between regions, in the spinal cord. 
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Figures 

 

Figure 2.1: Example of images of 3 axial slices obtained from one participant, after spatial 

normalization had been applied. The 3 axial slices were positioned at key anatomical locations 

expected to be involved with sensory/pain processing; (a) the center of the 6th cervical spinal 

cord segment (C6). (85 mm from the ponto-medullary junction); (b) the rostral medulla; and (c) 

the midbrain. 

 

   

 

Figure 2.2: Histograms (red lines) showing the distribution of correlation z-scores across all 

voxels in the brainstem and spinal cord slices, and the effects of not removing the cardiac- (a) 

and respiratory-related (b) motion terms, and end-tidal CO2 (c) terms from the data. The 

distribution of z-scores for the “clean” data, with all noise terms removed, is also plotted (blue 

line) for comparison. The cardiac terms, when included, increased the variance by 14%. The 
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respiratory-related motion terms and et-CO2 had a small effect on the variance. When included, 

they increased the variance by 2.6% and 0.7% respectively.  

 

   

 

Figure 2.3: Histograms (red lines) showing the distribution of correlation z-scores across all 

voxels in the brainstem and spinal cord slices, and the effects of not removing the bulk motion 

(a) and white matter fluctuations (WMf) (b) from the data. The effects of applying a band-pass 

filter to the data after removal of the other noise terms is also shown (c). The distribution of z-

scores for the “clean” data, with all noise terms removed, is shown (blue line) for comparison. 

The bulk motion terms, when included, increased the variance by 19%. The WMf increased the 

variance by 10% when included. The band-pass filter reduced the variance by 23% when it was 

applied after the sources of noise were removed. 
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Figure 2.4: Grid of correlation values, reflecting connectivity, between every pair of seed 

regions selected in the brainstem and spinal cord. Correlations were computed using “clean” and 

band-pass filtered data. The correlation between the left and right VH (0.73) was found to be 

higher than the left and right DH (0.48). Correlations were also detected in the left and right 

corticospinal tracts (CST) and dorsal columns (DC) and between the white matter and gray 

matter regions. 

 

 

 

 

 

 



49 
 

Tables 

 

 STC after subtracting noise STC before subtracting noise 

 

Average 

Contribution 

across all voxels 

Most common 

Variance 

contribution 

across voxels 

Average 

Contribution 

across all voxels 

Most common 

variance 

contribution 

across voxels 

End-tidal CO2 0.7 ± 0.3% 1% 1.0 ± 0.3% 1% 

Respiratory-

related motion 
2.6 ± 1.4% 2% 1.9 ± 1.1% 1.4% 

Cardiac-

related motion 
14 ± 17% 2% 8.3 ± 11% 2% 

White matter 

fluctuations 
10 ± 63% 7% 11 ± 56% 7% 

Bulk motion 19 ± 28% 2% 25 ± 34% 5% 

Total 46% 47% 

 

Table 2.1: Measured contribution of each modelled source of physiological noise. The effect 

of applying slice-timing correction (STC) before, or after, removing the physiological noise, is 

also shown. 
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Chapter 3 

 

 

Identification of resting-state BOLD networks in the human brainstem and 

spinal cord. 

 

 

Note: The study presented in this chapter has been submitted to the journal NeuroImage and is 

currently under review. 
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Abstract 

Resting-state functional magnetic resonance imaging (rs-fMRI) has been used to investigate 

networks within the cortex and its use has also provided some insight into the networks present 

in the brainstem (BS) and spinal cord (SC). The aims of this study were to investigate the origins 

of resting-state blood oxygenation-level dependent (BOLD) fluctuations in the BS/SC and to 

identify resting-state networks (RSNs). Resting-state BOLD fMRI data were obtained from the 

entire BS and cervical SC in 16 healthy participants, at 3 tesla, with T2-weighted single-shot fast 

spin-echo imaging. Data were spatially normalized and processed to remove physiological noise. 

Voxel-voxel functional connectivity was investigated across the entire 3D region by means of 

temporal correlations, and independent component analysis (ICA) was used to identify RSNs. 

Extensive connectivity was observed within and across BS and SC regions, with connections 

spanning up to 160 mm, although shorter connections were more prevalent. From ICA results we 

identified RSNs which involved primarily dorsal or ventral spinal cord regions, and included 

specific anatomical regions within the brainstem as well. The results indicate the presence of 

sensory and motor networks, which are interconnected, and show a high degree of coordination 

in the resting-state. Known anatomical connections between cortical and BS regions support the 

conclusion that the observed resting-state BOLD fluctuations in the BS/SC may be  related to 

cortical RSNs and descending spinal cord regulation.  However, they may also arise from control 

of muscle tone or autonomic functions. Future studies are required to further investigate resting-

state BOLD fluctuations in the brainstem and spinal cord.  
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Introduction 

