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Abstract 

Resting-state functional MRI examines activity of the central nervous system in the absence of a specific 

task or stimulus, and has been used to investigate coordinated activity within the cerebral hemispheres, as 

well as the brainstem and spinal cord. While previous research has shown coordinated resting-state BOLD 

fluctuations in the brainstem and cord, the extent of resting-state networks (RSNs) and their function are still 

unclear. Characterizing these networks is an important step towards understanding the complex processing 

that occurs in the spinal cord and brainstem outside of a reaction to a stimulus.  

The overall aim of this thesis was to investigate the function of spinal cord and brainstem RSNs, by 

examining how these networks change when participants are experiencing different cognitive states. If a 

person’s cognitive/emotional state can be shown to influence resting-state BOLD signal fluctuations in the 

brainstem/cord, then we can infer that a function of these RSNs is to modulate the excitability of spinal cord 

neurons. We first aimed to confirm the presence of RSNs in the brainstem and spinal cord. After doing so, 

we present evidence that, while RSNs are largely consistent across 3 conditions (a resting-state condition, an 

audio presentation, and a video), watching a video or listening to an audio presentation alters these networks 

in specific ways. Combined with prior evidence, these results show that the observed networks likely help 

integrate homeostatic autonomic functions.  

Building on this evidence, we investigated how connectivity in the previously-identified networks is 

altered when a participant is specifically expecting pain. We provide evidence that coordinated brainstem 

and spinal cord networks are affected by the expectation of pain differently than by other distracting 

situations such as focusing on a video. We conclude that these networks may serve to integrate autonomic 

regulatory functions with pain processing. Linking the function of these networks to homeostatic autonomic 

control and pain modulation is an important step in understanding the complex brainstem/spinal cord activity 

that occurs aside from a reaction to a painful stimulus. Findings of this thesis will help provide a deeper 

understanding of pain modulation and subjective experiences of pain, such as placebo/nocebo effects.  
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Chapter 1 

General Introduction 

The development of neuroimaging techniques such as functional magnetic resonance imaging (fMRI) 

has given us the ability to observe and probe central nervous system (CNS) function in humans in a safe 

and non-invasive manner. Early studies focused on characterizing different aspects of CNS function using 

task-based approaches, which generally employ a task to probe a neural function of interest along with a 

baseline period for comparison. This approach, however, only examines the differences in function 

between two or more conditions, and cannot describe CNS function in the absence of a task. This 

limitation led to the introduction of resting-state studies, which examine spontaneous fluctuations in, or 

coordination of, activity in the CNS in the absence of a specific task or stimulus (i.e. when the 

participants are idle and ‘at rest’). The default mode network is perhaps the most well-known resting-state 

network (RSN) described in the brain and was first identified using fMRI in 2003 (Greicius et al., 2003) 

where participants were asked to lie still and with their eyes closed. This network of brain regions seemed 

active at rest but decreased in activity when participants began performing cognitive tasks. This reignited 

an interest in the significance of ongoing or intrinsic brain function.  

The brainstem and spinal-cord are essential components of the CNS, but fMRI research in this area 

was slower to develop as there were more technical challenges with which to contend. While research in 

this area has progressed considerably since the first spinal fMRI study in 1996 (Yoshizawa et al., 1996), 

resting-state spinal fMRI research has still largely been limited to short range connections between areas 

of the spinal cord (generally spanning distances of 2-3 spinal cord segments). Expanding this area of 

study is an important avenue because the spinal cord and brainstem are key components of both pain 

processing and descending modulation of pain. If we can broaden our understanding of spinal cord and 

brainstem function in the resting-state, we may be able to gain a better understanding of how the spinal 

cord helps to regulate our perception of pain.  
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The purpose of my thesis is to expand this knowledge by using spinal fMRI to identify and 

characterize resting-state networks in the brainstem and spinal cord. The body of my thesis is composed 

of two self-contained chapters that describe my research into spinal cord/brainstem RSNs and how these 

change under different cognitive states (chapter 2), as well as how these networks are affected when 

participants are specifically expecting to feel pain (chapter 3). These two chapters each contain an 

introduction, hypothesis, methods description, and discussion. This introductory chapter will therefore 

supplement the following chapters with additional background and technical information.  

 

1.1 MRI basics 

Magnetic Resonance Imaging (MRI) is a non-invasive tool that has been used to study the function of 

the CNS in both animals and humans. It is relatively comfortable for a participant and can provide a wide 

range of information depending on the setup of the machine, making it a valuable research and diagnostic 

tool for many fields of study and medicine. Structural MR images provide good contrast between tissues 

and fine spatial resolution, giving the user a detailed view of the tissues that are being imaged. Functional 

MRI is an extension of MR technology that enables a real-time understanding of neural function by 

measuring signal changes in those areas across time. This can provide an indirect view of changes in 

neural activity in the CNS. The most common use of fMRI, blood-oxygenation level dependent (BOLD) 

contrast fMRI, is an invaluable research tool. Though the word ‘images’ is part of various terms in MR 

theory and practice, the data measured and collected by the MR system are generally in sets of signal 

intensity changes across time for each voxel in a chosen space (this is much more complex than what we 

conventionally think of as an image). The following sections will briefly explain how the MR signal that 

we measure is generated, how different properties of the body affect this signal, and how this translates 

into functional neuroimaging with MRI.  

 

1.1.1 Hydrogen as the source of the MR signal 
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The human body contains a high concentration of hydrogen nuclei (mainly in fat and water), which 

produce the measurable signal during an MRI scan (Lauterbur, 1989). A hydrogen nucleus is composed 

of a single proton which has an inherent spin about an axis, resulting in angular momentum and a 

magnetic field (Abragam, 1961). The magnetic fields produced by these nuclei generally cancel each 

other out as the orientations of the axes are randomly distributed throughout the body. When the body 

enters a strong magnetic field such as that of an MRI, the hydrogen nuclei in the body orient themselves 

in line with the direction of the magnetic field (B0) (Sherwood et al., 2013; Stroman, 2011a). This is not 

an instantaneous ‘snap’ into position and can take up to a few seconds to occur (via a process called 

‘relaxation’). This process does not induce any changes in molecular structure or physiological function 

of the body, which makes MRI a safe and non-invasive method. While in alignment the nuclei aren’t 

static and, in fact, precess (or wobble) around the direction of the magnetic field at a rate that depends on 

the strength of B0 (Stroman, 2011a). This motion is similar to a spinning top, where the top itself revolves 

around its central pin (its axis), but the top of the pin describes a circular motion as the top precesses. 

Under the right circumstances, this precession creates changes in the magnetic field that induce a current 

into a nearby receiver coil, which is then measured and used to create an MR image.   

Inside a strong magnetic field, hydrogen nuclei produce a net magnetization in the longitudinal 

direction (z, parallel to B0) because more nuclei will orient themselves parallel to B0 (a low energy state) 

than anti-parallel to B0 (a high energy state) (Abragam, 1961). This longitudinal component of the 

magnetization varies little during relaxation (Hoult, 1984; Stroman, 2011a). Therefore, in order to induce 

a time-varying magnetic field that can be measured, we must tip the net magnetization away from the 

longitudinal axis and into the transverse plane (x-y, perpendicular to the direction of B0). To do this, 

radiofrequency (RF) coils are used to transmit an oscillating magnetic field with the same frequency as 

the precession of the hydrogen nuclei (the Larmor frequency); this is called an RF pulse (Abragam, 1961; 

Hoult, 1984; Stroman, 2011a). This brief pulse can rotate the net magnetization a chosen amount (referred 

to as the flip angle) into the transverse plane. As the nuclei precess in the transverse plane, the transverse 



 

4 

 

component of the magnetization disturbs the homogenous magnetic field created by the magnet, and this 

disturbance can be picked up by receiver coils as induced current and measured as our MR signal.  

 

1.1.2 Contrast weighting 

After a RF pulse has tipped the net magnetization into the transverse plane, the spins begin to ‘relax’ 

and return into alignment with the main field B0, which generally takes around 0.7 to 2 seconds 

(Bloombergen et al., 1948). The time it takes for the for the longitudinal component of the net 

magnetization to recover is called the longitudinal relaxation time (T1), and this time depends in part on 

how easily the hydrogen nuclei can move within a given tissue (Bloombergen et al., 1948; Stroman, 

2011a). The time it takes for the transverse component of the magnetization to decay to zero is called the 

transverse relaxation time (T2). Additionally, a second transverse relaxation time (T2*) can be used to take 

into account the effect that spatial variations in the magnetic field (such as those caused by different 

tissues in the body) have on the rate of decay of the transverse component. It is important to note that this 

relaxation process is not simply a ‘tipping back’ of the magnetization and occurs because of complex 

interactions between hydrogen nuclei (Abragam, 1961; Bloombergen et al., 1948). Because these 

interactions affect longitudinal and transverse components of magnetization differently, the rate of decay 

of the transverse magnetization is much higher than the rate of recovery of the longitudinal magnetization, 

with T1 typically being around 10 times longer than T2 in biological tissues (Stroman, 2011a). As some 

environments allow the hydrogen nuclei to move more freely (e.g. cerebrospinal fluid) than others (e.g. 

grey matter), different tissues will have different longitudinal and transverse relaxation rates (Fullerton et 

al., 1982; Menon and Allen, 1990; Menon et al., 1992b). These differences translate into differences in 

signal and let us distinguish between different types of tissues in an image (Bloombergen et al., 1948). 

The overall signal is a mix of weightings, but the choice of which relaxation time or times to prioritize in 

the weighting of the images creates a contrast between various types of tissues that may be of interest.   
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1.1.3 Gradients and spatial encoding 

To know where in the body the measured signal is coming from, we employ the use of ‘gradients’, 

which are spatially dependent magnetic fields (Abragam, 1961; Bloombergen et al., 1948). Recall that the 

RF pulse must oscillate at the Larmor frequency in order to tip the magnetization into the transverse 

plane. This Larmor frequency depends on the strength of the magnetic field B0 (Stroman, 2011a). A 

gradient can therefore be applied that will cause the field to vary gradually in strength depending on the 

position along a selected axis in space (Abragam, 1961). For example, an applied gradient may cause a 

variation of 2 Gauss per cm along the x axis, so the strength of the magnetic field will differ by 10 Gauss 

between two locations that are 5 cm apart along the x axis. Because the Larmor frequency will vary 

gradually with position along this axis now that the gradient has changed the strength of the field in a 

position dependent way, the frequency of the RF pulse can be selected to only excite (tip) a certain slice 

of the tissue at a chosen position. This is referred to as a slice selective gradient (Stroman, 2011a). With 

this process, we can know that the signal we measure originated from a specific slice of tissue in the 

body. Additional gradients called ‘phase encoding gradients’ (which make the phase of the precession of 

hydrogen nuclei vary with position) and ‘frequency encoding gradients’ (which make the frequency of 

precession vary with position along a second axis) are applied to assign a specific frequency to each voxel 

in 2D space within that slice (Stroman, 2011a). Doing so results in each voxel having a different 

frequency and phase. Although the measured signal is a combination of the signal from all voxels, we 

make use of the Fourier transform to mathematically determine the different components of the signal and 

to be able to plot the signal strength relative to position to produce an image (Ernst and Anderson, 1966). 

 

1.1.4 Spin and gradient echo 

Since the MR signal must last long enough to detect differences in relaxation between tissues, and the 

magnetization dephases quickly in the transverse plane after an RF pulse (as a result of nuclei precessing 

at different speeds), there is a need for ‘echoes’ to bring the signal back into phase to be measured. There 
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are two fundamental imaging methods: the spin echo and the gradient echo, though each have several 

variations (Stroman, 2011a).  

Spin echo methods consist of applying an RF pulse to tip the magnetization 90
o
,after which the signal 

begins dephasing due to magnetic field inhomogeneity from different tissues in the body as well as caused 

by applying the spatial encoding gradients. This is followed quickly by a second RF pulse at 180
o
 to keep 

the magnetization in the transverse plane and to reverse the dephasing, briefly bringing the signal back 

into phase to produce an ‘echo’(Stroman, 2011a). Importantly, the spin echo is not affected by static 

differences in spatial field variations because both those variations and the variations from the applied 

gradients are cancelled out by the second pulse (Hahn, 1950; Tkach and Haacke, 1988). The spin echo is 

therefore T2-weighted.   

A gradient echo consists of applying a magnetic field gradient briefly after the initial RF pulse, which 

will dephase the signal in a predetermined way (as a result of the magnetic field varying in strength with 

position). Shortly after, another gradient is applied in the opposite direction (Stroman, 2011a). Because 

the second gradient is the reverse of the first, the effects of the two gradients will cancel out and bring the 

signal back into phase to produce an ‘echo’. Because only the effects of the gradients are canceled out, 

and not the static spatial field variations, gradient echoes are T2*-weighted as a result (Stroman, 2011a; 

Tkach and Haacke, 1988).  

 

1.1.5 Acquisition parameters (TE and TR) 

In addition to the spatial encoding of the signal, we also need to acquire images with contrast between 

different tissues or tissue properties in order to identify anatomical features or detect changes in a tissue 

over time. The two main acquisition parameters that determine the contrast of images are the echo time 

(TE) and the repetition time (TR). The echo time refers to how much time passes after an RF pulse before 

the MR signal is measured from a particular slice. The rate of signal decay in the transverse plane will 

influence the choice of TE. A long TE can give the transverse magnetization in tissues with different 
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properties enough time to decay so that a difference between the remaining transverse magnetization can 

indicate a difference in tissues (i.e. the magnetization in one tissue will have decayed more than in 

another) (Bloombergen et al., 1948; Stroman, 2011a).  

The repetition time refers to how much time passes after an RF pulse before another pulse is applied 

to the same slice of tissue. A longer TR gives the tissues more time to relax and recover their longitudinal 

magnetization before they are excited by another pulse. As T1 depends in part on the tissue properties, 

different tissues will recover the longitudinal magnetization at different rates (Bloombergen et al., 1948; 

Pelc, 1993; Stroman, 2011a).  

The choice of TR and TE is therefore a balancing act to weight the images in different ways, and no 

one combination is correct (Stroman, 2011a). A short echo time reduces the T2 weighting of the image 

(both tissues have little decay and differences between tissues are therefore hard to observe), but a long 

echo time can reduce the overall signal left to measure. A short repetition time can mean that not all of the 

longitudinal magnetization has recovered before the same tissues are excited again but waiting longer 

comes at the cost of imaging speed. Choosing specific values for the TE and TR will determine the 

weighting of the images (T1, T2, or both), and different imaging methods will require different acquisition 

parameters for optimal signal quality, contrast, and imaging speed.   

 

1.1.6 Summary 

With the combination of spatial encoding gradients and careful choice of imaging methods (i.e. 

gradient-echo or spin-echo methods) and acquisition parameters, we can produce an MR signal (mainly 

from water and lipids). We can encode information about where in space the signal originated from, as 

well as what kinds of tissues produced that signal. By choosing a different weighting of our images (T1, 

T2, T2*, or a combination), we can gain useful anatomical and functional information about the tissues we 

are imaging.  
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1.2 fMRI 

Functional MRI is a method of using the MRI system to track changes in neuronal function across 

time. To do this, multiple images are acquired in quick succession. While neural function cannot be 

measured directly with MRI, areas of the CNS will be supplied with more or less oxygenated blood 

depending on the metabolic demand of their activity is; this process is known as neurovascular coupling. 

