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Abstract 

Functional MRI of the human spinal cord and brainstem has tremendous potential to 

enhance our basic understanding of healthy subcortical function, and impact our ability to 

accurately diagnose and treat injury and disease. Despite this potential, there are many 

challenges and limitations that must be overcome before this technique can be of clinical 

use.  

The objectives of this thesis are to develop spinal cord and brainstem functional 

imaging methods in order to sensitively characterize sensory and pain processing in 

healthy humans, and to assess changes in the function of these structures that arise from a 

prevalent chronic pain condition, fibromyalgia (FM). Therefore, we first conducted a 

rigorous assessment of acquisition parameters and analytical approaches in order to 

reduce the impact of physiological noise and optimize our sensitivity for detecting neural 

function in the spinal cord and brainstem. These methodological developments were then 

applied to characterize the fMRI response to sensory stimuli presented in block and 

stepwise paradigms designed to probe different aspects of the sensory response. Results 

of this study confirmed the sensitivity of our fMRI methods for detecting subtle changes 

in sensory processing and highlight the importance of careful paradigm selection.  

Building on these findings, we probed central pain processing mechanisms using a 

temporal summation of second pain (TSSP) paradigm in both healthy adults and patients 

with FM. Our results characterized the spinal cord and brainstem fMRI response to TSSP 

and revealed alterations to this response in the descending control pathways in FM 

patients. This is the first investigation of spinal cord functioning in a chronic pain 

population, specifically with FM, and we provide insight into the aberrant neural 
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mechanisms that may underlie this disorder. Altogether the work presented in this thesis 

details the current state-of-the-art in spinal cord/brainstem imaging methods and provides 

an unprecedented view of pain processing in humans.  
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Chapter 1 

General Introduction 

The dorsal horn of the spinal cord is the location of the first synapse in the central nervous 

system where nociceptive input from primary afferents is integrated and transmitted to 

supraspinal regions where conscious pain perception arises. Therefore, it is an essential target for 

the regulation and modulation of nociceptive transmission. Early studies of pain processing 

recognized this importance and focused exclusively on peripheral and spinal cord mechanisms of 

pain. In fact, Henry Head and Wilder Penfield independently drew the conclusions that “pain 

probably has little or no cortical representation.” (Head and Holmes, 1911; Penfield and Boldrey, 

1937). For over 100 years, sensation, or response of nociceptors, was believed to be equivalent to 

pain perception and psychological and modulatory factors were unknown (Bell and Shaw, 1868; 

Melzack, 1996). In 1965 the pain field underwent a paradigm shift when Patrick Wall and 

Ronald Melzack published their Gate Theory of Pain Control, which introduced the concept of 

pain modulation by spinal and supraspinal mechanisms. This theory transformed our 

understanding of pain and preceded the search for regions that could interact with pain 

transmission and ultimately alter pain perception. Soon after, the seminal report by Reynolds 

demonstrated the powerful analgesic effects of stimulation to the periaqueductal gray 

(PAG)(Reynolds, 1969), which has prompted current day investigation of the descending control 

of pain. We now know that there are many brain and brainstem regions that are involved in both 

the facilitation and inhibition of spinal cord dorsal horn processing of pain.  

Until relatively recently, our understanding of pain processing mechanisms was limited to the 

spinal cord and brainstem and was based primarily on electrophysiological and anatomical 
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studies in animal models (Apkarian et al., 2005). Very little was understood about the brain’s 

contribution to pain. The development of neuroimaging techniques, specifically functional 

magnetic resonance imaging (fMRI), has given us non-invasive access to the central nervous 

system in humans and has enabled us to probe the relationship between specific 

neurophysiological markers and changes in perception. This has revolutionized our 

understanding of pain processing in the brain and has led to an appreciation of the complexity of 

the sensory, hedonic, and cognitive components of pain. However, despite the rapid 

advancement of our understanding of pain in the human brain, there has been a lack of 

neuroimaging studies exploring human spinal cord and brainstem nociception. This is likely due 

to the challenges associated with neuroimaging methods in the spinal cord and brainstem. The 

objectives of my thesis work address these challenges and use spinal cord/brainstem fMRI as a 

means of exploring pain processing in normal adults and patients with chronic pain. The body of 

my thesis is composed of four chapters that walk the reader through my journey of spinal 

cord/brainstem fMRI methods development (chapter 2), relating the properties of peripheral 

transmission of sensory stimuli to the fMRI responses in the spinal cord (chapter 3), and finally 

the application of these developments to the study of pain in healthy adults (chapter 4) and those 

with chronic pain (chapter 5). These four chapters will be self-contained, each with an 

introduction, hypotheses, and discussion. Therefore, the remainder of this introductory chapter 

will supplement the background information presented in the following chapters.  

1.1 MRI Background 

Non-invasive imaging methods have become an essential tool for relating specific 

neurophysiological markers to perceptual changes induced by peripheral and central mechanisms 

of pain and identifying their site of action within the CNS. Of the imaging methods available, 
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magnetic resonance imaging (MRI) is widely used because of the high tissue contrast and 

relatively high spatial resolution that it provides. An extension of MRI, functional magnetic 

resonance imaging (fMRI), enables a non-invasive, systems-level understanding of real-time 

neural function with relatively high spatial and temporal resolution. Since the seminal 1990 

paper by Ogawa describing the blood-oxygenation-level-dependent (BOLD) contrast in MR 

images and relating blood metabolism to neural activity, the use of BOLD fMRI for the study of 

brain function in behaving humans has revolutionized the field of neuroscience (Ogawa et al., 

1990). Functional MRI allows us to see the previously invisible; therefore it has great research 

and clinical potential. It has been adopted by many fields (e.g., psychology, sociology, 

economics, as well as neuroscience) and has been widely applied to a number of research topics.  

The following sections provide a brief explanation of the sequence of processes that are used 

to create an MR signal and generate an image. Unless otherwise noted, the information in this 

section has been summarized from the following source: Stroman PW (2011) Essentials of 

Functional MRI, 1 Edition. Florida: Taylor Francis. 

 

1.1.1 Magnetic Properties of hydrogen 

The signal used for MRI originates from the magnetic properties of hydrogen nuclei (which 

are in the fat and water that make up the majority of the human body) and can be produced when 

they are manipulated by a strong magnetic field. The hydrogen nucleus is a single proton which 

has a magnetic field, inherent spin, and angular momentum because of this spin. Within a strong 

external magnetic field (B0) the proton will precess (i.e., “wobble”) around the direction of the 

magnetic field, much like a spinning top. The rate of precession is the same for every hydrogen 

nucleus, and depends on the strength of B0. This wobbling magnetic field can induce a current in 
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a nearby electrical conductor. This current is measured in MR and used to create an image. The 

next sections will focus on how we get the hydrogen nuclei to precess, how we measure the 

current it induces, and how we know where in the body the wobbling (precessing) magnetic field 

is coming from, in order to produce an image.  

1.1.2 The body inside a strong magnetic field 

In the absence of a strong magnetic field, the orientations of the axes of the hydrogen nuclei 

(termed the “spin directions”) in the body are randomly distributed and their individual magnetic 

fields cancel each other out. When a person enters a strong magnetic field, such as the one 

created in a 3 tesla MR scanner, the spins of the hydrogen nuclei align either parallel (low energy 

state) or antiparallel (high energy state) to the magnetic field (B0). More spins will orient to the 

low energy state than the higher energy state, and therefore impose a net magnetization in the 

direction of the static (B0) magnetic field. It is important to note that when a person is placed in 

an MRI system, the hydrogen nuclei will align with/against the direction of the magnetic field 

without influencing or changing any molecular structures or physiological functions, and 

therefore MRI is completely non-invasive.  

When your body enters a strong magnetic field (B0), the hydrogen nuclei do not 

instantaneously ‘snap’ into alignment with B0. The transition from randomly distributed spins 

that occurs outside a strong magnetic field environment to the arrangements that produces a net 

magnetization when inside a strong magnet is called “relaxation”, and can take from a fraction of 

a second to a few seconds.  

Hydrogen nuclei precessing around B0 are out of phase from one another (oriented in 

different directions) and therefore there is a net magnetization in the direction parallel to B0, 

called the longitudinal axis (z), but no magnetization component in the transverse (i.e., x-y) 
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plane. This is important because the magnetic field component parallel to the longitudinal axis 

varies only slowly due to relaxation (or not at all at equilibrium), and we can only measure a 

time-varying magnetic field in the transverse plane. Therefore, we need to push the 

magnetization away from the z-axis, into the x-y plane, where it will yield a time-varying 

magnetic field as it precesses around the z axis. Knowing the rate of precession of the nuclei, the 

magnetization can be pushed away from equilibrium with another magnetic field that oscillates 

or rotates at the exact same frequency as the precession of the hydrogen nuclei, otherwise known 

as the Larmor frequency. This oscillating magnetic field only needs to be applied very briefly as 

a pulse, and is therefore called an RF (radiofrequency) pulse. The RF pulse acts to rotate the 

magnetization away from the longitudinal axis, and can be calibrated to provide any amount of 

rotation that we want, termed the “flip angle”. Note that the RF pulse rotates the spins together 

from the longitudinal axis to a new orientation so that initially after the pulse, they are in phase 

with one another (i.e., no longer cancelling out). As a result, a transverse magnetization 

component is produced, and the oscillating (precessing) spins generate a current that we can 

measure. An important point to note is that the RF pulse can selectively influence hydrogen 

nuclei that have a specific rate of precession (due to a specific magnetic field), and this is used 

for spatially selective pulses.  

When the RF pulse ends, the hydrogen nuclei begin to relax back to equilibrium, with a net 

magnetization parallel to B0, and no transverse magnetization component. The process follows 

an exponential time course to approach the equilibrium state, with the characteristic time to 

recover the longitudinal magnetization known as the longitudinal relaxation time, or T1 (with 

typical values of around 0.7 to 2 seconds). The time it takes for the spins to align to B0 (or the T1 

relaxation time) is determined by the strength of the magnetic field, the temperature inside the 
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body, and the properties of the movement of the hydrogen nuclei within the tissue (put simply, 

the mobility). Different environments, such as water and lipids, can result in different T1 values 

that provide signal contrast between tissues types or can distinguish between healthy and 

damaged tissues, for example. In addition, the transverse component of magnetization decays to 

zero with an exponential decay constant characterized by the transverse relaxation time, or T2 

(with typical values of 50-150 msec.). The rates of transverse and longitudinal relaxation are 

quite different and depend on the tissue properties, and T1 is typically about 10 times longer than 

T2 in biological tissues. The transverse component can also decay more quickly if the magnetic 

field is not exactly the same everywhere, resulting in a spread of precessional frequencies, and 

causing the nuclei to get out of phase. As a result, there is a second transverse relaxation time, 

T2
*
, that takes into account the effects of transverse relaxation as well as spatial variations in 

magnetic fields which are often caused by the different tissue properties in the body. For 

biological imaging, T2
*
 (with typical values of around 20-50 msec.) is much shorter than T2. The 

relaxation times vary with magnetic field strength, but more importantly they are highly 

dependent on the tissue environment, and can therefore provide useful physiological information 

about the tissues. How relaxation times can be used to influence the MR signal intensity and 

distinguish different tissues or identify changes due to injury or disease is discussed below.  

1.1.3 Gradients  

Now that we know how we get a signal that we can measure from the body, we need to know 

where that signal comes from in order to create an image. To know where in the body the signal 

is coming from, we make the frequency and phase of the precession of the hydrogen nuclei 

depend on the location of the body, by using spatially dependent magnetic fields, known as 

“gradients”. This is accomplished by three spatial encoding steps. First, a slice selective gradient 
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is applied so that a specific slice position (z) of the image can be selected. Essentially, applying a 

gradient (a brief and small magnetic field) changes the Larmor frequency of the hydrogen spins 

in a position dependent way. The RF pulse is applied at a specific frequency that corresponds to 

the desired position of interest, thereby exciting (tipping away from the equilibrium state) the 

magnetization within only a narrow range of tissue. As mentioned earlier, the RF pulse only 

affects the hydrogen spins at the same frequency as the pulse. Next, other gradients are applied in 

order to assign a specific frequency to each voxel in 2D space (x, y). This occurs by applying a 

gradient for a short duration, making the phases of the hydrogen nuclei depend on position (i.e., 

“phase encoding”), and then applying a gradient in another direction, while the MR signal is 

recorded, so that the frequency of precession depends on position in the second gradient 

direction (i.e., “frequency encoding”). By acquiring a complete set of data we can 

mathematically work out where the signals originated within the slice. The hydrogen nuclei in 

each voxel will have a specific phase and frequency fingerprint so that when the signal is 

measured, we know where it came from, and we can plot the signal strength versus position to 

produce an image. This process influences the time it takes to acquire a set of images and the 

spatial resolution that we can obtain to detect the effects of injury or disease. With more data 

acquired we can obtain higher quality images, at the expense of longer acquisition times. 

1.1.4 Making the image depend on the tissue properties 

In general, the purpose of MRI is to acquire images with contrast between tissues so that we 

can identify anatomical features, detect and locate abnormalities, or even detect changes in a 

given tissue over time. Therefore, we need a way to make sure that our image contrast arises 

from the tissue properties, so that we can distinguish between gray matter and white matter, for 
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example. There are two key MRI parameters that determine the contrast of our images: the 

repetition time (TR) and the echo time (TE).  

The repetition time (TR), or how long after you apply an RF pulse before you apply another 

pulse to affect the same region, determines how much recovery can occur along the longitudinal 

axis. The longer the TR, the more recovery time is allowed for the longitudinal magnetization 

(T1). However, because the T1 is dependent on tissue properties, different tissues have different 

T1 values (the time it takes for the magnetization to recover along the longitudinal axis).  

Conversely, the time at which you measure the signal after the RF pulse is called the echo 

time (TE). The echo time determines how much of the signal that is measured to create the image 

is allowed to decay in the transverse plane. Long echo times mean greater signal decay, but it 

also means that tissues with different properties can be distinguished from each other based on 

their different signal decay rates. Therefore, a very short TE reduces the T2 weighting (both 

tissues have little signal decay) while longer echo times allow the decay rate differences in the 

tissues to become more apparent (one tissue will have decayed more than the other). Setting the 

TR and the TE at specific values will determine whether the images are either T1 or T2 (or both) 

weighting and will influence the contrast between tissues.  

1.1.5 Echoes 

It is important to note that the gradients we apply to encode spatial information in the MR 

signal cause the signal to decay very quickly, making it difficult to detect. However, we can 

recover the signal briefly and measure it by producing signal “echoes”. There are two types of 

echoes: spin-echoes and gradient-echoes. In a spin-echo sequence, the RF pulse is applied (90°) 

and after a certain amount of time we can apply another RF pulse with a 180° flip angle. The 

180° pulse reverses the signal dephasing caused by any gradients and magnetic susceptibility 
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effects, and the signal will come back into phase, producing a signal maximum, i.e., an “echo”, 

at the echo time, TE. In contrast, a gradient echo is produced by applying a gradient after the 

initial RF pulse, and then applying a second gradient in the opposite direction to reverse the 

effects of the first, and cause a brief echo. However, the dephasing caused by magnetic 

susceptibility effects will not be cancelled out and the relaxation will occur much faster (T2
*
). To 

reiterate, either a spin echo or gradient echo can be applied to bring the hydrogen nuclei back 

into phase so that we can measure the signal in the presence of a magnetic field gradient. 

However, spin echoes are T2-weighed, whereas gradient echoes are T2
*
-weighted. 

1.1.6 Summary 

With the components of the imaging process described above, we have the means to produce 

an MRI signal, primarily from water and lipids, and encode spatial information into the signal to 

produce an image. It is important as well that we have the means to weight the images according 

to T1, T2 or T2
* 
(or a combination). With an understanding of the processes underlying relaxation, 

we can glean useful physiological information from the image signal, in addition to the 

anatomical detail that is depicted by the images. 

1.2 Functional MRI 

Functional MRI (fMRI) refers to measuring the function of neurons in response to an 

external task, experimental manipulation, or cognitive state. This technique involves acquiring 

images exactly as described above, over time. The result is a time-series of anatomical images in 

which subtle differences in the image intensity correspond with neural activity, albeit indirectly. 

The correspondence of the images to neural function is critical and arises from the different 

magnetic properties of oxygenated and deoxygenated blood and the relationship between blood 

flow and neural activity. Neuronal signaling generates a metabolic energy demand that is satiated 
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by an oversupply of oxygenated blood and, perhaps counter-intuitively, less deoxygenated blood 

in the region (Figley and Stroman, 2011). This occurs through a series of interactions between 

neurons, astrocytes, and blood vessels. Deoxygenated blood (specifically the iron in the 

hemoglobin) is paramagnetic, meaning that when it is in a strong magnetic field, a weak 

magnetic field is induced within it, in the same direction as the external field. It therefore alters 

the magnetic field around it. Oxygenated blood is diamagnetic, meaning that when it is in a 

strong magnetic field it has a weak magnetic field in the opposite direction of B0 and therefore 

actually works to increase the homogeneity of the local magnetic field. As a result, both T2 and 

T2
* 

values are increased, resulting in higher MR signal intensity in relaxation-time weighted 

images. This is known as the blood oxygenation-level dependent (BOLD) contrast and is 

commonly used for functional MR imaging. It is important to note that BOLD contrast is not a 

direct measure of neural firing but is rather a metabolic correlate that more closely corresponds 

to excitatory and inhibitory post-synaptic potentials than action potential firing (Logothetis et al., 

2001).  

1.2.1 Spinal cord fMRI and pain 

Neuroimaging has ‘opened the doors’ to our understanding of pain processing in the brain 

and numerous fMRI studies have examined both acute and chronic pain states. Although fMRI 

has been used predominantly in cortical regions, it has also been adapted for use in the spinal 

cord. Studies using spinal cord fMRI to assess pain processing must consider how to address the 

limitations and challenges associated with applying fMRI in these structures. The results of my 

thesis work, and work previously done in Dr. Stroman’s lab, have informed the methodological 

design of a number of studies that have been published on spinal cord nociception measured by 

fMRI. The first was published from the Buchel lab and described the influence of psychological 
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factors, specifically placebo analgesia, on nociceptive processing in the spinal cord (Eippert et 

al., 2009a). Results of this study revealed a significant reduction in the dorsal horn response in 

the placebo condition, which paralleled the decreased in pain perception. The authors suggest 

that the decrease in BOLD signal is likely caused by endogenous opioids because opioid 

antagonists can block the placebo effect. Soon after that publication, a number of other studies 

followed that investigated the spinal cord nociceptive response to different external stimuli or 

manipulation (Ghazni et al., 2010; Cahill and Stroman, 2011; Brooks et al., 2012; Sprenger et al., 

2012; Geuter and Buchel, 2013; Nash et al., 2013; Dobek et al., 2014; Rempe et al., 2014a, b). A 

careful study of the spinal cord response to noxious (laser heat) and innocuous (brushing) stimuli 

confirmed that fMRI of these regions is sensitive enough to detect differing BOLD signal 

changes according to the nature of the stimulus (Summers et al., 2010b). Responses were evident 

in both conditions; however, the responses to the noxious stimuli were greater than to the 

innocuous stimuli (Summers et al., 2010b). An investigation of cognitive, distraction-related 

modulations of pain in the spinal cord elegantly demonstrated a significant reduction in the 

dorsal horn response under high working memory load, compared to low working memory load 

(Sprenger et al., 2012). Recently, our lab has examined the neural mechanisms underlying music 

analgesia (Dobek et al., 2014). In this study, participants provided a sample of their favorite 

music and listened to this music or to no music while undergoing a thermal pain paradigm. Our 

results revealed greater responses in the PAG and reduced responses in the spinal cord dorsal 

horn when participants listened to music which is indicative of altered descending control of 

pain. These studies, and others which are highlighted in the table below, demonstrate that spinal 

cord pain processing and modulatory influences on nociception can be measured by means of 

fMRI in humans. This has opened up new avenues for the study of healthy pain processing and 
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how pain is altered by injury or disease, and has the potential to explore the efficacy and site of 

action of new pain therapies.  

 



 

 

13 

Table 1 

Paper  Pain 

stimulus 

Pain paradigm Imaging 

method 

Slice coverage Behavioral 

response 

fMRI 

response 

Main 

conclusions 

(Eippert et 

al., 2009a) 

Heat pain Placebo 

analgesia  

Gradient-

echo EPI 

-BOLD 

contrast 

C5 vertebrae- 

T1 vertebrae  

Calibrated 

at a pain 

rating of 

80/100 

Reduced 

BOLD 

response in 

the ipsilateral 

DH in the 

placebo 

condition 

Psychological 

factors can 

influence 

nociceptive 

processing in the 

DH 

(Ghazni et al., 

2010) 

Touch and 

brush 

-Block 

paradigm 

- Repetitive 

touch/brush 

- 1 Hz 

-HASTE  

-SEEP 

contrast 

 

Thalamus- 

C7/T1 disc 

Average 

rating of 

4/10 

- ipsilateral 

dorsal horn 

-contralateral 

ventral horn 

-olivary nuclei 

-pontine 

reticular 

formation 

-PAG 

-rostral pons 

-midbrain  

-distinguish 

between touch 

and pain 

pathways 

 

(Summers et 

al., 2010b) 

Laser heat 

Innocuous 

brushing 

-Block 

paradigm 

- 20 sec of each 

stimulus type 

alternated with 

20 sec of rest 

Gradient-

echo EPI 

-BOLD 

contrast 

C4-C7 

vertebrae 

N/A - greater 

signal change 

in noxious vs. 

innocuous 

stimulation  

-bilateral 

responses  

-hemicord 

ROI 

- greater pain-

related responses 

in distinct areas of 

the cord 

-no unique 

innocuous 

response 

-compared against 

resting state to 

control for false 

A summary of pain studies using spinal cord fMRI  
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positives 

(Cahill and 

Stroman, 

2011) 

Heat pain  -Block 

paradigm 

-52 seconds of 

pain stimulus  

-HASTE  

-SEEP 

contrast 

-thalamus to 

C7/T1 

vertebrae 

Average of 

5/10 at 46 ° 

C 

2.3/10 at 42 

° C 

-DH  

-PAG 

-Reticular 

formation 

-Rostral 

ventral 

medulla  

-Olivary 

nucleus  

-response in the 

same anatomical 

locations for the 

innocuous and 

noxious stimulus 

-greater 

magnitude of 

response in the 

noxious condition 

(Stroman et 

al., 2011) 

Cold pain 

15 ° C and 

18 ° C 

-Block 

paradigm 

-45 seconds of 

thermal stimulus 

-attention 

towards and 

away from 

sensation 

-HASTE  

-SEEP 

contrast 

-thalamus to 

C7/T1 

vertebrae 

1-3/10 

depending 

on the 

condition 

-ipsilateral 

DH and 

contralateral 

VH activity 

(negative) 

-RVM 

-LC 

-DLPT 

-PAG  

-demonstrate the 

effect of attention 

on pain  

(Brooks et al., 

2012) 

Noxious 

thermal 

Innocuous 

tactile  

42 min long run 

-randomized 

thermal (3 sec) 

and punctate 

stimuli (1 sec) 

-Gradient-

echo EPI 

-BOLD 

contrast  

-C4 – T1 -calibrated 

thermal 

pain rating 

5/10 

-average 

rating of 

2.1/10 for 

the tactile 

condition 

- ipsilateral 

spinal cord 

responses in 

both 

conditions 

-laterality of 

responses in the 

cord 

-no clear rostral-

caudal pattern in 

response to 

different 

dermatomes  

(Sprenger et 

al., 2012) 

Thermal 

pain  

-Block design 

-working 

memory task 

- 22.5 seconds 

painful heat  

-Gradient-

echo EPI 

-BOLD 

contrast 

- middle of C4 

to upper C7 

vertebrae 

-calibrated 

thermal 

pain rating 

of 60/100 

-less BOLD 

response in 

dorsal horn 

with more 

demanding 

-BOLD responses 

correlate with 

pain responses 

-cognitive 

demand related 
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tasks  signal change 

reductions in the 

ipsilateral dorsal 

horn 

(Nash et al., 

2013) 

Thermal 

pain 

-Block design 

-30 sec pain/40 

sec thermal 

-4 dermatomes 

(C4 and C6, 

right and left 

side) 

-double shot 

-spiral in-out 

gradient echo 

sequence  

-top of C4- C6 -calibrated 

thermal 

pain rating 

of 7/10 

-ipsilateral 

dorsal horn in 

corresponding 

dermatome 

segments  

-ventral horn 

in above 

segments 

-lateralization and 

rostrocaudal 

somatotopy  

(Sprenger et 

al., 2012) 

Thermal 

pain 

-nocebo 

paradigm 

-block design 

-20 second 

stimulus 

-Gradient-

echo EPI 

-BOLD 

contrast 

-bottom of C4 

to top of C7 

vertebrae 

-calibrated 

to a thermal 

rating of 

60/100 

-greater 

BOLD signal 

in the DH in 

the nocebo 

condition 

compared to 

the control 

condition 

-nocebo leads to 

increased pain, 

lower pain 

thresholds, and 

increased BOLD 

signal  

(Dobek et al., 

2014) 

Thermal 

Pain 

-music analgesia  

-C-fibre pain  

-HASTE 

-BOLD 

contrast 

-Thalamus to 

C7/T1 

-Calibrated 

to a final 

rating of 

60/100 

Music> pain   

- positive 

responses in 

the PAG & 

VH 

- negative 

response in 

the DH 

Pain> Music 

-RVM  

 

-demonstrates 

how pain is 

mitigated by 

music  

(Rempe et al., 

2014a) 

Thermal 

and 

Mechanical 

hyperalgesia  

-HASTE 

-SEEP 

-Thalamus to 

C7/T1 

-3.4/10  

after 

-sensitized > 

control  

-increased spinal 

activity and 
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mechanical 

pain 

-40 seconds of 

brushing 

contrast sensitization 

-2.1/10 

before  

Ipsilateral C7 

& C8 DH  

-contralateral 

C8 DH and 

C8 VH 

-decreased 

DLPT, RVM 

decreased 

brainstem activity 

during 

mechanical 

hyperalgesia 

(Rempe et al., 

2014b) 

Heat pain Heat allodynia -HASTE 

-SEEP 

contrast 

- Thalamus to 

C7/T1 

-calibrated 

to 5/10 

-ipsi- & 

contralateral 

DH & VH 

Allodynia- 

DLPT, RVM 

Noxious- 

PAG, DLPT   

-demonstrates 

changes in spinal 

cord and 

brainstem 

responses to 

peripheral 

nociceptor 

sensitization   
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1.2.2 Challenges with spinal cord fMRI 

Although this imaging method has great potential, compared to the brain fMRI literature, 

spinal cord and brainstem fMRI investigation of pain is in its infancy. This is likely due to the 

additional methodological and analytical challenges introduced by the physiological environment 

of these structures. These limitations arise from the small cross section of the cord, pulsatile cord 

motion, and field inhomogeneities caused by susceptibility variations from nearby vertebrae as 

have been shown from fMRI studies (Stroman, 2005; Stroman et al., 2005). The spinal cord is 

surrounded by a number of different tissues including cerebrospinal fluid, bone in vertebrae, and 

air-tissue interfaces due to the proximity of the lungs. These different environments have 

different magnetic properties, which locally change the magnetic field such that it is not 

homogeneous across the region being imaged. This can lead to image distortions and a loss of 

spatial fidelity in the images. High in-plane resolution is required to reduce partial volume 

effects in which the signal arises from a voxel that includes more than one tissue type.  However, 

decreasing the voxel size also decreases the signal-to-noise ratio (SNR), which is detrimental for 

detecting stimulus evoked signal changes. Furthermore, cardiac induced pulsatile motion of the 

CSF fluid surrounding the cord is a major source of cord motion, and greatly influences the 

sensitivity and reproducibility of fMRI measures in the cord (Figley and Stroman, 2007; Figley 

et al., 2008; Figley and Stroman, 2009; Piche et al., 2009b; Piche et al., 2009a). Given the 

difficult imaging environment of the spinal cord, careful considerations must be made when 

selecting acquisition parameters and analysis techniques. These limitations and additional 

challenges are addressed in the second chapter where I characterized the noise in spinal cord 

functional MRI, assessed current methods aimed at reducing noise, and optimized imaging 

parameters. The results of this paper have improved our ability to sensitivity detect BOLD 
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signals in the spinal cord and confidently interpret those signals as physiologically meaningful. 