Resting-state functional magnetic resonance imaging (rs-fMRI) has provided a wealth of 

information about cortical networks, and this method has been extended to the brainstem and 

spinal cord with the expectation that important details about networks will be identified in these 

regions as well (1-6). Resting-state BOLD fluctuations have been demonstrated in the spinal cord 

by several groups, with similar findings showing connectivity between specific regions. Three 

independent studies have demonstrated BOLD signal correlations specifically between the dorsal 

horns, and between the ventral horns, and two studies have shown intersegmental connectivity 

(2,3). However, the studies to date have investigated connectivity in axial slices across a limited 

range of the spinal cord, and the full extent of networks has not yet been explored. A number of 

studies have provided evidence of resting-state connectivity between cortical and brainstem 

regions, and between brainstem regions. For example, connectivity has been observed between 

the default mode network (DMN) and several brainstem regions including a median pontine 

region, midbrain regions, and the dorsal raphe nucleus (7,8). The PAG has been shown to be 

functionally connected with the insula, anterior cingulate cortex, hippocampus, anterior 

prefrontal cortex, and medial frontal cortex (9-14). Specific sub-regions of the PAG are 

connected with regions associated with executive functions as well (prefrontal cortex, striatum, 

hippocampus) (10). The hypothalamus has been observed to be connected with the striatum, 

thalamus, regions of the frontal cortex and cingulate, and other brainstem regions (13).  

These early studies provide an essential basis for further investigations into the mechanisms of 

resting-state fluctuations in the brainstem and spinal cord, and the identification of functional 

networks. However, information is lacking about resting-state connectivity between the 

cortex/brainstem and the spinal cord, and about the full extent of connectivity between spinal 
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cord regions. The cause(s) of the resting-state fluctuations in these regions is also still unknown. 

It has been proposed that resting-state BOLD fluctuations in the spinal cord may be components 

of brain resting-state networks, such as the DMN, or reflect sensory networks related to 

peripheral input or descending regulation, or motor networks related to respiration or regulating 

muscle tone (2-4). Anatomical connections are known to exist between brainstem and spinal cord 

regions (15-18), and the spinal cord includes extensive intra- and inter-segmental connections via 

interneurons (19,20). As a result there are a number of plausible resting-state networks across 

and within the brainstem and spinal cord, and it is reasonable to expect that multiple networks 

may exist within these regions, as has been found in the brain. Prior studies in our lab using 

stimulus-based fMRI of the spinal cord and brainstem have demonstrated important BOLD 

responses in the periods preceding, and after, the application of a noxious stimulus (21). We 

hypothesize that resting-state networks (RSNs) could occur in the brainstem and spinal cord. 

However, this hypothesis does not rule out the presence of RSNs related to sensory, motor and/or 

autonomic functions.  

Methods 

All methodological protocols received approval from our institutional human research ethics 

review board. Written informed consent was obtained from all our participants prior to the 

initiation of the study. 

Participants 

Resting-state fMRI scans were performed on 16 healthy participants (2 men, 14 women), 

with ages ranging from 18 to 25 years (average age, 21 ± 2 years). Eligible participants were free 
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of prior injury to the brain or spinal cord, or any history of a neurological disorder. Participants 

with potential MRI safety risks were not considered. 

Experimental Setup 

Studies were carried out using a 3T whole-body MRI system (Siemens Magnetom Trio; 

Siemens, Erlangen, Germany), and methods were based on our prior study to identify and 

remove physiological noise in resting-state data (1). In preparation for imaging, participants were 

positioned supine and were supported with foam padding, to ensure comfort and minimize bulk 

body movement. Participants were provided with earplugs for hearing protection. The posterior 

half of a head coil (6 channels), a posterior neck coil (4 channels), and the upper elements of a 

spine coil array (3 channels) were used for signal reception. A mirror positioned in front of the 

participant’s eyes enabled viewing of a rear-projection screen mounted inside the magnet bore. A 

peripheral pulse sensor was attached to the participant’s left index finger to record the pulse and 

a respiratory gating belt was placed around the abdomen to record breathing movement. 

Participants also wore a nasal cannula connected to a Nonin® RespSense™ capnogram. This 

device was used to measure expired CO2 from which end-tidal CO2 variations were determined, 

and provided a second method of recording the timing of respiration. A squeeze ball was 

provided for signaling the experimenter in the event of an emergency and the participants held 

the squeeze in their left hand. Participants then entered the bore of the MRI system head-first, 

and were instructed to lie as still as possible and to remain awake. All participants viewed the 

same static image of a tree. No external sensory stimulus was present in this study. 

fMRI Data Acquisition 

Initial localizer images were acquired in three planes to provide a reference for subsequent 

slice positioning. A half-Fourier single-shot fast spin-echo (HASTE) sequence was used to 
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provide time-series images of the cervical spinal cord and brainstem with high image quality as 

well as BOLD contrast, as established previously, and to be consistent with our prior spinal cord 

fMRI studies (1,21-26). Data were acquired from the thalamus to the T1/T2 vertebral disk 

spanning 9 sagittal slices centered at the spinal cord. Images were acquired with 1.46 mm x 1.46 

mm in-plane resolution in a 280 x 210 mm field of view (FOV), and were 2 mm thick. These 

parameters were chosen to optimize the balance between spatial resolution and signal-to-noise 

ratio (SNR). The echo time (TE) was set to 76 ms for optimal T2-weighted BOLD sensitivity 

(26). The repetition time (TR) was 6.75 seconds per volume (750 ms per slice) and 80 volumes 

were acquired to produce a time-series spanning 9 minutes. Time-series acquisitions were 

acquired only once per participant for a total of 16 time series. The phase encoding direction was 

anterior-posterior and flow compensation was applied in the head-foot direction and spatial 

saturation pulses were used to eliminate signal anterior to the spine.  