While the difference in blood supply does not directly reflect neural firing, it does correspond more 

closely to post-synapsing potentials, therefore providing a good indication of neural function (Logothetis 

et al., 2001). When an area of the brain, for example, is highly active, the neurons consume oxygen and 

glucose more heavily and need to be supplied with more oxygenated blood to continue working. This 

results in an over-supply of oxygenated blood to an area that is highly active. Because oxygenated and de-

oxygenated blood have different magnetic properties, this mechanism can provide a good contrast 

between areas of the CNS that are highly active and those that are less active (Menon et al., 1992a; 

Ogawa et al., 1993). As opposed to deoxygenated blood which is paramagnetic (in a strong magnetic 

field, a weak field is induced within it in the direction of B0), oxygenated blood is diamagnetic (it has a 

weak field induced in the opposite direction of B0). In a strong magnetic field such as B0, oxygenated 

blood works to increase the homogeneity of the magnetic field around it, increasing both T2 and T2* as a 

result of lowering static field inhomogeneities (Menon et al., 1992a; Ogawa et al., 1993). This increase in 

transverse relaxation times results in a higher MR signal in relaxation-time-weighted images from areas 

that are supplied with more oxygenated blood (i.e. areas that are more active). This is what is generally 

referred to as blood oxygenation-level dependent (BOLD) contrast fMRI.  

 

1.3 Spinal fMRI and nociception 

While fMRI has been an invaluable tool to study the brain under many different conditions, the 

brainstem and spinal-cord are often overlooked as important signal processing centers. Research in this 

area was slower to develop, with the first spinal fMRI study in humans completed in 1996 (Yoshizawa et 
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al., 1996) and followed by a steadily-increasing number of studies in the field. The spinal cord has a small 

diameter, moves in a pulsatile fashion with the CSF flow around it, and is surrounded by bone in the 

vertebrae and air in the nearby lungs. This gives rise to a number of technical challenges to imaging the 

cord such as field inhomogeneities from the nearby bone and air-tissue interfaces, and noise from motion 

of the cord (Bosma and Stroman, 2014; Figley and Stroman, 2007; Figley et al., 2008; Stroman, 2005; 

Stroman et al., 2005). These challenges, however, can be largely overcome (Powers et al., 2018). 

Recently, Harita and Stroman (Harita and Stroman, 2017b) conducted a comparison of healthy people to 

cadavers to quantify the contributions of different sources of physiological noise to the MR signal, and 

showed that a large portion of the physiological noise that exists in spinal fMRI can be efficiently 

removed. Furthermore, while gradient echo methods are useful in brain fMRI studies, spinal fMRI studies 

that use these methods must contend with severe spatial distortions and magnetic field shifts caused by 

the proximity of the air-filled lungs to the spinal cord (Powers et al., 2018). Although some studies still 

choose gradient-echo based methods (bringing the reliability of their results into question), the choice of 

spin-echo based acquisition methods offers higher spatial fidelity, less distortion, and a higher signal-to-

noise ratio (SNR) in spinal fMRI (Powers et al., 2018). With careful choice of acquisition methods and 

study design, spinal cord fMRI has been shown to be an important and reliable tool in many different 

areas of study (Powers et al., 2018). 

Although spinal fMRI has a variety of applications, most studies done to date in both healthy and 

patient populations focus on pain. This area benefits greatly from advances in spinal cord imaging, as the 

spinal cord and brainstem are important signal transduction and processing centers for both ascending 

signals resulting in sensation of pain and descending modulation of pain. In these studies, a painful 

(noxious) stimulus is usually administered with a thermode (a device whose temperature can be controlled 

to become hot and painful to the touch) or cold packs (Brooks et al., 2012; Cahill and Stroman, 2011; 

Ghazni et al., 2010; Kornelsen et al., 2013; Nash et al., 2013; Rempe et al., 2015; Sprenger et al., 2015; 

Stroman, 2009; Stroman et al., 2012; Summers et al., 2010).. Unlike somatosensation, which is how 
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stimuli are transmitted and perceived as touch, pressure, or thermal sensations, nociception is a response 

to a stimulus that threatens to cause, or causes, tissue damage (Sherrington, 1906). In healthy people, both 

processes begin with the activation of primary afferent fibers in response to a stimulus. Hot stimuli 

activate the slower conducting C-fibers (Konietzny and Hensel, 1975), the firing rate of which depends on 

the temperature, the amount of temperature change, and the surface area that is affected (Molinari et al., 

1977).   

Noiceptive (or somatic) pain is caused by intense stimulation of the skin, and temperatures of 40°
 
to 

50°
 
C activate polymodal nociceptors that transmit neural signaling via C-fibers (which also respond to 

mechanical and chemical stimulation). These afferent fibers terminate in the spinal cord dorsal horn grey 

matter. This grey matter is organized into laminae, which then project to the thalamus, midbrain, and to 

other parts of the spinal cord. Within the dorsal horn, neurons are further organized into wide dynamic 

range cells (which change activity according to the intensity of a stimulus), and nociceptive specific cells 

(which change response with the stimulus intensity in a noxious range). Both the ascending 

somatosensation and pain pathways are interlinked. The spinothalamic tract transmits sensory and 

nociceptive information from the spinal cord to the thalamus, and further into the insula and anterior 

cingulate cortex (these may encode motivational and affective aspects of pain) (Bushnell et al., 2013; 

Giesler et al., 1981). The spinoreticular tract, another ascending pathway, projects from the spinal cord to 

the medulla and pons, particularly the rostral ventromedial medulla (RVM) and parabrachial nucleus 

(PBN). These regions are involved with homeostatic changes and autonomic regulation and activate the 

endogenous analgesic system for the regulation of nociception. Neurons in this tract also further project to 

the thalamus and the amygdala, and may regulate emotional aspects of pain processing (Bernard et al., 

1996; Bushnell et al., 2013). Lastly, neurons in the spinomesencephalic tract synapse in the 

periaqueductal grey (PAG) and are important for descending modulation of pain. Other pathways also 

project from the dorsal horn in the spinal cord to targets such as the dorsal reticular nucleus (DRt) and 

hypothalamus. These pathways play a role in autonomic function and emotional modulation.  
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1.4 Descending modulation of pain  

Nociception is only one component of experiencing pain. In addition to the ascending signals to the 

brainstem and brain, there is also a complex system of descending input from the brain and brainstem to 

the spinal cord. This system can both inhibit pain at the level of the spinal cord and facilitate it, and 

therefore can modulate processing of nociceptive information that is coming in from the periphery. 

Descending pain modulation primarily acts at the superficial dorsal horn, on interneurons and wide 

dynamic range neurons, which is also the site where afferent C-fibers terminate in the spinal cord 

(Sherwood et al., 2013). Nociceptive input from these C-fibres is therefore easily modulated by this 

descending control mechanism (Heinricher et al., 2009). Through this mechanism, anticipation of pain 

can have a direct effect on how pain is perceived. Expecting to feel pain can enhance the perception of 

pain, while expecting pain relief can enhance placebo effects and relieve pain (Benedetti et al., 2005; 

Bingel et al., 2011; Eippert et al., 2009; Geuter and Buchel, 2013; Tinnermann et al., 2017). Furthermore, 

changes in a person’s cognitive/emotional state such as being distracted or feeling a certain mood 

(positive or negative) can also affect how pain is perceived (Dobek et al., 2014; Sprenger et al., 2012; 

Stroman, 2011b; Villemure and Bushnell, 2002, 2009).  

Important regions in descending control include the PAG, RVM, and the dorsal horn of the spinal 

cord. The PAG is an important region in analgesia and has a dense concentration of opioid receptors 

(Ossipov et al., 2014; Yeung et al., 1977). This region receives descending input from several cortical 

regions, but does not project directly to the spinal cord. Instead, input from the PAG is sent to the spinal 

cord via regions such as the RVM and locus coeruleus (LC). The RVM includes the nucleus raphe 

magnus (NRM) and nucleus gigantocellularis (NGc), and also received input from the thalamus, PBN, 

and LC. The RVM mediates nociceptive responses via cells that either increase their response to noxious 

stimuli or provide tonic input to the cord that ceases prior to a pain response (Millan, 2002; Sherwood et 

al., 2013). Importantly, opioids can also change how these cells respond, enhancing the tonic input to the 



 

12 

 

cord and decreasing responsiveness of other cells to noxious stimuli (Millan, 2002). While neurons in the 

RVM are serotonergic, areas such as the LC and the PBN are noradrenergic. Both of these regions receive 

opioidergic input from the PAG, and release of norepinephrine from these regions can also have a 

modulatory effect on activity in the dorsal horn (Sherwood et al., 2013). The nucleus tractus solitarius 

(NTS) also pays a role in processing visceral information and is an important component of integrating 

autonomic and sensory systems (Millan, 2002). The NTS projects directly to the PAG and dorsal horn, 

and stimulating this region can decrease pain responses (Lewis et al., 1987). Finally the DRt of the 

medulla receives input from the dorsal horn and also projects back to spinal cord areas. This loop is also 

involved in pain modulation, and can either produce hyperalgesia or diffuse pain (Sherwood et al., 2013). 

This system of descending input from the brainstem to the spinal cord is an important component of the 

experience of pain (Figure 1).  
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Figure 1 Summary of major ascending (green) and descending (blue) pathways involved in pain. 

Many regions involved in the descending pain pathways can send both signals that facilitate and 

that inhibit pain. Abbreviations stand for the periaqueductal gray (PAG), parabrachial nucleus 

(PBN), locus coeruleus (LC), nucleus tractus soliarius (NTS), nucleus raphe magnus (NRM), 

nucleus gigantocellularis (NGc), and dorsal reticular nucleus (DRt). 
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In spite of the research to date to identify regions of the CNS that are involved with pain processing, 

our understanding is still lacking in many regards. In part, this is due to the inaccessibility of the human 

spinal cord and brainstem for pain research, and the fact that animal models cannot reveal all aspects of 

human pain processing. Functional MRI applied to the spinal cord and brainstem provides a means to fill 

in some of the gaps in our understanding, with research in humans who can describe their pain 

experience. 

 

1.5 Resting-state spinal fMRI 

Although the majority of spinal fMRI studies have employed a task-based approach, several spinal 

fMRI resting-state studies have been conducted to date. These studies focus on examining coordinated 

BOLD signal fluctuations in the spinal cord in the absence of any kind of task or stimulus. Resting-state 

studies in the brain have described coordinated networks as early as 2003 (Greicius et al., 2003) when the 

default mode network was shown with fMRI. In 2010, resting-state research in the spinal cord began 

gaining momentum when Wei showed evidence of coordinated activity in the spinal cord in the absence 

of a stimulus (Wei et al., 2010). Spontaneous spinal cord resting-state BOLD signal fluctuations have 

now been identified by several studies (Barry et al., 2016; Bushnell et al., 2013; Conrad et al., 2018; 

Harita and Stroman, 2017a; Wei et al., 2010), and have shown consistent evidence of coordinated activity 

across both long and short range connections within the spinal cord (Barry et al., 2014; Bushnell et al., 

2013; Eippert et al., 2017b; Liu et al., 2016; Wei et al., 2010). Although these studies do not provide 

direct evidence for resting-state networks as they mainly employ correlation-based analyses within a 

small number of transverse slices, there is evidence that these likely represent coordinated resting-state 

networks in the cord (Bushnell et al., 2013; Eippert et al., 2017a; Liu et al., 2016; Wei et al., 2010).  

Although this field is new, it is growing rapidly and has provided strong evidence for coordinated 

resting-state fluctuations in the spinal cord across a number of studies. To continue expanding this area of 

study, direct evidence of resting-state networks, as well as investigation of the possible function of these 
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networks, is now needed. Both chapter 2 and chapter 3 of my thesis focus on identifying and 

characterizing resting-state networks in the brainstem and spinal cord with structural equation modelling 

(SEM) techniques in addition to correlation-based analyses to address this knowledge gap.     

The application of resting-state fMRI to the spinal cord provides the means to investigate the role of 

the spinal cord in regulating pain and even in determining a state of pain sensitivity depending on a 

person’s situation (such as being in a state of positive mood).  

 

1.6 Summary of objectives 

Understanding the neural basis of healthy human pain processing is essential in order to be able to 

identify how conditions of injury or disease alter pain processing and can cause chronic conditions. It is 

also necessary to be able to diagnose the cause of aberrant pain conditions and to evaluate new treatment 

methods as they are developed. Research to date demonstrates that a key component of pain processing in 

the brainstem and spinal cord includes the maintenance of the spinal cord receptive state even when 

noxious afferent input is not occurring. 

The objectives and findings of my research are therefore: 

1) To confirm the presence of resting-state networks in the brainstem and spinal cord, and to 

investigate how connectivity in these networks is affected by a person’s cognitive/affective state. Chapter 

2 presents evidence that, while resting-state networks are largely consistent across the 3 study conditions, 

watching a video or listening to an audio presentation alters these networks in specific and important 

ways. In agreement with previous studies, these results show that the observed resting-state networks are 

likely involved in the integration of homeostatic autonomic functions.  

2) To investigate how connectivity in the previously-identified resting-state networks is altered when 

a participant is specifically expecting pain. Chapter 3 builds on the research conducted in chapter 2 and 

provides evidence that coordinated brainstem and spinal cord networks are affected by the expectation of 

pain differently than by other situations such as focusing on a video or audio presentation. Furthermore, 
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this study also provides evidence that these networks can serve to integrate autonomic regulatory 

functions with pain processing.  
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Chapter 2 

Comparing coordinated networks across the brainstem and spinal cord 

in the resting state and altered cognitive states 
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Abstract 

Resting-state functional magnetic resonance imaging has been used to investigate networks of activity 

within the brain, as well as the brainstem (BS) and spinal cord (SC). While previous research has shown 

coordinated resting state networks (RSNs) in the BS/SC, their function is still unclear. The aim of this 

study was to investigate the function of RSNs across these regions, by examining how these networks 

change when participants are experiencing different cognitive states (resting state, listening to an audio 

presentation or watching a video).  

Resting-state blood oxygenation-level dependent (BOLD) fMRI data were obtained from cervical SC 

and brainstem in 20 healthy participants, at 3 tesla, with T2-weighted single-shot fast spin-echo imaging. 

Functional connectivity was investigated within the entire 3D region by means of temporal correlations 

between anatomical regions, and by structural equation modelling (SEM).  

Both correlational analyses and SEM showed extensive connectivity within and across BS and SC 

regions, and this connectivity was relatively consistent across study conditions. However, significant 

differences in connectivity between specific regions of the brainstem and spinal cord were also identified 

across study conditions. The results indicate that connectivity across the resting-state SC/BS is influenced 

by a person’s cognitive/emotional state. The known anatomical functions of the regions involved supports 

the conclusion that this resting-state network plays a role in the integration of homeostatic autonomic 

functions.   