This work has advanced our understanding of the sources of noise in spinal cord imaging data 

and is the foundation of the imaging methods we currently use in our investigations of sensory 

and pain processing.  

1.3 Thermal sensation, nociception and fMRI responses 

The first part of my PhD work, and the majority of the work in the Stroman Lab that preceded 

it, focused on improving spinal cord imaging acquisition and analysis methods. The goal 

however, was always to apply these methods to further our understanding of sensory and pain 

processing in subcortical regions. In addition to robust imaging methods, this requires careful 

consideration of the stimulation paradigm employed during the study, in order evoke meaningful 

and interpretable fMRI responses. In the third chapter of my thesis, I consider both the 

physiology of thermal sensation (e.g., receptor properties) in combination with the imaging 

methods available in order to test how the fMRI response in the dorsal horn changes in response 

to changing peripheral input. The motivation behind this work was to shift away from 

conventional block designs and explore a sensory paradigm that may give rise to a more robust 

fMRI response in the dorsal horn that can better characterizes the spinal cord sensory response. 

As described in the second chapter, there is significant physiological noise in spinal cord data, 

which makes fMRI responses arising from an external stimulus difficult to detect. Although we 

limit confounds of the noise as much as possible, we can also increase the strength of the signal 

we aim to detect by carefully designing the stimulation paradigm we use.  

A number of studies have examined the spinal cord response to sensory stimuli (Stroman et 

al., 2002a; Valsasina et al., 2008; Stroman, 2009; Summers et al., 2010b; Lawrence et al., 2011; 

Stroman et al., 2011; Stroman et al., 2012; Kornelsen et al., 2013) and pain stimuli (reviewed in 
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Table 1 above) and the majority have used thermal sensation to evoke fMRI responses. These 

studies have primarily used conventional block designs in which the thermal stimulus set at a 

specific temperature is applied for a long duration flanked by two rest blocks where no stimulus 

is applied. In order to evoke a robust and physiologically meaningful fMRI response, the 

properties of thermal and pain receptors, the transmission of thermal stimuli, and the dorsal horn 

response, as described in detail below, must be considered. 

1.3.1 Thermal receptors and Nociceptors 

Somatosensation is the process by which different stimuli in the external environment are 

transduced, transmitted, and perceived as a touch, pressure, or thermal sensation. Nociception, 

first described by Sherrington in 1906, is a response to stimuli that causes or threatens to cause 

tissue damage (Sherrington, 1906). In normal physiological conditions, somatosensation and 

nociception both begin with the activation of primary afferent fibres. These fibres are 

pseudounipolar neurons of the peripheral nervous system that have cell bodies located in the 

dorsal root ganglia and unencapsulated free endings in the skin. The afferent fibres are classified 

based on the type of stimuli that activate them, and their conduction velocity of signal. 

There are two distinct thermal sensations, cold and warm, and when skin is kept between 32-

34 ° C no thermal sensation is noted. Cold receptors are innervated primarily by Aδ fibres and 

are activated by changes in skin temperature as little as 0.1 ° C. These receptors respond to 

temperatures ranging from 5- 43° C. Conversely, warm thermal receptors are innervated by 

unmyelinated, slow conducting C-fibres (Konietzny and Hensel, 1975). The firing response of 

warm receptors depends on the rate of temperature change, the amount of change, and the 

surface area affected (Molinari et al., 1977). The warm receptors can be subdivided into low and 

high-threshold populations. Low-threshold warm receptors have a weak static response to a 
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constant temperature, whereas high-threshold receptors have a dynamic response which is robust 

when changes in skin temperature occur. This dynamic response enables us to distinguish 

between temperatures that are less than 0.5 ° C different (Erickson and Poulos, 1973). When skin 

temperature is elevated from 32 ° C up to 45 ° C the response from the warm receptors increases 

(Konietzny and Hensel, 1977b). Above 45 ° C, warm receptors no longer respond (LaMotte and 

Campbell, 1978). Therefore, warm receptors do not contribute to pain sensation as they are 

active at much lower temperatures and stop discharging in the range of temperatures that elicit a 

pain response (Hensel and Iggo, 1971).  

Nociceptive pain can be described as somatic/superficial pain which arises from intense 

stimulation of the skin or as visceral/deep pain which is an aching sensation from the internal 

organs. Somatic pain can be further divided into two responses: first pain, which is a pricking, 

sharp pain, and second pain, a dull, burning sensation. The first and second pain responses arise 

from myelinated Aδ fibre transmission and unmyelinated polymodal C-fibre transmission of 

pain, respectively. Aδ fibres have higher pain thresholds and only respond to higher temperatures 

(~>50 ° C), whereas polymodal C-fibres respond to thermal, mechanical, and chemical 

stimulation, and to stimuli above 40 ° C. 

The primary afferent fibres from nociceptors and warm receptors terminate in the spinal cord 

dorsal horn grey matter. The organization of the grey matter columns, or lamina, was described 

in detail based in the cat spinal cord by Bror Rexed in 1952 (Rexed, 1952). Lamina I is the 

marginal zone and forms the dorsal-most part of the spinal cord gray matter. It is a major 

termination site of Aδ primary afferents (Fyffe and Light, 1984) and cells in lamina I project to 

the thalamus, midbrain and other parts of the spinal cord.  Lamina II is known as the “substantia 

gelatinosa” and has a high concentration of small, non-myelinated cells which give rise to its 
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gelatinous appearance.  The primary input into lamina II comes from collaterals that arise from 

sensory, C and Aδ fibres, although the majority of the input is from unmyelinated primary 

afferents. Lamina III-VI make up the deep dorsal horn, which receive afferent information from 

hair follicles, Pacinian corpuscles and mechanorecptive afferents. However, many neurons in 

lamina IV and V send dendrites into lamina I-III and these lamina receive direct primary afferent 

information from the more superficial lamina. Therefore, neurons in the superficial dorsal horn 

receive input from C-fibres, Aδ fibres, and a mix of the two fibres, whereas all deep dorsal horn 

neurons receive direct or indirect inputs from Aδ fibres (Light and Perl, 1979). The second order 

neurons that reside in the dorsal horn include wide dynamic range (WDR) cells and nociceptive 

specific (NS) cells. The neural activity in WDR cells changes proportionately according to the 

intensity of the stimulus; innocuous stimuli produce little firing, while noxious produce greater 

responses. The NS cells that respond to thermal pain input produce graded responses according 

to the stimulus intensity in the noxious range.  

 The ascending pathways conveying information about warm stimulation of the skin 

accompanies the pathways that mediate pain (Figure 1). This is evident in patients with an 

anterolateral cordotomy who have deficits in both temperature and pain sensations (Willis, 

1991). The second order neurons decussate in the anterior white commissure and travel in the 

anterolateral system. Many collaterals depart the axon bundle and terminate on a number of 

brainstem, midbrain, and thalamic targets that give rise to the common ascending tracts including 

the spinothalamic tract, spinoreticular tract, spinomesencephalic tract, and others Figure 1.  

As the name suggests, the neurons in the spinothalamic tract (STT) project from the spinal 

cord and synapse in the thalamus, primarily on the contralateral side in the ventral posterior 

lateral nucleus. The STT transmits both thermal sensory and nociceptive information and is 
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somatotopically organized. The inner portion of the tract carries information arising from the 

upper limb while the outer portion contains inputs from the lower limbs. The STT neurons that 

project from lamina I synapse in the medial thalamus, which is highly integrated via third order 

neuronal synapses in regions of the limbic system, including the insula and the anterior cingulate 

cortex. These projections are believed to encode the motivational-affective aspects of pain 

(Giesler et al., 1981; Bushnell et al., 2013). The STT neurons projecting from lamina V synapse 

more laterally in the thalamus. The third order neurons continue from the thalamus and synapse 

in the postcentral gyrus. These fibres signal the sensory-discriminative aspects of pain (Giesler et 

al., 1981; Bushnell et al., 2013).  

The spinoreticular tract projects from the spinal cord from both NS and WDR cell types to 

regions in the medulla and pons. Specifically, these targets include the rostral ventromedial 

medulla and the parabrachial nucleus. These regions are known to be involved with signaling 

homeostatic changes and autonomic regulation and activate the endogenous analgesic system for 

the regulation of nociception. This tract has similar properties to the STT neurons that project to 

the medial thalamus as they also have projections to the amygdala and regulate the 

emotional/affective aspect of pain processing  (Bernard et al., 1996; Bushnell et al., 2013).  

In contrast to the spinoreticular tract, the spinomesencephalic tract neurons are primarily NS 

and have similar properties to the STT neurons with projections to the lateral thalamus (sensory-

discriminatory). These fibres synapse in the periaqueductal grey region and are of critical 

importance in the descending modulation of pain. There are also several other pathways that 

project from the dorsal horn to targets in the dorsal reticular nucleus, hypothalamus, amygdala, 

and cerebellum. In response to nociceptive stimulation, these pathways play a role in autonomic 

function, affective-emotional modulation, and motor coordination. 
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Figure 1. The major ascending nociceptive pathways that are involved when a heat pain 

stimuli is applied to the hand include the spinothalamic tract (STT), spinomesencephalic tract, 

and the spinorecticular tract. Several important, but less understood, routes are not displayed. 

DH; dorsal horn, RVM; rostral ventromedial medulla, LC; locus coeruleus, PBN; parabrachial 

nuclei, PAG; periaqueductal gray. 
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From an overview of the anatomy and physiology of thermal sensory and heat nociceptive 

responses, it is apparent that the experimental design of a study must carefully consider the 

response attributes of the stimulus being applied, as different stimuli applied in different ways 

can evoke different responses. As will be addressed in the introduction of my third chapter, 

thermal sensory stimuli at low temperatures, applied for long durations, fail to elicit strong, 

sustained dorsal horn responses. However, given the limited temporal resolution of spinal cord 

fMRI, long stimulation paradigms are required to obtain enough data to accurately characterize 

the spinal cord response. Therefore, block design paradigms, with long stimulation blocks, are 

often employed. The purpose of the third chapter is to explore alternative stimulation paradigms 

that may enhance the receptor responses.  

Similar to sensation studies, pain studies often use stimuli which are calibrated to a certain 

pain threshold and are applied in a block design fashion. This does not enable the investigation 

of brain or spinal cord responses specific to Aδ or C-fibre pain. These fibres produce distinct first 

and second pain responses, and studies that have separated the responses have demonstrated 

distinct brain representations (Qiu et al., 2006). Pain arising from Aδ fibres engage regions of the 

thalamus, primary and secondary somatosensory cortex, and the posterior portion of the anterior 

cingulate cortex (ACC), and encodes the sensory discriminatory aspects of pain. Conversely, C-

fibre pain responses were localized to areas of the insula and anterior ACC, which are known to 

participate in the emotional and motivational aspects of pain (Qiu et al., 2006). Furthermore, first 

and second pain have different roles in the development and maintenance of chronic pain (Fuchs 

et al., 2000; Magerl et al., 2001). C-fibre nociceptors are implicated as a source of chronic pain 

because of their widespread distribution and because they produce prolonged responses after 

stimulation (Staud et al., 2001). Second pain afferents also release neurotransmitters that are 



 

 

25 

implicated in central sensitization (Woolf and Thompson, 1991). Therefore, again it is 

advantageous to consider the nature of the pain stimulus being used.  

1.4 Temporal summation of second pain 

The Temporal Summation of Second Pain (TSSP) paradigm is a well-established paradigm 

that has proven useful for studying central sensitization in chronic pain populations. TSSP refers 

to the increase in pain intensity and duration that is experienced when brief noxious stimuli are 

applied repeatedly, every 3 seconds or less (Price et al., 1977). Stimulation at this frequency 

specifically evokes a C-fibre transmitted summation of pain, whereas the intensity of Aδ or first 

pain decreases with successive heat stimuli with short interstimulus intervals. This response 

occurs even after blockage to the Aδ fibres and first pain response via ulnar nerve compression 

(Price et al., 1977). Furthermore, repetitive interneural stimulation of afferent C-fibres also 

evokes a summation of second pain (Lundberg et al., 1992). Therefore, use of this paradigm 

enables the study of C-fibre pain and the summation of second pain. Although the second pain 

response is carried by C-fibres, the enhancement of the second pain response is centrally, not 

peripherally, mediated. There are several lines of evidence that support this: 1) recordings from 

C-fibre afferents in both monkeys (Price et al., 1977) and humans (Adriaensen et al., 1984; 

Koltzenburg and Handwerker, 1994) show a progressive suppression of their response to 

repetitive heat pulses. 2) In contrast, electrophysiological recordings show prolonged discharges 

of dorsal horn neurons with each successive stimulus (Mendell and Wall, 1965; Wagman and 

Price, 1969; Price et al., 1971), and the TSSP effect can be inhibited by NMDA receptor 

antagonists (Staud et al., 2005). 3) Additionally, the summation of pain occurs even when the 

location of the heat stimulus changes between successive pulses (Price et al., 1977).  
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The central response to TSSP is an excitation of the WDR dorsal horn neurons. Stimulation 

that evokes wind-up in these neurons is sufficient to produce an expansion of their receptive field 

and a reduction in the stimulation threshold (Li et al., 1999). These properties are typical 

characteristics of central sensitization and may contribute to secondary hyperalgesia. Therefore, 

although wind-up is not essential for central sensitization, it shares common mechanisms and 

may be sufficient to induce it (Herrero et al., 2000). While the duration of these effects are long 

lasting in central sensitization, they are not sustained in wind-up conditions (Li et al., 1999). 

Wind-up and measures of its psychological correlate, TSSP, can be used for inducing a state of 

activation-dependent central sensitization and therefore TSSP paradigms enable study of the 

central components of pain. 

Many studies have used TSSP paradigms to study chronic pain, with most focusing on 

fibromyalgia syndrome (FM) (Staud et al., 2001; Vierck et al., 2001; Price et al., 2002; Staud et 

al., 2003a; Staud et al., 2004; Staud et al., 2007a; Staud, 2008; Staud et al., 2008a; Staud et al., 

2008b; Raphael et al., 2009; Robinson et al., 2011; Anderson et al., 2012; Craggs et al., 2012; 

Staud, 2012a). The results of these studies have provided psychophysical evidence for abnormal 

TSSP/wind-up responses in these patients. Increased pain perception in response to repetitive 

heat, mechanical, cold, electrical stimuli is evoked in both normal controls and FM patients. 

However, at the same intensity levels of the stimuli, greater increases in pain are observed in FM 

patients whereas lower stimulus intensities are required to elicit the same pain perception (Staud 

et al., 2001). Furthermore, following a series of stimuli, lingering sensations or after-sensations 

are of greater intensity, last longer, and are more likely to be painful in FM patients (Staud et al., 

2004; Staud et al., 2007a). For these patients, once TSSP has been elicited, increased pain can be 

sustained over a long duration with lower frequencies than would normally cause TSSP. This is 
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known as TSSP-maintenance and is indicative of central sensitization. Altogether, the results of 

these studies have implicated a role for central pain processing abnormalities in developing and 

maintaining FM.  

The studies described in the fourth and fifth chapters of my thesis make use of the TSSP 

paradigm in order to evoke C-fibre pain and engage centrally-mediated enhancement of dorsal 

horn excitation. We employ the TSSP paradigm in combination with fMRI to non-invasively 

characterize the central mechanisms of this pain response in the spinal cord and brainstem of 

normal controls and patients with FM. Although it is important to consider the nature of the pain 

stimulus used in order to evoke highly specific pain responses, nociceptive input does not equal 

pain perception. Descartes’ description of the relationship between nociception to pain 

perception as if it were “pulling one end of a cord one rings the bell that hangs at the other end” 

does not provide an accurate understanding of pain processing. Although this concept is a 

common interpretation in many textbooks today, it is incomplete and neglects the critical aspects 

of descending pain modulation. In addition to pain signals ascending from the periphery to the 

brain, there is a complex and integrative system that descends from the brain down to the spinal 

cord and influences pain processing at the level of the spinal cord (Figure 2). It has become clear 

in recent years that this system can have inhibitory and also facilitatory outcomes and therefore 

can enhance or reduce the nociceptive information that is coming in. The activation of primary 

nociceptors is not sufficient to explain one’s experience of pain. Pain is a complex and highly 

subjective sensory and emotional experience and there are numerous psychological factors that 

modulate pain perception. For example, the anticipation of pain can completely reverse the 

analgesic effects of a clinical dose of opioid agonists (Bingel et al., 2011), whereas anticipation 

of pain relief enhances the placebo effect and relieves pain (Benedetti et al., 2005). Cognitive 
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states, such as being distracted can readily modify the pain that is experienced (Villemure and 

Bushnell, 2002). Emotion and mood can also enhance (negative mood) or reduce (positive 

mood) pain (Villemure and Bushnell, 2009). Brain imaging studies have revealed the neural 

basis of psychological pain modulation and have indicated that there are distinct neural pathways 

involved in cognitive and mood-based pain manipulation. There has been extensive work done to 

unravel the brain’s response to pain under different experimental contexts and this has been 

thoroughly reviewed by Bushnell and colleagues and is not described here (Bushnell et al., 

2013). Of equal interest are the brainstem regions that participate in the descending modulation 

of pain and the spinal cord’s response to these inputs. The seminal work done through 

electrophysiological studies in animals informed the pain field long before the importance of the 

cortex for pain perception was even acknowledged. However, the work in humans by means of 

neuroimaging methods has been limited in these regions. With the methodological advancements 

in spinal cord fMRI, in part as described in my second chapter, we can for the first time 

investigate the descending modulation of spinal cord nociception in key areas of the brainstem 

that were previously inaccessible. 
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Figure 2. On the left is the Cartesian view of pain in which pain was viewed as a hard-

wired system in which nociceptive input is transmitted without modulation and therefore 

nociception= perception. On the right is a more modern view of pain in which we 

acknowledge the numerous factors that influence pain perception. This figure has been 

modified and the original figure is from the article Imaging CNS Modulation of Pain in 

Humans by Ulrike Bingel & Irene Tracey, Physiology 2008 (used with permission)(Bingel 

and Tracey, 2008)  
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1.5 Descending control of pain 

There are many different regions and pathways involved in the descending control of pain 

and majority of these anatomical sites have been shown to have both inhibitory and facilitatory 

effects (Figure 3). The site of action for descending control is primarily in the superficial dorsal 

horn where these controls act on interneurons and WDR neurons. Importantly, C-fibre afferents 

terminate in the superficial dorsal horn, and input from these fibres is readily modulated by these 

control mechanisms (Heinricher et al., 2009).  

 The best characterized pathway includes the periaqueductal grey (PAG), the rostral ventro-

medial medulla (RVM) and the spinal cord dorsal horn (DH). The PAG was the first region to be 

implicated in the descending analgesic system. In 1969, Reynolds performed abdominal surgery 

on rats while stimulating the PAG and found that the analgesic effect was strong enough to 

preclude the need for additional analgesics (Reynolds, 1969). It is now known that the PAG 

analgesic system is opioid-mediated and that the PAG has a dense concentration of opioid 

receptors (Yeung et al., 1977; Ossipov et al., 2014). The PAG receives descending input from a 

number of cortical projections known to be involved in the affective processing of pain, 

including the hypothalamus, the amygdala, and the anterior cingulate cortex (ACC) (Helmstetter 

et al., 1998). The majority of PAG to spinal cord connections are not direct, instead these 

neurons project to the RVM and the LC, which project to the spinal cord.  

The RVM includes the nucleus raphe magnus (NRM) and the nucleus gigantocellularis 

(NGC). In addition to descending input from the PAG, the RVM also receives input from the 

thalamus, the parabrachial nucleus (PBN), and the locus coeruleus (LC) (Ossipov et al., 2014). 

The RVM mediates pro- and anti-nociceptive responses via two populations of cells, ‘On’ cells 

and ‘Off’ cells. On cells increase their response to noxious stimuli, whereas Off cells provide 
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tonic input to the spinal cord that ceases immediately prior to a pain response. Furthermore, 

opioids reduce the response of On cells and enhance the response of Off cells (Fishman, 2010). 

The response in these two classes of neurons depends on the stimulation intensity; high intensity 

stimuli produces an analgesic effect, whereas stimulation of lower painful intensities has a 

facilitating effect (Gebhart, 2004; Calvino and Grilo, 2006). The nuclei of the RVM are 

serotonergic and the serotonin (5-HT) released can be either pro or anti-nociceptive, depending 

on the receptor subtype in the dorsal horn that it acts on.  

In addition to serotonergic inputs in the dorsal horn, many studies support a role for 

noradrenergic control systems descending from the locus coeruleus and the parabrachial nucleus. 

These regions receive input from both the PAG and have reciprocal projections to and from the 

RVM. Release of norepinephrine from these projections in the dorsal horn can be both 

facilitatory and inhibitory, depending on the subtype of the receptor they activate. Additionally, 

the nucleus tractus solitarius (NTS) plays a key role in the processing of visceral information and 

is an interface between autonomic and sensory systems (Millan, 2002). The NTS provides major 

input to the PAG and directly to the DH and stimulation of this region can elicit anti-nociceptive 

responses. Finally, the dorsal reticular nucleus (DRt) of the medulla receives ascending input 

from the superficial DH and sends projections back to the DH. The DH-DRt-DH loop is both 

pro- and anti-nociceptive and stimulation of this region can produce both hyperalgesia and 

diffuse noxious inhibitory controls.  
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Figure 3. An anatomical depiction of the major descending pain pathways.  Most 

regions that project down to the spinal cord can send both pro-and anti-nociceptive 

signals which can facilitate or inhibit pain.  

In 
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summary, the balance between inhibitory and facilitatory controls may determine the overall 

excitability of the spinal cord dorsal horn, which in turn modulates the transmission of 

nociceptive signals and ultimately result in our perception of pain. This balance is dynamic and 

changes in response to our external environment in order to enable us to deal with pain 

appropriately. There is accumulating evidence that imbalances in facilitation and inhibition 

contribute to the shift from an adaptive acute pain response to maladaptive chronic pain 

(Heinricher et al., 2009). The objective of the fifth chapter of my thesis is to use the TSSP 

paradigm to evoke a centrally-mediated enhancement of the pain response in order to investigate 

the facilitatory and inhibitory aspects of the pain response in patients with FM.  