Data pre-Processing 

The resulting rs-fMRI data were pre-processed and analyzed using custom-written software 

in MATLAB®. The first two volumes of each acquisition were discarded in order to avoid non-

steady-state effects. Image data were first converted to NIfTI format, and then co-registered to 

correct for bulk motion using the non-rigid 3D registration tool in the Medical Image 

Registration Toolbox (MIRT) (27,28). Estimates of the bulk motion across each time-series 

acquisition were obtained from the co-registration data. The images were then interpolated to 1 

mm cubic voxels and spatially normalized using an automated method which maps the image 

data from each participant to an established 3D anatomical template, generated from images of 

356 participants (29-31). Physiological noise sources, estimates of bulk motion, and global noise 

estimates from white matter regions, were modeled, fit to the data using a general linear model, 
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and subtracted from the data, as described in our previous study (1). This method has been 

shown to remove a large proportion of the structured noise, resulting in predominantly Gaussian 

noise remaining in the data. Data were then filtered with a high-pass filter with a cutoff of 0.008 

Hz. The highest frequencies that could be identified in our data were 0.074 Hz because of our TR 

of 6.75 Hz.  

Data Analysis 

Voxel-Based Connectivity Analysis 

Functional connectivity between regions was investigated by means of the temporal 

correlation between time-series responses. The pre-processed data (as described above) were first 

resized to 2 mm x 2 mm x 4 mm voxels (R/L x A/P x H/F) by means of cubic interpolation, in 

order to reduce the number of voxels and improve the signal-to-noise ratio by means of effective 

local averaging. Voxels were extracted from all regions of the brainstem and cervical spinal cord 

using our predefined anatomical mask. Edge voxels were excluded if they contained more than 

25% volume that fell outside the anatomical mask before resizing, resulting in a total of 1986 

voxels. Voxel data from each participant were converted to the percent signal change from the 

baseline, in order to normalize the intensities and avoid baseline shifts between participants. The 

data for each voxel of interest were then concatenated across all participants, resulting in a total 

of 1248 volumes to describe the time-series responses. The connectivity between all 

combinations of seeds therefore results in a 1986 x 1986 correlation grid. Combinations of voxel 

pairs were eliminated from the correlation grid if they were immediately adjacent (including 

across diagonals in 3D), resulting in a minimum separation of greater than 4.9 mm. Correlations 

were inferred to be significant if the correlation coefficient, R, exceeded a magnitude of 0.153, 

corresponding to a family-wise error rate (Bonferroni) corrected pfwe < 0.05, for almost 2 million 
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comparisons (puncorrected < 2.5 x 10-8). The significant connections were then summarized by 

characterizing the distribution of connection distances, and numbers of connections between 

brainstem and spinal cord regions, and within spinal cord regions.  

Independent Component Analysis 

An independent component analysis (ICA) was used in an effort to identify resting state 

networks across all regions of the brainstem and cervical spinal cord. The rs-fMRI data were pre-

processed as described above, and the data in each voxel were again concatenated across all 

participants, resulting in a total of 1248 volumes. ICA was applied using the “FastICA” 

algorithm in MATLAB. The significance of each component was determined based on its 

contribution to the variance, expressed as the R2 value, for each voxel. This was converted to a 

Z-score using Fisher’s Z-transform, so that confidence intervals could be determined from a 

normal distribution (32). A component was inferred to have a significant contribution to a voxel 

at a family-wise error-rate corrected p-value of pfwe < 0.05, based on Bonferroni correction for 

8065 independent voxels across the brainstem and spinal cord (puncorrected < 6.2 x 10-6). Resting-

state networks were identified based on the voxels with significant contributions from each 

component. The results were summarized by identifying the two networks with the largest 

proportion of predominantly ventral, or dorsal, voxels in the spinal cord. These are referred to as 

the “ventral” and “dorsal” networks, respectively. 

Results 

Functional MRI data acquired from the brainstem and spinal cord of 16 healthy participants 

during the resting state demonstrated significant connectivity within and between brainstem and 

spinal cord regions. Voxel-voxel connectivity analysis identified connections spanning as much 

as 160 mm. A larger number of connections were observed at shorter distances, as shown by the 
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distribution of connection distances (Figure 3.1). The mean and median distances were 28 mm 

and 16 mm, respectively. The anatomical locations of connected voxels are shown in Figure 3.2, 

for selected ranges of connection distances. The proportion of tested connections that were 

detected to be significant 1) between the brainstem and each spinal cord segment, and 2) within 

the spinal cord (inter- and intra-segmental connections), are plotted in Figures 3.3 and 3.4, 

respectively.  