 

Keywords: resting-state, networks, fMRI, human, spinal cord, brainstem.  
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2.1 Introduction 

Resting-state (RS) functional magnetic resonance imaging (fMRI) research has revealed much about 

the brain’s coordinated networks in the absence of a task or external stimulus, such as the default mode 

network. As functional MRI of the brainstem (BS) and spinal cord (SC) has become established, resting-

state fMRI studies have expanded into these areas as well. This expansion is expected to provide 

important new insights into central nervous system (CNS) function. Studies to date have demonstrated 

that spontaneous blood oxygenation-level dependent (BOLD) signal fluctuations occur in the spinal cord 

in the absence of a stimulus, and that these likely represent coordinated resting-state networks (Barry et 

al., 2016; Barry et al., 2014; Bushnell et al., 2013; Conrad et al., 2018; Harita et al., 2018; San Emeterio 

Nateras et al., 2016; Wei et al., 2010). Most studies to date have employed a limited number of transverse 

slices through the cervical spinal cord. For example, Kong et al. described intrinsically organized 

networks within and across cervical spinal cord segments, but the connections were limited to short-range 

connections (Bushnell et al., 2013). Conrad et al. investigated intrinsic functional connectivity of spinal 

cord regions in multiple-sclerosis (MS) patients and showed that this connectivity was similar to healthy 

controls, and also that focal abnormalities in connectivity can be detected around MS lesions (Conrad et 

al., 2018).  

Acquisition of fMRI data in this region is affected by a number of technical challenges as a result of 

the small cross-sectional dimensions of the cord, poor field homogeneity, and physiological noise (Bosma 

and Stroman, 2014; Figley and Stroman, 2007; Figley et al., 2008).  This raises concerns as to whether 

resting-state coordinated signals can indeed be attributed to BOLD effects. In a recent study we acquired 

data from healthy participants, and from cadavers as a reference, and demonstrated that we are able to 

remove a large proportion of the physiological noise (Harita and Stroman, 2017a). The results confirmed 

that after the bulk of the noise is removed that robust resting-state BOLD fluctuations can be detected 

(Harita and Stroman, 2017a). This finding is supported by previous studies that also aimed to confirm that 

physiological noise cannot explain the observed coordination of resting-state signal fluctuations in the 
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spinal cord (Barry et al., 2014; Bushnell et al., 2013). As a result of the studies to date there is 

considerable evidence of BOLD signal variations and coordination of spinal cord regions in the resting-

state, but the function of these networks is yet to be investigated (Harita et al., 2018).  

The objective of this study is to investigate the effect of cognitive/affective tasks on resting-state 

networks in the brainstem and spinal cord, in order to investigate the function of these networks. We 

hypothesize that a person’s cognitive/affective state influences connectivity in RSNs across the brainstem 

and spinal cord. Our hypothesis is based on the expectation that continuous descending modulation of 

spinal cord neurons determines the spinal cord receptive state, and fluctuations may occur with a person’s 

mental state (Stroman et al., 2016a). In the present study we employ audio-video presentations, audio-

only presentations, and a fixed image, to vary the cognitive/affective state. Previously it was 

demonstrated that similar BOLD time-series signal variations occur in cortical regions across participants 

viewing the same movie (Naci et al., 2014). Kornelsen et al. also showed that RS BOLD signals in the 

thoracic spinal cord can vary when participants view negatively- or neutrally-valenced images (Kornelsen 

et al., 2015). Negatively-valenced images that involved some sort of movement were observed to be the 

most likely to elicit a change in BOLD response. We propose that if a person’s mental state can be shown 

to influence resting-state BOLD signal fluctuations in the brainstem and spinal cord, then we can 

conclude that at least one function of the resting-state networks is to regulate the excitability of spinal 

cord neurons.  

2.2 Materials and Methods 

All methods were approved by the institutional human research ethics review board. Informed 

consent was obtained in writing from each participant before the beginning of the study.  

2.2.1 Participants 

Resting-state spinal fMRI studies were carried out with 20 healthy participants (14 women, 6 men) 

ranging from 18 to 27 years old (average age 21 ± 2 years). Participants had no history of brain injury, 
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spinal cord injury, or neurological disorders. Participants were not considered if the MRI posed a risk to 

their safety (such as with recent surgery or metal implants).   

2.2.2 Experimental Setup 

Functional MRI scans were carried out on a Siemens 3 tesla MRI system (Siemens Magnetom Trio, 

Erlangen, Germany). Participants were positioned supine with foam supports under their knees and arms 

to minimize body movement during the scan. They were able to hear instructions and the audio 

presentation through foam earbuds. The posterior half of a 12-channel head coil, a posterior 4-channel 

neck coil, and the upper elements of a spine coil array (3 channels) were used in conjunction to obtain 

images of the entire brainstem and cervical spinal cord. A mirror positioned above the participants’ eyes 

allowed them to view a rear projection screen which displayed the video and picture during fMRI runs. 

The peripheral pulse was recorded by means of an optical sensor attached to the participant’s left index 

finger. All participants were provided with a squeeze-ball to signal the experimenter in the event of an 

emergency (no scans were interrupted during the data collection of this study).  

After setup, participants entered the bore of the MRI head-first and supine and were instructed to 

remain relaxed and as still as possible. During the study, participants experienced three different 

experimental conditions. For the “Picture” condition, participants viewed a static image of a tree for the 

duration of the fMRI acquisition with no other external or auditory stimuli present (i.e. resting-state). This 

condition was presented twice to each participant. The image of a tree was chosen as opposed to a 

fixation cross because this condition is to be compared with a dynamic movie condition with both audio 

and video components, and the condition difference is intended to be dominated by the dynamic nature 

and salience as opposed to the absence of colour or information. In addition, the tree picture enables us to 

compare the results with prior studies during which participants viewed a colour pain-rating scale (Bosma 

et al., 2015; Bosma et al., 2016; Stroman et al., 2016a; Stroman et al., 2016b). For the “Audio” condition, 

participants viewed the same static image of a tree while listening to an audio recording composed of pre-

selected music, followed by a 40 second pause, and then spoken-word poetry. The audio clips were 
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compiled for the study from freely-shared samples and were chosen to engage the listener’s attention. All 

participants experienced the same picture, and the same audio and video clips. Two different selections of 

music and poetry were presented, one for each of two Audio conditions in the study. During the “Video” 

condition, participants viewed a video with corresponding audio for the entirety of the scan. Two different 

selections of videos were presented, consisting of a card magic performance and a technology 

demonstration for a video game system.  One video was presented for each of two Video conditions in the 

study. All participants listened to the same audio presentations and viewed the same videos. All 

participants completed 6 functional scans (2 Picture, 2 Audio, and 2 Video conditions), the order of which 

was randomly assigned for each participant.  

 

2.2.3 Functional MRI Data Acquisition 

Localizer images were acquired in three planes to provide a reference for subsequent slice 

positioning. Consistent with previous spinal cord fMRI studies, images of the entire brainstem and 

cervical spinal cord were acquired using a half-fourier single-shot fast spin-echo (HASTE) sequence with 

BOLD contrast (Bosma and Stroman, 2014). This method has been demonstrated to provide optimal 

image quality in the spinal cord and brainstem, as well as BOLD sensitivity. The 3D imaging volume 

spanned from the first thoracic vertebra to the thalamus, and parameters included an echo time (TE) of 76 

ms for optimal T2-weighted BOLD sensitivity and a repetition time (TR) of 6.75 sec. per volume (Bosma 

et al., 2015; Bosma et al., 2016; Bosma and Stroman, 2014; Dobek et al., 2014; Harita and Stroman, 

2017a). Data were acquired in 9 sagittal slices, 2 mm thick, with a 280 x 210 mm field of view, and a 192 

x 144 matrix, resulting in 2 mm x 1.5 mm x 1.5 mm spatial resolution (R/L x A/P x H/F), with an 

anterior/posterior phase-encoding direction. A total of 62 volumes were acquired to produce a time-series 

spanning 6 min 57 sec. The peripheral pulse was recorded continuously throughout each run.  

 

2.2.4 Data Preprocessing 
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Spinal cord and brainstem fMRI data were preprocessed and analyzed using custom-written software, 

“spinalfmri8” ( http://post.queensu.ca/~stromanp/software.html ) in MATLAB (MathWorks Inc., Natick, 

MA, USA). This is the most widely-used analysis software for spinal cord fMRI. First, images were 

converted to NIfTI format, after which sagittal slice images were co-registered to correct for bulk body 

motion using the non-rigid 3D registration tool in the MIRT (Medical Image Registration Toolbox) 

package (Myronenko and Song, 2009, 2010). The motion parameters obtained from the co-registration 

procedure were used as models of bulk movement, and later used for removing/reducing noise in the data. 

The images were resized to 1 mm
3
 cubic voxels and spatially normalized to a predefined anatomical 

template based on 356 participants, by means of an automated procedure which has been described 

previously (Bosma et al., 2015; Stroman et al., 2016a). Physiological noise estimates were also obtained 

from the recording of the peripheral pulse (which was synchronized to each fMRI time series), and 

estimates of global noise were obtained from predefined regions of white matter.  Respiration was not 

recorded because it has been shown to be a negligible component of physiological noise in HASTE fMRI 

data (Harita and Stroman, 2017a). The noise models (bulk motion, cardiac-related, and white matter) were 

then fit to the data using a general linear model (GLM), and were subtracted from the data. This method 

has been shown previously to be effective at accounting for and removing an average of 46% of BOLD 

signal variance, representing a large proportion of the physiological noise that can be removed (Harita and 

Stroman, 2017a). The voxel time courses of each participant were analyzed individually. 

 

2.2.5 Data Analysis 

2.2.5.1 Cluster-based connectivity analysis 

Connectivity was identified between regions based on the temporal correlation between BOLD signal 

fluctuations in each participant. Averages over clusters of voxels were used to increase the signal-to-noise 

ratio over single-voxel analyses, and to reduce the number of statistical comparisons to be made. To 

define the clusters to be analyzed, 41 regions of interest (ROIs) were first identified using a previously-

http://post.queensu.ca/~stromanp/software.html
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established anatomical region map (Bosma et al., 2015; Bosma et al., 2016; Khan and Stroman, 2015). 

The regions included the hypothalamus, periaqueductal gray matter (PAG), parabrachial nucleus (PBN), 

locus coeruleus (LC), nucleus tractus soliarius (NTS), nucleus raphe magnus (NRM), nucleus 

gigantocellularis (NGc), dorsal reticular nucleus of the medulla (DRt), pontine reticular formation (PRF), 

and four quadrants of each spinal cord segment from C1 to C8. The spatial definitions of these regions 

were compiled from several anatomical atlases and published papers (Lang, 1993; Lang and Bartran, 

1982; Naidich et al., 2009; Talairach and Tournoux, 1988; Williams et al., 1995). Each ROI was divided 

into 7 clusters based on the voxel time-series using k-means clustering. Therefore, the total number of 

resulting clusters was 287 (i.e. 41 x 7). This method enhances the spatial precision of the results by 

dividing the clusters based on their functional characteristics, and has been previously used to investigate 

resting state networks in the brainstem and spinal cord (Harita and Stroman, 2017a). Clusters that had 

25% or more of the voxels within 1 mm of the CSF space were marked as ‘edge’ clusters and were 

removed from the analysis because they are more prone to physiological noise arising from cardiac 

motion, CSF flow, cord motion, etc. (Figley and Stroman, 2009). With this process, edge voxels with high 

noise and non-responding voxels were removed while preserving groups of voxels with significant BOLD 

responses. The clusters within each ROI were defined based on the BOLD signal time courses across all 

participants, and the same definition was used for all analyses, in all participants, for consistency  

The correlation between BOLD time-series variations was calculated between each pair of clusters, 

for each participant in the study, for each run type. Correlations were not computed between pairs of 

adjacent clusters (defined as having any voxels immediately adjacent in any direction). The two runs of 

each type were concatenated along the time dimension for analysis in order to increase the statistical 

power for detecting any effects of the Audio or Video presentations. Thus, the comparison groups to be 

analyzed were Video (with the two video conditions combined into one 14 min long run), Audio (with the 

two music conditions combined), and Picture (with the two presentations of the picture grouped together). 
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Correlation grids for each individual for each comparison group were calculated, resulting in three sets of 

20 individual correlation grids. 

Statistical thresholds for inferring significance were determined by first converting correlation R-

values to Z-values, which have continuous distributions, by means of Fisher’s Z-transform: 𝑍 =

𝑡𝑎𝑛ℎ−1(𝑅)√𝑡𝑠𝑖𝑧𝑒 − 3, where ‘tsize’ is the number of volumes acquired in each resting-state acquisition. 

A significant connection was identified as exceeding a Z-value threshold of 3.58, which corresponds to a 

corrected probability value of pcorrected < 0.05. This was determined by p < 0.05/Nclusters, where Nclusters is the 

number of clusters (294) and the p-value threshold represents a family-wise error Bonferroni correction 

for the number of independent comparisons made.  

The similarity or difference between connectivity values was investigated based on the distribution of 

Z-values across participants for each connection. Connectivity values were compared across study groups 

by means of a paired sample t-test in order to identify significant differences in the Z-value distributions. 

A connection was inferred to be significantly different between two groups if the paired t-test resulted in a 

Bonferroni-corrected pcorrected < 0.05 (corresponding to an uncorrected p < 0.05/Nclusters). Consistency 

between groups was identified by determining if the distributions of Z-values for two study conditions 

were equivalent. A connection was concluded to be consistent if the mean Z-values differed by less than 

half of the pooled standard error (SE).  

 

2.2.5.2 Structural Equation Modelling 

Structural equation modeling (SEM) was also used, as in previous studies, because the coordination 

of activity across a complex network of regions may not be fully identified by cluster-to-cluster 

correlations (Harita et al., 2018; Khan and Stroman, 2015; Stroman, 2016; Stroman et al., 2016a). SEM 

requires a pre-defined anatomical model of plausible connections in order to constrain the number of 

possible results. We have previously described a model based on known pain-related neuroanatomy as 

shown in Figure 2 (Millan, 2002). For the present analysis the model included the 10 brainstem regions 
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described above, and the four quadrants of the 5
th
 and 6

th
 cervical cord segments (R/L and V/D). We 

chose to analyze only the C5 and C6 segments of the spinal cord as being representative of the brainstem-

cord connectivity in order to limit the number of results to be compared.  

 

Figure 2:  Anatomical model of the regions and connections used for the structural equation 

modelling (SEM) analyses. 

 

SEM was carried out by means of GLM fits for each “target” region in the network receiving input 

from multiple “source” regions, using all of the time-series data across participants, separately for each 

run type (Stroman, 2016). The connectivity weighting factors (β-values) determined from the GLM fit 

reflect the relative contribution of each source region to a given target region. For example, if a network 

component consists of region A receiving input signaling from regions B and C, and the BOLD signal 

time-series responses in these regions are SA, SB, and SC respectively, then SA = βAB SB +  βAB SB + eA where 

eA  is the residual signal variation that is not explained by the fit (Stroman, 2016). Networks were 

investigated for every combination of anatomical sub-divisions of each region (i.e. the clusters defined 

above) in order to identify the sub-divisions that resulted in the best fits to the data. This results in the β-

value for a connection being calculated multiple times, with different combinations of other sources in the 
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same network component (the portion of the network that describes multiple sources of input to one target 

region). 