1.6 Fibromyalgia  

Fibromyalgia syndrome affects roughly 2-4% of the population and is currently estimated to 

be the most common chronic, widespread pain disorder in the United States (Clauw et al., 2011). 

Both men and women are diagnosed with FM, however, the incidence rate is 10 times higher in 

women and 85% of those seeking treatment are females aged 30-50 (Schweinhardt et al., 2008; 

Berna et al., 2011; Ma et al., 2012; Padma Srivastava et al., 2012). FM is characterized by 

chronic widespread pain, fatigue, sleep disturbance, cognitive alterations, mood disturbances, 

anxiety and depression. Most patients with FM experience many or all of these symptoms at one 

time or another during the course of the disorder. The location and severity of pain and 

presence/severity of the other symptoms can change over time.  

Although our understanding of the mechanisms underlying fibromyalgia has evolved 

tremendously (Clauw, 2009), there is a gap in our health care system due to a lack of clear 

diagnostic markers or consistently successful treatment options. As a result, patients often 

undergo extensive testing, try a plethora of treatment options, and often reduce or altogether 
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cease their job-related activities. The average FM patient accesses the health care system twice 

as often as an average health care user and requires more services than the average chronic pain 

patient (Schweinhardt et al., 2008). The direct health care costs for a patient with FM amount to 

an average of $4000 CDN per year (in Quebec) (Fitzcharles et al., 2012). Furthermore, women 

with FM report lower quality of life measures than women with other chronic conditions. 

Patients also have difficulty performing daily life tasks such as walking and climbing stairs 

(Clauw et al., 2011). This impacts their ability to carry out day-to-day tasks, limits their capacity 

to work, and can negatively affect personal relationships. The social and economic burdens of 

this disease are extensive.  

The newly presented Canadian guidelines for the diagnosis and management of FM highlight 

the lack of any defining physical abnormality or biological marker which can be used to for 

diagnosis (Fitzcharles et al., 2012). Diagnosis is therefore entirely dependent on patient self-

report of somatic and cognitive symptoms. FM is recognized as a condition that fluctuates over 

time, and the presence or absence of symptoms does not preclude a diagnosis. Pain in these 

neuropathic pain patients often fluctuates in a diurnal pain pattern (Gilron and Ghasemlou, 

2014). Furthermore, the examinations of tender points are no longer required to confirm or 

validate FM. Instead the diagnosis of a patient requires the presence of widespread pain that has 

lasted for at least three months and an indication of other symptoms (fatigue, cognitive changes, 

mood disorder) that accompany FM in the absence of other conditions that may result in these 

symptoms (Fitzcharles et al., 2012). These guidelines also highlight the need for early detection 

and suggest that the diagnosis and care of FM patients be in the hands of a general care 

practitioner, as opposed to a specialist.  
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As the current diagnosis criteria lacks any objective mechanistic assessments, the diagnosis 

and treatment of this disease may benefit from objective biomarkers that reflect the mechanisms 

underlying the dysregulation of pain processing in the central nervous system. 

Understanding/identifying the altered mechanisms underlying fibromyalgia requires the ability to 

relate specific neurophysiological markers to perceptual changes induced by central sensitization 

and thus identify their site of action in the CNS. This is now possible with the neuroimaging 

methods that are available, which have the potential to elucidate the neural signature of the 

disease.  

Currently, the cause of FM is unknown; however, recent research has indicated a strong 

genetic component in the development of the disorder. FM in a first-degree relative increases the 

risk of developing FM by eightfold in family members (Arnold et al., 2004). Furthermore, 

relatives of patients with FM have a significantly greater number of tender points and are more 

sensitive to pain stimuli, whether they are in pain or not, compared to relatives of other chronic 

pain conditions. These relatives are also more likely to have other chronic pain conditions 

(Arnold et al., 2004). No specific genes have been associated with FM; however, there is 

evidence that multiple genes affecting pain-related neurotransmitter systems likely play a role in 

the development of the disorder. These genetic factors likely predispose some individuals such 

that a triggering event may cause dysfunctions in the central nervous system which interact and 

finally cause FM symptoms (Becker and Schweinhardt, 2012). 

Accumulating evidence suggests that altered pain signaling is neurogenic in origin and results 

from a central amplification of pain characterized by allodynia and hyperalgesia (Clauw et al., 

2011). Extensive quantitative sensory testing in patients with FM have revealed increased 

temporal summation, which indicates enhanced pain facilitation, and decreased descending 
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analgesic activity. Although these properties indicate alterations to regions in the brainstem and 

spinal cord that are known play a role in the descending modulation of pain, research 

characterizing CNS responses to pain in FM patients are limited to the brain. Therefore, the goal 

of my fifth chapter is to use fMRI (of the brain, brainstem, and spinal cord) as a means to further 

characterize alterations to the descending control system of pain in FM patients.  

1.7 Summary of objectives 

In summary, the objectives and outcomes of my research chapters are as follows: 

1) Chapter 2 focuses on the development of spinal cord imaging acquisition and analysis 

methods. This work is an essential step for the further development of spinal cord and brainstem 

fMRI methods, and has contributed to enabling studies of diseases and trauma affecting the 

spinal cord, as well as investigations of systems that span across the brain, brainstem, and spinal 

cord.  

2) Chapter 3 uses the methods developed in the previous chapter to highlight the importance of 

careful consideration of stimulation paradigms when designing an fMRI study. This study 

characterizes the spinal cord and brainstem response to stepwise versus block presentation of 

thermal stimuli. The results from this study presented confirm the sensitivity of spinal cord fMRI 

for detecting the neural response to sensory stimulation, and for detecting subtle changes in the 

nature of the stimulation paradigm.  

3) Chapter 4 builds upon a body of prior pain research into temporal summation of pain, 

combined with work to establish functional MRI methods for the brainstem and spinal cord. 

Here we demonstrate the neural activity involved with temporal summation of pain across the 

brain, brainstem and spinal cord, for the first time. The results reveal anatomical regions 

associated with the perception of the pain evoked with our temporal summation paradigm, the 
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regions engaged in descending modulation of the spinal cord responses, and the complex 

interactions of neural signaling that result in the pain experienced. The conclusions of this paper 

set the foundation for future studies to examine how these complex interactions are altered in 

chronic pain conditions. 

4) Chapter 5 accompanies the control data presented in chapter 4 and uses fMRI in combination 

with the TSSP paradigm to probe the central mechanisms of the FM pain response. Our results 

suggest that the descending control mechanisms are altered in FM and provide strong evidence 

for the involvement of central neural mechanisms in modulating fibromyalgia pain.
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Chapter 2 

Assessment of data acquisition parameters, and analysis techniques for 

noise reduction in spinal cord fMRI data 

  



 

 

 

44 

Abstract 

The purpose of this work is to characterize the noise in spinal cord functional MRI, 

assess current methods aimed at reducing noise, and optimize imaging parameters. 

Functional MRI data were acquired at multiple echo times and the contrast-to-noise 

ratio (CNR) was calculated. Independently, the repetition time was systematically varied 

with and without parallel imaging, to maximize BOLD sensitivity and minimize type I 

errors. Noise in the images was characterized by examining the frequency spectrum, and 

investigating whether autocorrelations exist. The efficacy of several physiological noise 

reduction methods in both null (no stimuli) and task (thermal pain paradigm) data was 

also assessed. Finally, our previous normalization methods were extended. The echo time 

with the highest functional CNR at 3 Tesla is at roughly 75 msec.  

Here we found that parallel imaging reduced the variance and the presence of 

autocorrelations, however the BOLD response in task data was more robust in data 

acquired without parallel imaging. Model-free based approaches further increased the 

detection of active voxels in the task data. Finally, inter-subject registration was 

improved. Results from this study provide a rigorous characterization of the properties of 

the noise and assessment of data acquisition and analysis methods for spinal cord and 

brainstem fMRI 
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2.1 Introduction 

Functional magnetic resonance imaging (fMRI) of the brainstem and spinal cord offers 

the potential to investigate distributed neural networks, and the effects of injury and 

disease, across the entire central nervous system (CNS). However, these regions of the 

body present additional challenges for fMRI methods, beyond those encountered with 

brain fMRI. Time-series MR image data from the spinal cord are affected by poor 

magnetic field homogeneity, and physiological motion of the spinal cord and adjacent 

cerebrospinal fluid. Coupled with the small cross-sectional dimensions of the spinal cord 

and difficulties with spatial normalization for group analyses, these factors have hindered 

optimization of imaging parameters for spinal cord fMRI. 

Therefore the same methods that have been developed and optimized for fMRI of 

cortical regions cannot be assumed to be optimal for the spinal cord given the different 

imaging environment. Here, we apply similar rigorous analyses of noise characteristics 

and noise reduction methods that parallel the foundational work that was done to 

establish current fMRI methods for cortical regions (Worsley and Friston, 1995; Aguirre 

et al., 1997; Zarahn et al., 1997b).  Specifically we 1) determine the optimal contrast-to-

noise ratio by acquiring data at several echo times, 2) assess the effect of parallel imaging 

(GRAPPA; “Generalized autocalibrating partially parallel acquisitions”), 3) characterize 

the noise in the data by examining variance maps and the frequency spectrum of the time-

series data, 4) systematically assess the effects of a number of analysis techniques aimed 

at reducing the noise (RESPITE, CSF noise modelling, principal components error 

analysis, and temporal filtering), and 5) demonstrate an improvement in the spatial 

normalization method for analyzing data from multiple individuals in a common space. 
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2.1.1 Background 

Conventional T2
*
-weighted imaging, combined with echo-planar imaging schemes 

provides fast imaging acquisition and sensitivity to BOLD signal changes (Bandettini et 

al., 1992) . However, the relatively poor local field homogeneity in the spinal cord can 

produce severe spatial distortions in images acquired with echo-planar imaging. Although 

the appearance of the spatial distortions is reduced by employing axial slices, at the 

expense of complete contiguous coverage of the spinal cord, the slices are not free of 

distortions and can suffer from aliasing (Eippert et al., 2009a; Summers et al., 2010b; 

Brooks et al., 2012; Finsterbusch et al., 2012; Sprenger et al., 2012). 

Use of single-shot fast spin-echo fMRI methods, which are less sensitive to field 

inhomogeneities and do not require continuous k-space sampling (resulting in 

accumulation of errors), have also been employed to circumvent the challenges of spinal 

cord imaging. Using fast spin-echo methods, images can be acquired in the sagittal plane 

spanning the entire brainstem and cervical spinal cord, with uniform image quality and 

spatial fidelity and relatively high spatial resolution (Smith and Kornelsen, 2011; Figley 

and Stroman, 2012; Stroman et al., 2012). These qualities are essential for functional 

MRI studies of distributed networks (such as pain) or future clinical applications, such as 

assessments of multiple-sclerosis or spinal cord injury. The overall objective of the 

present study is therefore to investigate the optimal acquisition parameters and assess 

image analysis methods for noise reduction, for spin-echo fMRI of the spinal cord and 

brainstem. 

The lower sensitivity of T2-weighted imaging to magnetic field inhomogeneities also 

renders it less sensitive to BOLD signal changes than T2*-weighted methods (Bandettini 
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et al., 1994; Stroman et al., 2001b). However, the difference in BOLD sensitivity is offset 

considerably by the fact that much longer echo times are typically used with spin-echo 

methods than with gradient-echoes, because T2 values are much longer than T2* values. 

The first objective of the present study is therefore to investigate the optimal echo time 

for functional MRI of the spinal cord with spin-echo imaging. 

Despite the advantages of the spin-echo fMRI method, it requires a trade-off between 

image quality and speed as the minimum repetition time (TR) that can be achieved is also 

typically longer than with gradient-echo methods. Parallel imaging techniques can be 

employed, (GRAPPA) to increase image acquisition speed by reducing the amount of 

data that needs to be sampled to construct an image. However, sampling less data to 

construct an image results in a reduction of the signal-to-noise ratio (SNR) (Stroman, 

2011). Here we acquire images using spin-echo imaging with and without parallel 

imaging (GRAPPA) to examine the effect of parallel imaging on the error rate in null 

data (no stimulus paradigm) and also compare results obtained from activation data using 

a thermal pain stimulus. 

Physiological noise, which results primarily from CSF flow, cardiac pulsations and 

respiratory contributions, can generate signal intensity fluctuations and increase the rate 

of false positive activations (type I error rate). A number of analytical approaches have 

been suggested in order to reduce the contributions of these noise sources. Model-based 

approaches using regressors modelling cardiac contributions (RESPITE terms) (Figley 

and Stroman, 2009), or both cardiac and respiratory contributions 

(RETROICOR) (Brooks et al., 2008), have been included in GLM analyses. A model-

free approach (CORSICA) has also been described which uses independent components 
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analysis to extract models of variance contributions and then remove them from the time-

series data (Xie et al., 2012). More recently, a method has been developed for removing 

artifacts that result from interactions between spurious oscillations at high-intensity 

transitions in images (known as Gibb’s ringing), and artifacts arising from physiological 

motion. In the present study we assess methods that have been developed to reduce noise 

in spinal cord functional MRI, with data acquired using spin-echo approaches. Although 

RETROICOR and CORSICA have been shown to be effective for gradient-echo EPI, 

they were not designed for spin-echo acquisitions which generally have longer repetition 

times, fewer time-series data points, and lower sensitivity to magnetic susceptibility 

differences. We therefore assess similar approaches, with the same underlying principles, 

which are designed for spin-echo acquisitions, including effects of co-registration, 

temporal filtering, removal of Gibb’s ringing-related artefacts, RESPITE terms, and a 

model-free approach to remove variance. 

Given that the spin-echo method is more localized to microvascular BOLD changes, 

we expect relatively small areas of activity to arise from a task or stimulus which create 

an added challenge for group level analyses, as precise alignment of the anatomy is 

necessary (Lawrence et al., 2011; Smith and Kornelsen, 2011; Kozyrev et al., 2012; 

Stroman et al., 2012). Here, we expand on our previous normalization methods in order 

to improve the voxel-by-voxel comparisons of results across regions (Stroman et al., 

2008a). This is a necessary step in order to characterize consistent neural responses 

across and between groups. 
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2.2 Methods 

2.2.1 General methods  

Consent was obtained from all participants and all procedures complied with the 

principles of the Queen’s University Health Research Ethics Board. 

All imaging was performed with a 3 T whole-body MRI system (Siemens Magnetom 

Trio; Siemens, Erlangen, Germany) using a half-Fourier single shot fast spin-echo 

(HASTE) sequence with T2-weighting. A 3D volume that spanned from the T1 vertebra 

to above the thalamus was imaged repeatedly to produce each fMRI time-series. Nine 

sagittal slices were acquired contiguously within a 28 × 21 cm field-of-view (FOV) with 

1.5 × 1.5 × 2 mm resolution, and a repetition time (TR) of 6.75 sec, unless otherwise 

indicated. The image quality was enhanced by means of spatial suppression pulses 

anterior to the spine, and motion compensating gradients in the head-foot direction. The 

timing of the cardiac pulsation was recorded from the index finger by means of a 

peripheral pulse monitor. 

2.2.2 Determining the optimal TE 

In order to assess the optimal contrast-to-noise ratio, 10 healthy participants 

underwent an fMRI protocol in which the echo times were varied systematically for each 

run. Echo times of 38 msec. (minimum value), 70 msec., 92 msec., and 119 msec. were 

selected. All other MR parameters remain the same as described above. Warm thermal 

stimulation (0.3 °C below each participant’s pain threshold) on the hand (C8 dermatome) 

was applied in a block paradigm by means of an MRI-compatible stimulation device 

(Medoc® TSA-II Thermal Sensory Analyzer, Haifa, Israel). The paradigm consisted of 4 
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stimulation blocks of 45 seconds duration, and 5 baseline periods at 32 °C, with durations 

of 45–63 seconds. 

Prior to analysis, several preprocessing steps including co-alignment, and Gibb’s 

ringing artefact removal (described below), were implemented. Spinal fMRI data were 

analyzed by means of a general linear model (GLM) and the RESPITE terms were 

included (Worsley and Friston, 1995; Figley and Stroman, 2009). The contrast was 

measured as the magnitude of signal change (β values from the GLM) in areas of activity 

with significant responses to the thermal stimulation (T ≥ 3, p ≤ 0.0017, d.f. = 90). The 

noise level was determined by calculating the standard deviation of the time-series data 

for a region of the image that is located outside of the body, shifted from the cord only in 

the phase encoding direction (similar contributions from motion artefacts), in order to 

avoid any tissues that could include a BOLD response. The same region was used for 

estimating the noise in each data set, so that relative changes in the contrast-to-noise ratio 

could be accurately detected. 

The results of this analysis (discussed below) were used to guide the methods in 

subsequent studies. Based on these results, subsequent studies employed image data 

acquired with an echo time of 75 msec. 

2.2.3 Assessing noise reduction approaches 

To assess the false positive rate, and to determine the efficacy of the noise reduction 

methods on data acquired with optimal imaging parameters, analysis steps were 

systematically included, or excluded, and applied to both null and task data. These steps 

included: 

a. Co-align 



 

 

 

51 

Co-alignment was conducted using the Medical Image Registration Toolbox (MIRT) 

and is a 3D non-rigid registration method (Myronenko and Song, 2009, 2010). 

b. Temporal filtering 

Temporal filtering (cut-off at ¾ of the Nyquist frequency) was used to eliminate the 

high frequency signal components. 

c. Gibb’s ringing artefact 

Phase errors in k-space that arise from CSF flow are dependent on the phase of the 

cardiac cycle. These errors register as artificial displacement of CSF in the image in the 

phase-encoding direction. Coupled with Gibb’s ringing at the high intensity CSF/cord 

boundary (Huang and Chen, 2005), this motion causes amplitude, phase, and cardiac 

cycle dependant signal fluctuations adjacent to the CSF. The distortions caused in each 

line of image data in the phase encoding direction were estimated for each time point of 

the fMRI time series by deconvolution of the ideal profile (determined by averaging the 

intensity profile of each voxel’s time course) with the actual profile. The distortions were 

subsequently subtracted from the original fMRI time series to produce a data set with the 

CSF/Gibb’s ringing artifacts theoretically removed (Stroman, 2012). 

d. RESPITE 

As described previously (Figley and Stroman, 2009), three physiological noise 

regressors, which account for variance caused by motion-related signal fluctuations, were 

created for each data set. The effect of RESPITE terms was only tested in null data 

acquired in 6 minute long runs, without parallel imaging. 

e. Principal components analysis 
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A principal components analysis was conducted on the unprocessed time-series data. 

The first (accounts for the most variance), first and second, and first, second and third 

components were extracted and included as regressors in the GLM analysis in a model-

free effort to account for variance caused by physiological motion. 

Data were analyzed with a general linear model, with a basis set that included a model 

of the pain stimulation paradigm. The distribution of measured T-values across all voxels 

in the spinal cord and brainstem was determined from the GLM results for each null and 

active data set, and was compared with the Student’s T-distribution. For this comparison, 

null data were split into 4 shorter time-series and analyzed in the same manner as the 

active data. The number of active voxels from each analysis was counted from the whole 

cord to quantitatively assess the number of true- and false-positives. 

2.2.4 Optimizing data normalization 

We previously introduced a normalization procedure which consisted of manually 

drawing lines along the anterior edge of the cord, at the pontomedullary junction and at 

the C7/T1 disc (Stroman et al., 2008a). 

Here we extend this work by increasing the number of manually drawn reference lines 

and applying a MIRT (Medical Image Registration Toolbox (Myronenko and Song, 

2009, 2010) registration in order to fine-tune the alignment, especially in the brainstem 

regions. Images from 14 data sets (acquisition described above) were first interpolated 

using a linear transformation to 1 mm cubic voxels in order to match the resolution of the 

template. Using custom-made software written in MatLab (The Mathworks Inc., Natick, 

MA) a total of nine references lines were drawn on the images by manually selecting 

points along the edge of the cord/brainstem. For each data set, lines were drawn to mark 
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the anterior, posterior, right and left edges of the cord. Lines were also drawn around the 

edge of the pons, along the posterior medulla, and a line traced along the top of the 

corpus callosum. Finally, lines were drawn in the coronal plane of the image to mark the 

bottom of the pons, and one also extended through the middle of the coronal plane from 

the top of the corpus callosum to the bottom of the pons (Figure 4). 

A new template was created in an iterative manner by normalizing 14 data sets with 

the new method to a previously used template (Stroman et al., 2012), and averaging the 

results (Figure 4). The nine reference lines were drawn on this template in order to guide 

the mapping of each individual data set. The distance in millimetres from the bottom of 

the pons (pontomedullary junction, PMJ) was calculated along the anterior line and was 

used as a reference position along the cord. The lines along the spinal cord in the original 

data were mapped to the template according to this distance (e.g., 4 mm down from the 

PMJ on the anterior line in the original data were mapped to 4 mm down the same line in 

the template). The brainstem/brain lines (remaining 5 lines) were mapped to the template 

based on relative distance along the brainstem/brain lines compared to the end points. 

Nearest neighbour interpolation was employed for the mapping in order to retain the 

original time-series data in the normalized data. 

Finer adjustment of the mapping was achieved by implementing the Medical Image 

Registration Toolbox (Myronenko and Song, 2009, 2010). We employed image 

registration via a correlation coefficient similarity measure with three hierarchical levels 

and up to 60 iterations at each level. An example of a normalized data set with the MIRT 

registration is presented in Figure 4. 
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Figure 4. A demonstration of the normalization procedure in one dataset. a) A midline 

slice of the raw data shown in the sagittal and coronal views, with the nine spine lines 

manually drawn on the image. b) The normalized template with the lines from the raw 

data spatially arranged to match template. Each node drawn on the raw data (*) is 

translated onto the normalized template (o) according to the relative distance along each 

line (for brainstem/brain lines), or the distance in millimeters along down the pons on the 

anterior line (spinal cord lines). c) An example of a single normalized midline slice. The 

image has been warped into a common space and maps onto the template. It is now 

centered in L/R and A/P directions and does not demonstrate any curvature. 
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The accuracy of the normalization was first determined by overlaying the normalized 

image over the template image and using anatomical references (cord-CSF boundary, 

edge of pons, etc.) to visually inspect the alignment of the landmarks. The manually-

drawn reference lines were fine-tuned until these anatomical landmarks agreed in the 

normalized image and the template. The efficacy of the normalization procedure was then 

determined by quantifying the distance (errors), in millimeters, between the template and 

the normalized data. This was achieved by overlaying a regular grid on both the template 

and the normalized data and conducting a cross-correlation of these control points 

(Grachev et al., 1999; Stroman et al., 2008a). The distance that the grid points were 

required to move in order to achieve the highest correlation was determined to be the 

normalization error. This error measurement was calculated for the spinal cord, medulla, 

and pons to assess the accuracy of the inter-subject registration in these areas. The 

accuracy of the normalization was also determined with and without the use of the 

medical image registration toolbox. 

2.3 Results 

2.3.1 Assessment of CNR 

In the course of determining the optimal imaging parameters to obtain the highest 

contrast-to-noise ratio (CNR), we measured a BOLD relaxation rate change, Δ(1/T2), of 

− 0.22 s
- 1

 ± 0.05 s
- 1

 (mean ± S.E.M) (Gati et al., 1997). We observed the highest CNR in 

spinal cord fMRI data to be between the measured TE values of 70 msec. and 95 msec. 

(Figure 5). Moreover, the dependence of CNR on the echo time, over the range of 

38 msec. to 119 msec., was observed to be consistent with BOLD theory, and did not 

vary significantly over this range (Gati et al., 1997). The theoretical BOLD contrast-to-
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noise ratio dependence on echo time predicts that the peak CNR will be achieved at an 

echo time that approximately matches the tissue T2 value, of 75 msec. at a field strength 

of 3 Tesla (Smith et al., 2008). 

 

 

Figure 5. The contrast-to-noise ratio (CNR) demonstrated at different echo times. The 

red line (o) is the CNR in the spinal cord, while the blue line (x) is the CNR in the 

brainstem. The black line reflects the theoretical CNR curve calculated for T2 = 75 msec. 

Echo time  = 75 msec provides the highest CNR and corresponds with the optimal spin-

echo BOLD contrast in the spinal cord. 

 

2.3.2 Assessment of parallel imaging 

The effect of parallel imaging and different TR values on the false positive rate was 

quantified using the T-value distributions, the time-series variance, and autocorrelation 

functions, to demonstrate the noise properties (Figure 6). Deviations to the right 

(in Figure 6) of the theoretical T-distribution, as observed with image data acquired with 

longer TR values, indicate an increase in the type I error rate. Data acquired with parallel 

imaging and a TR = 4.5 seconds had good image quality and closely agreed with the 

theoretical T-value distribution, while data acquired with a faster TR (= 3.6 seconds, 

GRAPPA) also deviated slightly to the right of the distribution. Consistent with the T-

value distribution plots (Figure 6), data without parallel imaging, or with parallel 
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imaging but a TR = 6.75 seconds, have a higher degree of variance and are more affected 

by the presence of autocorrelations.    

          

 

Figure 6. A representative example from 1 midline sagittal slice from 1 subject from data 

acquired using a HASTE sequence, with or without parallel imaging and at different 

repetition times. On the far left is an image collected without parallel imaging, TR = 6.75 

seconds. The middle and far right images were acquired with parallel imaging on 

(GRAPPA) with a TR = 4.5 seconds and TR = 3.6 seconds, respectively. From this 

example you can visually discern that the image quality is degraded at the lowest TR. The 

lower half of the figure displays the deviation from each dataset from the T-value 

distribution (dashed line) that models errors that occur as a result of random noise. 