The results of the ICA analysis identified resting-state networks spanning across the brainstem 

and spinal cord (Figure 3.5). The “ventral” network that was identified included ventral horn 

regions of the gray matter in the spinal cord, as well as areas corresponding to the red nucleus 

and pontine reticular formation in the brainstem. The “dorsal” network included dorsal horn 

regions of the spinal cord gray matter as well as areas corresponding to the periaqueductal gray 

matter (PAG), nucleus gigantocellularis (NGc), parabrachial nucleus (PBN), and locus coeruleus 

(LC) in the brainstem.  

Discussion 

The purpose of this study was to investigate the origins of resting-state BOLD fluctuations in 

the spinal cord and brainstem and to identify RSNs across these regions. With resting-state data 

spanning the entire brainstem and cervical spinal cord we were able to detect extensive 

connectivity throughout the spinal cord, and across specific brainstem regions, after we had 

removed a large proportion of the physiological noise (1). The spatial patterns of connectivity 

shown by the voxel-voxel connectivity analysis in this study are similar to the results obtained by 

Barry et al and Kong et al, within the spinal cord (2,3). These prior studies both demonstrated 

dorsal-dorsal and ventral-ventral connectivity within transverse slices, and rostral-caudal 

connectivity within and across spinal cord segments. The results of the current study confirm the 
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presence of extensive intra- and inter-segmental connectivity throughout the cord. However, 

there are patterns in the distribution of the connected regions within the spinal cord. There is a 

higher prevalence of connections between regions on the left side (left-left connections) than 

between right side regions (right-right), and a lower number of crossing (left-right) connections. 

Connections spanned as much as 7 spinal cord segments, and were observed between all 

segments, but the number of connected regions decreased with distance. The numbers of intra-

segmental connections were highest near the upper-middle regions of the cervical spinal cord 

(C3-C5). Together, this distribution of connected regions shows a pattern of extensive 

communication networks throughout the brainstem and spinal cord.  

This conclusion is also supported by the ICA which identified multiple RSNs spanning across 

the brainstem and spinal cord. This is the first time the 3D distributions of resting-state networks 

have been identified in these regions. The RSNs shown in Figure 5 were selected based on 

having the largest proportion of predominantly dorsal, or ventral, voxels in the spinal cord, with 

the expectation that these networks would be involved predominantly with sensory and motor 

functions, respectively.  

The “dorsal” network included spinal cord dorsal horn regions as well as areas corresponding 

to the PAG, PBN, LC and NGC. The PAG plays an important role in the descending modulation 

pain and this has been documented in previous spinal fMRI studies (22,30). The PBN is also 

involved with the modulation of pain transmission and integrates motivational and autonomic 

responses to nociceptive stimuli (33,34). The LC is primarily involved in the stress response, 

attention, arousal and also helps the brain modulate responses to pain. Temperature, touch, pain 

and proprioceptive information are relayed by the dorsal horns to the LC (15,35). The NGC is 

known to process sensory stimuli and to contribute to regulating muscle tone (36). The presence 
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of these brainstem regions with connections mainly to the dorsal horns of the spinal cord suggest 

that this network is involved in the descending regulation of sensations and pain. In the absence 

of any applied sensory stimuli we propose that the observed resting-state BOLD fluctuations 

may have been the result of descending pain/sensory regulation in relation to the 

emotional/cognitive state, as we have detected previously (21).  

The “ventral” network included spinal cord ventral horn regions as well as areas 

corresponding to the red nucleus, PAG, PRF, PBN, NRM and NGC. The red nucleus plays a role 

in coordinating motor function, and receives inputs from the primary motor cortex and 

cerebellum (37,38). The PRF similarly receives inputs from the primary motor cortex and 

cerebellum (39). These brainstem regions are responsible for maintaining posture, balance and 

muscle tone (37-39). It is notable that this “ventral” network also included the PBN, NRM, and 

NGC, which are also involved with sensory and pain functions. Motor-related activity could 

arise during resting-state studies in relation to regulation of muscle tone. It has been suggested 

previously that resting-state activity in these regions may be related to respiratory function (2). 

However, while this “ventral” network appears to be related to motor function, it does not appear 

to be uniquely a motor network as there is some overlap with the “dorsal” network. 