The goodness-of-fit was determined by calculating the amount of variance in each target region that is 

explained by the fit, expressed as the R
2
 value. The significance of the fit was estimated by converting R 

values to a Z-score by means of Fisher’s Z-transform. As an additional check, the fitting was repeated 

with one source region at a time omitted from the network in order to identify any terms that did not 

uniquely account for a significant component of the variance in each target region (computed with an F-

test). A cutoff value of F(1,∞) > 3.845 was used, which corresponds to p < 0.05. Any terms that did not 

account for a significant component of the variance were not included in the results.  

The significance of each network component was determined based on previously established 

probability distributions (Stroman, 2016). These distributions depend on the model parameters, and 

significance thresholds were determined to account for the family-wise error rate. Network components 

were inferred to be significant at a family-wise error corrected pfwe < 0.05. The significance of β-values 

within this component was determined based on the estimated standard error of the β-value. Significance 

was inferred at a family-wise-error corrected pfwe < 0.05 which accounted for the total number of network 

combinations that were tested across combinations of anatomical sub-divisions. Note that in order for a 

particular connection to be shown as significant in the results, it also had to meet the condition of 

accounting for at least 5% of the variance of the respective network component.  

The ‘best fit’ network was identified for each run type by identifying the combination of source 

regions with the highest Z-value for each network component. This was done on a regional level, meaning 

that for each network component, the set of clusters with the highest Z-value was chosen. These network 

components were then compiled into one ‘best fit’ model which represents the best explanation of the 

BOLD signal variations in the regions of interest, based on the known anatomical connections. 

Connections with non-significant Z-values or that did not explain at least 5% of the variability in that 

network component (measured with the R-value) were not included. The resultant ‘best fit’ models for 
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each condition were then compared by selecting the connections that were determined to be significant in 

at least one condition, and applying paired-samples t-tests to the β-values across conditions. Significance 

was inferred at a family-wise-error corrected pfwe < 0.05 which accounted for the total number 

comparisons made between connections for each model.  

 

2.3 Results 

2.3.1 Cluster-based correlational analysis 

Significant connectivity was detected in all 3 study groups within/between a number of brainstem and 

spinal cord regions (Figure 3). The majority of significant correlations identified were positive, although 

negative correlations were still identified between and within brainstem and cord regions. Out of 23,770 

connections tested, 4,896 significant connections (21%) were detected during the Picture runs, 4,791 

during the Audio runs (20%), and 4,531 during the Video runs (19%). A large proportion of the 

significant connections observed were also consistent between the three comparison groups (Table 1). 

When directly comparing two runs of the same study condition, 37% to 38% of connections were 

consistent (Audio compared to Picture, Video compared to Picture, and Audio compared to Video). 

Furthermore, 38% to 40% of connections were consistent between groups (Table 1), when only non-zero 

connections are considered (connections whose average Z-values across participants were significantly 

different from zero). 
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Table 1: Summary of similarities between the connectivity networks found in the Audio, Video, 

and Picture run types. Consistency was inferred when the average Z-value of a connection 

differed no more than 0.5 of a standard deviation of the mean between study groups (determined 

with a paired sample t-test). 

 

Comparison Tested % All Connections consistent  

(23,770 tested) 

% Non-zero connections 

consistent (# tested) 

 Paired sample t-test  

Audio-Video 38.0 36.7 (13,048) 

Video-Picture 37.6  36.7 (12,332) 

Picture-Audio 38.2  39.6 (12,375) 

    

 



 

33 

 

 

Figure 3:  Grids of correlation values (shown here as Z-values) between all pairs of clusters 

across the brainstem and spinal cord for Audio, Video, and Picture run types. Cluster pairs that 

are immediately adjacent are excluded, as are clusters that contain more than 25% of voxels 

adjacent to the CSF. Z-values are limited to |Z| > 3.58 (corresponding with a family-wise error 

corrected p-value of pfwe < 0.05). Brainstem regions include (in order): thalamus, hypothalamus, 

NTS, PAG, LC, PBN, NRM, NGc, DRt, and PRF. Each spinal cord segment includes all 

quadrants (RV, LV, RD, LD). Each of these regions is further divided into 7 clusters based on the 

voxel time-course properties. One coloured pixel in the grid therefore represents the correlation 

between one pair of clusters.  
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Significant differences in connectivity between the Picture, Audio, and Video runs were also detected 

(Table 2), as determined with a paired-sample t-tests. Connectivity between the LC and NRM, and 

segments of the cord differed significantly between the Video and Picture groups. Connectivity between 

brainstem areas such as the hypothalamus, NRM, and NGc differed significantly between the Audio and 

Picture groups. The NGc-mid cervical cord and PRF-upper cervical cord connections showed differences 

when comparing Audio to Video runs. Furthermore, significant differences in connectivity between 

segments of the cord also existed between all three run types as shown in Table 2. 

Table 2: Summary of statistically significant differences in the connectivity networks between 

Audio, Video, and Picture stimuli, using the paired sample T-test to account for individual 

differences.  

 

Comparison Tested Audio-Video Video-Resting Audio-Resting 

    

Regions connected NGc-C4RV 

NGc-C5LV 

PRF-C1LD 

C2RV-C1RV 

C6RD-C2RD 

C7RD-C3RD 

LC-C7LD 

LC-C3RV 

NRM-C1LV 

C3LV-C2LV 

C7RV-C2RD 

C6RV-C2RD 

Hyp-C5LV 

NRM-C7LV 

NGc-C6LV 

C7RD-C3LD 

 

    

Total connections 6 6 4 

RV – right ventral, RD – right dorsal, LV – left ventral, LD – left dorsal 

All listed differences were determined to be significant at pfwe < 0.05 

 

2.3.2 Structural Equation Modeling 
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The SEM analysis identified resting-state networks spanning across the brainstem and spinal cord for 

the C5 and C6 spinal cord regions that were tested for each of the three study conditions. The best-fit 

models for each of the Picture, Audio, and Video conditions are shown in Figure 4. All three study 

conditions showed an extensive network of connectivity between brainstem areas and between the 

brainstem and C5 and C6 spinal cord regions.  

 

Figure 4: Identified networks in the Audio, Video, and Picture conditions at regional level (for 

each source region, the cluster with the highest Z-value was chosen). Connections that accounted 

for less than 5% of the variance in the network component are not shown. Open circles represent 

the source region of the connection, while the line ending represent the target region. Solid lines 

indicate positive β values while dashed lines indicate negative β values. Source and target 

locations within a region bubble in the figure correspond to the anatomical location of the cluster 

within the region. Connections marked in green indicate significant differences in connectivity 

when comparing the resting-state (Picture) condition to the Audio and Video conditions.  

 

Significant differences in connectivity across study conditions, as determined with SEM, are listed in 

Tables 3-5, for connections that are significant in the Audio, Video and Picture conditions, respectively. 

In each condition there are a number of significant connections identified that change significantly with 
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the study conditions. The connections identified include a number of DRt, NTS, NRM, PBN, and LC to 

cord connections, and connections from the cord to the thalamus and the NRM, and the differences 

depend on which study conditions are being compared. In addition, a number of within-brainstem 

connections are identified as varying with the study conditions, including Hypothalamus to PAG and 

NGc, connections between the PAG and NTS, as well as NTS to LC, PAG to NRM, NTS to PBN, PBN to 

NGc, and LC to thalamus. 

 

Table 3: Significant differences in the SEM-identified network connections for the Audio 

condition, compared to the Video and Picture conditions.  

 

Region source  target β Audio β Video β Picture 

 Audio-Picture 

differences 

  

PBNC5 left ventral 

NTSLC 

PAGNTS 

LCThalamus 

C5 left dorsalNRM 

C6 right ventralThalamus 
 

0.11 ± 0.03 

-0.11 ± 0.03 

0.14 ± 0.02 

0.16 ± 0.01 

0.05 ± 0.01 

0.11 ± 0.01 
 

-0.01 ± 0.03 

0.06 ± 0.03 

0.08 ± 0.03 

0.15 ± 0.01 

0.05 ± 0.01 

0.12 ± 0.01 
 

-0.05 ± 0.03 

0.08 ± 0.03 

0.03 ± 0.02 

0.10 ± 0.01 

0.02 ± 0.01 

0.15 ± 0.01 
 

 

 

NGcC6 right ventral 

DRtC5 left dorsal 

LCC5 left ventral 

NTSLC 

C5 right dorsalThalamus 

C5 left dorsalThalamus 

C6 right dorsalPAG 
 

Audio-Video 

differences 

0.34 ± 0.03 

0.16 ± 0.03 

0.15 ± 0.02 

-0.11 ± 0.03 

0.15 ± 0.01 

0.12 ± 0.01 

0.04 ± 0.01 
 

 

 

0.21 ± 0.02 

-0.05 ± 0.03 

0.01 ± 0.03 

0.06 ± 0.03 

0.22 ± 0.01 

0.17 ± 0.01 

0.01 ± 0.01 
 

 

 

0.31 ± 0.03 

0.02 ± 0.03 

0.10 ± 0.02 

0.08 ± 0.03 

0.18 ± 0.01 

0.12 ± 0.01 

0.03 ± 0.01 
 

    

All listed differences were determined to be significant at pfwe < 0.05 using a paired sample t-test. 

Bold β values indicate significant differences.  
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Table 4: Significant differences in the SEM-identified network connections for the Video 

condition, compared to the Audio and Picture conditions.   

 

Region source  target β Video β Audio β Picture 

 Video-Picture 

differences 

  

NRMC6 left ventral PBNC5 left ventral 

PBNC5 left dorsal NTSLC 

NRMLC PAGNTS 

LCThalamus LCThalamus 

C5 left dorsalNRM C5 left dorsalNRM 

C5 left dorsalNGc C6 right ventralThalamus 

C5 left dorsalThalamus  
 

0.40 ± 0.06 0.11 ± 0.03 

0.14 ± 0.02 -0.11 ± 0.03 

0.11 ± 0.01 0.14 ± 0.02 

0.14 ± 0.01 0.16 ± 0.01 

0.06 ± 0.01 0.05 ± 0.01 

0.16 ± 0.01 0.11 ± 0.01 

0.16 ± 0.01  
 

0.20 ± 0.05 

0.22 ± 0.02 

0.07 ± 0.01 

0.15 ± 0.01 

0.04 ± 0.01 

0.09 ± 0.01 

0.12 ± 0.01 
 

0.12 ± 0.06 

0.26 ± 0.03 

0.03 ± 0.02 

0.09 ± 0.01 

0.02 ± 0.01 

0.10 ± 0.01 

0.12 ± 0.01 
 

 

 

LCC6 right ventral NGCC6 right ventral 

NGCC6 left ventral DRtC5 left dorsal 

PAGPBN LCC5 left ventral 

C5 left dorsalNGc NTSLC 

C5 right dorsalThalamus C5 right dorsalThalamus 

C5 left dorsalThalamus C5 left dorsalThalamus 

C6 right dorsalNGc C6 right dorsalPAG 

C6 right dorsalThalamus  
 

Video-Audio 

differences 

0.09 ± 0.02 

0.22 ± 0.02 

-0.11 ± 0.03 

0.16 ± 0.01 

0.18 ± 0.01 

0.16 ± 0.01 

0.11 ± 0.01 

0.08 ± 0.01 
 

 

 

0.18 ± 0.02 

0.34 ± 0.02 

0.11 ± 0.03 

0.09 ± 0.01 

0.12 ± 0.01 

0.12 ± 0.01 

0.02 ± 0.01 

0.04 ± 0.01 
 

 

 

0.10 ± 0.02 

0.31 ± 0.02 

-0.02 ± 0.03 

0.10 ± 0.01 

0.14 ± 0.01 

0.12 ± 0.01 

0.09 ± 0.01 

0.06 ± 0.01 
 

    

All listed differences were determined to be significant at pfwe < 0.05 using a paired sample t-test. 

Bold β values indicate significant differences.  
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Table 5: Significant differences in the SEM-identified network connections for the Picture 

condition, compared to the Audio and Video conditions. 

 

Region source  target β Picture β Audio β Video 

 Picture-Audio 

differences 

  

NGcC6 right ventral 

LCC6 right ventral 

PBNC5 left ventral 

NRMC5 left ventral 

PAGHypothalamus 

C5 right ventralNRM 

C6 left dorsalNGc 
  

0.27 ± 0.02 

0.10 ± 0.02 

0.10 ± 0.02 

0.09 ± 0.03 

0.13 ± 0.01 

0.04 ± 0.01 

0.12 ± 0.01 
  

0.16 ± 0.02 

0.18 ± 0.02 

-0.05 ± 0.02 

0.23 ± 0.03 

0.09 ± 0.01 

0.00 ± 0.01 

0.05 ± 0.01 
 

0.22 ± 0.02 

0.09 ± 0.02 

0.04 ± 0.02 

0.15 ± 0.03 

0.11 ± 0.01 

0.02 ± 0.01 

0.09 ± 0.01 
 

 

 

NTSC6 right ventral 

NTSC6 left ventral 

DRtC6 right dorsal 

NRMC6 left dorsal 

C5 right dorsalNGc 

C5 left dorsalThalamus 

C6 right dorsalNRM 

C6 left dorsalNRM 
  

Picture-Video 

differences 

0.17 ± 0.04 

0.15 ± 0.04 

0.13 ± 0.03 

0.13 ± 0.03 

0.06 ± 0.01 

0.12 ± 0.01 

0.06 ± 0.01 

0.06 ± 0.01 
 

 

 

0.08 ± 0.04 

0.04 ± 0.03 

0.05 ± 0.03 

0.00 ± 0.03 

0.07 ± 0.01 

0.12 ± 0.01 

0.04 ± 0.01 

0.03 ± 0.01 
 

 

 

-0.02 ± 0.04 

-0.03 ± 0.04 

-0.04 ± 0.03 

-0.00 ± 0.03 

0.09 ± 0.01 

0.16 ± 0.01 

0.01 ± 0.01 

0.01 ± 0.01 
 

    

All listed differences were determined to be significant at pfwe < 0.05 using a paired sample t-test. 

Bold β values indicate significant differences.  

 

2.4 Discussion 

Significant connectivity was detected between regions in the Picture condition (i.e. resting state) and 

in the Audio and Video conditions (Figure 3). Consistent with results from previous studies, a large 

number of cord to cord connections were detected in the resting-state (Barry et al., 2014; Bushnell et al., 

2013; Harita and Stroman, 2017a). The connections span a range of distances, and while the majority of 

the connections occurred between cord regions, there were a number of significant connections identified 
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between brainstem regions and fewer connections identified between brainstem and cord regions (Figure 

3). Although the purpose of this study was to investigate whether resting-state networks were modified by 

listening to audio or watching video presentations, we also aimed to identify the consistent features across 

the networks. Out of the unique connections that were tested (23,770 in total, excluding edge regions) 

approximately 38% of the connections had equivalent distributions across study groups. If only 

connections with average Z-values that are significantly different than zero are considered, then 

approximately 40% of the connections had equivalent distributions (Table 1). Given that the data 

obtained under the different study conditions (Picture, Audio, Video) were completely independent, the 

consistency of the connectivity distributions shows that the networks of connected regions are robust in 

the brainstem and spinal cord.  