Values to the right of the curve indicate an increase in error rate at any given T value. 

Data acquired with parallel imaging with a TR = 4.5 seconds (green line) closely follows 

the students T distribution, indicating that the errors in this data arise primarily from 

random noise. Data acquired with a faster TR (=3.6 seconds) and slower TR (=6.75 

seconds) deviate to the right of the curve indicating greater error rates in this data.  
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The variance and presence of autocorrelation was observed to be more prominent 

near the CSF and cord boundaries (Figure 7). Examples of the autocorrelation and 

frequency spectrum, averaged across all voxels in the mid-cervical spinal cord (4th 

cervical to 6th cervical segments), are shown in Figure 8, for null data from one 

participant. Autocorrelations at lags greater than zero are relatively small, being typically 

less than ± 0.2, with localized peaks up to ~ ± 0.3. 

 

 

Figure 7. The AR one (left) and variance (right) heat maps for each data acquisition 

method. Hotter colours indicate areas with either a larger AR one correlation (left) or a 

higher variance (right). Areas of higher variance and greater occurrence of AR one 

fluctuations occur primarily near the spinal cord-CSF boundary. The use of parallel 

imaging and a faster TR reduce both components.  
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Figure 8. The autocorrelations and frequency spectrum averaged across all voxels in C4-

C6 from one representative participant 

 

Based on the observed properties of the noise, and the false positive rate, it appears 

that using a faster TR of 4.5 seconds and parallel imaging may provide an advantage for 

fMRI, compared to acquisitions without parallel imaging and TR = 6.75 sec. Therefore, 

we compared the sensitivity of these two methods for detecting BOLD signal changes in 

spinal cord fMRI data acquired with a thermal pain stimulus (Figure 9). Although 

parallel imaging reduced the noise, as indicated by a lower false-positive rate in the null 

data, we did not detect an increase in the number of active voxels when a painful thermal 

stimulus was applied, with any of the combinations of noise reductions steps (discussed 

below). 
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Figure 9. The sum of the number of active voxels of the null runs and task runs (thermal 

pain) conducted with (TR = 4.5 seconds) and without (TR = 6.75 seconds) parallel 

imaging. Active voxels were detected by means of a GLM analysis using the heat pain 

stimulation paradigm. The number of false positives was calculated for different pre-

processing procedures; no pre-processing (none), with co-alignment (c), with co-

alignment and Gibb’s ringing artifact removal (ac), with the data co-aligned and the first 

two principle components included in the GLM (PC2c) and with the data co-aligned and 

with temporal filtering (fc). The false positive voxel count when we included temporal 

filtering extended beyond the axis of the graph. The false positive rate was greatly 

decreased when no temporal filtering was applied. Both the use of parallel imaging and 

no parallel imaging produced similar results with respect to the number of false positive 

activations and the pre-processing steps had a similar influence on the two methods.  

 

2.3.3 Influence of the analysis steps 

The effects of the noise reduction approaches on type I and type II errors were 

assessed by systematically analyzing null (false positives) and task data (false 

positives + true activity) with each approach. Although it is not possible to distinguish 

between true and false positives, we assume that the false positive rate is approximately 
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the same in the null and task data, given that random noise and physiological noise do not 

depend on the task (or lack thereof). Therefore, if the number of active voxels in the task 

data surpasses the number in the null data, we infer that the task data includes a 

combination of true and false positive active voxels. 
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Data were analyzed by means of a GLM after no preprocessing (none), or with co-

alignment only (c), as well as the combination of co-alignment and each of; Gibb’s 

ringing artefact reduction method (ac), a model-free principal components method 

(PC2c) and with temporal filtering (fc). As depicted in Figure 10, only the co-alignment 

step reduced the number of false positives. The inclusion of the first two principal 

components as regressors in the GLM produced a substantial increase in the number of 

active voxels in task data, and no reduction in the number of active voxels in null data. 

Using two principal components resulted in the greatest increase in the number of active 

voxels (task data) compared to when only the first, or the first three principal components 

were incorporated. The addition of the Gibb’s ringing artefact reduction step did not 

significantly change the error rates or influence the active data. When temporal filtering 

was applied to the time-series data we observed a substantial increase in the number of 

active voxels detected in both null and task data. Finally, the inclusion of RESPITE terms 

did not alter the number of active voxels detected in null data.  

 

Figure 10. We assessed how each noise reduction step influenced the beta values and 

standard error of the mean. Each step is compared to the beta value and SEM without 

preprocessing (with/without) and the magnitude and direction of the influence is 

depicted. The arrows are heat coded such that red indicates that the step had a large 

influence on the measure, while yellow indicates a small influence. 
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2.3.4 Assessment of the normalization procedure 

The accuracy of the normalization method across the spinal cord and brainstem in 14 

data sets is shown in  

Figure 11. With the new template and set of nine reference lines to guide the 

normalization, 91% ± 6% (mean ± std. dev.) of voxels match the template within 2 mm. 

With the MIRT registration method applied, 95% ± 2% of voxels matched the template. 

Furthermore, if just the cord and medulla are considered, 91% ± 6% of voxels match the 

template within 1.5 mm and this number increases to 97% ± 3% when the MIRT is used. 

The accuracy in the pons (upper brainstem) was generally lower than in the medulla or 

cord, reaching 89% of voxels within 2 mm.  

 

Figure 11. The assessment of the accuracy of the normalization procedure with and 

without the medical image registration toolbox. Errors are calculated by the distance in 

millimeters that the cross-correlation procedure had to move the grid points in order to 
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achieve the peak correlation. In all regions, the magnitude of errors was smaller after 

MIRT registration was applied. 

2.4 Discussion 

Here we demonstrate a rigorous analysis of noise characteristics in spinal cord fMRI 

data, and methods to reduce the impact of this noise. Although the underlying concepts 

and methods that are being tested are routinely used in fMRI, it is necessary to assess 

these techniques within the unique environment in the spinal cord. By testing these 

methods and understanding the noise that influences fMRI sensitivity, we may approach 

more optimal acquisition and analysis designs for spinal fMRI. 

2.4.1 Assessment of CNR 

Based on the theoretical BOLD contrast-to-noise ratio dependence on echo time, and 

the correspondence between our results and the BOLD theory, we expect the peak CNR 

to be achieved at an echo time of roughly 75 msec. in our data which was acquired at 3 

Tesla (Smith et al., 2008). This is a change from previous spinal cord fMRI studies in 

which the echo time was set at 38 msec. in order to employ a combination of BOLD and 

SEEP contrasts (Figley et al., 2010). The present data suggests that an echo time of 

75 msec. produces an estimated 20% increase in CNR compared to a TE of 38 msec. 

When acquisition occurs at the appropriate echo time to allow for the highest CNR 

(~ 75 msec. at 3 T), the BOLD contrast for spin-echo BOLD fMRI is, in theory, 

comparable to that obtained with gradient-echo BOLD imaging (Bandettini et al., 1994; 

Stroman et al., 2001b). 

2.4.2 Assessment of parallel imaging  
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Data acquired with the shorter TR values (4.5 sec and 3.6 sec) made possible by the 

use of parallel imaging have the lowest false-positive rates in null data. This observation 

presumably reflects the known advantages of faster sampling by providing more time-

series data points for fMRI analyses. This is supported by the fact that we noted a 

reduction in the false positive rate when more volumes (with the same parameters) were 

acquired without parallel imaging as well. However, the GLM results from the task data 

demonstrate that parallel imaging also reduces sensitivity to BOLD signal changes, 

presumably due to the reduction in signal-to-noise ratio (SNR), as expected (Blaimer et 

al., 2004). This is demonstrated by the greater ratio of active voxels in task (painful 

thermal stimulus) compared to null runs, when parallel imaging was not used, at a TR of 

6.75 sec. Together, these observations indicate that the reduction of SNR with parallel 

imaging outweighs the improvements gained by sampling more data with lower TR 

values. 

Our results show that in the spinal cord, autocorrelations are relatively small compared 

to autocorrelation values in the brain, at small time lags (i.e., AR(1)), and do not show 

any characteristics of a 1/frequency trend  (Figure 8) (Bullmore et al., 1996; Zarahn et al., 

1997a). The present analysis therefore indicates that spinal cord fMRI data, with the spin-

echo acquisition methods being tested, are not confounded by low-frequency trends that 

would produce autocorrelation at low lags (AR(1)). However, the frequency spectrum 

demonstrates that the noise is not uniform across frequencies (i.e., “white”), and contains 

peaks that likely correspond to physiological noise that has been aliased to lower 

frequencies due to the low sampling rate. Therefore, although the noise appears to be 

essentially random from the autocorrelation function, there are contributions from 
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physiological motion, as has been shown in previous studies (Kharbanda et al., 2006; 

Figley and Stroman, 2007, 2009; Piche et al., 2009a; Summers et al., 2010b). We 

conclude that the signal fluctuations due to physiological noise are essentially 

“randomized” due to the low sampling rate. 

2.4.3 Influence of the analysis steps 

Assessment of several noise reduction methods indicates that only co-alignment steps 

reduced type I errors. It is expected that signal changes due to motion could contribute to 

increasing the false positive rate as well as masking true positives (increasing false 

negatives). Better intra-subject alignment is expected to increase the number of true 

positives that reach significance while reducing chance correspondence between the 

motion and a component of the stimulus paradigm used in the GLM. This appears to be 

reflected by the observed small reduction in active voxels in null data, and increase in 

active voxels in task data. 

The inclusion of the first two principal components as regressors in the GLM 

produced a substantial increase in the number of active voxels in task data. This approach 

accounts for sources of variance that are common across a large number of voxels, and is 

therefore expected to increase the true positive rate by reducing masking of BOLD 

responses by noise originating from physiological motion. The areas of BOLD signal 

change are expected, from the known anatomy, to be highly localized, and therefore 

would not contribute to global sources of variance (Leitch et al., 2010). Xie et al. showed 

very similar improvements in the number of active voxels detected in task data with the 

CORSICA method (Perlbarg et al., 2007; Xie et al., 2012). We used a similar approach 

that could be applied separately on each sagittal slice of time-series data in order to 
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account for slice timing differences. The present analysis indicates that noise reduction 

methods based on removing observed sources of variance in the time-series data appear 

to be the most effective, of the methods tested. 

The addition of the Gibb’s ringing artefact reduction step did not significantly change 

the error rates or influence the active data. However, previous reports had demonstrated 

up to a 50% reduction in the error rate after the application of this noise reduction 

step (Stroman, 2012). New improvements in the co-registration methods (MIRT) resulted 

in a similar reduction of false positives and no further reduction is produced by the 

addition of the Gibb’s ringing artefact removal step. 

When temporal filtering was applied to the time-series data we observed a substantial 

increase in the number of active voxels detected in both null and task data. The T-value 

distribution was broadened; therefore the predominant effect of the temporal filtering 

appears to be to simply inflate the T-values leading to a much higher false-positive rate 

than would be expected at a given T-threshold (Friston et al., 2000). 

Finally, the inclusion of RESPITE terms in the basis set of a GLM did not alter the 

number of false positives in null data, which is similar to results reported 

previously (Figley and Stroman, 2009). It has been shown that the RESPITE terms have a 

larger effect on task data, with a 15–20% increase in active voxels. In the present study, 

we combined data across multiple short time-series fMRI data sets prior to the GLM 

analysis and therefore could not apply RESPITE terms to task data for this comparison. 

2.4.4 Assessment of normalization procedure 

Accurate inter-subject registration is of utmost importance for group-wise analyses 

and voxel misalignment can result in reduction of the spatial extent of overlapping 
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regions, and even loss of localized areas of activity. The normalization procedure 

presented aligns voxels with 95% overall accuracy and 97% accuracy in the spinal cord 

and medulla. The lower accuracy in the region of the pons might result from greater 

variation in the features of this structure across people or may occur due to the high-

intensity CSF boundary where errors may be overestimated due to signal fluctuations 

caused by pulsatile CSF flow. Future studies focused on normalization methods 

specifically aimed at increasing the accuracy within the pons/higher brainstem may 

improve the alignment of this structure across people. 

2.5 Conclusions 

The present assessment of methods for spinal cord fMRI indicates that for robust 

BOLD sensitivity at 3 Tesla, an echo time of 75 msec. and the exclusion of parallel 

imaging is optimal. No autocorrelations were detected, however the frequency spectra 

show contributions that are aliased to lower frequencies due to the low sampling rate. 

Assessment of noise reduction methods for spinal cord fMRI data analysis indicate that 

accurate co-registration of the data, and model-free estimates of the noise contributions, 

can both increase the number of active voxels detected in task data and reduce the 

number of active voxels in null data. Other approaches to noise reduction, including 

removal of Gibb’s ringing artefacts, temporal filtering, and inclusion of RESPITE terms 

in GLM basis functions, had little influence, or a negative effect, on the type I and type II 

error rates. The relatively low impact of model-based approaches to noise reduction may 

reflect the complex nature of the underlying noise, being from multiple, possibly 

interacting, sources, and the added complication of the low sampling rate with spin-echo 

methods. Given the properties of the noise in spinal cord fMRI data, we conclude that to 



 

 

 

69 

reduce the impact of the noise; increase the number of sampled data points, as suggested 

previously (Constable and Spencer, 2001; Mechelli et al., 2003). The results presented 

provide the foundation for future studies to critically evaluate new methods for spinal 

cord fMRI to further improve the sensitivity and reliability of the method. 
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Chapter 3 

Spinal cord response to stepwise and block presentation of thermal 

stimuli: A functional MRI study 
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Abstract 

The aim of this study was to examine the characteristics of the spinal cord and 

brainstem blood oxygenation level-dependent (BOLD) responses to peripheral 

stimulation in which the temperature is raised in a stepwise fashion, in order to enhance 

receptor responses, compared to a block design. 

Functional magnetic resonance imaging (fMRI) studies of the spinal cord and 

brainstem were carried out in 14 healthy volunteers at 3T. Thermal sensory stimuli were 

applied to the right hand in a block-design paradigm, and in a stepwise paradigm to the 

same peak temperature. Data were analyzed by means of a general linear model, region 

of interest analyses, and by structural equation modelling. 

Results demonstrated BOLD responses in a number of consistent regions between 

the two paradigms as well as significant differences (P < .001) in the locations and 

magnitudes of some responses. Specifically, the BOLD response in the dorsal horn was 

significantly higher in the stepwise compared to the block condition (P < .001). However, 

more significant connections (T >2) between regions were observed in the block 

condition. Results from this study demonstrate the means to design thermal sensory 

paradigms to probe components of sensory processing in the brainstem and spinal cord. 
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3.1 Introduction 

Functional magnetic resonance imaging (fMRI) of the human spinal cord was first 

demonstrated almost 2 decades ago (Yoshizawa et al., 1996), and significant advances 

(Cohen-Adad et al., 2007; Brooks et al., 2008; Agosta et al., 2009; Eippert et al., 2009a; 

Summers et al., 2010a; Sprenger et al., 2012; Stroman et al., 2014; Wheeler-Kingshott et 

al., 2014) have been made in the methods such that they can be used to improve our 

understanding of the neural mechanisms underlying sensory perception. Functional MRI 

has already proven to be sensitive to the spinal cord response to various sensory stimuli 

(Lawrence et al., 2008; Valsasina et al., 2008; Stroman, 2009; Summers et al., 2010b; 

Stroman et al., 2011; Stroman et al., 2012; Kornelsen et al., 2013). For example, 

somatotopic mapping of thermal sensory stimuli has shown the expected laterality, and 

rostral-caudal position dependence of BOLD responses (Stroman et al., 2012). Moreover, 

vibration sensations have been used to elicit consistent group-level activity in 

corresponding thoracic spinal cord segments (Kornelsen et al., 2013). Spinal cord fMRI 

has also been applied to study the effects of spinal cord injury, and multiple sclerosis, and 

has revealed changes in activity patterns that correspond with changes in sensory 

perception (Agosta et al., 2008; Cadotte et al., 2012). 

Although spinal cord fMRI has improved our understanding of sensory processing in 

the spinal cord (Stroman et al., 2014; Wheeler-Kingshott et al., 2014), very few studies 

have focused on optimizing sensory stimulation paradigms in order to produce strong 

peripheral responses that translate into robust fMRI signals. Here we aim to optimize 

thermal sensory stimulation paradigms in particular, because 1) a large proportion of the 

previous studies have employed thermal stimuli, because 2) thermal sensations can be 
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accurately calibrated to different intensities, 3) they share common pathways with pain 

perception, and 4) they are relatively easy to apply in the fMRI environment. 

Electrophysiological studies have demonstrated that continuous stimulation of 

unmyelinated C-fibres results in a brief dynamic response which rapidly converts to a 

low frequency tonic discharge at the adapting temperature (Konietzny and Hensel, 1977a; 

Duclaux and Kenshalo, 1980; Adriaensen et al., 1984). It has been shown that when 

thermal stimulation is applied, the maximum discharge of the warm receptors is 

dependent on the ramp rate, the amount of temperature change, and the adapting 

temperature (Konietzny and Hensel, 1977a). Faster ramp rates, higher temperature 

changes, and higher final temperatures produce a more robust dynamic response. 

However, regardless of the strength of the initial dynamic response, the firing rate of the 

nerves quickly declines to a static response at the adapting temperature. This occurs ∼3–

17 seconds after the onset of a stimulus, depending on the nature of the dynamic response 

and therefore the response is not sustained over a long period of time (Konietzny and 

Hensel, 1977a; Adriaensen et al., 1984). These properties of thermal sensory responses 

are very important to the design of a robust stimulus for fMRI. 

To date, spinal cord fMRI studies have generally employed long stimulation 

paradigms in a block/boxcar design in an effort to evoke strong blood oxygenation level-

dependent (BOLD) responses and have sufficiently high statistical power for detecting 

the spinal cord response (Mechelli et al., 2003; Murphy et al., 2007). A block design in 

which the sensory stimulation is sustained over a long period (43–45 sec), and is 

interleaved with rest periods that are of the same duration, is often used (Lawrence et al., 

2008; Stroman, 2009; Stroman et al., 2011; Stroman et al., 2012). Although this 
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maximizes the statistical power of the fMRI data, the receptors are expected to adapt 

quickly to the temperature, as described above, and decrease their input to the spinal cord 

dorsal horn, which could produce only a weak sustained BOLD response. 

Previous work has demonstrated that a "staircase" design of stimulus presentation can 

increase the dynamic response and therefore result in a more robust, sustained response 

of the receptors (Beck et al., 1974; Handwerker and Neher, 1976). When the temperature 

was raised in a stepwise fashion from 36°C to 52°C over 20 seconds, the nociceptor 

responses increased monotonically to a maximum firing rate at 44°C in warm receptors 

(Handwerker and Neher, 1976). Conversely, when the thermal stimuli were presented in 

a square-pulse fashion, the response of the receptors peaked and quickly returned to the 

static firing rate within ∼5 seconds (Handwerker and Neher, 1976). These studies suggest 

that the use of a staircase design for an fMRI stimulation paradigm could produce a much 

more robust response in the spinal cord, by evoking a much stronger C-fibre response. 

The purpose of this study was to evaluate the characteristics of the spinal cord and 

brainstem response to peripheral stimulation in which temperature is raised in a stepwise 

fashion, compared to the conventional block design. We hypothesize that optimization of 

the stimulation paradigm will result in a more robust C-fibre response which will 

translate into an enhanced spinal cord fMRI response. 

3.2 Materials and methods  

3.2.1 Participants 

Participants (N = 15, 7 males, age range = 18–40) had no history of neurological 

disease, major medical illness, or psychiatric disorder. Participants were recruited from 

the local community and provided informed consent. All procedures were in accordance 
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with the Tri-Council Policy Statement on Ethical Conduct for Research Involving 

Humans. 

3.2.2 Sensory Stimulation  

Thermal stimulation was applied by means of a 30 × 30 mm MR-compatible Peltier 

thermode (Medoc, Haifa, Israel). The thermode was placed on the little-finger side of the 

right hand, corresponding to the eighth cervical cord segment. Two sensory stimulation 

paradigms were employed; a stepwise design and a block design. The order of the 

presentation of each condition was counterbalanced across participants in order to 

account for possible order effects. In the stepwise condition the temperature was raised 

from 32°C (baseline) to 37°C, held for 13 seconds and raised to 42°C, held for 14 

seconds and raised a final time to 45°C for 20 seconds (Figure 12). In the block design 

condition the temperature was raised from baseline to 45°C and sustained at that 

temperature for 47 seconds. Including baseline periods at 32°C of varying durations, and 

five aperiodic stimulation periods, the complete paradigms lasted 621 seconds. The ramp 

rate was 8°C/sec for all conditions. Prior to imaging, participants experienced the thermal 

stimulation and confirmed that it was not painful. As perception of sensory stimuli is 

dependent on a number of modulating factors, including attention, we attempted to 

maintain consistent attention focus across studies and opted to have the participants focus 

their attention on the stimulus (Stroman et al., 2011). A diagram of the paradigm was 

projected onto a rear-projection screen, viewed via a mirror, and a black dot moved along 

in time to indicate the progression of the stimulation. In addition, participants were 

required to answer questions (e.g., What is the temperature?), projected onto the screen, 

about the various qualities and timing of the sensory stimulation. For both conditions a 
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question, related to the stimulus they were about to experience, was displayed 

immediately prior to its onset. Participants were required to think about what they were 

feeling and were probed to answer the question verbally after the stimulation block. 

Answers were not recorded but were used as a means of ensuring active engagement in 

the task. 

 

Figure 12. The stepwise paradigm compared to the block paradigm. In both conditions 

the target temperature was 45°C, stimulation periods lasted 47 seconds, and complete 

paradigms lasted 621 seconds. A diagram of the stepwise and block paradigm were 

displayed and a black dot moved along in time to alert participants to pay attention to the 

sensory stimulation. The solid arrows indicate where a question regarding the upcoming 

sensory stimuli appeared. Participants verbally answered the question when prompted at 

the dotted arrows. Questions and answers were only used as a means of ensuring that the 

participants were paying attention to the sensations. 

 

3.2.3 Data Acquisition 

All image data were acquired using a 3T whole-body MRI system (Siemens 

Magnetom Trio; Siemens, Erlangen, Germany). Participants were positioned supine and 

were supported by padding as needed for comfort and to restrict bulk body movement, 

and entered the MRI system head-first. Initial localizer images were acquired in three 

planes as a reference for slice positioning for subsequent fMRI studies. Data were 

acquired using a phased-array spine receiver coil, a posterior neck coil, and a body coil 

was used for transmitting radiofrequency (RF) excitation pulses. To reduce the influence 

of the spatial distortions that result from field inhomogeneities, a half-Fourier single-shot 
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fast spin-echo (HASTE) sequence was used, with BOLD contrast. Spin-echo BOLD 

methods, with the echo time (TE) set for optimal sensitivity (TE equal to the tissue 

T2 value), provide comparable, albeit not equal, BOLD contrast to gradient-echo BOLD 

methods (Bosma and Stroman, 2014a). A 3D volume that spanned from the T1 vertebra 

to above the thalamus was imaged repeatedly to produce each fMRI time-series. Nine 

sagittal slices were acquired contiguously with a repetition time (TR) of 6.75 seconds 

(0.75 sec/slice), an echo time of 76 msec. to optimize the T2-weighted BOLD sensitivity, 

a 28 × 21 cm field-of-view with 1.5 × 1.5 × 2 mm
3
 resolution. The image quality was 

enhanced by means of spatial suppression pulses anterior to the spine to reduce motion 

artifacts caused by breathing, swallowing, etc., and motion compensating gradients in the 

head-foot direction. 

3.2.4 Data Analysis 

Data Preprocessing 

The 3D functional imaging data were analyzed with custom-made software written in 

MatLab (MathWorks, Natick, MA). Image data were first converted to NifTI format and 

were coregistered to correct for bulk motion using the nonrigid 3D registration tool in the 

Medical Image Registration Toolbox (MIRT) (Myronenko and Song, 2009, 2010). The 

images were then spatially normalized to a coordinate system defined 

previously (Stroman et al., 2012; Bosma and Stroman, 2014a) using a supervised method, 

as follows. Nine reference lines were manually drawn on one volume of each set of time-

series image data to guide the spatial normalization process, and to generate region 

masks. Within the mid-line sagittal slice of each dataset, five lines were drawn along the 

anterior and posterior edges of the cord, around the edge of the pons, along the posterior 
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medulla, as well as the top of the corpus callosum. In addition, four lines were drawn on a 

resliced midline coronal view (based on the sagittal references lines) to mark 1) the 

bottom of the pons, 2) an extension through the middle of the image spanning the corpus 

callosum to the bottom of the pons, and 3) right and left boundaries of the spinal cord. 

These lines were used to guide a 3D spatial mapping method which employs piece-wise 

affine transformations, to enable mapping of the image data to a predefined reference 

template. The reverse transformation was also determined to enable mapping of a region-

of-interest (ROI) mask, and region labels, onto the data in the original format. The 

mapping to the normalized template (forward transformation) was also fine-tuned using 

the MIRT toolbox (Myronenko and Song, 2009). 