Resting-state networks were identified in this study based on the premise that temporal signal 

variations that are coordinated across anatomically distinct regions reflect BOLD signal 

variations. The temporal correlation of the signals in two regions is used to infer functional 

connectivity (40). In this study we aimed to identify the origins of the resting-state BOLD 

fluctuations which have been demonstrated previously (1-6). Prior evidence suggests that 

connections between brainstem and cortical regions and from the brainstem to the spinal cord 

could be the sources of the fluctuations and that they may be related to the DMN or the executive 
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network (15-18,41,42). Connectivity has been observed between the default mode network 

(DMN) and several brainstem regions including a median pontine region, midbrain regions, and 

the dorsal raphe nucleus (7,8). In addition, a number of regions in the DMN such as the medial 

prefrontal cortex (mPFC), the cingulate gyrus, and amygdala, are known to project to brainstem 

regions, and are involved in pain processing, attention, and regulation of sensorimotor functions 

(43-46). The brainstem regions they project to include the PBN, LC and DRt (15,16,33,42), 

which are in turn connected with one another and with other brainstem nuclei such as the PAG 

(15,16). These brainstem regions are also involved with functions such as attention, nociceptive 

processing and motor control, and they project to the spinal cord (15,16,33).Thus, it is plausible 

based on the known neuroanatomy that the resting state connections detected in brainstem and 

spinal cord may be extensions of known resting-state cortical networks. The two networks that 

we have identified from the ICA results both include the PBN which may be part of the DMN, 

and they both include the PAG and regions of the RVM (i.e., NRM and NGC). However, they 

are distinct because the dorsal network includes the LC and dorsal horn regions, and the ventral 

network includes the PRF and ventral horn regions. This pattern suggests that these networks 

may be related to separate sensory and motor functions and yet they are integrated. 

The voxel-voxel connectivity results show that brainstem regions project to all segments of 

the cervical spinal cord, and that there is extensive connectivity within each segment and 

between all segments of the spinal cord. This inter- and intra-segmental connectivity has been 

observed previously in resting-state studies (2,3) and is somewhat expected based on the 

extensive network of interneurons. Interneurons are the most abundant type of neurons in the 

spinal cord and provide communication both within and across segments, can cross the midline, 

and can span multiple segments (19,20,47,48). The observed connectivity therefore corresponds 
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with the known neuroanatomy, and indicates that even in the resting-state there is a considerable 

amount of neural signaling occurring in the spinal cord. BOLD signal variations in time indicate 

varying input signaling which is not easily explained by sensory input or motor functions while 

participants rested comfortably during the time-series data acquisition. A more plausible 

explanation is that the observed activity is related to descending regulation of spinal cord 

neurons. The extensive inter- and intra-segmental connectivity may reflect coordination of spinal 

cord functions. 

Resting-state fMRI has proven to be useful for investigating networks related to motor, pain, 

sensory and autonomic functions in cortical regions, and is expected to be equally valuable for 

investigating the brainstem and spinal cord, and their connections to the cortex. Based on the 

results obtained in this study, we propose that there is a link between the cognitive/emotional 

state of the cortex in the resting state and how this affects the state of the spinal cord. Internally 

directed thought processes are believed to be responsible for driving cortical inputs to the 

brainstem in the resting state (43,44). Spinal cord neurons are up- or down-regulated depending 

on the cognitive/emotional state of the individual (21). The cognitive/emotional state is expected 

to vary with internally directed thought in the resting-state, and is therefore functionally linked 

with the DMN, and possibly other networks as well, such as for executive function. 

Limitations  

In this rs-fMRI study, it is unlikely that we removed all of the effects of physiological noise 

and motion artifacts, although our prior studies have indicated that a large proportion of the noise 

can be removed with our methods (1,26). Residual physiological noise could cause identification 

of coordinated signals which are presumed to be BOLD and lead to erroneous connectivity 

results. However, the results indicate coordinated regions in the brainstem and spinal cord which 
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are known to be functionally related, and relevant to specific functions, and provide support for 

the conclusion that are results are dominated by BOLD signal variations. This study is still an 

early step towards establishing the source of resting-state BOLD fluctuations in the brainstem 

and spinal cord. Future studies are needed in order in order to define complete resting-state 

networks spanning from the spinal cord to cortical regions.  

Conclusions 

This study was the first to investigate the source of resting-state BOLD fluctuations within 

and between the brainstem and spinal cord. Resting state connections were observed within the 

brainstem, between the brainstem and spinal cord, and within the spinal cord, including extensive 

intra- and inter-segmental connections. ICA revealed separate resting-state networks spanning 

across the brainstem and spinal cord, which appeared to be involved with primarily sensory 

(dorsal) and motor (ventral) functions. However, there was a considerable amount of overlap 

between the networks and they appear to be integrated. Similarly, the extensive connectivity 

between the brainstem and spinal cord, and within the spinal cord, appears to indicate a high 

degree of coordination of function across regions, in the resting-state. We propose that the 

observed resting-state BOLD fluctuations and the coordination across regions are related to 

continuous descending regulation of spinal cord neurons. However, further investigation is 

needed in order to identify more complete resting-state networks in these regions and in order to 

fully understand what drives the resting-state fluctuations in the brainstem and spinal cord.  
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Figures 

 

Figure 3.1: Distribution of connection lengths detected across and within the brainstem and 

cervical spinal cord, by means of the voxel-voxel connectivity analysis. 

 

Figure 3.2: Anatomical depiction of significant connections detected by means of voxel-

voxel connectivity analysis, for selected ranges of connection distances: A) 5 mm – 10 mm, B) 

25 mm – 30 mm, C) 45 mm – 50 mm, and D) 65 mm – 70 mm. These distances were selected to 

illustrate the distribution of the numbers and locations of connections across different distances. 