The results of the cluster-cluster correlation analysis show predominantly cord-cord connections, and 

brainstem-brainstem connections, with a much smaller number of brainstem-cord connections. The steps 

taken to remove physiological noise and avoid edge clusters support the expectation that the results 

cannot be attributed to physiological noise. Moreover, the results show different features of connectivity 

across the brainstem/cord boundary, which cannot be attributed to physiological noise. The observed 

cord-cord connections are also non-uniformly distributed, having clusters of connectivity within the upper 

cord segments (C1 to C3), and within the lower cord segments (C5 to C8). There are also a similar 

numbers of significant connections in upper and lower cord segments, even though the lower portions of 

the spinal cord are subject to greater physiological noise (Figley and Stroman, 2007). The fact that we 

observed systematic variations in connectivity values, for specific connections, between Picture, Audio, 

and Video study conditions further supports the conclusion that the connections are driven by BOLD 

signal variations.  

This conclusion is further supported by the SEM analysis, in which networks of connectivity were 

identified for all three study conditions (Figure 4). While cluster-to-cluster correlations showed sparse 

coordination between brainstem and cord regions, SEM analyses that allow for a combination of inputs to 
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a given region show extensive connectivity between these regions. This result is consistent with our 

previous resting-state study (Harita et al., 2018), and indicates that coordination of activity between 

brainstem and cord regions is complex and cannot be fully identified by means of correlations between 

pairs of regions. The networks identified with SEM are also demonstrated to be consistent across the three 

study conditions. The results are thus robust, and we have strong evidence that the results cannot be 

attributed to physiological noise.  

Having established that coordinated networks exist and are robust across the brainstem and spinal cord 

for the three study conditions, the results demonstrate that some specific connections were indeed altered 

by the Audio and Video presentations. Paired T-tests showed significant changes in connectivity values 

between specific regions in the cluster-to-cluster analysis (Table 2). Comparing the Audio and Video 

conditions, there were significant differences in connectivity between the NGc and mid-cervical cord 

segments, and between the PRF and the cervical cord. With Video compared to Picture, there were 

significant differences in connectivity between both the LC and NRM and cord regions. With Audio 

compared to Picture the significant differences were between cord regions and each of the hypothalamus, 

NRM, and NGc. In addition, in every comparison there were differences in connectivity between a small 

number of spinal cord regions. The SEM networks identified in the three conditions demonstrated that 

multiple cordThalamus connections were involved in all differences between conditions (Tables 3-5). 

Brainstem to cord signaling also seems to be significantly altered in Audio and Video presentations, with 

PBNcord and NRMcord connections being involved in differences between the Picture condition and 

Audio and Video conditions (but not in differences between Audio and Video conditions), the DRtcord 

connection being involved in differences between the Video condition and Audio and Picture conditions, 

and NGccord and LCcord connections being involved in differences between the Audio and Video 

and Picture conditions. The results also show that there is significant signaling from the spinal cord to the 

thalamus and from brainstem areas to the cord during resting state, which is consistent with our previous 

study (Harita et al., 2018), and that this signaling is significantly different when participants are paying 
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attention to Audio or Video presentations. These results show that specific differences do exist between 

the Picture, Audio, and Video conditions.  

The thalamus contributes to a number of functions such as autonomic regulation of sensory and pain 

function. It is therefore possible that some of these differences are due in part to a more synchronized 

maintenance of muscle tone and eye position across participants while watching the same engaging video 

or listening to the same engaging music as compared to simply viewing a static image. Past research has 

localized some sensory-motor functions including eye-movement and facial muscle tone to specific areas 

of the brainstem and spinal cord in humans (Komisaruk et al., 2002). However, as participants are asked 

to lie still and relaxed, sensory and proprioceptive receptors are likely to adapt and provide little 

continuous input to the spinal cord (Dubin and Patapoutian, 2010; Gonzales and Goble, 2014). Given that 

integration between brainstem areas and signaling from brainstem areas to the cord is also involved in 

these differences, it is more likely that they are related to autonomic regulation and part of a larger 

network of integrated functions that maintain homeostasis (Craig, 2003; Critchley, 2009; Harita et al., 

2018; Hugdahl, 1996). This conclusion is consistent with differences in participants’ attentiveness across 

study conditions being linked to differences in connectivity, given that cognitive processes such as 

attention and motor control can influence autonomic activity (Hugdahl, 1996). Differences in connectivity 

involving the DRt, NGc, and PBN during the Audio and Video presentations may also indicate the 

involvement of the ascending reticular activating system (ARAS). This system includes the thalamus, 

hypothalamus, NGc, PBN, and DRt, all of which were involved in specific differences between the three 

run types. Past research has found this network to be involved in the maintenance of consciousness, 

attention, and some abstract cognition (Edlow et al., 2012). A PET study found activity of the ARAS to 

be particularly strong when participants moved from a relaxed state to a task that demanded a high degree 

of attention (Kinomura et al., 1996). This is similar to how the present results show involvement of 

brainstem areas associated with the ARAS (specifically the DRt, NGc, and PBN) when comparing the 

more relaxed Picture presentation to that of the engaging Videos or Audio presentations.  
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2.4.1 Limitations 

While the results further confirm the presence of resting state networks in the brainstem and spinal 

cord and show that these can be influenced by a person’s cognitive state, we selected the regions of 

interest included in the SEM that are known to be involved with sensory and pain processing, and 

autonomic regulation. This selection of regions does not include all of the anatomical regions that exist in 

the brainstem and spinal cord. While the selected regions span a range of brainstem and spinal cord 

regions, it is possible that some regions which may play a role in resting-state BOLD signal variations 

were not identified by our analysis. Further studies could continue by expanding the regions included in 

the analysis, as well as examining how these resting state networks change while a person is experiencing 

more specific cognitive states, such as expecting an unpleasant or painful stimulus.  

In order to achieve good spatial fidelity in brainstem and spinal cord fMRI data, we chose a repetition 

time (TR) of 6.75 seconds, which is longer than standard brain fMRI methods. As a consequence, BOLD 

signal variations that are aliased to frequencies of falias < 1/420 or 0.0024 Hz or lower (considering our 

420 sec. total sampling time) may not be detected. However, we do not need to determine the frequency 

of the BOLD signal variations. Moreover, BOLD signal variations are known to be slow, taking 5-6 sec 

to reach the peak value after an increase in activity, and taking roughly 7 sec to return to near baseline 

levels upon cessation of activity (Hellmann et al., 2009). As correlations between signals can still be 

detected when the sampling rate (TR) is longer than the period of a signal, we are not limited to the 

Nyquist frequency in our analyses (although information is lost about those components of the signal 

within some narrow frequency bands). This limitation is not expected to have a significant impact of the 

sensitivity of the connectivity analysis, as BOLD signal variations consist of many frequency 

components. The sampling time and total volumes sampled in each acquisition, in fact, have a much 

greater impact on the sensitivity of results (Murphy et al., 2007). 



 

43 

 

2.5 Conclusions 

A consistent resting-state network across the brainstem and spinal cord has been identified in resting-

state (i.e. Picutre), Audio, and Video conditions. Moreover, significant differences in connectivity 

between the resting-state and Audio or Video presentations were also observed with both cluster-to-

cluster analyses and SEM. While we cannot pinpoint why specific differences exist between study 

conditions, the agreement of these results with prior studies lends support to the conclusion that these 

observed resting-state networks play a role in the integration of homeostatic autonomic functions, and that 

connectivity within these networks is influenced by a person’s cognitive/emotional state.  
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Chapter 3 

Coordinated networks in the human brainstem and spinal cord during 

the expectation of pain 
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Abstract 

Spontaneous variations in activity of brainstem and spinal cord regions may arise from a number of 

functions such as autonomic regulation, sensory, and motor functions. Recent evidence suggests that 

changes in a person’s cognitive/emotional state are linked to changes in identified brainstem (BS) and 

spinal cord (SC) resting-state networks, indicating that these networks likely play a role in the 

integration of homeostatic autonomic functions. The aim of this study was to investigate how these 

networks change when participants are specifically expecting pain.    

Blood oxygenation-level dependent (BOLD) fMRI data were obtained in a previous study from the 

cervical SC and brainstem in 17 healthy participants, at 3 tesla, with T2-weighted single-shot fast spin-

echo imaging. Functional connectivity was investigated within the entire 3D region with structural 

equation modelling (SEM) during the first two minutes of a stimulation paradigm involving a noxious 

stimulus (baseline period, and after participants were told whether or not a painful stimulus was to 

come).  

SEM results showed extensive connectivity within and across BS and SC regions both when 

participants were expecting pain, and when they were expecting no pain. However, significant 

differences in connectivity between specific regions of the BS and SC were also identified across study 

conditions. Differences were also identified between the baseline and expectation period in the 

condition where participants were expecting pain.  

The results indicate that connectivity across the identified BS/SC networks is influenced by the 

expectation of pain in specific ways. The known functions of the regions involved support the 

conclusion that these networks and likely serve to integrate autonomic regulation functions with pain 

processing.  

 

Keywords: spinal cord, brainstem, human, fMRI, pain, descending modulation, networks   
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3.1 Introduction 

Resting state functional magnetic resonance imaging (fMRI) studies have revealed that the function 

of the spinal cord is more complex than a simple relay point for neural signaling between the periphery 

and the brain. Studies by many groups support the conclusion that there are resting-state blood 

oxygenation-level dependent (BOLD) signal fluctuations in the spinal cord in the absence of any 

specific stimuli, and that these likely represent coordinated resting-state networks (Barry et al., 2014; 

Eippert et al., 2017b; Harita et al., 2018; Ioachim et al., 2018; Kong et al., 2014; Wei et al., 2010). 

However, the extent of these coordinated networks across the brainstem and cervical spinal cord, and 

their specific functions, are only beginning to be explored.  

Based on a brain fMRI study by Naci (Naci et al., 2014) which suggested that participants’ similar 

conscious experiences of a movie could drive coordinated BOLD signal fluctuations in brain resting 

state (RS) networks, a recent study employed a similar technique to examine RS networks in the 

brainstem and spinal cord (Ioachim et al., 2018). Compared to passively viewing a picture, actively 

watching a video or listening to music altered connectivity in the identified brainstem and spinal cord 

resting state networks (Ioachim et al., 2018). Based on the regions involved in these specific differences, 

results suggested that these changes may be linked to autonomic and homeostatic regulation functions 

(Ioachim et al., 2018). As there is evidence to suggest that more alert cognitive states (such as those 

elicited by watching a movie) can elicit changes in identified brainstem and spinal cord resting state 

networks, we proposed that the expectation of pain may involve specific changes in connectivity in 

these networks.  

Tonic input from specific brainstem regions has been shown to regulate spinal cord sensory and pain 

signaling (Millan, 2002). Many of these regions have also been shown to be important components of 

resting state brainstem and spinal cord networks (Harita et al., 2018; Ioachim et al., 2018). This 

indicates that neuronal activity in the spinal cord is in an active state and is integrated with brainstem 

activity even during a “baseline” state when no stimulus is being applied. Recent studies further support 
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this idea, showing that BOLD signal variations in certain areas of the brainstem and spinal cord are 

associated with participants’ expectation of a painful stimulus to follow (Stroman et al., 2016a) as well 

as providing evidence that brainstem network components are involved in integration of autonomic and 

homeostatic regulation with descending pain modulation pathways in baseline periods before a stimulus 

is applied (Stroman et al., 2018). Furthermore, studies have also shown that placebo and nocebo effects 

can involve brainstem regions (Eippert et al., 2009; Sprenger et al., 2015; Tinnermann et al., 2017), 

which could be of particular interest for research involving predictable painful stimuli. We therefore 

hypothesize that network connectivity in previously identified brainstem and spinal cord resting state 

networks is altered when participants are expecting pain.  Although this cannot be considered a “resting-

state” study because of the manipulation of a participant’s cognitive and emotional state, the results of 

this study are expected to have important implications for our understanding of brainstem and spinal 

cord networks and how these can serve to integrate autonomic regulation functions with pain 

processing.  

 

3.2 Materials and Methods 

All methods were approved by the institutional human research ethics review board. All participants 

were healthy and informed consent was obtained in writing from each participant before onset of the 

study.  

  

3.2.1 Participants and Experimental Setup  

Functional MRI data from a prior study involving a noxious heat stimulus in our lab was collected 

from 17 healthy participants, spanning the brainstem and spinal cord (Stroman et al., 2016a). 

Participants ranged from 19 to 31 years of age (M = 22 ± 3) and included 13 women and 4 men. They 

had no history of spinal cord injury, psychiatric disorders, or neurological disease. The detailed study 
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setup and training of the participants is described in the previous study (Stroman et al., 2016a), so only 

the details relevant to the current study are described here.  

All participants underwent training in a sham MRI and quantitative sensory testing before the 

imaging session. They were trained to rate the intensity of their sensation of a heat stimulus on a 

standardized numerical pain scale which ranged from 0 to 100 in 5-point steps (0 =no sensation, 10 = 

warm, 20 = a barely painful sensation, 30 = very weak pain, 40 = weak pain, 50 = moderate pain, 60 = 

slightly strong pain, 70 = strong pain, 80 = very strong pain, 90 = nearly intolerable pain, 100 = 

intolerable pain) (Stroman et al., 2016a). The heat stimuli were applied with an MR-compatible Peltier 

thermode (Medoc
®
, Ramat Yishai, Israel) which was programmed to control the temperature while the 

experimenter held the thermode and applied it repeatedly to the skin of the participant’s right hand 

(overlaying the thenar eminence and corresponding to the C6 dermatome). The stimulation paradigm 

consisted of a 2 minute baseline period during which participants were told (after 1 min had elapsed) 

whether or not a painful stimulus was to be expected, 30 seconds of noxious stimulation (or no 

stimulation), and a 2 minute baseline period to follow. The thermode temperature was calibrated 

individually for each participant to evoke a moderate level of pain (approximately 50 on a 100-point 

pain intensity scale). In total, each participant completed 10 fMRI runs, 5 of which included a heat 

stimulus, in a random order. In between each fMRI acquisition participants were given 2 minutes of rest 

to avoid sensitization of nociceptors in the skin with repeated heat stimulation. Importantly, for the 

current study, participants could anticipate whether or not there would be pain involved in each run, and 

could anticipate the timing of the stimulus and baseline periods.  

  

3.2.2 Functional MRI Data Acquisition 

Functional MRI scans were carried out on a Siemens 3 tesla MRI system (Siemens Magnetom Trio, 

Erlangen, Germany). Localizer images were acquired in three planes to provide a reference for 

subsequent slice positioning. To obtain high image quality and good spatial fidelity for spinal cord 
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fMRI, images of the entire brainstem and cervical spinal cord were acquired using a half-Fourier single-

shot fast spin-echo (HASTE) sequence with BOLD contrast (Muller et al., 2008). The 3D volume 

spanned from the first thoracic vertebra to above the thalamus and was imaged with an echo time (TE) 

of 76 msec and a repetition time (TR) of 6.75 sec/volume for optimal T2-weighted BOLD sensitivity 

and for consistency with our previous studies (Bosma et al., 2015; Bosma et al., 2016; Bosma and 

Stroman, 2014; Dobek et al., 2014; Harita and Stroman, 2017a). Nine contiguous sagittal slices were 

imaged, with a 28 x 21 cm field-of-view and a 1.5 x 1.5 x 2 mm
2
 resolution. For each condition, 40 

volumes were acquired per run (200 volumes total per condition, over 5 repeated runs).  