General Linear Model 

The spatially normalized time-series image data were analyzed by combining the data 

from all participants in each group and smoothing with a 3 × 3 × 5 mm (R/L × A/P × S/I) 

boxcar kernel (Stroman et al., 2012; Bosma and Stroman, 2014a). A general linear model 

(GLM) analysis was then applied, with basis functions that included a model paradigm 

for the thermal stimulation convolved with the BOLD hemodynamic response function, 

and a constant function (Worsley and Friston, 1995). By analyzing normalized data 

averaged over the group, it is expected that signal fluctuations that are uncorrelated 

between acquisitions, such as due to physiological motion and random noise, will average 

to roughly zero, whereas consistent BOLD responses that are time-locked to the 

paradigm will be strengthened. Contrasts between the groups were also determined by 

subtracting the group time-series data on a voxel-by-voxel basis before applying the 

GLM. Significant activity was inferred on a voxel-by-voxel basis at P < 0.002 (T > 3.0), 
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and the problem of multiple comparisons was addressed by limiting active regions to 

those with a spatial extent of at least 10 mm
3
. 

Structural Equation Modelling 

Spatially normalized data were also analyzed by means of Structural Equation 

Modelling (SEM) (more specifically, "path analysis"), with custom-made software 

written in MatLab based on the analyses described by McArdle and McDonald (McArdle 

and McDonald, 1984). The SEM analysis requires a predefined anatomical model of all 

possible connections between regions. Therefore, we identified the anatomical 

boundaries of regions on a 3D region map, compiled from numerous anatomical atlases 

and verbal descriptors in published articles (Talairach, 1988; Williams PL, 1995; Naidich 

TP, 2009). Regions included in the path model, and the expected connectivity between 

them, were based on the extensive description of the regions/networks involved in pain 

processing provided by Millan (Millan, 2002). Although this review describes regions 

involved in pain processing, these same regions were included in this path model as 

thermal sensory processing and pain processing share common neural substrates. 

Data used for the path analysis were preprocessed as described above and were 

spatially normalized. The data extracted from regions defined in the path model from all 

runs/participants were concatenated into one large time-series of responses for each 

voxel. Based on these data, subregions within each anatomical region in our spatially 

normalized region map were identified based on the time-series data properties using k-

means clustering. The purpose of this step was to use the time-series properties (i.e., data 

driven) to group voxels with significant BOLD responses separately from non-responding 

voxels, or those that are dominated by physiological motion such as at the cord/CSF 
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(cerebrospinal fluid) boundary. Furthermore, this step allows for data reduction, as it 

reduces the number of possible network combinations that would be needed for a voxel-

by-voxel analysis, while allowing for the fact that not all voxels within the defined 

regions are expected to respond to the external stimuli. All subregions were included in 

the analysis, and all combinations of regions were tested. The linear weighting factors, 

and the combination of subregions, that yielded the best fit to the measured data were 

determined. Path coefficients were considered significant at a threshold of T > 2 as 

determined by a one-sample t-test based on the ratio of the magnitude of each weighting 

factor to its standard error. A network model derived from the SEM indicates that 

components of the signal intensity time-courses (i.e., BOLD signal changes) in the target 

regions can be expressed as linear combinations of the signal intensity time-courses in the 

source regions (Bollen, 1989). Structural equation modelling (or path analysis) detects 

"connection strengths that best predict the observed variance-covariance structure of the 

data, with respect to the specified anatomical model" (Schlosser et al., 2003). 

ROI Analysis 

ROI analyses were carried out by defining 3D volumes in the normalized 

representation of the cord and brainstem, and determining average responses over these 

volumes. In order to maintain consistency with the SEM analysis, ROIs were selected 

from the same subregions that were used for the SEM analysis (described above). The 

means and standard errors of the beta-values (determined with the GLM) over the voxels 

within the selected ROIs were determined. These were used to compare the block and 

stepwise responses using independent samples t-tests. Each analysis region constitutes a 
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single statistical comparison and is therefore not influenced by the problem of multiple 

comparisons. 

A manually drawn ROI was also generated by selecting voxels that were significant 

(T > 2.0) in the GLM analysis for either the block or step conditions (or both). This 

limited the number of voxels in the ROI to only include those that responded to either 

stimulus, as not all voxels in a predefined anatomical region (e.g., every voxel in the 

dorsal horn of a cord segment) are expected to respond. The mean and standard error of 

the β-values were extracted from exactly the same ROI for the block and stepwise 

conditions, and were compared using an independent sample t-test. 

3.3 Results 

3.3.1 GLM results 

Both the block-paradigm and stepwise-paradigm conditions yielded active voxels in a 

number of consistent regions in areas in approximate anatomical proximity to the: 

ipsilateral dorsal horn, rostral ventromedial medulla (RVM), dorsal reticular nucleus 

(DRt), and periaqueductal gray (PAG) region (Figure 13). A contrast analysis was 

performed to determine areas of the cord and brainstem responding more in the stepwise 

condition compared to the block condition (P < 0.002). A region of the ipsilateral dorsal 

horn was significantly more active in the stepwise condition compared to the block 

condition (Figure 14). Conversely, regions in the vicinity of the nucleus tractus solitarius 

(NTS) and the PAG were more active in the block condition. 
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Figure 13. GLM results showing the main effects of the stepwise (upper half of the 

figure) and block (lower half of the figure) paradigms. The slices shown are contiguous 

1-mm thick axial slices and show the responses from the C8 spinal cord segment, the 

medulla, and the midbrain. The image panel on the far upper left shows a midline slice of 

the functional data from one participant, and the lower left panel indicates the orientation 

of the image (radiological orientation). 

 

 

Figure 14. Results of the contrast analysis to compare the BOLD signal changes between 

the stepwise and block stimulation conditions. Transverse slices are displayed at selected 

levels of the spinal cord (8th cervical segment), the rostral medulla, and at the level of the 

midbrain. The color scale indicates the significance of areas with different responses 

between the conditions. Warm colors indicate BOLD responses that were greater in the 

stepwise condition, while cool colors indicate BOLD responses that were greater in the 

block condition. Key areas with significantly different responses are shown to be the right 

dorsal region of the C8 segment, near the NTS in the medulla, and in the vicinity of the 

PAG. 
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3.3.2 SEM results 

SEM was conducted on block and stepwise datasets and the best-fit results are shown 

in Figure 15. Both conditions exhibit significant path coefficients ascending from the 

dorsal horn to the thalamus (positive), and a several descending connections including 

from the parabrachial nucleus (PBN) to the cord, from the PAG to the nucleus raphe 

magnus (NRM), and from the hypothalamus to the NRM, as well as a connection from 

the PBN to the NRM. For the stepwise condition, the dominant path influences are from 

the periphery to the cord (positive) and from the DRt to cord (negative relationship). In 

contrast, enhanced descending connectivity is evident in the block condition from regions 

of the pons to the medulla and from regions of the medulla to the spinal cord. The 

dominant path influences in this condition include positive influences of the PAG on the 

PBN, the hypothalamus on the NTS, the locus coeruleus (LC) on the spinal cord, the 

NRM on the spinal cord, and a negative influence of the nucleus gigantocellularis (NGC) 

on the spinal cord. 
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Figure 15. SEM results for the block and stepwise conditions. Arrows indicate the 

direction of the influence, while the line thickness indicates the strength of the path 

coefficients. Solid lines represent positive path coefficients and dotted lines represent 

negative coefficients. Clear differences are observed in the networks involved with the 

two conditions, with a more complex network involved with processing the block design 

stimulation. Cord, right dorsal region of the C8 spinal cord segment; PBN, parabrachial 

nucleus; LC, locus coeruleus; NRM, nucleus raphe magnus; NTS, nucleus tractus 

solitarius; NGC, nucleus gigantocellularis; DRt, dorsal reticular nucleus; PAG, 

periaqueductal gray matter; HYP, hypothalamus; Thal, thalamus. 

 

3.3.3 ROI Results 

ROIs demonstrating significant differences between the stepwise and block conditions 

include the dorsal reticular nucleus (P < 0.05), the NGC (P < 0.001), the PBN (P < 0.001), 

the hypothalamus (P < 0.001), and the thalamus (P < 0.001) (Figure 16). The ROI for the 

C8 dorsal horn (which was predefined from the SEM analysis and extended across a large 

proportion of the entire segment), however, did not have significantly different responses 

between the two conditions (P = 0.077). To further probe the activity in the dorsal horn, a 

manual ROI was drawn to include voxels identified by the GLM as participating in either 
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task (Figure 16). Results from the manual ROI demonstrate significantly higher percent 

BOLD signal change in the C8 ipsilateral dorsal horn in the stepwise condition compared 

to the block condition (P < 0.001). 

 

Figure 16. A: Comparison of the BOLD percent signal changes (vertical axis of each 

plot) in the block versus the step condition in ROIs extracted from regions defined by the 

SEM analysis. The general location of the ROI is depicted on the anatomical drawing, 

while actual voxels selected from the ROI are shown in the MR image 

below. B: Comparison of the C8 dorsal horn activity between the two conditions 

extracted from the SEM anatomical mask (left) or a manually drawn ROI (right) defined 

by selecting voxels with significant responses to either paradigm. Asterisk indicates that 

the block and stepwise conditions are significantly different (P < 0.05). DRN, dorsal 

reticular nucleus; NG, nucleus gigantocellularis; NRM, nucleus raphe magnus; PBN, 

parabrachial nucleus; DH, dorsal horn. 
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3.4 Discussion  

Spinal cord fMRI has great potential as a means of characterizing the neural responses 

to sensory stimuli in the healthy, damaged, or diseased spinal cord (Wheeler-Kingshott et 

al., 2014). However, the nature of the stimuli used to probe sensory function must be 

considered in order to evoke a robust fMRI BOLD response. The purpose of this study 

was to evaluate and compare the BOLD activity in the dorsal horn in response to 

stepwise and block presentation of thermal sensory stimulation. The main effects for both 

paradigms revealed a number of consistent features of activity in brainstem and spinal 

cord regions. However, contrast analyses revealed significant differences between several 

key regions. The ipsilateral dorsal horn was significantly more active in the stepwise 

condition, while the LC and PAG regions were more active in the block condition. 

The results of this study are consistent with our hypothesis and suggest that stepwise 

presentation of thermal sensory stimuli evoke a stronger BOLD effect in the ipsilateral 

dorsal horn compared to sustained administration of thermal stimuli. The results are also 

supported by previous electrophysiological studies that demonstrate that "heat" fibres 

show an increasing discharge rate with each increase in temperature, whereas sustained 

heat application, even at higher temperatures, results in brief discharge followed by 

quiescence of the response (Handwerker and Neher, 1976; Duclaux and Kenshalo, 1980). 

Therefore, thermal stimulation in a block paradigm may result in a phasic increase in 

response followed by a decrease in firing of the receptors to a steady-state level (Duclaux 

and Kenshalo, 1980) resulting in small cumulative input into the spinal cord over the 

duration of the stimulation period and little BOLD activity. In contrast, the stepwise 

design may capitalize on the dynamic response of the receptors that occurs when 
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temperatures change, thereby resulting in a net increase in input to the spinal cord over 

the duration of the stimulation period, and a greater BOLD response. 

Further examination of the spinal cord response to innocuous thermal stimulation was 

conducted by means of SEM analysis. These analyses enabled us to characterize the 

network response in the spinal cord and brainstem, irrespective of the BOLD activity 

detected by the GLM analyses. The results demonstrated that lack of activity detected in 

the dorsal horn with a GLM does not necessarily reflect lack of involvement of the 

structure. Simultaneous inputs from numerous regions with both increases and decreases 

in signaling can yield a net zero change in input to the spinal cord dorsal horn, and hence 

zero BOLD response. Therefore, examination of effective connectivity in concert with 

the ROI results of those same structures reveals important functional relationships. For 

example, in the block condition we observed significant effective connectivity between a 

number of brainstem regions and the spinal cord. Specifically, when the NRM, NTS, 

PBN, and the LC have increased input, the spinal cord also receives increased input. 

However, examination of the BOLD signal changes in these regions by means of an ROI 

analysis demonstrates that only the NRM had positive signal changes (reflecting more 

input), while the NTS and LC had very small signal changes, and a negative signal 

change occurred in the LC. Additionally, the SEM analysis revealed a strong negative 

relationship between the NGC and the cord, and the ROI analysis revealed significant 

BOLD signal changes in the NGC. Therefore, significant signal changes in the NGC in 

the block condition could result in a decrease of input to the spinal cord dorsal horn. 

Altogether, these results support the main effects and contrast analyses findings in which 
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there was little net change in the dorsal horn in the block condition, compared to the 

stepwise condition, despite the enhanced effective connectivity in the block condition. 

SEM analyses in the stepwise condition revealed generally less effective connectivity 

between regions compared to the block condition. The main source of positive covariance 

was between the periphery and the spinal cord, consistent with our hypothesis that the 

stepwise condition would provide a more robust C-fibre input to the dorsal horn, due to 

the nature of the stimulation. 

Greater effective connectivity, which reflects covariance of BOLD responses between 

regions, was observed with the block condition and corresponds with more activity 

evoked in the brainstem with this paradigm, as evidenced by our GLM results. The 

greater BOLD responses may have resulted from the sustained temperature at 45°C, as 

compared to the 37°C, 42°C, and 45°C steps in the stepwise condition. The higher 

sustained temperature may have recruited more descending modulation, as suggested by 

previous studies (Cahill and Stroman, 2011). Conversely, the stepwise stimulation 

produced a robust dorsal horn response but little brainstem response, potentially because 

it did not engage the descending modulation system. 

The findings of this study are limited by the inherent sensitivity of fMRI methods and 

the greater amount of physiological noise and imaging confounds that are encountered in 

the brainstem and spinal cord compared to cortical regions. Additionally, sensory stimuli 

yield relatively small BOLD responses, which prompted this study: to investigate 

methods of eliciting more robust BOLD responses. The results are therefore limited by 

these small BOLD responses, and potentially greater sensitivity might be achieved by 

using noxious thermal stimuli. Collecting more fMRI data (i.e., more volumes or more 
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runs) would provide greater BOLD sensitivity as well, at the expense of greater risk of 

varying participant responses and bulk movement. The BOLD responses that were 

recorded are expected to be influenced by a number of emotional/cognitive factors such 

as attention, anticipation, etc. We attempted to control these factors by having 

participants engage in a task related to the sensory stimuli. Future studies could be 

enhanced by designing tasks with greater emotional/cognitive control or by investigating 

the influence of these factors on sensory processing. 

The results presented in this study confirm the sensitivity of spinal cord fMRI for 

detecting the neural response to sensory stimulation, and for detecting subtle changes in 

the nature of the stimulation paradigm. The results also demonstrate important 

physiological components of sensory processing; the stepwise paradigm shows more 

sensitivity to the nature of the peripheral input, whereas the block paradigm reveals the 

descending control mechanisms more clearly. This is evidenced by the more robust 

BOLD responses in the cord with the stepwise paradigm and greater connectivity with 

the block paradigm. Other paradigms based on these models could similarly be developed 

to probe specific effects of injury or disease. Although the findings of this study are an 

important step in the development of a clinically relevant tool for assessing sensory 

function, the fMRI methods used have not yet been shown to be sufficiently sensitive and 

reliable for individual assessments, being used to date only in group studies. More 

development is needed to progress towards this ultimate goal. 

In conclusion, the results of this study demonstrate the importance and potential 

research and clinical value of stimulation paradigm designs for fMRI of the brainstem 

and spinal cord. Paradigms can be designed to make use of sensory receptor properties 
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and to engage various components of sensory processing, and in the future may prove to 

be useful for examining effects of injury or disease. 
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Chapter 4 

Neural correlates of temporal summation of second pain in the human 

brainstem and spinal cord  
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Abstract 

Temporal summation of second pain (TSSP) occurs when painful stimuli are 

presented repetitively (≥ 0.33Hz) and results from a C-fibre evoked enhancement (or 

“wind-up”) of the dorsal horn neurons. Based on electrophysiological studies in intact 

animals, windup is considered a purely central phenomenon. With advancements in 

functional MRI (fMRI), we can now probe the central mechanisms of this pain response 

in humans. The aim of this study is to characterize the fMRI responses in the healthy 

human brainstem and spinal cord that correspond to TSSP.  

Functional MRI of healthy female adults (N = 15) was conducted while brief, 

repetitive heat pain stimuli were applied to the right thenar eminence (C6 dermatome), 

and TSSP (0.33 Hz) and Control (0.17 Hz) heat pain paradigms were employed. The 

stimulus intensity was adjusted to each participant’s heat pain sensitivity. Data were 

analyzed by means of a General Linear Model, region-of-interest analyses, and Structural 

Equation Modelling.  

As predicted, participants demonstrated significant behavioral summation of pain in 

the TSSP condition. FMRI results identified enhanced activity in the spinal cord dorsal 

horn at C6 in response to the TSSP condition. Additionally, multiple areas of the 

brainstem (RVM and PAG) showed greater responses with the TSSP condition. These 

results suggest that, in humans, increased pain perception in the TSSP condition is 

reflected by greater responses in the dorsal horn and in regions known to play a role in 

the descending modulation of pain, which may modulate the spinal cord response.  
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4.1 Introduction 

Temporal summation of second pain (TSSP) is a progressive increase in pain 

perception which occurs when painful stimuli are presented repetitively (> 0.33 Hz) 

(Price, 1972; Price et al., 1977). Second pain is mediated by C-fibres and is described as 

longer-lasting burning sensations that often outlast the duration of the stimulus. Published 

studies using animal models have provided evidence that repetitive C-fibre stimulation 

evokes enhancement (or “windup”) of the dorsal horn neurons (Mendell and Wall, 1965; 

Mendell, 1966; Woolf and Salter, 2000). However, despite the evidence for spinal 

windup in animals, and behavioral evidence of TSSP in humans, little is known about the 

neural representations and mechanisms of TSSP/windup within the human spinal cord. 

With advances in spinal cord functional MRI, we can, for the first time, non-invasively 

probe the central mechanisms of this pain response in humans. 

Windup of the dorsal horn neurons, and the related TSSP, is known to be a purely 

central phenomenon and therefore provides a means of probing effects of centrally 

mediated pain processing (Price et al., 1977; Koltzenburg and Handwerker, 1994). 

Moreover, windup has been shown to have features in common with central sensitization. 

For example, once windup has occurred, the enhanced excitability of the dorsal horn 

neurons can be maintained with minimal additional input (Staud et al., 2004; Staud et al., 

2007a). In addition, stimuli that evoke windup are sufficient to cause a transient 

enlargement of the cutaneous receptive fields and enhanced responses to input from C-

fibres (Li et al., 1999; Herrero et al., 2000). Although windup is not required for central 

sensitization, the two share common properties. Therefore, characterizing the spinal cord 
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and brainstem responses to TSSP is expected to reveal the central components of pain 

and the contribution of central sensitization in chronic pain conditions.  

Functional neuroimaging has already been used to characterize the neural correlates 

of TSSP in the brain (Staud et al., 2007b). Regions responding when TSSP was evoked 

were located in a number of somatosensory (Thalamus, S2), cognitive (anterior cingulate, 

prefrontal cortex), affective (insula, anterior cingulate), premotor (cerebellum) and pain 

modulation areas (rostral anterior cingulate) (Staud et al., 2007b). Despite the expected 

importance of the brainstem and spinal cord in TSSP/windup, the properties and locations 

of the neural correlates in these regions are unknown. Therefore, in the present study we 

used fMRI to examine the spinal cord and brainstem representation of TSSP in normal, 

pain-free subjects. We hypothesized that the BOLD response in the spinal cord dorsal 

horn would be enhanced when TSSP is evoked, compared to a control condition without 

TSSP. We also hypothesized that, compared to the control condition, TSSP would engage 

greater effective connectivity between brainstem regions known to be involved in the 

descending modulation of spinal nociception.  

4.2 Materials and Methods 

4.2.1 Participants  

Participants (N = 20 females, age range = 21-55, Mage = 39) had no history of 

neurological disease, major medical illness or psychiatric disorder. Participants were 

recruited from the local community, and provided informed consent. We selected this 

demographic because chronic pain conditions are more prevalent in middle and older age 

individuals, and sex differences in pain perception have been demonstrated (Robinson et 

al., 2004). This cohort therefore provides a relevant sample for future comparisons with 
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chronic pain patients. All pre-menopausal subjects were tested during the luteal phase of 

their menstrual cycles as determined by their menstrual history. Only 15 participants 

completed all stages of the study (as 5/20 chose not to continue with the imaging 

sessions). This was a sufficient number of participants, as determined by an a priori 

power calculation based on expected effect sizes.  All procedures were in accordance 

with the Tri-Council Policy Statement on Ethical Conduct for Research Involving 

Humans. 

4.2.2 Experimental design 

The purpose of this study was to characterize the dorsal horn and brainstem response 

to C-fibre activation and TSSP. Therefore, a TSSP pain paradigm was applied to the skin 

overlying the thenar eminence of the right hand. The selection of the thenar eminence 

was twofold; primarily, we selected this region because it is innervated from the 6
th

 

cervical dermatome and we can image the cervical cord and brainstem simultaneously. 

Secondly, noxious thermal stimuli (under 51 °C) applied to this area activate 

predominantly C-nociceptors and little first/second pain distinction is experienced 

(Campbell and LaMotte, 1983). Second-pain sensations are mediated by C-fibres as 

determined previously by conduction latencies (Price et al., 1977) and can be elicited 

using the described TSSP paradigm (Staud et al., 2007b).  

All participants underwent a quantitative sensory testing session and an imaging 

session. In the first session, heat pain thresholds were determined, and participants 

became familiar with the study procedures. As a measure of control, participants 

completed questionnaires to assess depression, anxiety, pain catastrophizing, and social 

desirability. In the following session, functional MRI of the spinal cord/brainstem was 
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conducted while the TSSP paradigm was employed. Before, and several times throughout 

each session, participants rated their somatic pain and anxiety on a numerical pain scale 

(0-100). The scales were anchored with the phrases “no pain/no anxiety” and “the most 

intense pain/anxiety imaginable” reflecting 0 and 100 scores, respectively. These 

measures were acquired to ensure that the participant was not experiencing or developing 

any new pain or anxiety (headache, back pain etc.).  

4.2.3 Questionnaires 

All participants were asked to complete the Beck Depression Inventory-II (BDI-II) 

(Beck et al., 1996), the State/Trait Anxiety Questionnaire (Spielberger, 1983), the Pain 

Catastrophizing Scale (Sullivan, 1995) and the Social Desirability Scale (Crowne and 

Marlowe, 1960). The BDI-II is a self-administered 21 item inventory which assesses the 

affective, motivational, cognitive, and somatic symptoms of depression. Participants 

rated whether they experience the symptoms on a scale from 0 to 3, with total scores 

ranging from 0 to 63 (0-13 = minimal depression; 14-19 = mild depression; 20-28 = 

moderate depression; 29-63 = severe depression). Higher total scores indicate more 

severe levels of depression. The State/Trait Anxiety Inventory consists of a 40-item self-

report measure that is divided into two sections, with 20 items measuring the transient 

condition of state anxiety and 20 items devoted to the long standing condition of trait 

anxiety. Responses are rated on a 4-point Likert scale, ranging from 1 (not at all) to 4 

(very much so). Possible scores range from 20–80, with higher scores indicating greater 

anxiety (Low anxiety = 20–39, moderate anxiety = 40– 59, high anxiety = 60–80). The 

Pain Catastrophizing Scale is a 13-item measure consisting of descriptions of various 

thoughts and feelings people might experience related to pain (Sullivan, 1995).The 
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respondent indicates on a Likert-type scale of 0 (not at all) to 4 (all the time) how often 

they experience that particular thought or feeling when they are in pain. Scores range 

from 0 to 52, with higher scores indicating higher levels of catastrophizing. The PCS 

manual indicates that, although the scores on the PCS are normally distributed, a score of 

30 can be thought of as a cut-off for clinically relevant catastrophizing. Finally, the Social 

Desirability Scale has 33 items to which the participant indicates that the statement is true 

or false. High scores on this scale indicate that the participant seeks to be viewed as 

socially appropriate. 

4.2.4 Training session 

At the beginning of the first session, participants were trained to use a standardized 

numerical pain scale (NPS) to rate the magnitude/ intensity of their pain experience 

(Vierck et al., 1997; Staud et al., 2006). The scale ranges from 0 to 100, in increments of 

5, with verbal descriptors at intervals of 10: 0 – no sensation, 10 = warm, 20 = a barely 

painful sensation (i.e., pain threshold), 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, and 100 = intolerable pain. Participants were shown the scale 

continuously while they rated their sensations. The descriptors were initially read to the 

participant, and they were instructed to rate their pain sensation numerically. This scale 

has been found to be sensitive for discriminating levels of sensation and advantageous to 

use when rating a series of sensations (Vierck et al., 1997; Staud et al., 2007b). 

After participants were instructed on the scale, a series of threshold and calibration 

tests were performed. Specifically, using an MR-compatible, Peltier thermode (Medoc®, 

Ramat Yishai, Israel), participants were asked to rate their pain sensations to three 
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different temperatures (45 °C, 46 °C, 47 °C) which were administered via the thermode 

applied to the skin of the forearm for 2 seconds. Ratings from this test confirmed that 

participants could distinguish between the temperatures and understood the rating scale. 