Each panel shows a coronal (left) and sagittal (right) plane through the normalized spinal cord 

anatomy, with projections of the 3D connections overlaid in red. 
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Figure 3.3: The numbers of significant connections detected with voxel-voxel connectivity 

analysis, between the brainstem and each cervical spinal cord segment. Values are expressed as a 

percentage of the number of the connections that were tested. 

 

 



72 
 

 

Figure 3.4: The number of significant connections detected with voxel-voxel connectivity 

analysis, within each spinal cord segment (intra-segmental, black bars), and between every pair 

of spinal cord segments (inter-segmental, gray bars). Values are expressed as a percentage of the 

number of possible connections. 
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Figure 3.5: Selected axial slices to demonstrate the anatomical distributions of two resting-

state networks identified by means of ICA. Colors indicate the ICA weighting factor for each 

voxel.  However, values are only shown for voxels which have a significant component of their 

variance represented by the ICA component. Significance was inferred at a family-wise error 

(Bonferroni) corrected pfwe < 0.05, accounting for multiple comparisons across 8065 independent 

voxels. Abbreviations are as follows: PAG: periaqueductal gray matter, PRF: pontine reticular 

formation, NRM: nucleus raphe magnus, NGC: nucleus gigantocellularis, LC: locus coeruleus, 

PBN: Parabrachial nucleus, C4, C5, C7: 4th, 5th, and 7th, cervical spinal cord segments, 

respectively.  
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Chapter 4 

General Discussion 

This section deals with linking the concepts established and covered in chapters two and three. 

As described previously, the objectives in chapter 2 were to confirm the presence of resting-state 

BOLD signal fluctuations in the spinal cord and brainstem after identifying the various sources 

of physiological noise and removing them (1). Furthermore, we sought to quantify the effect 

each of the identified sources of noise had on the MRI signal. The purpose of this study was to 

reaffirm the presence of resting-state BOLD fluctuations in the spinal cord. Previous publications 

by Wei et al, Barry et al, Kong et al have reported the presence of resting-state BOLD 

fluctuations in the spinal cord (2-6). These studies employed some form of motion correction 

method and the studies by Barry et al and Kong et al used RETROICOR to model the 

physiological noise sources and remove them (4,5). These studies analyzed their data so as to 

reduce the contributions from physiological noise by looking at specific grey mater regions 

within the spinal cord (5) or by using ICA to decompose the BOLD signal into its constituent 

parts in an effort to separate the noise components (4,6). While these previous studies provide 

valuable insights into rs-fMRI in the spinal cord, we were not satisfied with the way the authors 

conducted their analysis. In these studies, the authors do not specify what the sources of noise 

are, with the exception of bulk motion. It is impractical to consider that all the noise can be 

removed in an rs-fMRI study of the spinal cord, but the authors of these publications do not 

report how much of the noise was actually removed in these studies (4-6). We felt that they did 

not thoroughly investigate how much of the noise can actually be removed, let alone identifying 

the various sources of noise. Based on this, we believe that the correlations they reported as 
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BOLD signals were influenced by physiological sources of noise and felt that their explanation 

was not conclusive. Thus, the purpose of study in chapter two was to confirm the presence of 

resting state BOLD fluctuations in the brainstem and spinal cord after removing and quantifying 

as much physiological noise as possible.  

In chapter two, we ensured we removed as much physiological noise as possible before 

performing a correlation analysis to identify the regions within the brainstem and spinal cord that 

were correlated. The results of our analysis identified the various sources of physiological noise 

and quantified how much each of these sources contributed to the overall noise. We were able to 

subtract 46% noise from the rs-fMRI data. This value represents a large portion of the noise that 

can be removed as determined by our comparisons with data from cadavers (1). However, a 

limitation of this study is that it is unlikely that we removed all the noise that arises from motion 

artifacts and physiological effects, from the fMRI data. The noise that is not subtracted from the 

fMRI data can be coordinated across regions and this in turn can hamper connectivity analysis. 

The goal of this study was to detect resting-state BOLD connectivity in the brainstem and spinal 

cord. However, coordinated BOLD signals were detected between the dorsal horns and between 

the ventral horns of the spinal cord only. No connectivity was observed in the brainstem or 

between the brainstem and spinal cord in this study. The reason for this observation is our choice 

of imaging method. We chose to acquire axially oriented images from three slices located in the 

midbrain at the level of the PAG, the RVM and at the 6th cervical segment (C6) of the spinal 

cord. The PAG, RVM are known to send descending modulatory input to the spinal cord. The 

goal was to setup the idea that if connectivity had been detected in the brainstem and spinal cord, 

we could expect to observe a network within this system in the resting state. Thus, the results of 
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this study do not present details about the source of the resting-state input to the spinal cord or if 

there is resting-state networks present in this region. This is however, addressed in chapter three.  