  

3.2.3 Data Preprocessing 

Spinal cord and brainstem fMRI data were preprocessed and analyzed using custom-written 

software, “spinalfmri8” ( http://post.queensu.ca/~stromanp/software.html ) in MATLAB (MathWorks 

Inc., Natick, MA, USA). Images were converted to NIfTI format and co-registered to correct for bulk 

body motion using the non-rigid 3D registration tool in the MIRT (Medical Image Registration 

Toolbox) package (Myronenko and Song, 2009, 2010). The motion parameters obtained from the co-

registration procedure were used as models of bulk movement, and later used for removing/reducing 

noise in the data. The images were resized to 1 mm
3
 voxels and spatially normalized to a predefined 

anatomical template based on 356 participants, by means of an automated procedure which has been 

described previously (Bosma et al., 2015; Stroman et al., 2016a). Physiological noise estimates were 

also obtained from the recording of the peripheral pulse (which was synchronized to each fMRI time 

series), and estimates of global noise were obtained from predefined regions of white matter.  The noise 

models (bulk motion, cardiac-related, and white matter) were then fit to the data using a general linear 

model (GLM), and were subtracted from the data.  This method has been shown previously to be 

effective at removing physiological noise (Harita and Stroman, 2017a).  

http://post.queensu.ca/~stromanp/software.html
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For the current study, only the baseline period preceding the noxious stimulus was analyzed, 

resulting in two run types to be analyzed: baseline periods where participants were expecting pain 

(Expect Pain), and baseline periods where participants were expecting no pain (Expect No Pain). These 

two run types were further broken down into the first minute (where participants did not know which 

condition they would be experiencing) and the second minute (after the participants were told whether 

or not a painful stimulus would be applied). This was done in order to be able to compare results to 

previous spinal fMRI resting state studies as well as our recent study examining how these networks 

may be affected by participants experiencing different cognitive states (Harita et al., 2018; Ioachim et 

al., 2018). Therefore, the period to be analyzed in the current study included only the initial 2 min of 

each run (where participants were either expecting pain or no stimulus) and did not include the actual 

stimulation period where participants were feeling pain.  

  

3.2.4 Data Analysis 

To reduce the number of statistical comparisons to be made and increase the signal-to-noise ratio 

over that of single-voxel analyses, averages over clusters of voxels were used. In order to define these 

clusters, 17 Regions of Interest (ROIs) were first identified using a previously-established anatomical 

region map (Bosma et al., 2015; Bosma et al., 2016; Khan and Stroman, 2015). Included were the 

hypothalamus, periaqueductal gray matter (PAG), parabrachial nucleus (PBN), locus coeruleus (LC), 

nucleus tractus solitarius (NTS), nucleus raphe magnus (NRM), nucleus gigantocellularis (NGc), dorsal 

reticular nucleus of the medulla (DRt), pontine reticular formation (PRF), and four quadrants of the C5 

and C6 spinal cord segments. The extent of these regions and their expected locations were compiled 

from several anatomical atlases and published papers (Lang, 1993; Lang and Bartran, 1982; Naidich et 

al., 2009; Talairach and Tournoux, 1988; Williams et al., 1995). Each ROI was divided into 7 clusters 

based on the voxel time-series using k-means clustering, resulting in 119 clusters (i.e. 17 x 7). This 

method provides greater spatial precision by dividing the clusters based on their functional 
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characteristics. Edge clusters, defined as having 25% or more of the voxels within 1 mm of the CSF 

space, were removed from the analysis because they are more prone to physiological noise arising from 

cardiac motion, CSF flow, cord motion, etc. (Figley and Stroman, 2009). With this process, groups of 

voxels with significant BOLD responses were included while high noise and non-responding voxels 

were removed from the analysis. All analyses used the same ROI and cluster definitions.  

Structural equation modeling (SEM) was used as in previous studies (Harita et al., 2018; Khan and 

Stroman, 2015; Stroman, 2016; Stroman et al., 2016a) to examine potential coordinated networks. This 

analysis method was chosen because cluster-to-cluster correlations may not always adequately explain 

more complex coordination between regions (Harita et al., 2018; Ioachim et al., 2018). In contrast, we 

have successfully used SEM to identify and characterize robust resting-state networks in the brainstem 

and spinal cord in previous studies (Harita et al., 2018; Ioachim et al., 2018). As SEM requires a pre-

defined model of anatomical connections to constrain the number of possible results, we have chosen a 

previously-described model based on known pain-neuroanatomy (Millan, 2002) and have supplemented 

it with several possible connections to and from the LC that have been identified in previous animal and 

physiology studies (Figure 5) (Llorca-Torralba et al., 2016; Samuels and Szabadi, 2008; Schwarz and 

Luo, 2015). In this model, the 9 brainstem regions described above were used in conjunction with the 

four quadrants of the 5
th
 and 6

th
 cervical cord segments (R/L and V/D). Only the four quadrants of the 

C5 and C6 segments were included in the model as being representative of the brainstem-cord 

connectivity since the resulting number of connections from all cervical cord segments would produce 

too many results to efficiently analyze.  



 

54 

 

 

Figure 5 Anatomical model of the regions and connections used for the structural equation 

modelling (SEM) analysis. 

 

SEM was carried out by means of general linear model (GLM) to calculate the linear weighting 

factors (β, the relative contribution of each input to a region) using the baseline period time-series data 

across participants, separately for the first and second minute of each run type (before and after the 

announcement of whether there would be a painful stimulus or not). These weighting factors therefore 

reflect the connectivity between regions. If region A receives input signaling from regions B and C, and 

the BOLD signal time-series responses in these regions are SA, SB, and SC respectively, then SA = βAB SB +  

βAC SC + eA where eA  is the residual signal variation that is not explained by the fit (Stroman, 2016). The 

weighting factors were calculated separately for each network component, which consists of multiple 

‘source’ regions providing input to a ‘target’ region receiving input. Networks were investigated for 

every combination of anatomical sub-divisions of each region (i.e. the clusters defined above) in order 

to identify the sub-divisions that resulted in the best fits to the data measured. The β-value for a 

connection is therefore calculated multiple times, with different combinations of sources in the same 

network component. 
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To determine the goodness-of-fit, the amount of variance in each target region that is explained by 

the fit was calculated, expressed as the R
2
 value. The significance of the fit was estimated by converting 

R values to a Z-score by means of Fisher’s Z-transform. As an additional check, the fitting was repeated 

with one source region at a time omitted from the network in order to identify any terms that did not 

uniquely account for a significant component of the variance in each target region (computed with an F-

test). A cutoff value of F(1,∞) > 3.845 was used, which corresponds to p < 0.05. Any terms that did not 

account for a significant component of the variance were not included in the results.  

The significance of each network component was determined based on previously established 

probability distributions (Stroman, 2016), which depend on the model parameters, with significance 

thresholds set to account for the family-wise error rate. Network components were inferred to be 

significant at a family-wise error corrected pfwe < 0.05. The significance of β-values was determined 

based on their estimated standard errors. Significance was inferred at a family-wise-error corrected pfwe 

< 0.05 which accounted for the total number of network combinations that were tested across 

combinations of anatomical sub-divisions. In order for a particular connection to be shown as 

significant in the results, it also had to account for at least 5% of the variance of the respective network 

component.  

The ‘best fit’ network was identified for each minute of each run type by identifying the combination 

of source regions with the highest Z-value for each network component, on a regional level. For each 

network component, the set of clusters with the highest Z-value was chosen, and these network 

components were then compiled into one ‘best fit’ model. Connections with non-significant Z-values or 

that did not explain at least 5% of the variability in that network component (measured with the R-

value) were not included. This model represents the best explanation of the BOLD signal variations in 

the regions of interest, based on the known anatomical connections. The four resultant ‘best fit’ models 

were then compared by selecting the connections that were determined to be significant in at least one 

model, and applying paired-samples t-tests to the β-values across both minutes of both run types. 
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Significance was inferred at a family-wise-error corrected pfwe < 0.05 which accounted for the total 

number comparisons made between connections for each model.  

 

3.3 Results 

The ‘best fit’ model, which represents the combination of source regions with the highest Z value for 

each network component, was identified before and after the announcement of what to expect for both the 

‘Expect Pain’ (Figure 6) and ‘Expect No Pain’ (Figure 7) run types. The SEM analysis identified 

extensive networks spanning across the brainstem and spinal cord for the C5 and C6 spinal cord regions 

that were tested, for both the first and second minute of the ‘Expect Pain’ and ‘Expect No Pain’ run types. 

 

Figure 6  Identified networks in the ‘Expect Pain’ conditions at a regional level (for each source 

region, the cluster with the highest Z-value was chosen) before (minute 1) and after (minute 2) 

participants were told a painful stimulus was to come. Connections that accounted for less than 

5% of the variance in the network component are not shown. Open circles represent the source 

region of the connection, while the line represents the target region. Solid lines indicate positive β 

values while dashed lines indicate negative β values. Connections that are highlighted in green 

indicate connections with β values that are significantly different between minute 1 and minute 2. 

Source and target locations within a region bubble in the figure correspond to the anatomical 

location of the cluster within the region.  
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Figure 7 Identified networks in the ‘Expect No Pain’ conditions at a regional level (for each 

source region, the cluster with the highest Z-value was chosen) before (minute 1) and after 

(minute 2) participants were told that no painful stimulus was going to be felt. Connections that 

accounted for less than 5% of the variance in the network component are not shown. Open circles 

represent the source region of the connection, while the line represents the target region. Solid 

lines indicate positive β values while dashed lines indicate negative β values. Connections that are 

highlighted in green indicate connections with β values that are significantly different between 

minute 1 and minute 2. Source and target locations within a region bubble in the figure 

correspond to the anatomical location of the cluster within the region. 

 

Specific differences between the ‘best fit’ models for the ‘Expect Pain’ and ‘Expect No Pain’ run 

types were also identified. When considering the connectivity networks identified in the first minute 

(before participants were told which condition they would be experiencing), β-values of the connections 

from the NTS, LC, NGc, NRM, and PBN to spinal cord regions, from cord regions to the DRt and 

thalamus, and from the hypothalamus to the NGc were significantly different between the ‘Expect Pain’ 

and the ‘Expect No Pain’ connectivity networks (Table 6). When considering the connectivity networks 

during the second minute (after participants were told whether or not a painful stimulus was to come), β-
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values of the connections from NGc, PBN, LC, and NTS to cord regions, from spinal cord regions to the 

NRM, thalamus, and PAG, from the PAG to the NRM, NGc, and hypothalamus, from the hypothalamus 

to the LC, and from the thalamus to the PAG were significantly different between the ‘Expect Pain’ and 

‘Expect No Pain’ connectivity networks (Table 7, Figure 8).  

 

Figure 8 Identified networks in the ‘Expect No Pain’ and ‘Expect Pain’ conditions at a regional 

level (for each source region, the cluster with the highest Z-value was chosen) after (minute 2) 

participants were told which condition they would be experiencing. Connections that accounted 

for less than 5% of the variance in the network component are not shown. Open circles represent 

the source region of the connection, while the line represents the target region. Solid lines 

indicate positive β values while dashed lines indicate negative β values. Connections that are 

highlighted in green indicate connections with β values that are significantly different between 

minute 1 and minute 2. Source and target locations within a region bubble in the figure 

correspond to the anatomical location of the cluster within the region. 

 

Finally, the first and second minute (before and after the announcement) within each run type were 

compared. During the ‘Expect Pain’ run type, β-values of the connections from the LC, NGc, and NRM 

to the spinal cord, from the hypothalamus to the NGc, from the LC to the thalamus, and from the cord to 
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the PAG were significantly different before and after the announcement (Table 8, Figure 6). During the 

‘Expect No Pain’ run type, , β-values of the connections from the PBN, NGc, and NTS to the spinal cord, 

from the PAG to the NRM, and from the cord to the DRt were significantly different before and after the 

announcement that there would be no pain (Table 8, Figure 7). 
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Table 6 Significant differences in the SEM-identified network connections for the condition 

where participants were expecting a painful stimulus (‘Expect Pain’) compared to the condition 

where participants knew no pain was to be administered (‘Expect No Pain’) for the first minute 

(before participants were told whether a painful stimulus was to come).   

 

Region source  target β Expect Pain (before 

announcement) 

 β Expect No Pain 

(before announcement) 

 Based on ‘Expecting 

Pain’ model 

  

HypothalamusNGc 

NTSC6 right ventral 

LCC5 right ventral 

LCC6 right dorsal 

C6 left dorsalThalamus 

C6 left dorsalDRt 
  

0.37 ± 0.06 

0.69 ± 0.17 

-0.71 ± 0.14 

-0.83 ± 0.15 

0.56 ± 0.17 

0.53 ± 0.12 
  

 0.07 ± 0.06 

-0.06 ± 0.17 

-0.05 ± 0.11 

0.14 ± 0.16 

-0.14 ± 0.12 

-0.00 ± 0.12 
  

    

    

 

 

 

PAGHypothalamus 

NGcC5 left dorsal 

NGcC6 left ventral 

NRMC6 right dorsal 

PBNC6 right ventral 
  

Based on ‘Expecting No 

Pain’ model 

     

0.02 ± 0.07 

0.47 ± 0.16 

-0.16 ± 0.11 

0.23 ± 0.16 

0.10 ± 0.11 
 

  

 

      

0.38 ± 0.08 

-0.57 ± 0.14 

0.39 ± 0.09 

-0.46 ± 0.13 

-0.42 ± 0.08 
 

    

All listed differences were determined to be significant at pfwe < 0.05 using a paired sample t-test. 

Bold β values indicate significant differences.  
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Table 7 Significant differences in the SEM-identified network connections for the condition 

where participants were expecting a painful stimulus (‘Expect Pain’) compared to the condition 

where participants knew no pain was to be administered (‘Expect No Pain’) during the second 

minute (after participants were told whether a painful stimulus was to be applied). 