The thermode was then heated to 42 °C and contact with the thenar eminence was 

repeated eight times, every 3 seconds (i.e. a frequency of 0.33 Hz). Participants were 

instructed to rate their pain sensation to each contact. Participants were also instructed to 

rate the sensation on their hand 15 seconds and 30 seconds after the final contact with the 

thermode, to record after-sensations. This process was repeated at 46 °C, 50 °C, 44 °C, 

and 48 °C. This series of tests was used to determine if the participant experienced 

temporal summation of second pain and guided our calibration of the appropriate 

temperature to achieve a sensitivity-adjusted final rating of 50 ± 10 NPS units on the 

scale. Therefore, the temperature of the heat stimuli was varied as a function of each 

subject’s TSSP sensitivity, which reflects the individual’s peripheral and/or central 

sensitivity. The final rating of 50 ± 10 NPS units was chosen because healthy participants 

are unlikely to experience prolonged peripheral or central hypersensitivity at this 

temperature even with repeated trials.  

4.2.5 FMRI training 

During the first session, participants also underwent mock fMRI scanning to become 

familiar with the scanning environment. Participants lay down on the mock MRI scanner 

bed and underwent the TSSP protocol as it would be presented in the subsequent MRI 

sessions. They viewed a rear-projected screen (via a mirror) on which notifications were 

displayed when a new run was about to start, when the heat stimuli would begin, and 

when to say their ratings. As in the earlier tests, the thermode was heated to the calibrated 
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temperature and was applied in a series of 11 brief (1.5 second) contacts to the thenar 

eminence of the right hand (Figure 17). For the TSSP condition, repetitive contacts were 

made at an inter-stimulus interval (onset to onset) of 3 seconds (0.33 Hz) whereas the 

Control condition had an inter-stimulus interval of 6 seconds (0.17 Hz) and was unlikely 

to induce TSSP. Contrary to the earlier tests, participants were instructed to silently rate 

their pain to each heat contact in an effort to have them remember their pain rating at the 

time it was experienced, rather than rate a memory of their pain experience. However 

they were prompted to verbally report their ratings to the first and last heat contact, after 

the last heat contact had been applied. This replicated the procedures used to limit 

movement during the fMRI acquisitions in later sessions. Finally, participants verbally 

reported ratings 15 and 30 seconds after the last heat contact was made. A minimum of 

two minutes of rest was given between each run to prevent long term sensitization of 

nociceptive afferents (Price et al., 1977). Each participant experienced repeated runs of 

the TSSP and Control paradigms while recorded scanner noises were played to simulate 

the actual fMRI environment. 
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Figure 17. The task paradigm for the TSSP and Control conditions. The temperature of 

stimulation was calibrated for each individual to produce a moderate pain rating (50 on a 

100-point scale) for the last stimulus of the TSSP paradigm. The same temperature was 

used for both conditions. The duration of the first baseline period was reduced for the 

Control condition, so that the final baseline period was the same between conditions. For 

the TSSP condition, the heat stimuli were applied every 3 seconds, for 1.5 seconds, 

whereas in the Control condition, the heat stimuli were applied every 6 seconds, also for 

a duration of 1.5 seconds. 

 

 

4.2.6 TSSP scanning design 

The stimulation paradigms used during fMRI sessions were similar to those practiced 

during the mock fMRI session. In both TSSP and Control conditions, 11 heat contacts 

were applied, every 3 seconds or every 6 seconds, respectively (Figure 17). The 

stimulation periods were preceded and followed by rest periods resulting in a duration of 

155 seconds for each paradigm. During fMRI sessions participants were prompted to 
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provide ratings one time, immediately after the last heat contact, and ratings of after-

sensations were not obtained. Again, participants viewed instructions on a rear-projection 

screen (via a mirror) which notified them when a new scan was about to begin, when the 

application of heat stimuli would begin, and when to report their ratings. Six runs of each 

of the TSSP and Control conditions were implemented in a random, counterbalanced 

order, and a minimum of two minutes rest was given between each run.  

4.2.7 FMRI data acquisition 

All image data were acquired using a 3T whole-body MRI system (Siemens 

Magnetom Trio; Siemens, Erlangen, Germany). Participants were positioned supine and 

were supported by padding as needed for comfort and to restrict bulk body movement, 

and entered the MRI system head-first. Initial localizer images were acquired in three 

planes as a reference for slice positioning for subsequent fMRI studies. Data were 

acquired using a phased-array spine receiver coil, and posterior neck coil, and a body coil 

was used for transmitting radio-frequency (RF) excitation pulses. In order to obtain 

optimal spatial fidelity in the brainstem and spinal cord, as well as BOLD sensitivity, 

fMRI data were acquired using a half-Fourier single-shot fast spin-echo sequence.(Bosma 

and Stroman, 2014b) A 3D volume that spanned from the T1 vertebra to above the 

thalamus was imaged repeatedly to produce each fMRI time-series. Nine sagittal slices 

were acquired contiguously with a repetition time (TR) of 0.75 sec/slice, an echo time of 

76 msec. to optimize the T2-weighted BOLD sensitivity, a 28 × 21 cm field-of-view with 

1.5 × 1.5 × 2 mm
3 

resolution. A total of 138 volumes were acquired for each condition 

(over 6 repeated runs). The image quality was enhanced by means of spatial suppression 
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pulses anterior to the spine to reduce motion artefacts caused by breathing, swallowing, 

etc., and motion compensating gradients in the head-foot direction.  

4.2.8 Data analysis 

Data pre-processing 

The 3D spinal cord/brainstem functional imaging data were analyzed with custom-

made software written in MatLab
®
. Image data were first converted to NifTI format, and 

were co-registered to correct for bulk motion using the non-rigid 3D registration tool in 

the Medical Image Registration Toolbox (MIRT) (Myronenko and Song, 2009, 2010). 

The images were then resized to 1 mm cubic voxels and spatially normalized using 

custom-made automated normalization software written in MatLab. For the 

normalization, predefined sections of our normalized template, which we have generated 

from images of 356 participants, were matched in position and rotation angle to sections 

of the original image data, based on the maximum cross-correlation. The first section 

identified included the corpus callosum and thalamus, because these regions have distinct 

features which tend to make their location unambiguous. In subsequent sections the 

position and angle were weighted towards predicted values based on prior segments 

resulting in a stable mapping process. The mapping to the normalized template was also 

fine-tuned using the MIRT toolbox (Myronenko and Song, 2010).  

General linear model analysis  

The spatially normalized time-series image data were analyzed by combining the data 

from all participants in each group, and smoothing with a 3 mm x 3 mm x 5 mm (R/L x 

A/P x S/I) boxcar kernel (Stroman et al., 2012; Bosma and Stroman, 2014b). All time-
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course data for each condition were averaged and a group general linear model (GLM) 

analysis was then applied, with basis functions that included 1) a paradigm matching the 

timing of each heat contact and pre- and post- and inter-stimulus baseline periods (to 

model peripheral input to the spinal cord), 2) a term that estimated the timing of the after-

sensations of the pain response as a block paradigm, and 3) a constant function. All terms 

were convolved with the BOLD hemodynamic response function (Worsley and Friston, 

1995). By analyzing normalized data averaged over the group, it is expected that signal 

fluctuations that are uncorrelated between acquisitions, such as due to physiological 

motion and random noise, will average to roughly zero, whereas consistent BOLD 

responses that are time-locked to the paradigm will be strengthened. This is based on 

previous studies that thoroughly characterized the source of physiological noise in the 

images and assessed the analysis techniques for noise reduction (Bosma and Stroman, 

2014a). Contrasts between the study conditions (TSSP vs Control) were also determined 

by subtracting the condition time-series data on a voxel-by-voxel basis before applying 

the GLM. Significant activity was inferred on a voxel-by-voxel basis at p < 0.001, and 

the problem of multiple comparisons was addressed by limiting active regions to those 

with a spatial extent of at least 10 mm
3 

(Bosma and Stroman, 2014c). 

ROI and time-series analysis  

Region-of-interest (ROI) analysis in the dorsal horn was carried out by defining 3D 

volumes in the normalized representation of the cord, as detailed below, and determining 

average responses over these volumes. An anatomical mask was defined for multiple 

brainstem and spinal cord regions based on anatomical atlases and published descriptions, 

with 3D regions labelled manually on our normalized template image (used in the 
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normalization step) (Talairach, 1988; Williams PL, 1995; Naidich TP, 2009). The spinal 

cord segments were identified based on the distance in millimeters from the 

pontomedullary junction as described by Lang and Bartram.(Lang and Bartram, 1982; 

Lang, 1993) Within each segment the cord cross-sectional area was divided right/left and 

dorsal/ventral to define quadrants. The time-series data were extracted from the C6 right 

dorsal region in both the TSSP and Control conditions and the average BOLD signal 

changes in the DH during the stimulation periods were compared.  

Structural Equation Modelling 

Spatially normalized data were also analyzed by means of Structural Equation 

Modelling (SEM) (more specifically, “path analysis”), with custom made software 

written in MatLab based on the analyses described by McArdle and McDonald and also 

in Craggs et al. (McArdle and McDonald, 1984; Craggs et al., 2012). SEM is based on 

identifying coordinated BOLD responses between regions, accounting for the fact that 

input to one region may arise simultaneously from multiple other regions. The BOLD 

time-series responses in one region are therefore modeled as a weighted sum of the 

BOLD responses in other regions, based on an anatomical model, and the weighting 

factors are calculated that best fit the measured data. These weighting factors reflect the 

effective connectivity between regions. In the present study, SEM was used to test the 

plausibility of hypothetical relationships modeled between regions of the spinal cord and 

brainstem. The pre-requisite for SEM analysis is a pre-defined relational model of 

possible connections between neuroanatomical regions. We defined the relational model 

between regions based on the descriptions by Millan (Millan, 2002) and the 

neuroanatomical regions were defined using the anatomical region mask described above.  
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Data used for the SEM analysis were pre-processed as described above and were 

spatially normalized. The data extracted from regions defined in the region mask from all 

runs/participants were concatenated into one large time-series of responses for each 

voxel. Based on these data, sub-regions within each anatomical region in our spatially 

normalized region mask were identified based on the time-series data properties using k-

means clustering. The purpose of this step was to use the time-series properties (i.e., data 

driven) to group voxels with significant BOLD responses separately from non-responding 

voxels, or those that are dominated by physiological motion such as at the cord/CSF 

boundary. Furthermore, this step allows for data reduction as it reduces the number of 

possible network combinations that would be needed for a voxel-by-voxel analysis, while 

allowing for the fact that not all voxels within the defined regions are expected to respond 

to the external stimuli. All sub-regions were included in the analysis, and all 

combinations of regions were tested. The linear weighting factors, and the combination of 

sub-regions, that yielded the best fit to the measured data were determined. Weighting 

factors were considered significant at a threshold of T > 2 as determined by a one sample 

t-test based on the ratio of the magnitude of each weighting factor to its standard-error.  

4.3 Results 

4.3.1 Somatic pain ratings and questionnaires 

The patients reported no somatic pain or anxiety before or during the fMRI scans. 

Their mean (SD) Beck’s Depression Inventory score was M = 8.8 (5) and their mean (SD) 

Spielberger State/Trait Anxiety scores were M = 33 (8) and M = 38 (10), respectively. 

These scores suggest that our fMRI analysis was not confounded by incidental somatic 

pain or high levels of anxiety or depression. Their scores on the Pain Catastrophizing 
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scale were M = 15 (5) and on the Social Desirability scale were M = 15 (10). These 

scores indicate that the subjective pain ratings reported by our participants were unlikely 

to be exaggerated or influenced by the desire to report favorable answers. 

4.3.2 Behavioral results 

During the mock scanner training session, pain ratings to the first and last pain stimuli 

were obtained immediately after the last heat stimuli. A dependent t-test showed that pain 

ratings in the TSSP condition for the first (M = 14.9, SD = 9.4) heat stimuli were 

significantly lower than ratings of the last (M = 48.4, SD = 14.3) heat stimuli, (t (14) = 

9.9, p < .001). The pain ratings were also significantly higher for the last heat stimuli in 

the TSSP condition (M = 48.4, SD = 14.3) compared to the Control condition (M = 26.5, 

SD = 11.2), (t(14) = 5.6, p < .001). Furthermore, average ratings to the after-sensations, 

were significantly greater in the TSSP condition (M = 8.9, SD = 5.2) compared to the 

control condition (M = 4.1, SD = 2.6), (t(14) = 3.8, p = .001) (Figure 18). 
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Pain ratings obtained during the fMRI scanning session were also compared using a 

Repeated Measures ANOVA. The results indicated a significant main effect of the pain 

ratings between the conditions (TSSP vs. Control) F(1,14) = 59.3, p < .001 and a 

significant main effect of the pain ratings between the first and last heat pain stimuli 

F(1,14) = 82.79, p < .001. There was also a significant condition (TSSP vs. Control) x 

stimulus (First rating vs. Last rating) interaction F(1,14) = 26.42, p < .001. Dependent t-

tests confirmed a significantly higher pain response to the last heat stimuli (M = 51.6, SD 

= 14.6) compared to the first (M = 19.5, SD = 14.3) pain stimuli in the TSSP condition 

(t(14) = 9.7, p < .001) (Figure 19). The pain ratings were also significantly higher for the 

last heat contact in the TSSP condition (M = 51.6, SD = 14.6) compared to the Control 

condition (M = 23.4, SD = 12.5), (t(14) = 7.2, p < .001). Importantly, there were no 

Figure 18. Reported ratings of after-sensations obtained from each 

participant, for each condition, during the fMRI training sessions. 

Ratings of residual sensations/pain on the hand were obtained 15 

seconds and 30 seconds after the last heat stimulus.  *indicates a 

significant difference (p < .05) 
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significant differences between the ratings to the first or last heat stimuli, in either 

condition, between the training session and the fMRI session (all p > .05). 

 

 

Figure 19. Plots of the mean pain ratings across participants for the first and last heat 

pain stimuli, in the TSSP and Control conditions (red and blue bars, respectively). In 

addition, each participant rated their pain to each of 8 repeated stimuli (S) for the TSSP 

condition during the training session (line). In the fMRI session, all participants were 

asked to remember the numeric ratings of the pain intensity related to the first and last 

heat stimuli (11 heat stimuli (S) in total) and reported their ratings at the end of the 

stimulation period. The ratings to the first heat stimuli did not differ significantly between 

conditions, whereas the ratings to the first and the last in each condition were 

significantly different, as were the ratings to the last stimuli of the two conditions (p < 

.001). A rating of 20 represents the pain threshold (dotted line). 

 

4.3.3 ROI analysis results 

In the spinal cord and brainstem, BOLD activity increased during TSSP trials and 

remained elevated after the last of the 11 stimuli for more than 40 seconds in the dorsal 

horn, rostral ventromedial medulla (RVM) (which includes the nucleus gigantocellularis 

(NGC) and the nucleus raphe magnus (NRM)), locus coeruleus (LC), parabrachial 
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nucleus (PBN), and in the periaqueductal gray matter (PAG) (Figure 20). In contrast, the 

BOLD responses in the Control trials returned to baseline within approximately 10 

seconds after the last stimulus. The average BOLD signal change in the DH during the 

stimulation period was significantly greater in the TSSP condition compared to the 

Control condition.  

 

4.3.4 BOLD comparisons between TSSP and Control conditions 

A GLM analysis was performed on the TSSP and Control data and revealed active 

voxels in a number of consistent pain-related regions. A contrast analysis was performed 

to determine areas of the cord and brainstem responding more to the TSSP paradigm, 

compared to the Control paradigm (Figure 21). Consistent with the psychophysical data, 

the RVM, and in the nucleus tractus solitarius (NTS), and PAG region were more 

responsive in the TSSP compared to the Control condition. Furthermore, the responses to 

the after-sensations were identified and compared between conditions (Figure 21). There 

was significantly greater BOLD activity seen in the ipsilateral dorsal horn corresponding 

to the after-sensations, but not to the model paradigm for the thermal stimulation. There 

was also greater BOLD activity in the NRM and PAG in response to the TSSP condition. 
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Figure 20. The measured BOLD signal time courses (blue) related to a) TSSP and b) 

Control conditions are plotted in relation to the model paradigms convolved with the 

hemodynamic response function (red). The duration of BOLD response corresponding to 

the after-sensations is indicated above each time-course plot. The first volume is not 

shown to avoid variable T1-weighting in the plotted time-courses. The bottom plot (c) 

shows the % signal change from the dorsal horn ROI during task stimulation in the TSSP 

condition compared to the Control condition (p < .05). 
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Figure 21. Results of the contrast analysis comparing BOLD signal changes between the 

TSSP and Control conditions. The results are overlaid on high resolution transverse 

slices. The color scale indicates the significance of areas with different responses 

between the conditions. A midline sagittal slice from one participant is shown for 

reference and illustrates the approximate location of the midbrain, pons, medulla, and C6 

cord segment. a) Key areas with significantly different responses to the stimulation 

paradigm are demonstrated in the vicinity of the NGC, NRM, and NTS in the medulla, 

and PAG in the midbrain. b) Key areas with significantly different responses to the after-

sensations are shown to be the right dorsal horn region of the C6 segment, near the NRM 

in the medulla, and in the vicinity of the PAG. 
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4.3.5 Effective connectivity between pain regions 

We determined the effective connectivity associated with TSSP and Control 

conditions by means of Structural Equation Modelling (Figure 22). Both conditions 

exhibit a number of similar significant path coefficients (indicated by black lines), which 

demonstrated coordination of BOLD time-series responses between regions in both pain 

conditions. However, there are a number of significant connections between regions that 

are involved in the descending modulation of pain that are unique to the TSSP condition 

(Millan, 2002). This includes effective connectivity between the PBN and the RVM, as 

well as between the RVM and the cord. In contrast, there are very few connections that 

are unique to the Control condition, and in general there are fewer connections between 

regions involved in the descending modulation of pain.  
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Figure 22. Structural Equation Modelling results, and comparisons, for the TSSP and 

Control conditions. The panels on the left demonstrate the effective connectivity between 

regions for the TSSP (top) and Control (bottom) conditions. Arrows indicate the direction 

of the influence, and the line thickness indicates the magnitude of the connectivity. Solid 

lines represent positive connections and dotted lines represent negative connections. The 

panel on the right shows a comparison between the networks observed in the two 

conditions. The black lines indicate similar connections between the two conditions, but 

the black line widths do not indicate the connection magnitudes. The red and blue lines 

indicate the connections that exist uniquely in the TSSP and Control conditions, 

respectively. The red and blue line widths reflect the connection magnitudes, and solid 

and dotted lines are used to indicate positive and negative connections, respectively. 

Abbreviations are as follows:  cord: right dorsal region of the C6 spinal cord segment, 

PBN: parabrachial nucleus, LC: locus coeruleus, NRM: nucleus raphe magnus, NTS: 

nucleus tractus solitarius, NGC: nucleus gigantocellularis, DRt: dorsal reticular nucleus, 

PAG: periaqueductal gray matter, HYP: hypothalamus, Thal: Thalamus. 
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4.4 Discussion 

 The purpose of this study was to use fMRI to characterize the neural correlates of 

TSSP in the spinal cord and brainstem. All participants reported significantly greater pain 

to the last heat stimulus in the TSSP condition compared to the Control condition; as is 

characteristic of the behavioral manifestation of TSSP. Paralleling the differences in pain 

perception, we observed greater TSSP-related BOLD activity in the spinal cord dorsal 

horn, consistent with windup as previously observed in electrophysiological studies of 

animals. We also detected greater BOLD responses in multiple areas of the brainstem that 

are known to be involved in the descending modulation of pain, including the RVM and 

the PAG. These results are supported by observations of increased effective connectivity 

between descending control structures in the TSSP condition compared to the Control 

condition. Together, these results suggest enhanced excitability of human spinal cord 

neurons to TSSP and corresponding changes in descending modulation from the 

brainstem. 

The enhanced excitability of spinal cord neurons, or “windup”, in response to 

successive painful stimuli was first detected using extracellular recordings in dorsal horn 

neurons in the spinothalamic tract, in animal preparations (Mendell and Wall, 1965; 

Wagman and Price, 1969; Chung et al., 1979). The perception of TSSP reported in 

human behavioral studies is thought to represent the behavioral correlate of windup 

(Anderson et al., 2013). The combination of fMRI and behavioral results presented here 

is the first demonstration of the dorsal horn response to TSSP/windup in humans. We 

determined that the BOLD signal changes in the DH during the repeated heat pain stimuli 

were significantly greater in the TSSP condition compared to the Control condition 
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(Figure 20). Although the BOLD response time-course in the DH does not correspond 

with the timing of the repeated heat pain stimuli, it closely resembles windup responses 

observed in spinothalamic Lamina I neurons in the cat (Craig and Andrew, 2002).  Using 

a similar paradigm to the present study, Craig and Andrew reported that at 49 °C the 

spinothalamic neurons responded only after 8-10 stimulation contacts (Craig and 

Andrew, 2002).  An estimate of the BOLD response to windup observed in the cat (based 

on the electrophysiological recordings by Craig and Andrew (Craig and Andrew, 2002), 

convolved with the BOLD hemodynamic response function), is strikingly similar to our 

observed BOLD responses in the human DH during the stimulation period (Figure 20). 

This correspondence provides evidence that the spinal cord activity in the TSSP condition 

is consistent with windup, and does not simply reflect peripheral input.  

The fMRI response in the DH includes both ascending and descending contributions. 

Input from supraspinal structures is known to modulate windup (Hillman and Wall, 1969; 

Herrero et al., 2000) and in our study of intact humans, we expect that there is substantial 

modulation of the dorsal horn response to the TSSP condition by these structures. This is 

consistent with the BOLD responses in brainstem regions, and connectivity between 

regions, that are known to participate in pain modulation. This is further supported by the 

findings of Staud et al., who demonstrated that a number of brain regions respond to the 

TSSP paradigm (Staud et al., 2007b). Therefore, we expect the time-course of the DH 

response to reflect the modulation of spinal cord activity by this descending input. 

Additionally, we detected significant fMRI responses to after-sensations which are 

sustained from the BOLD response to the heat pain stimuli. The delay in DH response to 

TSSP, combined with the supraspinally modulated DH response, and the response to the 
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after-sensations, make the fMRI response to TSSP difficult to model and predict. 

However, it is important to note that overall we detect greater signal changes in the DH in 

response to TSSP compared to the Control condition, which parallels the difference in 

pain perception between the two conditions. 

 Our results demonstrate an increased recruitment of several supraspinal regions, 

including the RVM and PAG, which have a greater response to the TSSP condition 

compared to the Control condition. Both the PAG and the RVM are known to play 

facilatory and inhibitory roles in determining pain perception, and the balance between 

these states is dynamic (Heinricher et al., 2009). For example, several neuroimaging 

studies have demonstrated that the PAG is significantly more active during a distraction 

condition and that the activation was predictive of changes in perceived pain intensity 

(Tracey et al., 2002; Valet et al., 2004). Therefore, the greater response of the PAG (and 

the RVM) shown in our results is likely due to a greater engagement of the descending 

control mechanisms in response to the increasing pain perception. These results are 

further supported by our connectivity analysis which revealed stronger connectivity 

between the PAG, RVM, and the spinal cord in the TSSP condition. Not only were these 

regions participating in the task, but there was also greater covariance between these 

structures in the TSSP condition.  

In the TSSP condition, there is a strong response in the DH during the time period 

after the last heat stimulus was applied. This corresponded with the increased ratings of 

after-sensations in the TSSP condition compared to the Control condition, and has been 

described in previous psychophysical experiments (Staud et al., 2001). Our study did not 

fully explore this aspect of the TSSP response, and ratings to the after-sensations were 
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only acquired in the training session. This was to avoid inducing movement during 

imaging that could confound our ability to detect changes in the BOLD signal. Pain 

ratings to the heat stimuli (first and last stimuli) were acquired however in both the 

training and fMRI sessions and there were no significant differences between these 

ratings. Therefore, we confidently expect that the ratings of the after-sensations in the 

training session reflect what was experienced in the fMRI session. Future study designs 

can be optimized to increase the number of ratings of the after-sensations, and include the 

acquisition of these rating in the fMRI session. Furthermore, modelling of the response to 

the after-sensations is challenging because they are sustained from the stimulation 

response and the time taken to resolve is unknown. More work is warranted to understand 

the time course properties of these responses. Given that previous studies have 

demonstrated that the ratings of after-sensations can be used to differentiate between 

control and chronic pain conditions (Staud et al., 2001), it will be important for future 

studies to compare the after-sensation BOLD responses between these groups.  

The aim of the current study was to characterize the spinal cord and brainstem 

response to the summation of second pain. We are confident that the paradigm we used 

elicited C-fibre mediated second pain for the following reasons, 1) all participants 

qualitatively described the pain as a burning sensation, 2) the paradigm evoked after-

sensations that are reminiscent of the prolonged pain sensations intrinsic to TSSP (Vierck 

et al., 1997; Staud et al., 2001), and 3) we closely and intentionally followed the 

paradigm used by Staud et al, 2007 who were able to measure the conduction latencies of 

the pain response and demonstrated the paradigm induced a second pain response. Unlike 

Staud et al. who stimulated the foot, we were unable to measure response latencies in our 
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study because we stimulated the thenar eminence, which does not yield easily 

distinguishable first and second pain responses. We selected the thenar eminence so that 

we would be able to capture relevant spinal cord and brainstem regions in our imaging 

field of view, but also because stimulation to this area has been demonstrated to primarily 

elicit a second pain response (Campbell and LaMotte, 1983). We also utilized a contact 

heat paradigm to avoid the changes in temperature and the active cooling of the skin to 

the baseline temperature between heat pulses. Contact heat however, does introduce 

mechanical stimuli and activates mechanoreceptors in addition to heat nociceptors. 