Chapter three focuses on what drives the resting-state connectivity in the brainstem, in the 

spinal cord and between the brainstem and spinal cord. Picking up where chapter two left, this 

chapter investigates the origin of the resting-state fluctuations in this region of the central 

nervous system. The three axial slices that were acquired previously, did not provide information 

on the source of the resting-state fluctuations in the spinal cord. Based on the results of chapter 

two, it was speculated that the source of the resting-state fluctuations in the spinal cord could 

arise due to the cord receiving coordinated inputs from a common source or from multiple 

interconnected sources. Moreover, the reciprocal connections within the spinal cord, could also 

explain the coordination between the dorsal horns and between the ventral horns of the spinal 

cord (1).  

In chapter three, we tried to understand the cause of resting-state BOLD fluctuations in the 

brainstem and spinal cord and determined if there was resting-state networks present in this 

region. The rs-fMRI data were acquired in sagittal slices which covered the brainstem and 

cervical spinal cord across three dimensions. The main findings of this study revolved around the 

understanding that if two anatomically distinct regions are temporally coordinated, they are 

assumed to be functionally connected. The results of this chapter can be explained using the 

following ideas: Extension, Integration and Coordination. Resting-state connections were 

observed within the brainstem, within the spinal cord and between the brainstem and spinal cord. 

Previous studies have reported connections from the cortex to the brainstem and from the 

brainstem to the spinal cord (7-12). In brain resting-state studies, regions of the default mode 

network (DMN) and executive network have shown to be connected with multiple brainstem 
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sites like the PAG, DRt, LC and PBN, which are in turn connected to each other(7,11-13). The 

cortical regions and the brainstem nuclei they are connected to perform similar functions such as 

pain processing and sensorimotor processing (7,11,13). Therefore, one plausible conclusion is 

that the neuroanatomical connections between these regions could account for the resting-state 

connections observed in the brainstem and spinal cord. In other words, the resting-state networks 

seen in the brainstem and spinal cord could be an extension of the resting-state networks seen in 

the cortex. 

The results in chapter three identified separate dorsal and ventral resting-state networks 

(RSNs). The ‘dorsal’ network included the dorsal horns of the spinal cord along with the PAG, 

PBN, LC and NGC. The dorsal horns receive sensory information from the dermatomes of the 

body. Each of these brainstem regions is known to play a role in sensory processing or is 

involved in the descending regulation of pain (11,13-18). The fact that these brainstem nuclei are 

a part of the ‘dorsal’ network, could imply that there is descending regulation of pain/sensation 

occurring during the resting-state in the spinal cord (19). The ‘ventral’ RSN included the ventral 

horns of the spinal cord and the red nucleus, PAG, PRF, PBN, NRM and NGC. The red nucleus 

and PRF are known to be involved in maintaining posture and regulating muscle tone (20-22). In 

a resting-state study, motor activity can be attributed to the regulation of muscle tone. 

Regardless, there is an overlap of brainstem nuclei in the ‘ventral network’ with those in the 

‘dorsal’ network and therefore, the ventral RSN identified is not a uniquely motor network and 

the functions of both the ‘dorsal’ and ‘ventral’ brainstem nuclei appear to be integrated.  

Results from the voxel-voxel connectivity analysis showed that the brainstem projects to all 

the spinal cord segments. Furthermore, extensive coordination was seen both within 

(intrasegmental) and between (intersegmental) all the spinal cord segments from C1 to C8. 
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Intersegmental and intrasegmental connectivity has been shown in previous spinal rs-fMRI 

studies (4,5). This extensive pattern of connection in the spinal cord can be attributed to 

interneurons. Interneurons are the most abundant type of neurons within the spinal cord and they 

are known to span multiple segments as well as cross them midline (23-26). This implies that a 

significant amount of signaling occurs in the spinal cord even during the resting-state. The 

amount of input to the spinal cord varies during the resting-state and sensory inputs or motor 

outputs cannot sufficiently explain the resting-state BOLD activity. A more likely explanation is 

that spinal cord neurons receive regulatory inputs from supraspinal sources and this leads to a 

coordination of function within the spinal cord mediated by interneurons. 

The study presented in chapter three was the first to study the origin of resting-state BOLD 

fluctuations between and within the spinal cord and brainstem. The results revealed the presence 

of separate ‘dorsal’ and ‘ventral’ RSNs. However, these networks are not complete. They span 

the brainstem and spinal cord. Based on the results obtained in this study, future studies are 

required in order to map out a more complete network to provide a more comprehensive answer 

as to what drives the resting-state BOLD fluctuations observed in the brainstem and spinal cord. 

The resting-state fMRI data for this study were obtained from the thalamus to the T1/T2 

vertebral disk. In the future, this can be expanded to include regions of the cortex which are a 

part of brain RSNs like the DMN and the executive network. I say this because regions like the 

mPFC, cingulate gyrus and amygdala are a part of the DMN and are known to project to 

brainstem nuclei like the PBN, PAG and LC which were identified as a part of the dorsal RSN in 

this study. Cortical regions like the primary and supplementary motor cortex, the basal ganglia 

and cerebellum can also be included in order to study the descending motor input to the spinal 

cord from these structures. The motor cortex and the cerebellum are known to project to 
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brainstem regions like the red nucleus and PRF, both of which have been identified as a part of 

the ventral RSN in this study. Once a more complete resting-state network has been identified in 

this region, the source of the resting-state BOLD fluctuations can be more accurately determined. 