 

Region source  target β Expecting Pain (after 

announcement) 

 β Expecting No Pain 

(after announcement) 

 Based on ‘Expecting 

Pain’ model 

  

HypothalamusLC 

PAGHypothalamus 

PAGNGC 

NGcC5 left dorsal 

C6 right dorsalNRM 
  

-0.40 ± 0.11 

0.02 ± 0.07 

0.54 ± 0.11 

0.47 ± 0.16 

-0.18 ± 0.04 
  

 0.04 ± 0.08 

0.38 ± 0.08 

0.01 ± 0.09 

-0.57 ± 0.14 

0.06 ± 0.04 
  

    

    

 

 

ThalamusPAG 

LCNRM 

PAGNRM 

PAGNGc 

PAGHypothalamus 

PBNC6 right dorsal 

LCC6 right dorsal 

NTSC6 right dorsal 

NTSC6 right ventral 

C5 right dorsalThalamus 

C6 left dorsalPAG 
 

 
 

Based on ‘Expecting No 

Pain’ model 

-0.33 ± 0.22 

-0.07 ± 0.09 

0.24 ± 0.14 

-0.12 ± 0.08 

-0.01 ± 0.08 

0.34 ± 0.17 

-0.05 ± 0.13 

-0.14 ± 0.12 

0.03 ± 0.10 

-0.02 ± 0.03 

0.03 ± 0.06 
 

  

 

0.86 ± 0.20 

0.39 ± 0.10 

-0.42 ± 0.10 

0.27 ± 0.07 

0.34 ± 0.07 

-0.59 ± 0.18 

0.84 ± 0.15 

0.47 ± 0.11 

-0.44 ± 0.10 

0.13 ± 0.04 

-0.28 ± 0.06 
 

    

All listed differences were determined to be significant at pfwe < 0.05 using a paired sample t-test. 

Bold β values indicate significant differences.  
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Table 8 Significant differences in the SEM-identified network connections between the first and 

second minute (before and after participants were told whether or not a painful stimulus was to 

come) for both the ‘Expect Pain’ and the ‘Expect No Pain’ run types.   

 

Region source  target β Minute 1  β Minute 2  

 Expecting Pain   

LCThalamus 

HypothalamusNGC 

LCC6 left ventral 

LCC6 right dorsal 

LCC6 right ventral 

NGcC6 left ventral 

NRMC5 right ventral 

C6 right dorsalPAG 
  

-0.24 ± 0.07 

0.34 ± 0.06 

-0.23 ± 0.11 

-0.83 ± 0.15 

-0.78 ± 0.18 

0.49 ± 0.16 

-0.41 ± 0.12 

0.11 ± 0.05 
  

 0.03 ± 0.04 

0.08 ± 0.05 

0.28 ± 0.07 

0.03 ± 0.11 

-0.04 ± 0.13 

-0.28 ± 0.13 

0.21 ± 0.14 

-0.20 ± 0.06 
  

    

    

 

PAGNRM 

PBNC6 right ventral 

NGcC5 left dorsal 

DRtC5 left dorsal 

NTSC6 right ventral 

NTSC6 left ventral 

C5 left dorsalDRt 
 

 
 

Expecting No Pain 

-0.11 ± 0.16 

-0.42 ± 0.08 

-0.57 ± 0.14 

0.45 ± 0.09 

0.06 ± 0.11 

0.93 ± 0.16 

0.39 ± 0.07 
 

  

0.66 ± 0.15 

-0.05 ± 0.08 

0.30 ± 0.16 

-0.12 ± 0.09 

-0.44 ± 0.10 

0.13 ± 0.18 

-0.07 ± 0.09 
 

 
 

    

All listed differences were determined to be significant at pfwe < 0.05 using a paired sample t-test. 

Bold β values indicate significant differences.  
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3.4 Discussion 

Significant connectivity was detected between regions of the brainstem and spinal cord in the 

‘Expect Pain’ as well as the ‘Expect No Pain’ condition using SEM, both before and after the 

announcement of which study condition was to come. This connectivity was detected even after 

rigorous control for multiple comparisons as well as removal of edge clusters, and removal of a large 

component of physiological noise. Although the main purpose of this study was to examine differences 

in coordinated brainstem and spinal cord networks when participants are specifically expecting pain, we 

also aimed to identify any consistencies of these networks with previously described resting-state 

networks (Harita et al., 2018; Ioachim et al., 2018). While this cannot be considered a resting-state 

study, the period preceding the announcement of which condition is to come (minute 1 of each run type) 

is similar to a resting-state as participants had no specific task or stimulus to focus on and were awaiting 

instructions. There are several consistent features across these networks in both the ‘Expect Pain’ 

(Figure 6) and ‘Expect No Pain’ (Figure 7) conditions with previously identified resting-state networks 

(Harita et al., 2018; Ioachim et al., 2018). Specifically, the similarities are extensive connectivity 

between brainstem regions, strong connectivity between the LC and the thalamus and spinal cord 

regions, strong connectivity between the DRt and NTS and spinal cord regions, and extensive 

connectivity from spinal cord regions to the thalamus. These results show that the connectivity networks 

identified in both run types before participants knew which condition they would be experiencing 

(minute 1) are largely consistent with previously described resting-state networks (Harita et al., 2018; 

Ioachim et al., 2018). 

Having identified the coordinated networks present when participants are expecting no stimulus and 

when they are expecting pain, and their degree of consistency to previously identified brainstem and 

spinal cord networks, our results also show important specific differences in network connectivity 

between these two run types. Comparing the ‘best fit’ networks of both conditions reveals differences in 

signaling within and across brainstem and cord regions between the ‘Expect Pain’ and ‘Expect No Pain’ 
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conditions, both before (Table 6) and after (Table 7) participants were told whether or not a stimulus 

would be applied at that time. The connectivity networks of both conditions were expected to be 

relatively similar during minute 1. At this point in time participants were waiting to be told which 

condition they would be experiencing, and had no specific task or stimulus to focus on in either the 

‘Expect Pain’ or ‘Expect No Pain’ run types. However, results show a number of significant differences 

in signaling between these networks, including differences in connectivity between the LC, NTS, NGc, 

PBN, and NRM to the spinal cord, from spinal cord regions to the DRt and thalamus, and between 

several brainstem regions (Table 6). These differences may be driven in part by individual differences 

in the participants’ cognitive states as they are waiting to find out whether or not they will be feeling a 

painful stimulus. Previous study results showed that connectivity across resting-state spinal cord and 

brainstem networks is influenced by a person’s cognitive/emotional state, and showed specific 

differences between a resting-state condition and conditions in which participants were watching a 

video or listening to an audio presentation (Ioachim et al., 2018). These differences involved brainstem 

regions such as the LC, NRM, NTS, and DRt (Ioachim et al., 2018), all of which are also involved in 

the minute 1 differences between the ‘Expect Pain’ and ‘Expect No Pain’ conditions (Table 6). While 

all participants were experiencing the same video and audio presentations at the same time in the 

previous study (Ioachim et al., 2018), there was no specific stimulus or task for participants to focus on 

while they were waiting to be told which condition they would be experiencing. Although the 

conditions were presented in a pseudo-randomized order in the present study, there is also no guarantee 

that the participants could not predict which condition they would be experiencing to some degree. 

Because of this, it is unlikely that all participants had similar cognitive/emotional states during minute 1 

of either the ‘Expect Pain’ or the ‘Expect No Pain’ run types, and it is also possible that some 

participants were more aware of which condition they were likely to experience than others. These 

factors may explain the differences in the identified connectivity networks during this period (even 

though these networks were originally expected to be more similar). 
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After participants were told which study condition they would be experiencing (minute 2), signaling 

from the NGc, PBN, LC, and NTS to cord regions, from spinal cord regions to the NRM, thalamus, and 

PAG, and signaling between several brainstem regions was significantly different (Table 7, Figure 8). 

Some of these differences are likely linked to the process of descending modulation of pain. The rostral 

ventromedial medulla (RVM) includes the NRM and NGc, and the PAG-RVM pathway has been 

shown to be an important component of descending regulation of spinal cord responses to painful 

stimuli (Millan, 2002). Prior studies found this pathway to be involved in producing analgesia in 

situations of threatened pain, but inhibited when there was no threat of pain (Rhudy and Meagher, 2003; 

Watkins et al., 1998). The differences identified in minute 2 involve this PAG-RVM pathway as well as 

signaling between the PAG and areas such as the thalamus, hypothalamus, and spinal cord, which 

indicated these network differences are likely linked to descending modulation of pain. Some of these 

minute 2 differences may also be related to homeostatic autonomic regulation and part of a larger 

network of integrated functions (Craig, 2003; Critchley, 2009; Harita et al., 2018; Hugdahl, 1996). A 

system including areas such as the hypothalamus, PBN, NTS, and RVM (all areas which were involved 

in the minute 2 differences between the two conditions) was previously described as part of a 

homeostatic afferent network (Craig, 2003). Furthermore, cognitive processes such as attention and 

motor control can influence autonomic activity (Hugdahl, 1996), and participants are likely more 

attentive when they are expecting to feel pain as opposed to simply waiting for the study to end. These 

results show that differences in network connectivity when participants are expecting pain (as opposed 

to knowing no pain is to come) are likely due to a combination of changes in descending modulation of 

pain and changes in homeostatic autonomic regulation. 

In addition to characterizing the differences in the identified networks between the two conditions 

before and after the announcement, we also aimed to examine any changes in these networks that occur 

as participants transition from a period of uncertainty to knowing whether or not a painful stimulus is to 

come. In the ‘Expect Pain’ condition, there were significant changes in signaling from the LC, NGc, and 
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NRM to the spinal cord, from the cord to the PAG, from the LC to the thalamus, and from the 

hypothalamus to the NGc between minutes 1 and 2 (Table 8, Figure 6). In contrast, differences from 

minute 1 to minute 2 in the ‘Expect No Pain’ condition, where participants knew they would not be 

feeling pain, included connections from the PBN, NGc, DRt, and NTS to spinal cord regions, from the 

cord to the DRt, and from the PAG to the NRM (Table 8, Figure 7). As participants likely become 

more focused and alert when they are warned that a future painful stimulus is to come, compared to 

knowing no pain will be felt, it is possible that the differences identified in the ‘Expect Pain’ networks 

are driven by the participants’ cognitive/emotional states. If this were the case, however, differences in 

signaling would be expected to involve areas of the ascending reticular activating system (ARAS) such 

as the NGc, PBN, and DRt. Past studies have identified changes in signaling to and from areas that are 

part of the ARAS when participants moved from a relaxed state to a more alert cognitive state 

(Kinomura et al., 1996), as well as when comparing a resting state to conditions such as watching a 

video or listening to an audio presentation (where participants are likely more alert and attentive) 

(Ioachim et al., 2018). Our current results show differences involving these areas in the ‘Expect No 

Pain’ conditions, but show differences mainly involving the LC, NRM, and PAG in the ‘Expect Pain’ 

condition. It is therefore unlikely that these changes in the ‘Expect Pain’ condition are driven primarily 

by a difference in alertness. Instead, results suggest that these differences may be specifically associated 

with the expectation of pain.  

While the differences before and after participants are told they will be feeling pain are an indication 

of how the expectation of pain affects these identified networks, some of these results may be obscured 

by the fact that the minute 1 networks were not similar for both conditions (even though participants did 

not know which condition they would be experiencing at this time). The clearest indication of how the 

expectation of pain specifically affects these networks is the direct comparison of the network during 

minute 2, when participants were either expecting pain or knew no painful stimulus was to come (Table 

7, Figure 8). The involvement of the PAG-RVM pathway indicates some of these changes may be 
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linked to descending modulation of pain (Millan, 2002; Rhudy and Meagher, 2003; Watkins et al., 

1998). Importantly, these changes are seen in response to participants expecting future pain, and not in 

response to a painful stimulus. This builds upon prior findings that there are significant BOLD signal 

variations in these areas, as well as the NRM, associated with participants being told whether a painful 

stimulus would, or would not be applied, in a particular run (Stroman et al., 2016a). In addition, 

signaling from the LC to the thalamus and spinal cord is an important part of pain modulation as well as 

some motivational-affective components of pain (Llorca-Torralba et al., 2016; Samuels and Szabadi, 

2008; Schwarz and Luo, 2015). This indicates that these differences in network connectivity when 

participant are expecting pain are not simply driven by differences in alertness, and are instead likely 

linked to the integration of autonomic homeostatic regulation and pain processing.   

This evidence that previously-identified brainstem and spinal cord networks are influenced by the 

expectation of pain in specific ways may be important for the study of processes such as placebo and 

nocebo effects. Previous spinal cord fMRI studies that have specifically focused on placebo/nocebo 

effects showed evidence that a state of threat or safety can alter descending modulation of pain (Eippert 

et al., 2009; Geuter and Buchel, 2013; Tinnermann et al., 2017), but have done so by examining BOLD 

signal variations in response to a painful stimulus proper. While this is important evidence that the 

feeling of threat or safety can alter the experience of pain (Eippert et al., 2009; Geuter and Buchel, 

2013; Tinnermann et al., 2017), it is also important to consider how activity in these brainstem and 

spinal cord networks is linked to the expectation of pain itself. A recent study found that, outside of 

BOLD variations directly attributed to the response to a noxious stimulus, these are several sub-

networks of brainstem regions which show BOLD responses in the period preceding a stimulus that 

could be attributed to integrated autonomic and pain modulation functions (Stroman et al., 2018). The 

consistency of current results with these prior studies supports the conclusion that coordinated 

brainstem and spinal cord networks are altered by the expectation of pain in specific ways, and likely 

serve to integrate autonomic regulation functions with pain processing. 



 

68 

 

3.4.1 Limitations 

The regions of interest included in the SEM were selected based on several atlases and published 

papers (Lang, 1993; Lang and Bartran, 1982; Naidich et al., 2009; Talairach and Tournoux, 1988; 

Williams et al., 1995) because they are known to be involved with sensory and pain processing, and 

autonomic regulation. A limitation of this network model is that it does not include all of the anatomical 

regions that exist in the brainstem and spinal cord. As a result, there may be relevant connections that 

are not included in the model. SEM analysis methods may also show connections between regions that 

are not the result of direct neural signaling pathways but rather a result of signaling via intermediate 

regions. Therefore, although the results of SEM analysis can demonstrate relationships between regions 

that are components of the same integrated network, we must consider that information about the 

physical network spanning these regions may be incomplete.   

The original study employed a repetition time (TR) of 6.75 seconds, which is longer than standard 

brain fMRI methods. This was specifically chosen in order to achieve good spatial fidelity in the 

brainstem and spinal cord. As BOLD signal variations are known to be slow, taking 5-6 seconds to 

reach the peak and approximately 7 seconds to return to baseline levels after activity has ceased 

(Hellmann et al., 2009), this is unlikely to affect our sensitivity to detect BOLD signal variations of 

interest. In fact, the sensitivity of results is affected much more strongly by the sampling time and total 

volumes sampled in each acquisition (Murphy et al., 2007). As the number of volumes analyzed in the 

first and second minute of each condition is high enough to provide good statistical power for dynamic 

SEM analyses, it is unlikely that the sensitivity of our results has been negatively impacted by the 

choice of acquisition parameters and sampling time. 
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Chapter 4 

General Discussion 
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4.1 Discussion 

The aims of the studies included in my thesis were to confirm the presence of resting-state networks 

in the brainstem and spinal cord, and to explore how these networks are changed when participants 

experience different cognitive states (including specifically expecting pain). The work described in 

chapter 2 provided the basis for this research by confirming the presence of resting-state brainstem and 

spinal cord networks, and quantifying their degree of consistency across different conditions such as 

while participants were watching an engaging video. Additionally, the work in chapter 2 also served to 

identify some specific differences in these resting-state networks related to participants’ 

cognitive/emotional states. Importantly, the network components involved in these differences provide 

evidence that part of the function of these resting-state networks is related to autonomic homeostatic 

regulation. These results informed the work that followed in chapter 3, and provided a basis for 

interpreting the differences between the identified coordinated brainstem and spinal cord networks 

while participants knew they would not be feeling any pain and when they were expecting pain. This is 

an important expansion of the previous study completed in chapter 2 because it explores a very specific 

cognitive/emotional state of expecting to feel pain. Shedding light on how brainstem/spinal cord 

networks are changed during the expectation of pain can help us understand how the body prepares 

itself for a painful sensation. Thus, the results presented in chapter 3 can further our understanding of 

both descending pain modulation and placebo/nocebo effects.  