However, the pressure applied to the skin was not painful, was consistently placed in the 

same location, and was present in both the TSSP and Control conditions. We were also 

unable to compare 2 heat stimuli TSSP and Control conditions in addition to our 11 

stimuli conditions. These conditions would have enabled us to more directly compare our 

results to those of Staud et al., and would have provided further evidence that we were 

capturing a second pain response (Vierck et al., 1997). However, due to the nature of our 

imaging protocol, the BOLD response to 2 heat stimuli would not be adequately 

captured.  

4.5 Conclusions 

In conclusion, the results of this study are the first to characterize the neural 

representation of TSSP in the human spinal cord and brainstem. Our results indicate 

greater BOLD activity in the dorsal horn of the spinal cord reflecting perceptual 

differences in pain between the conditions. The timing of the BOLD responses to 

repeated brief stimuli corresponds with electrophysiological evidence of windup in the 

cat dorsal horn (Craig and Andrew, 2002). We also found a significant contribution of 
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supraspinal input in response to TSSP that we conclude reflects an engagement of the 

descending modulation pathways. Finally, we demonstrate a strong BOLD response to 

after-sensations in the TSSP condition, which parallels the perception of sustained 

sensations after the last pain stimulus. Therefore, given the relationship between after-

sensations, the maintenance of windup, and central sensitization, paradigms that 

capitalize on these responses may be useful tools for furthering our understanding of the 

mechanisms that underlie chronic pain.  
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Chapter 5 

Evidence of alterations to cerebral-midbrain-spinal mechanisms of pain 

control in Fibromyalgia 
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Abstract 

Fibromyalgia syndrome (FM) is a prevalent debilitating chronic pain condition, 

which afflicts primarily females. Although the etiology of this disease is not completely 

understood, FM pain is believed to be due to enhanced pain sensitivity maintained by 

central mechanisms. Central pain amplification can be evaluated by assessment of the 

temporal summation of second pain (TSSP). Here we use a TSSP paradigm and 

functional MRI (fMRI) to build upon previous brain fMRI studies and investigate the 

expected site of central sensitization in the spinal cord, and modulation from brainstem 

regions.  

Functional MRI of the brain, brainstem, and spinal cord, of pain-free female adults 

(N = 15) and FM patients (N = 14) was conducted while TSSP (0.33 Hz) and Control 

(0.17 Hz) heat pain paradigms were applied to the right hand. The stimulus intensity was 

adjusted to each participant’s heat pain sensitivity. Data were analyzed by means of a 

General Linear Model and Structural Equation Modelling.  

As predicted, all participants demonstrated significant behavioral summation of pain 

in the TSSP condition. FMRI responses to perceptually equal pain sensations identified 

similar brain activity, however, there were multiple areas in the brainstem (RVM and 

PAG) and spinal cord (DH) that showed greater activity in NC compared to FM. Altered 

signaling between descending control regions was also detected. Finally, increased after-

sensations and enhanced dorsal horn activity was demonstrated upon cessation of the heat 

pain stimuli. In conclusion, our results suggest that the descending control mechanisms 

are altered in fibromyalgia and provide strong evidence for the involvement of central 

neural mechanisms in modulating fibromyalgia pain.  
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5.1 Introduction 

Fibromyalgia syndrome (FM) is a highly prevalent chronic pain disorder, estimated to 

affect 2 to 4% of the population, afflicting primarily females. The main symptoms 

include diffuse pain or stiffness in the muscles or joints, accompanied by widespread 

allodynia, general fatigue, and sleep disturbance (Clauw et al., 2011; Jensen et al., 

2012b). Although the etiology of this disease is not completely understood, FM pain is 

believed to be maintained by both peripheral mechanisms, through tonic deep muscle 

inputs, and central mechanisms, by facilitation of the spinal cord and brain (Staud et al., 

2003a; Staud et al., 2007a; Staud, 2008). Recent brain imaging studies of FM patients 

have demonstrated differences in activity and connectivity within the pain inhibitory 

network (Julien et al., 2005; Jensen et al., 2009b; Jensen et al., 2012a), changes in brain 

dynamics at rest (Cifre et al., 2012), and gray matter atrophy in pain-related areas 

(Robinson et al., 2011). Therefore, there is accumulating evidence of alterations of pain 

transmission at the central level in FM.  

One method to test increased central sensitivity is by employing temporal summation 

of second pain (TSSP) paradigms which evoke a C-fibre transmitted enhancement (or 

“wind-up”) of the dorsal horn neurons’ excitability that coincides with an increase in pain 

perception. Abnormal behavioral responses to temporal summation paradigms in patients 

with FM indicate central pain processing abnormalities. Specifically, FM patients have 

shown enhanced TSSP and TSSP at lower stimulus frequencies (Staud et al., 2003b; 

Staud et al., 2004; Staud et al., 2007a; Staud et al., 2008a). Furthermore, FM patients also 

display heightened after-sensations and can maintain a state of enhanced pain sensitivity 

by low frequency stimulations which do not produce TSSP in normal pain-free control 
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(NC) subjects (Staud et al., 2003b; Staud et al., 2004; Staud et al., 2007a). However, 

when stimulus intensities were calibrated to evoke equivalent TSSP responses, no 

differences in brain fMRI responses were found between FM patients and NC,  indicating 

that enhanced TSSP mechanisms were not due to selective cortical activations (Staud et 

al., 2007b; Staud et al., 2008b). Therefore, increased TSSP sensitivity of FM patients 

may be modulated by dorsal horn sensitization, enhanced facilitation, or decreased 

inhibition (Staud et al., 2008b).  

Using the TSSP paradigm and fMRI of the brain, brainstem, and spinal cord, we can 

non-invasively probe central mechanisms of the pain response in subcortical regions in 

patients with FM. This study builds on previous work examining TSSP in the brain of NC 

and FM patients (Staud et al., 2008b) and our recent work in healthy pain-free volunteers 

where we demonstrated the spinal cord and brainstem responses associated with TSSP 

(Bosma et al., Submitted manuscript). The aim of the current study is to characterize the 

fMRI responses in the spinal cord and brainstem that correspond with TSSP in patients 

with FM, as compared to NC. We hypothesize that there will be significant differences in 

fMRI responses in the spinal cord and brainstem both in terms of neural substrates and 

patterns of connectivity, that reflect alterations in the descending control system. 

5.2 Materials and methods 

5.2.1 Participants 

We recruited 20 pain-free female participants (normal controls; NC) (age range = 21-

55, Mage = 39) and 20 participants with Fibromyalgia (FM) (age range = 21-52, Mage = 

39) from the local community or local FM support groups. FM patients were assessed 

with an algometer (FPK 10 pain test algometer, Wagner instruments) and a detailed 
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description of their pain was obtained in order to confirm that they fulfilled the 1990 

American College of Rheumatology Criteria for FM (Wolfe et al., 1990). Current use of 

opioids, or non-steroidal anti-inflammatory drugs was an exclusion criterion for the 

study. All pre-menopausal subjects were tested during the luteal phase of their menstrual 

cycles as determined by their menstrual history (Hapidou and Rollman, 1998). Only 15 

NC participants and 14 FM participants chose to complete all stages of the study, which 

involved 3 study sessions on separate days as described below. This was a sufficient 

number of participants, as determined by an a priori power calculation based on expected 

effect sizes.  All procedures were performed in accordance with the Tri-Council Policy 

Statement on Ethical Conduct for Research Involving Humans, and participants provided 

informed consent prior to the studies. 

5.2.2 Experimental design 

For this study we compared fMRI responses to TSSP, in NC and FM participants. 

TSSP was evoked by means of repetitive non-injurious thermal stimuli applied to the skin 

overlying the thenar eminence of the right hand at a frequency of 0.33 Hz (TSSP 

condition). A Control condition was also applied with stimuli repeated at 0.17 Hz, which 

is too slow to evoke TSSP in healthy participants (Staud et al., 2001; Staud et al., 2006) 

(Figure 17). The selection of the thenar eminence was made in order to stimulate the 6
th

 

cervical dermatome, which enables us to capture the spinal cord and brainstem fMRI 

responses simultaneously. Furthermore, painful thermal stimuli (under 51 °C) applied to 

this area activate predominantly C-nociceptors and little first/second pain distinction is 

experienced  (Campbell and LaMotte, 1983). Second pain sensations, which are mediated 

by C-fibres as characterized by their conduction latencies (Price et al., 1977), are 
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qualitatively differentiated from first pain sensations (which are conducted by myelinated 

Aδ fibres) and can be evoked using the TSSP paradigm (Staud et al., 2007b).  

The study procedures for each participant consisted of multiple sessions for 

quantitative sensory testing/ mock-fMRI training session, and two functional MR 

imaging sessions, as detailed below. We also established the participant’s baseline 

somatic pain, prior to each session, by asking them to rate their overall pain on a 

numerical scale (0-100). In the first training session, all participants were familiarized 

with the study procedures, and completed questionnaires. In subsequent sessions, 

functional MRI studies of the spinal cord/ brainstem and brain were conducted while the 

TSSP and Control paradigms were applied in a counter-balanced order. 

5.2.3 Questionnaires 

All participants were asked to complete the Beck Depression Inventory-II (BDI-II) 

(Beck et al., 1996), the State/Trait Anxiety Questionnaire (Spielberger, 1983), the Pain 

Catastrophizing Scale (Sullivan, 1995) and the Social Desirability Scale (Crowne and 

Marlowe, 1960). The BDI-II is a self-administered 21 item inventory which assesses the 

affective, motivational, cognitive, and somatic symptoms of depression. Participants 

rated whether they experience the symptoms on a scale from 0 to 3, with total scores 

ranging from 0 to 63 (0-13 = minimal depression; 14-19 = mild depression; 20-28 = 

moderate depression; 29-63 = severe depression). The State/Trait Anxiety Inventory 

consists of a 40-item self-report measure that is divided into two sections, with 20 items 

measuring the transient condition of state anxiety and 20 items devoted to the long 

standing conditions of trait anxiety. Responses are rated on a 4-point Likert scale, ranging 

from 1 (not at all) to 4 (very much so). Possible scores range from 20–80, with higher 
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scores indicating greater anxiety (Low anxiety = 20–39, moderate anxiety = 40–59, high 

anxiety = 60–80). The Pain Catastrophizing Scale is a 13-item measure consisting of 

descriptions of various thoughts and feelings related to pain (Sullivan, 1995). The 

respondent indicates on a Likert-type scale of 0 (not at all) to 4 (all the time) regarding 

how often they experience the item when they are in pain. Scores range from 0 to 52, 

with higher scores indicating higher levels of catastrophizing. By convention, a score of 

30 can be taken as a cut-off for clinically relevant catastrophizing. Finally, the Social 

Desirability Scale has 33 items to which the participant indicates whether the statement is 

true or false. High scores on this scale indicate a higher motivation to be viewed as 

socially desired, which reflects the individual’s depiction of self. 

5.2.4 Training session 

At the beginning of the first session, participants were trained to use a standardized 

numerical pain scale (NPS) to rate the magnitude/ intensity of their heat pain experience 

(Vierck et al., 1997; Staud et al., 2006). The scale ranges from 0 to 100, in increments of 

5, with verbal descriptors at intervals of 10: 0 – no sensation, 10 = warm, 20 = a barely 

painful sensation (i.e., pain threshold), 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, and 100 = intolerable pain. Participants were shown the NPS 

scale continuously while they rated their sensations. Prior to the onset of the heat pain 

conditions, the anchors of the scale were read to the participants, and they were instructed 

to rate their general pain sensation numerically as the baseline in order to differentiate 

between somatic pain and heat pain. This scale has been preferred for discriminating 
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levels of sensation and rating a tandem series of sensations (Vierck et al., 1997; Staud et 

al., 2007b). 

After familiarization with the scale, a series of threshold and calibration tests were 

performed. Using an MR-compatible, Peltier thermode (9 cm
2
 contact surface, Medoc

®
, 

Ramat Yishai, Israel), all participants were asked to rate their pain sensations to three 

different temperatures (FM at 44 °C, 45 °C, 46 °C; NC at 45 °C, 46 °C, 47 °C), which 

were applied to the skin of the forearm via the thermode for 2 seconds. Ratings from this 

test served to confirm that participants could distinguish between the different 

temperatures and understood the rating scale. Subsequently, repetitive heat (42 °C) 

contact was made to the thenar eminence at a frequency of 0.33 Hz. Participants were 

instructed to rate their pain sensation in response to each contact (8 contacts in total). 

Participants were also instructed to rate the sensation on their hand 15 seconds and 30 

seconds after the final contact with the thermode. These ratings were used to determine 

the presence of after-sensations. This process was repeated with thermal stimuli at 

varying temperatures (NC at 46 °C, 50 °C, 44 °C, and 48 °C, FM at 44 °C, 48 °C, 42 °C, 

and 46 °C). This series of tests determined if the participant experienced temporal 

summation of C-fibre mediated second pain and guided our calibration of the appropriate 

temperature required to achieve a sensitivity-adjusted final NPS rating of 50 ± 10 units. 

Therefore, the stimulus intensity was varied as a function of each subject’s TSSP 

sensitivity. A rating of 50 ± 10 NPS units was chosen because healthy participants are 

unlikely to experience prolonged peripheral or central hypersensitivity at this temperature 

even with  repeated trials (Staud et al., 2007b).  
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5.2.5 FMRI training 

During the initial training session, all participants underwent a mock fMRI scanning 

session to become familiarized with the actual fMRI environment. Participants lay down 

on the MRI mock scanner bed and went through the TSSP protocol as it would be applied 

in the subsequent fMRI sessions. They viewed a rear-projection screen (via a mirror) on 

which notifications were given to the participants regarding onset of stimuli and requests 

for verbal pain responses. As in the earlier tests, the thermode was heated to the 

calibrated temperature and was applied in a series of 8 brief (1.5 second) contacts to the 

thenar eminence of the right hand (see Figure 1). The thermode was manually applied to 

the participant’s hand by one of the experimenters, with the timing guided (via 

headphones) by audio cues that were imperceptible to the study participant. Practice runs 

were repeated with both the TSSP and Control paradigms. Contrary to the earlier tests, 

participants were instructed to silently rate their pain to each heat contact in an effort to 

have them remember their pain rating at the time it was experienced, rather than rate a 

memory of their pain experience. However, they were prompted to verbally report their 

ratings to the first and last heat contact, after the last heat contact had been applied. This 

replicated the procedures used to limit movement during the fMRI acquisitions in later 

sessions. Finally, participants were prompted to verbally report their pain ratings 15 and 

30 seconds after the last heat stimulus. A minimum of two minutes rest was given 

between each run to prevent long term sensitization of nociceptive afferents (Price et al., 

1977). Each participant experienced repeated runs of the TSSP and Control paradigms 

while recorded scanner noises were played to simulate the actual fMRI environment. 
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5.2.6 TSSP scanning design 

The stimulation paradigms used during fMRI sessions were similar to those practiced 

during the mock fMRI session. In both TSSP and Control conditions, 11 heat contacts 

were applied, every 3 seconds or every 6 seconds, respectively. The stimulation periods 

were preceded and followed by rest periods resulting in a total duration of 155 seconds 

for each paradigm. During fMRI sessions, participants were prompted to provide ratings 

one time, immediately after the last heat contact, and ratings of after-sensations were not 

obtained. Again, participants viewed instructions on a rear-projection screen (via a 

mirror) which notified them when a new scan was about to begin, when the application of 

heat stimuli would begin, and when to report their ratings. Six runs of each of the TSSP 

and Control conditions were implemented in a random, counterbalanced order, and a 

minimum of two minutes rest was given between each run.  

5.2.7 FMRI data acquisition 

MR image data were acquired using a 3T whole-body MRI system (Siemens 

Magnetom Trio; Siemens, Erlangen, Germany). Participants were positioned supine and 

were supported by padding as needed for comfort and to restrict bulk body movement, 

and entered the MRI system head-first. For the spinal cord/brainstem imaging, initial 

localizer images were acquired in three planes as a reference for slice positioning for 

subsequent fMRI studies. Data were acquired using a phased-array spine receiver coil, 

and posterior neck coil, and a body coil was used for transmitting radio-frequency (RF) 

excitation pulses. In order to obtain optimal spatial fidelity in the brainstem and spinal 

cord, as well as BOLD sensitivity, fMRI data were acquired using a half-Fourier single-

shot fast spin-echo sequence (Bosma and Stroman, 2014b). A 3D volume that spanned 
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from the T1 vertebra to above the thalamus was imaged repeatedly to produce each fMRI 

time-series. Nine sagittal slices were acquired contiguously with a repetition time (TR) of 

0.75 sec/slice, an echo time of 76 msec. to optimize the T2-weighted BOLD sensitivity, 

and a 28 × 21 cm field-of-view with 1.5 × 1.5 × 2 mm
3 

resolution. A total of 138 volumes 

were acquired for each condition (over 6 repeated runs). The image quality was enhanced 

by means of spatial suppression pulses anterior to the spine to reduce motion artefacts 

caused by breathing, swallowing, etc., and motion compensating gradients in the head-

foot direction.  

For the brain, functional images were acquired in 49 axial slices oriented parallel to 

the anterior commissure-posterior commissure (AC-PC) line using a head coil. In order to 

obtain optimal BOLD contrast, data were acquired using a T2*-weighted gradient-echo 

echo-planar imaging (EPI) sequence. The image acquisition parameters included a 

repetition time of 3 sec., an echo time of 30 msec., a flip angle of 90°, with a 211 mm x 

211 mm field of view with voxel dimensions of 3 x 3 x 3 mm
3
. A total of 250 volumes 

were acquired for each condition (over 5 repeated runs). 

5.2.8 Data analysis 

Data pre-processing 

The 3D spinal cord/brainstem functional imaging data were analyzed with custom-

made software written in MatLab®. Image data were first converted to NifTI format, and 

were co-registered to correct for bulk motion using the non-rigid 3D registration tool in 

the Medical Image Registration Toolbox (MIRT) (Myronenko and Song, 2009, 2010). 

The images were then corrected for slice timing, then resized to 1 mm cubic voxels and 

spatially normalized using custom-made automated normalization software written in 
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MatLab®. For the normalization, predefined sections of our normalized template, which 

we have generated from images of 356 participants, were matched in position and 

rotation angle to sections of the original image data, based on the maximum cross-

correlation. The first section identified included the corpus callosum and thalamus, 

because these regions have distinct features which tend to make their location 

unambiguous. In subsequent sections the position and angle were weighted towards 

predicted values based on prior segments resulting in a stable mapping process. The 

mapping to the normalized template was also fine-tuned using the MIRT toolbox 

(Myronenko and Song, 2010). The data were then smoothed with a 3 mm x 3 mm x 5 mm 

full width at half-maximum Gaussian kernel (R/L x A/P x S/I). 

FMRI data from the brain were preprocessed using the Statistical Parametric Mapping 

SPM8 package (Wellcome Institute of Cognitive Neurology, London, UK). Data were 

motion and slice-time corrected, spatially normalized to the MNI template, and smoothed 

using a 6 mm x 6 mm x 6 mm full width at half-maximum Gaussian kernel.  

General linear model analysis  

The spatially normalized time-series image data were analyzed by combining the data 

from all participants in each group (Stroman et al., 2012; Bosma and Stroman, 2014b). 

For the spinal cord/brainstem data, all time-course data were averaged for each condition 

(TSSP and Control) within each group (FM and NC) and a group general linear model 

(GLM) analysis was then applied, with basis functions that included a 1) a paradigm 

matching the timing of each heat contact and pre- and post- and inter-stimulus baseline 

periods (to model peripheral input to the spinal cord), 2) a term that estimated the timing 

of the after-sensations of the pain response as a block paradigm, and 3) a constant 
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function. All terms were convolved with the BOLD hemodynamic response function 

(Worsley and Friston, 1995). By analyzing normalized data averaged over the group, it is 

expected that signal fluctuations that are uncorrelated between acquisitions, such as due 

to physiological motion and random noise, will average to roughly zero, whereas 

consistent BOLD responses that are time-locked to the paradigm will be strengthened. 

This is based on previous studies that thoroughly characterized the source of 

physiological noise in the images and assessed the analysis techniques for noise reduction 

(Bosma and Stroman, 2014a). Contrasts between the groups were also determined by 

subtracting the group time-series data on a voxel-by-voxel basis before applying the 

GLM. Significant activity was inferred on a voxel-by-voxel basis at a statistical 

significance of  p < 0.001, and the problem of multiple comparisons was addressed by 

limiting active regions to those with a spatial extent of at least 10 mm
3 

(Bosma and 

Stroman, 2014c).  

To support the interpretation of our novel results in the brainstem and spinal cord, we 

also acquired fMRI data using the established methods in the brain as a basis of 

comparison to previous fMRI studies (Staud et al., 2007b; Staud et al., 2008b). 

Significant BOLD responses corresponding with the TSSP and Control paradigms were 

detected using a GLM analysis of the whole brain, based on models of the BOLD 

responses to each condition. These models were obtained by convolving the timing of the 

heat contacts for each paradigm, with the canonical BOLD hemodynamic response 

function. A random effects analysis was conducted to identify brain regions with 

consistent responses across the groups (Staud et al., 2008b). Contrast analyses were 

conducted to compare group level responses between the NC and FM participants. This 
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analysis tested the hypothesis that the BOLD response patterns for the NC and FM 

subjects were not significantly different when experimental pain levels were equated 

across groups.  

Structural equation modelling  

Spatially normalized spinal cord/brainstem data were also analyzed by means of 

Structural Equation Modelling (SEM) (more specifically, “path analysis”), with custom 

made software written in MatLab
®
 based on the analyses previously described (McArdle 

and McDonald, 1984; Craggs et al., 2012). SEM is based on identifying coordinated 

BOLD responses between regions, accounting for the fact that input to one region may 

arise simultaneously from multiple other regions. The BOLD time-series responses in one 

region are therefore modeled as a weighted sum of the BOLD responses in other regions, 

based on an anatomical model, and the weighting factors are calculated that best fit the 

measured data. These weighting factors reflect the effective connectivity between 

regions. In the present study, SEM was used to test the plausibility of hypothetical 

relationships modeled between regions of the spinal cord and brainstem. The pre-

requisite for SEM analysis is a pre-defined relational model of possible connections 

between neuroanatomical regions. We defined the relational model between regions 

based on the descriptions by Millan (Millan, 2002). The anatomical mask was defined for 

multiple brainstem and spinal cord regions based on anatomical atlases and published 

descriptions, with 3D regions labelled manually on our normalized template image (used 

in the normalization step) (Talairach, 1988; Williams PL, 1995; Naidich TP, 2009). The 

spinal cord segments were identified based on the distance in millimeters from the 

pontomedullary junction as described by Lang and Bartram (Lang and Bartram, 1982; 
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Lang, 1993). Within each segment the cord cross-sectional area was divided right/left and 

dorsal/ventral to define quadrants. 

After pre-processing and spatial normalization as described above, data extracted 

from regions defined in the path model from all runs/participants were concatenated into 

one large time-series of responses for each voxel. Based on these data, sub-regions within 

each anatomical region were identified, based on the time-series data properties using k-

means clustering. Employing these time-series properties, one can group voxels with 

significant BOLD responses separately from non-responding voxels, or those that are 

dominated by physiological motion such as at the cord/CSF boundary. Furthermore, this 

step enables data reduction as it reduces the number of possible network combinations 

necessary for a voxel-by-voxel analysis, while allowing for the fact that not all voxels 

within the defined regions are expected to respond to the external stimuli. All sub-regions 

were included in the analysis, and all combinations of regions were tested. The linear 

weighting factors and coefficients for the best fitting model were determined. Weighting 

factors were considered significant at a threshold of |T| > 2 as determined by a one 

sample t-test based on the ratio of the magnitude of each weighting factor to its standard-

error.  

5.3 Results 

5.3.1 Somatic pain ratings and questionnaires 

NC participants reported no somatic pain before the fMRI scans. In contrast, the FM 

subjects reported an overall NPS pain rating of 48 ± 23 (mean ± standard deviation). The 

Beck’s Depression Inventory score was 9 ± 5 and 20 ± 13, for NC and FM subjects 

respectively. The Spielberger State and Trait Anxiety scores for NC were 33 ± 8 and 38 ± 
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10, respectively, while these scores for FM subjects were 47± 12 and 47 ± 11, 

respectively. Independent t-tests of BDI scores indicated that the depression scores for 

FM patients were significantly higher compared to NC participants [t(25) = 2.9, p = 

.007]. Similarly, there was a significant difference between the NC and the FM subjects 

for the State and the Trait anxiety scores, [t(25)state = 3.0, p = .006, t(25)trait = 2.1, p = 

.04].  

5.3.2 Behavioral results 

In the training and fMRI sessions, the heat stimulus intensity was calibrated for each 

individual in order to elicit a moderate heat pain rating after the last heat contact in the 

TSSP condition. An independent t-test indicated that the temperatures used in the NC 

group, with an average of 48.5 ± 1.7 °C, were significantly higher than the FM group at 

45. 2 ± 4.3 °C [t(27) = 2.79, p = 0.009].  