This is important because once this has been identified in heathy controls, I believe that resting-

state fMRI of the spinal cord can be used to determine the changes in connectivity in patients 

with spinal cord injury, chronic pain conditions like fibromyalgia, multiple sclerosis and other 

conditions which affect sensory and motor functions involving the spinal cord. Some of these 

applications are discussed below. 

Spinal cord injury (SCI) occurs when the spinal cord is damaged due to an accident and leads 

to a permanent or temporary loss of sensory, motor or autonomic functions below the level of the 

lesion. In the past, clinical examinations were the only way to diagnose and determine the 

prognosis of a case of SCI. Today, MRI can be used to visualize the extent of the injury to the 

spinal cord and help with the diagnosis and prognosis of SCI as well. Each case of SCI is 

different and the outcome varies from person to person based on the severity of the injury and 

type of treatment they receive. The way pain is perceived has been studied after SCI (17). 

Studies have shown that cortical regions are reorganized after SCI to process painful stimuli. 

Spinal fMRI has been used to show that pain processing is altered in SCI patients(17). The 

cortical reorganization and altered pain processing suggest that there is a change in the ascending 

signals travelling from the spinal cord to the supraspinal regions. Once a more complete resting-

state network has been identified in the BS/SC regions, rs-fMRI of the spinal cord can be used to 

study the changes that occur in the resting-state of patients with SCI. Based on the results 

obtained in this study, I speculate that there will be changes in the intersegmental and 

intrasegmental connections at the level of the lesion. Additionally, the regions that are activated 
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in the dorsal and ventral networks may be altered or absent altogether, depending on the nature 

of the injury. 

Fibromyalgia (FM) is a chronic pain condition. Its symptoms include extensive chronic pain 

and allodynia. This condition has been studied using fMRI and it has been reported that there are 

differences in the way people with FM respond to pain compared to healthy controls (27). It has 

been reported that fewer brainstem regions involved in pain processing are activated in response 

to painful stimuli in FM patients. This suggests that there is an abnormality associated with the 

descending modulation of pain in patients with FM (27). Based on the results of this study, it can 

be expected that changes to the dorsal RSN may be more pronounced than the ventral RSN. 

Some of these changes which are plausible could be: the brainstem regions involved in analgesia 

(pain suppression) are under active while the regions which facilitate nociception and the dorsal 

horns are overactive. This pattern of activation may account for the symptoms (allodynia) seen in 

FM patients. Furthermore, it has been shown that there is a significant disparity of connections in 

the pain network in the cortex and their connections to rostral areas of the brainstem involved in 

pain modulation (28). Therefore, studying a complete resting-state network (cortex-brainstem-

spinal cord) in healthy controls and patients with FM can shed light on the functional alterations 

that occur in this condition. 

Multiple sclerosis (MS) damages the myelin sheath that insulates the neurons in the central 

nervous system. There are a variety of symptoms associated with MS, some of which include 

altered sensations, muscle weakness and spasms, poor balance and coordination, acute/chronic 

pain and fatigue (29,30). Functional MRI has been used to study MS previously and have mostly 

focused on the structural and functional changes occurring in the cortex of patients with MS. 

Previous brain fMRI studies in MS patients have shown that there is more recruitment of cortical 
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regions associated with movement during a simple motor task (29). Spinal cord fMRI has 

revealed that patients with MS do not show functional lateralization of cord activity in response 

to tactile stimulation. In other words, more of the spinal cord is recruited to perform the same 

function than in healthy controls (30). The results of this study suggest that a change in the 

intersegmental and intrasegmental connections within the spinal cord of MS patients can be 

expected. I say this because the interneurons are affected due to the demyelination process. This 

in turn, could lead to poorer coordination within the spinal cord and so a more widespread 

pattern of recruitment of the spinal cord may be observed.  Thus, the use of rs-fMRI in the 

brainstem and spinal cord can help further our understanding of the functional abnormalities 

associated with brainstem and spinal cord in MS. 

The brainstem and spinal cord are important components of the central nervous system which 

perform a plethora of functions. Resting-state fMRI of the brainstem and spinal cord has the 

potential to be a valuable tool which can be used to investigate the functional abnormalities 

associated with various conditions affecting these regions. It can also be used to study pain 

processing in healthy people. For example, these methods may be useful to investigate 

phenomena such as placebo, nocebo and the gate-control theory of pain. The results of these 

studies show the presence of extensive connections within the brainstem, within the spinal cord 

and between the brainstem and spinal cord. Furthermore, separate resting-state networks were 

observed in this region, each with a distinct set of components. In order to extend the use of rs-

fMRI in this region, mapping a more complete resting-state network is required. Complete 

cortex-brainstem-spinal cord resting-state networks can help us investigate and understand the 

functional changes which occur in spinal cord injury, fibromyalgia, multiple sclerosis and other 

conditions which affect the brainstem and spinal cord. 
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