The study presented in chapter 2 represents several key advancements in the field of brainstem and 

spinal cord resting-state research, one being the use of SEM techniques to identify resting-state 

networks. To date, research published in the field of spinal cord fMRI had only explored resting state 

BOLD fluctuations with analyses based on region-to-region correlations. While these studies have 

provided reliable evidence of spontaneous BOLD fluctuations in the brainstem and spinal cord in a 

resting-state (Barry et al., 2016; Barry et al., 2014; Bushnell et al., 2013; Conrad et al., 2018; Harita et 

al., 2018; San Emeterio Nateras et al., 2016; Wei et al., 2010)  as well as evidence that these fluctuations 
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likely represent coordinated resting-state networks (Barry et al., 2014; Bushnell et al., 2013; Eippert et 

al., 2017b; Liu et al., 2016; Wei et al., 2010), region-to-region correlations are not sufficient to directly 

describe resting-state networks. Structural equation modeling is a set of statistical techniques that are 

used to explain as much of the variance in a pre-defined model as possible by identifying patterns of 

correlation among a set of variables (Kline, 2011). These techniques have been used to provide reliable 

evidence of cortical networks (Astolfi et al., 2004; Erickson et al., 2005; Friston, 2011; Schlosser et al., 

2003) and have since been validated for use in the brainstem and spinal cord (Stroman, 2016). 

Essentially, BOLD responses in one region can be represented as a linear combination of BOLD 

responses in a number of other source regions that are known to provide input to the first region. BOLD 

signal variations can occur both from inhibitory and excitatory input, however, so the BOLD signal 

responses in one area do not necessarily equate to the output signaling of another (Logothetis, 2007; 

Viswanathan and Freeman, 2007). SEM methods are therefore best conceptualized as describing the 

input to a region as a combination of inputs to the expected source regions. This is an advantage over 

region-to-region correlations because, even if two regions A and B aren’t directly correlated, SEM can 

reveal if the combination of inputs from a number of regions including the one in question (for example: 

B, C, and D) can explain the observed BOLD variations in region A. With appropriate application, SEM 

methods can allow us to identify coordinated brainstem and spinal cord networks, as well as give 

information about changes in the network coordination and which anatomical regions are involved 

(Stroman, 2016). 

The Stroman Lab was involved not only in the validation of these SEM methods for use in brainstem 

and spinal cord fMRI (Stroman, 2016), but in the first use of SEM analyses to identify spinal cord 

resting-state networks as well (Harita et al., 2018). The work in Chapter 2 builds on this research by 

using SEM to confirm the presence of these resting-state networks as well as examine how these are 

changed with a participants’ cognitive state. Additionally to the SEM analyses, the work in chapter 2 

also used cluster-to-cluster correlations to characterize the connectivity within and across brainstem and 
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spinal cord regions. One notable result is that the connectivity identified by the cluster-to-cluster 

correlations was not fully indicative of the underlying resting-state networks. Cluster-to-cluster 

correlation results showed strong connectivity between brainstem regions and between spinal cord 

regions respectively, but little connectivity between brainstem and spinal cord regions. When examining 

the same data with SEM methods, however, the identified resting-state networks showed extensive 

connectivity between brainstem regions and spinal cord regions. These results demonstrate that while 

region-to-region correlations can provide good evidence of resting state connectivity in the brainstem 

and spinal cord, they do not fully describe the underlying resting-state networks. The results presented 

in chapter 2 are therefore an important step in spinal cord resting-state research, as the chosen analysis 

methods allowed not only for the identification of resting-state networks but also demonstrated that past 

resting-state research that focused on region-to-region correlations may not have fully captured the 

characteristics of these brainstem and spinal cord networks. 

Another noteworthy difference between the work in chapter 2 and past resting-state studies in the 

brainstem and spinal cord is the choice of a landscape photograph as the visual stimulus for the resting-

state condition, rather than the more commonly-employed fixation cross. This difference in design is 

important to discuss because the lack of a fixation cross is often a point of criticism for studies similar 

to the work in chapter 2. While some critics argue that studies not employing a fixation cross are not 

examining resting state activity, it is important to consider what the purpose of the fixation cross is to 

begin with. Fixation crosses have been used to center a participant’s gaze and attention on a specific 

point. They do not stop a participant’s gaze or mind from wandering; especially not in long acquisition 

times such as some resting-state studies have employed (runs of 10-15 min at a time). While not all 

images may be suitable for a resting state study (an image of a recently departed loved one, for example, 

can have strong emotional effects for a person), it is unlikely that using a low-contrast and low-saliency 

image such as a landscape would produce significant differences in activity in the spinal cord compared 

to the use of a fixation cross image. The argument can be made that it is more important to focus on 
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good quality acquisition methods and good study design in resting state studies than it is to focus on 

only using a fixation cross as the image for participants to view while data is acquired. In chapter 2, we 

were able to identify robust brainstem and spinal cord resting-state networks and explore their potential 

function, without relying on the use of a fixation cross for the resting-state condition.  

Another main finding of the research in chapter 2 that merits additional discussion is that a person’s 

cognitive/emotional state can influence connectivity in resting-state networks in the brainstem and 

spinal cord. While a similar effect was shown in the brain, with consistent resting-state BOLD signal 

fluctuations occurring in cortical regions across participants watching the same engaging movie (Naci et 

al., 2014), the work in chapter 2 represents the first time that this has been shown in the brainstem and 

spinal cord. This is an important step forward from spinal fMRI resting-state research to date. In 

addition to demonstrating that using only region-to-region correlations to analyze resting state spinal 

fMRI data is not sufficient to describe resting-state networks, these results are also the first steps 

towards exploring the potential functions of these described networks. By employing SEM methods, we 

were able to identify how a more attentive or focused mental state (such as that elicited by watching an 

engaging video or listening to an audio presentation) can influence resting-state connectivity between 

specific regions in a complex network. The known anatomical functions of these involved regions point 

to these resting-state networks playing a role in the integration of homeostatic autonomic functions.  

Homeostasis refers to the process of maintaining optimal physiological balance in the body. The 

autonomic nervous system is key to maintaining this balance, as its two divisions (the sympathetic and 

parasympathetic nervous system) compete to exert opposing effects on a target. A well-known example 

of this process is the control of pupillary size, where signals from the sympathetic system work to dilate 

the pupils to allow more light to enter the eye, and signals from the parasympathetic system work to 

constrict the pupil and restrict the amount of light hitting the retina (Sherwood et al., 2013). These 

competing signals are a homeostatic mechanism that keeps the activation of photoreceptors in the eye in 

within certain limits, and serves to maintain optimal vision in a variety of situations (Sherwood et al., 
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2013). Organ systems in the body are generally balanced between the inputs from both divisions of the 

autonomic system, though certain systems differ in their autonomic tone (i.e. their tendency to be 

governed more by the sympathetic or parasympathetic system in a resting or neutral state). If an event 

upsets the balance in an organ system, these homeostatic mechanisms work to return it to its resting or 

neutral state. Evidence to date has linked regions of the spinal cord and brainstem to homeostatic 

autonomic control. Spinal cord injuries have been shown in animal studies to be associated with 

dysregulation of homeostasis in some processes of the body (Cote et al., 2011; Cote et al., 2014; 

Oropallo, 2013). Craig (Craig, 2003) also showed evidence that certain spinal cord and brainstem 

regions are part of a larger interoceptive network, and are linked to homeostatic autonomic regulation of 

the body as well as regulation of sensory inputs and pain perception. While there is existing evidence 

that the regions of the spinal cord and brainstem are key parts of these larger networks and are important 

for homeostatic autonomic control, the results of chapter 2 present the first evidence that spinal 

cord/brainstem resting-state networks may serve to integrate these functions. Chapter 2 is therefore an 

important step in spinal fMRI research, as the results present evidence of integrated and highly 

consistent resting state networks and link the function of these networks to larger homeostatic 

autonomic control systems.  

In Chapter 2, participants either view a picture, a video, or listen to an audio presentation. As 

participants are presented with more engaging material, they are likely more attentive and more focused 

on the stimuli presented than in the picture condition, where their mind likely wanders during the 7 

minutes they are asked to view the same photograph. Changes in participant’s attention are linked to 

changes in these described resting-state networks. Because the areas involved in these changes hint to 

the fact that one function of these networks is to integrate homeostatic autonomic functions, the 

following question then becomes of interest: If these networks function to maintain homeostasis in the 

body’s systems, are they changed in any way by the anticipation of a future imbalance of these systems? 
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 Chapter 3 built on the work presented in chapter 2 by examining how these identified networks are 

changed when participants are expecting pain. Cannon (Cannon, 1939) suggests that pain is a 

homeostatic emotion linked to the body’s survival needs, much like hunger or thirst are. The 

homeostatic autonomic control network discussed by Craig in his review (Craig, 2003) may be 

important in an individual’s perception of pain (Brooks et al., 2002), in expecting or anticipating pain 

(Ploghaus et al., 1999; Sawamoto et al., 2000), and in placebo analgesia (Petrovic et al., 2002). Craig 

argues that understanding these networks, particularly the integration of spinal cord and brainstem 

regions with higher brain regions such as the anterior cingulate cortex, is therefore crucial for exploring 

the influence of emotions and beliefs on pain perception and general health (Craig, 2003). 

The study presented in chapter 3 used data that had been collected and analyzed as part of a separate 

study on the continuous descending modulation of spinal cord responses to pain (Stroman et al., 2016a). 

This previous study aimed to describe how descending modulation of pain is affected by a participant 

being able to anticipate when the painful stimulus would be felt. The results of the past study showed 

both continuous and reactive BOLD responses in the brainstem and cord to being warned the painful 

stimulus was to come as well as to the noxious stimulation itself (Stroman et al., 2016a). Of particular 

interest were the coordinated BOLD signal variations in the NRM in response to participants being told 

whether or not a painful stimulus would be applied (Stroman et al., 2016a). However, at the time of the 

study, spinal cord and brainstem resting-state networks had not been described in detail yet, nor had 

their function been linked to homeostatic autonomic control. Chapter 3 therefore built on the novel 

results of chapter 2, and used the baseline and anticipation periods of the Stroman study (Stroman et al., 

2016a) to examine how these networks are changed when a participant is specifically anticipating pain. 

The results presented in this work are an important step towards understanding the process of 

experiencing pain, as well as descending modulation of pain and subjective analgesia or hyperalgesia 

that occur from placebo/nocebo effects.  
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The results of chapter 3 demonstrated that expecting pain is a very specific cognitive/emotional state, 

and that this can alter the previously described brainstem/spinal cord networks in specific ways. When 

comparing the condition where participants knew no pain was to come to the condition where they were 

expecting a painful stimulus, connectivity between specific regions of the brainstem and spinal cord was 

altered. The known functions of these regions point to these networks being involved both in 

descending pain modulation and homeostatic autonomic control. This is important in the context of the 

results of chapter 2 as well. Whereas altered network connectivity between certain areas associated with 

changes in attention or homeostatic control was associated with participants being more attentive 

towards a video or audio presentation, different elements of the network showed changes in connectivity 

when participants were expecting pain. These results, combined those presented in chapter 2, show that 

anticipating pain alters connectivity in these networks in specific ways. Furthermore, these changes are 

seen in response to participants expecting future pain, and not in response to a painful stimulus proper. 

The results presented in chapter 3 therefore provide both evidence that the expectation of pain is a 

distinct cognitive/emotional state, and evidence that this expectation of pain alters the identified 

brainstem and spinal cord networks in specific ways. Prior evidence on the function of the regions 

involved in these differences allow us to link the function of these networks to the integration of 

autonomic homeostatic regulation and pain processing.   

This builds on work such as that presented in the review by Craig, in which he suggests that 

anticipating pain, and changes in pain such as those in placebo/nocebo effects, are closely linked to 

activity in this homeostatic autonomic control network (Craig, 2003). Placebo/nocebo effects have been 

investigated with spinal fMRI by several teams (Eippert et al., 2009; Geuter and Buchel, 2013; 

Tinnermann et al., 2017), but these studies have focused mainly on BOLD signal variations associated 

with the pain response itself rather than the anticipation of pain (Eippert et al., 2009; Tinnermann et al., 

2017). Furthermore, these studies also focused on region-to-region correlations to describe changes in 

connectivity in within/across brainstem and spinal cord regions (Eippert et al., 2009; Geuter and Buchel, 
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2013; Tinnermann et al., 2017), which may not be sufficient to describe how these results are linked to 

broader and more complex brainstem/spinal cord networks. Recently, research in the Stroman lab 

showed evidence of a continuous component to pain regulation in the brainstem/spinal cord (Stroman et 

al., 2016a; Stroman et al., 2018). This effect is not simply a reaction to experiencing a painful stimulus, 

but occurs over the length of the study (Stroman et al., 2016a; Stroman et al., 2018). Furthermore, the 

extent to which this regulation occurs was also shown to vary with individual pain sensitivity (Stroman 

et al., 2018). Based on the evidence presented, the brainstem/spinal cord networks described in chapters 

2 and 3 could therefore be linked to this continuous component of pain regulation.  

The advancement of resting-state spinal fMRI in chapter 2, coupled with the application of resting-

state fMRI in the context of pain in chapter 3, allowed us to investigate the role of the spinal cord in 

regulating a state of pain sensitivity depending on a person’s cognitive state. Our current evidence 

suggests that the expectation of pain is a distinct cognitive/emotional state and alters brainstem and 

spinal cord networks in specific ways. As these alterations are likely linked to the integration of 

homeostatic autonomic control with pain modulation, this work may show the neural basis of placebo 

and nocebo effects.   

 

4.2 Conclusion 

The work presented in chapters 2 and 3 builds on previous resting-state spinal fMRI research by 

using SEM methods to identify resting-state networks and examine how changes in these networks are 

linked to changes in participants’ cognitive/emotional states. Linking the function of these networks to 

homeostatic autonomic control is an important step in understanding the complex brainstem/spinal cord 

activity outside of a reaction to a particular stimulus. This work lays the foundation both for more 

complex resting-state studies in the brainstem/spinal cord, as well as for future pain studies planned in 

the Stroman Lab. It is important to continue studying these networks in the context of subjective pain. If 

we can understand the neural basis of enhanced or diminished pain in response to subjective 
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cognitive/emotional states (such as in placebo or nocebo effects), we may be able to apply this 

knowledge to the continued study of chronic pain conditions as well. In order to better diagnose and 

treat aberrant pain conditions, we must first understand the systems that are dysregulated in these 

conditions. With the evidence from the studies in this thesis, combined with recent advances in the 

Stroman Lab, we are on our way to a deeper understanding of pain modulation, and a broader 

understanding of homeostatic autonomic regulation in the context of pain processing.   
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