During the scanning session, pain ratings for the first and last pain stimuli were 

obtained immediately after the last heat stimulus. A mixed model ANOVA with between 

group (FM vs NC) and within group (TSSP vs. Control) variables was conducted to 

compare pain ratings, listed in Table 2 (Figure 23). The ratings provided by FM 

participants were not significantly different from the ratings reported by NC participants 

[F(1,27) = .643, p = .43], corresponding with the heat stimuli being calibrated for each 

participant. However, comparisons of study conditions showed that the ratings in the 

TSSP condition were significantly different than the ratings in the Control condition [F 

(1,27) = 79.29, p  < .001]. Pain ratings to the first heat stimulus were also significantly 

different from those for the last stimulus [(F (1,27) = 109.22, p < .001)].  
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Dependent sample t-tests were conducted to further investigate the differences 

between the TSSP and Control conditions. Reported pain ratings were significantly 

higher for the last stimulus (Table 2) compared to the first stimulus in the TSSP 

condition, in both the NC and the FM participant groups [NC; t(14) = 9.7, p < .001, FM; 

t(13) = 6.58, p < .001] (Figure 23). The pain ratings were also significantly higher for the 

last stimulus in the TSSP condition compared to the Control condition [NC; t(14) = 7.18, 

p < .001, FM; t(13) = 5.54, p < .001]. Importantly, there were no significant differences 

between the ratings in either condition between the training session and the fMRI 

sessions (all p > .05). 

After-sensations were compared separately from the pain caused by the stimulus. The 

ratings reported at 15 seconds and 30 seconds after the last stimulus were averaged and 

were compared between and within groups (Figure 24). The after-sensation pain reported 

by the FM group was significantly higher than for the NC group [F(1,21) = 10.17,  p = 

.004]. However, within the FM group, the after-sensations for the TSSP and Control 

conditions was not significantly different, as determined by a dependent sample t-test 

[t(12) = 1.77, p = 0.10]. 

Table 2: Pain ratings for each group in each condition 

  

Condition FM rating 

Mean(SD) 
NC rating 

Mean(SD) 

TSSP First Stimuli 23.7 ± 19.68 19.52 ± 14.33 

TSSP Last Stimuli 51.91 ± 15.80 51.59 ±14.61 

Control First Stimuli 22.04± 21.41 14.30 ± 10.72 

Control Last Stimuli 34.11 ± 17.34 26.56 ±14.61 

After-sensations TSSP 13.86 ± 4.8 9.17 ± 5.35 

After-sensations Control 11.12 ± 6.32 4.55 ± 4.34 
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Figure 23. The mean pain ratings across participants for the first and last heat pain 

stimulus, in the two conditions. In the fMRI session, all participants were asked to 

remember the number ratings of the pain intensity related to the first and last heat stimuli 

(11 heat stimuli in total) and reported their ratings at the end of the stimulation period. In 

both the NC and FM participants, the rating to the last heat stimulus was significantly 

greater than the rating to the first (p < .001). The ratings to the last heat stimulus was also 

significantly different between conditions (TSSP > Control) (p < .001). A rating of 20 

represents the pain threshold (dotted line).  

 

 

Figure 24. Reported ratings of after-sensations obtained from each participant, for each 

condition, during the fMRI training sessions. Ratings of residual sensations/pain on the 

hand were obtained 15 seconds and 30 seconds after the last heat stimulus and were 

averaged for each participant.  The ratings of the FM participants were significantly 

higher (FM > NC) (p < .05). In the FM group, there was no significant difference 

between the ratings in the TSSP condition compared to the Control condition. 
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5.3.3 BOLD activity associated with TSSP 

Detailed comparisons between the conditions for the NC group are described 

elsewhere (Bosma et al., Submitted manuscript). For the FM group, a GLM analysis was 

performed on data from both the TSSP and Control conditions and revealed active voxels 

in a number of pain-related regions. A contrast analysis was performed to determine areas 

of the cord and brainstem with larger BOLD signal changes in the TSSP paradigm 

compared to the Control condition (Figure 25). Very few regions demonstrated different 

task-related activity. Only small areas in the region of the nucleus tractus solitarius (NTS) 

and the rostral ventromedial medulla (RVM) were significantly different between the two 

conditions. There were no areas that had greater BOLD signal changes in the Control 

condition compared to the TSSP condition.  

 

Figure 25. Results of the contrast analysis comparing BOLD signal changes between the 

TSSP and Control conditions in the FM group. a) On the left is an illustration of the 

stimulation paradigms convolved with the hemodynamic response function as used in the 

GLM analysis (red = TSSP paradigm, blue = Control). b) A midline sagittal slice from 

the functional data of one participant is shown for reference. c) Key areas with 

significantly different responses to the stimulation paradigm are demonstrated in the 

vicinity of the NTS and RVM in the medulla. The results are overlaid on high resolution 

transverse slices and the color scale indicates the significance. 
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Contrasts between the FM and NC groups revealed differing responses in key areas 

involved in the descending modulation of pain. In the TSSP condition, differences in 

task-related activity (i.e. BOLD responses) were observed in anatomical proximity to the 

dorsal and ventral horns (DH, VH), the RVM, the NTS, and in the locus coeruleus (LC). 

Similarly, in the Control condition there were greater BOLD responses in the DH, VH, 

NTS, LC, and the periaqueductal grey region (PAG). There were no regions that had 

greater activity in the FM participants in either the TSSP or Control conditions (Figure 

26). Spinal cord responses to the after-sensations were also identified and compared 

between groups, and showed significantly greater BOLD activity in the ipsilateral dorsal 

horn in the FM group compared to the NC group (Figure 27).  

For comparison with previous literature, which have shown no differences between 

NC and FM participants with a TSSP paradigm (Staud et al., 2007b; Staud et al., 2008b), 

we applied GLM contrasts to test this same comparison in our current brain fMRI data. 

There were no areas that showed significant differences in BOLD responses between the 

NC and FM groups (FDR < .05), indicating that our approach of equating pain 

sensitivity, and thus TSSP, across subjects and groups was successful.(Gracely et al., 

2002; Cook et al., 2004; Staud et al., 2008b) 
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Figure 26. Results of the contrast analysis comparing BOLD signal changes between the 

FM and NC groups. On the top is the contrast between groups for the TSSP condition. 

Key areas with significantly different responses to the stimulation paradigm are 

demonstrated in the vicinity of the dorsal and ventral horns, RVM and NTS in the 

medulla, and in the LC in the pons. On the bottom is the contrast of the Control condition 

between groups which reveals differences in the dorsal and ventral horns, NTS in the 

medulla, and in the LC in the pons, and PAG in the midbrain. Cool colors indicate greater 

responses in the NC compared to FM, warm colors indicate the reverse contrast.  
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Figure 27. Key areas with significantly different responses to the after-sensations 

between FM vs. NC are shown to be the right dorsal horn region of the C6 segment in 

both the TSSP and Control conditions.  

 

5.3.4 Effective connectivity between pain regions 

Effective connectivity associated with TSSP and Control conditions between specific 

brainstem and spinal cord regions is shown in Figure 28. In FM, both conditions 

exhibited a number of similar significant connectivity weighting factors (indicated by 

black lines), indicating similar relationships between regional BOLD responses in the two 

pain conditions (contrasted in Figure 28a for the FM group). A comparison between FM 

and NC groups reveals a number of connections that are unique to the FM group, 

including between the PAG, RVM and Cord (Figure 28).  
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Figure 28. Structural Equation Modelling results for the FM group and contrasts between 

the FM and NC for the TSSP and Control conditions. Arrows indicate the direction of the 

influence and, for the red and blue lines, the line thickness indicates the magnitude of the 

path coefficients. Solid lines represent positive connection weights and dotted lines 

represent negative coefficients. The black lines indicate similar connections between the 

groups/conditions being compared. a) A comparison of the connectivity strengths 

between regions in the conditions (TSSP vs. Control) in the FM group. b & c) A 

comparison of the SEM results between the FM vs. NC groups for the TSSP (b) and the 

Control (c) conditions. Abbreviations are as follows:  cord: right dorsal region of the C6 

spinal cord segment, PBN: parabrachial nucleus, LC: locus coeruleus, RVM: rostral 

ventromedial medulla, NTS: nucleus tractus solitarius, DRt: dorsal reticular nucleus, 

PAG: periaqueductal gray matter, HYP: hypothalamus, Thal: Thalamus. 

 

 

5.4 Discussion 

The purpose of this study was to use fMRI and the TSSP paradigm to investigate the 

neural correlates of central changes in pain processing in women with fibromyalgia. As 

expected, all participants reported significantly higher pain ratings to the last heat 

stimulus as compared to the first stimulus, and thus demonstrated TSSP. However, in the 

FM group, differences in pain perception were not accompanied by wide-spread 

differences in the BOLD responses or effective connectivity between regions in the TSSP 
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and Control conditions. Conversely, there were significant differences in activity and 

effective connectivity between NC and FM groups in each condition, notably in the 

spinal cord and in areas known to be involved in the descending modulation of pain 

including the RVM and the LC. The results of this study also demonstrated that the 

ratings to after-sensations were significantly higher in FM than NC, and that these 

perceptual differences were paralleled with greater fMRI responses in the dorsal horn. 

In FM participants, differences in BOLD responses were detected between the TSSP 

and Control conditions in the NTS and RVM. SEM results also demonstrated differences 

between the two conditions particularly in connectivity between the spinal cord, and the 

RVM and DRt. However, there were considerably more similarities than differences in 

the GLM and SEM results between the two conditions. The similarity of results in FM 

participants may indicate that both conditions recruit similar spinal cord processes or 

descending control mechanisms. Furthermore, there was evidence of greater summation 

of pain in the Control condition in FM than in NC participants (Table 2). Thus, the 

differences between the TSSP and Control conditions were smaller in the FM group. This 

agrees with previous findings that temporal summation for FM subjects occurred at 

substantially lower frequencies of stimulation (Staud et al., 2001; Staud et al., 2003a). 

Our recent findings in healthy control (NC) participants identified enhanced activity in 

the spinal cord dorsal horn at C6 and in multiple areas of the brainstem, in response to the 

TSSP condition (Bosma et al., Submitted manuscript). The results in FM participants in 

the present study therefore provide evidence of altered responses to repeated stimuli.  

Enhanced ratings of after-sensations, which indicate heightened pain sensitivity, 

occurred in both conditions for FM patients. This provides further evidence of altered 
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spinal cord nociception in the Control condition. These behavioral findings are consistent 

with previous reports of enhanced maintenance and after-sensations in FM subjects. 

Specifically, enhanced second pain in FM subjects could be maintained for up to 120 

seconds, using stimuli delivered at 0.16 and 0.08 Hz which do not evoke or maintain 

TSSP in NC subjects (Staud et al., 2004). In addition, FM subjects also report after-

sensation of greater intensity which are longer lasting (Staud et al., 2001). Our fMRI 

results parallel these behavioral findings as the BOLD signals were sustained after the 

final heat stimulus with greater dorsal horn activity in the FM group, compared to NC. 

These findings reconfirm the role of central mechanisms in FM and their dysregulation 

for abnormal nociception. 

We calibrated the stimulus intensity for each participant to evoke a comparable level 

of pain to ensure that the sensory-discriminatory aspects of nociception did not differ. 

Consistent with previous reports, we found that the temperatures required to evoke a 

moderate pain rating after TSSP were significantly lower in the FM group compared to 

the control group (Gracely et al., 2002; Petzke et al., 2003; Cook et al., 2004; Staud et al., 

2008b). In general, when pain stimulus intensities are calibrated to the same level, no 

differences in brain fMRI responses are expected, based on prior studies (Gracely et al., 

2002; Cook et al., 2004; Staud et al., 2008b). Consistent with this expectation, and with 

Staud et al., who carried out a detailed analysis of TSSP-related brain responses between 

FM and NC subjects (Staud et al., 2008b), we found no significant differences in BOLD 

responses between the groups. However, it has been shown that when the same stimulus 

intensity was used (as opposed to the same pain rating), there was greater brain activity in 

the FM group, specifically in the contralateral insular cortex (Gracely et al., 2002; Cook 
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et al., 2004). Taken together, comparable brain activity in response to lower stimulus 

intensity, and a heightened response to equivalent stimuli, provide evidence for central 

augmentation of pain sensitivity in FM subjects (Gracely et al., 2002). It is important to 

note that both control and fibromyalgia participants reported a range of pain sensitivities 

which conforms to a normal distribution of pain perception variation (Wolfe, 1997). 

Therefore, increased pain sensitivity alone does not equate to pain pathology (Jensen et 

al., 2009a).  

Although we found no differences in brain regions in response to pain-sensitivity 

calibrated temperatures, we demonstrate significant differences in a number of brainstem 

and spinal cord regions between FM and NC groups. Comparisons of the two groups 

demonstrate greater fMRI responses in the NC group in both TSSP and Control 

conditions (Figure 26), including the dorsal and ventral horn (C6), the RVM, NTS, LC, 

and the PAG. These regions in the brainstem are known to modulate dorsal horn 

responses and play an important role in the descending modulation of pain (Millan, 

2002). Current theory states that normal pain processing is a dynamic balance of pain 

inhibition and facilitation and dysregulation of either of these mechanisms may 

contribute to the development and maintenance of chronic pain. Our findings suggest that 

the descending control mechanisms are altered in fibromyalgia subjects. This conclusion 

is supported by our SEM results which also demonstrate differences in effective 

connectivity between these regions. These results are consistent with a previous study 

demonstrating decreased activity in the rostral anterior cingulate cortex and areas in the 

brainstem, involved in pain inhibition (Jensen et al., 2009a). Moreover, altered functional 

connectivity in pain networks during tasks (Burgmer et al., 2012) and in the resting state 
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(Cifre et al., 2012)  have been shown in FM patients. Note that we demonstrate greater 

fMRI activity in NC versus FM by means of a GLM analysis, whereas greater effective 

connectivity was found in FM via SEM. These two analytic tools probe different 

questions; in the GLM analysis the match to the model paradigm (timing of pain stimuli) 

is assessed, whereas in the SEM, temporal relationships between regions are determined, 

independent of the stimulation paradigm. The two methods therefore provide 

complementary information regarding FM-related changes in the neural signaling 

between regions. Due to inherent limitations of the temporal and spatial resolution of 

fMRI, we are unable to determine whether the differences in descending control result 

from augmented facilitation of pain or decreased inhibition.  

Fibromyalgia is not a homogeneous syndrome but has variable severities across 

people and varying proportions of comorbid anxiety and depression (Thieme et al., 

2004). Although we attempted to reduce extraneous sources of variation, this 

heterogeneity is reflected in our sample of subjects. However, efforts were made to 

ensure that each participant met the 1990 American College of Rheumatology Criteria, 

and confounds were minimized in regards to analgesic medications (no NSAIDs or 

Opioid), stage of menstrual cycle, and other factors influencing pain processing. Given 

the range of depression and anxiety scores, pain sensitivity, and fMRI results, further 

investigation is warranted to determine the relationship between these factors and altered 

pain perception and processing.  
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5.5 Conclusions 

In conclusion, the results of this study are the first to characterize pain processing in 

the spinal cord and brainstem in a chronic pain population and to demonstrate alterations 

to the spinal representation of TSSP in fibromyalgia. Our results indicate changes in 

activity and connectivity in regions of the spinal cord (DH) and brainstem (RVM, NTS, 

LC, PAG) which provide evidence of dysfunction in the descending control of pain. We 

also demonstrate that FM participants experience increased perception of after-

sensations, which are paralleled with increased fMRI responses in the dorsal horn of the 

spinal cord. Altogether, our results provide strong evidence for dysfunction in the 

cerebral-midbrain-spinal mechanisms of pain control and for the involvement of central 

neural mechanisms in generating fibromyalgia pain. 
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Chapter 6 

General Discussion 

6.1 Discussion 

The goal of this thesis work was to develop spinal cord and brainstem imaging 

methods such that they could be used to assess sensory and pain processing and 

characterize changes to these processes that result from injury or diseases, such as 

fibromyalgia. The work described in chapter 2 provided the necessary methodological 

advances to enable the sensitive detection of fMRI responses. Chapter 3 followed by 

applying these imaging methods to characterize the properties of the fMRI response to 

peripheral stimulation in which temperature is raised in a stepwise fashion, in order to 

enhance receptor responses, compared to the conventional block design. This study 

demonstrates the importance of stimulus paradigm design in order to maximize the spinal 

cord and brainstem response to the ascending or descending components of sensory 

processing. These results informed the studies presented in chapters 4 and 5 which 

crossed the sensory threshold into the assessment of pain processing. Again, attention 

was given to the study design and a temporal summation of second pain paradigm was 

employed to evoke a C-fibre mediated enhancement of the dorsal horn neurons which 

results in a transient state of central sensitization. The TSSP paradigm, combined with 

fMRI, enabled the non-invasive characterization of the central mechanisms involved in 

this pain response in healthy humans. Finally, using the same study design, we assessed 

the fMRI response to TSSP in patients with fibromyalgia. This study is the first to reveal 

alterations to the descending control pathways which modulate spinal cord nociception. 
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These results provide insight into the aberrant neural mechanisms that may underlie this 

disorder.  

The work presented in chapter 2 parallels some of the key stages of brain fMRI 

development that were done in the 1990’s, in order to establish the reliability of fMRI 

methods, and to identify the most effective methods. In this chapter, we present analyses 

based on both null and task data, in healthy participants, in order to assess the 

contribution of noise sources and how the noise influences our ability to detect 

physiologically meaningful fMRI responses. A key finding we demonstrate is that the 

greatest contrast-to-noise ratio can be obtained with spinal cord fMRI, using spin-echo 

imaging, by setting the echo time to optimize the sensitivity to BOLD contrast (TE = 75 

msec.). Although this finding follows BOLD theory and would be predicted for imaging 

in the cortex, this is a departure from the previous methods developed and utilized in the 

Stroman lab. Previous work had demonstrated that the T2-weighted signal changes 

deviate significantly from the accepted BOLD model at short echo times (Stroman et al., 

2001b; Stroman et al., 2001a). These findings suggested that a second, non-BOLD 

component of signal change existed that is independent of magnetic susceptibility effects. 

This component is based on regional proton-density changes caused by cellular swelling 

in regions of neuronal activity and is called “signal enhancement by extravascular water 

protons (SEEP).”  The SEEP contrast can be measured using spin-echo sequences and 

confounds produced by the imaging environment of the spinal cord are greatly reduced. 

Therefore this method added an important alternative to conventional BOLD methods 

and was used in the investigations of sensory function in a number of studies (Stroman et 

al., 2002b; Stroman et al., 2003; Stroman et al., 2005; Stroman et al., 2008a; Stroman, 
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2009; Stroman et al., 2011; Stroman et al., 2012).  However, recent developments in the 

spinal cord imaging methods, such as a better understanding of the contribution of 

physiological noise and how to remove these influences from the data, merited revisiting 

the properties of the signal contrast as addressed in chapter 2. Therefore, we acquired 

fMRI data while a sensory stimulation paradigm was employed at a number of different 

echo times (TE). After implementing our newly improved analysis methods, we 

evaluated the contrast-to-noise ratio at each TE.  Results from this study indicate that the 

CNR is highest at a TE that matches the T2 of the tissue (TE = 75 msec.) which is 

consistent with the BOLD theory. Unlike the earlier studies, signal enhancements at 

lower TEs were not evident. However, as was previously described, the signal measured 

at a TE of ~38 msec. is a mix of BOLD and SEEP contrasts. The reduction of 

physiological noise contributions improved our sensitivity to detect BOLD signals. 

Therefore we conclude that future studies should acquire data at a TE= 75 msec. to 

maximize the detection of the BOLD signal and we believe that the sensitivity of our 

results should change by ~20%, compared to our previous studies.  

It is important to note that the SEEP contrast mechanism measures a meaningful 

physiological response that arises primarily from neuronal and glial swelling and can be 

detected at low TEs (Stroman et al., 2008b). We are just beginning to understand the 

significant contribution of glial cells to a number of diseases, including chronic pain 

(Mika et al., 2013). Methods that can be optimized to non-invasively explore glial 

functioning in humans are critical and have the potential to revolutionize the study of 

neuroscience in the same ways that conventional BOLD imaging techniques have.  
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A key component of the work presented in chapter 2 described the assessment of the 

noise characteristics in the images. After testing a number of different noise reduction 

approaches, we concluded that the physiological noise sampled at the rate possible by the 

imaging method that we use, appears to be random noise. Model driven approaches that 

account for the properties of the noise, such as the frequency of the heart or respiratory 

rate, are not as effective at removing the noise given that these frequencies are aliased to 

different, non-biological frequencies in our data. We suggest using data driven 

approaches, such as removing the global sources of variance that likely account for noise 

sources that influence the data in every voxel. Furthermore, because the noise appears 

random in our data, we suggest that collecting more data and averaging across runs will 

be the most effective at reducing noise. As a result of these findings we have changed our 

approach to data collection for future studies. Specifically, we now collect multiple short 

runs of data and average them together before conducting the statistical analysis. The 

objective is to average out the noise in the data, while reinforcing the fMRI responses to 

the stimulus. Furthermore, from a practical perspective, acquiring short runs reduces 

contamination of the data that results from bulk body movement. Participants are asked to 

remain as still as possible during runs, and if necessary, are able to move in between runs. 

After each short run we can acquire an additional localizer scan to reposition our slices 

and ensure that we are capturing the spinal cord in our field-of-view. This consideration 

is especially important in chronic pain study groups as it is extremely difficult and 

uncomfortable for these participants to remain still for long durations of time. 

Furthermore, if a participant moves during a short run, we can easily discard the data 

from that run and acquire additional data. In addition to this improving the quality of the 
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data, it also enables us to capitalize on the physiological properties of nociception. By 

collecting the data in short runs and leaving time in between each run, we reduce the 

development of sensory habituation or sensitization to the stimulus (Jepma et al., 2014). 

Therefore, the responses to each run are less likely to be contaminated by the responses to 

the run before it. These simple adjustments in the way that we acquire the images have a 

profound impact on the quality of the data. 

A final important achievement of the work presented in chapter 2 is the improvement 

of the normalization procedure. Here we built on previous methods of normalization and 

greatly increased the accuracy of the alignment of the data across groups. Accurate 

normalization is paramount in fMRI studies, which currently rely on group data for 

inference. Due to the small cross-sectional diameter of the spinal cord and the localized 

areas of activity in response to a stimulus, precise alignment of the anatomy is of even 

greater importance. However, due to the lack of defining features in the spinal cord (no 

clear grey/white/CSF boundaries within the cord), alignment is challenging. The work 

here presents a method in which manual lines are drawn on the boundaries of the anterior, 

posterior, right, and left edges of the cord, and around other key features of the image 

such as the pons and corpus callosum. Using these lines, and the distance in millimeters 

from the pontomedullary junction, these manually drawn points were co-registered to 

lines drawn on an anatomical template and the data were normalized to the template. This 

greatly improved our ability to align the data from each individual to a normalized 

template in order to conduct group analysis. This work also set the foundation for further 

development of normalization methods in the cord. Since the publication of the work 

presented in chapter 2, Dr. Patrick Stroman has developed an automated normalization 
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procedure. In this new method of normalization, predefined sections of our reference 

template are matched to sections of the original image data using the location at the 

maximum cross-correlation, with template sections rotated over a small range of angles. 

After each subsection is aligned to the template, the user has the opportunity to fine-tune 

and manually adjust the normalization of each section. This normalization method was 

used and described in the third and fourth chapters. The development of automated 

normalization procedures for spinal cord images is of great importance for the field of 

spinal cord fMRI and is an achievement that parallels the collective work of many 

developers of brain normalization methods. The development of spinal cord imaging 

methods presented here have built on previous work done in the lab and continue to be 

improved upon. Although the spinal cord remains a challenging place to apply fMRI 

techniques, we are more aware of these challenges and are confident in the methodology 

we have developed to address these issues.  

The work in chapter 3 employed a number of the described methodological advances 

and focused on paradigm design in order to elicit robust fMRI responses in the spinal 

cord dorsal horn. In this study we used two simple thermal sensory paradigms, a 

conventional block design, and a stepwise design in which the temperature was gradually 

increased to the maximum temperature. The outcomes of this study demonstrate two key 

results: 1) similar sensory paradigms produce similar fMRI responses, and 2) slight 

differences in the paradigm design elicit meaningful differences in the response pattern in 

the spinal cord and brainstem. The sensory stimuli in the two conditions were both below 

the pain threshold, were held for a duration of time, and had the same maximal 

temperature. Therefore, it is expected and reassuring that both conditions had results in 
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the same key areas. However, the magnitude of these results differed between the two 

conditions. The block design had greater responses in areas of descending control, 

whereas the stepwise condition had greater dorsal horn responses. The block condition 

held the highest temperature for the duration of the stimulus, and therefore overall had a 

more intense stimulus compared to the stepwise condition. This resulted in the greater 

recruitment of areas known to play key roles in the descending modulation of pain. 

Conversely, overall lower stimulus intensity resulted in less recruitment of these 

descending control regions and elicited a greater fMRI response in the dorsal horn. The 

general linear model measurement of fMRI responses determines the voxels that have 

time courses that significantly match the timing of the stimulation paradigm. The 

descending control projections modify the spinal cord response and can alter the response 

pattern such that it no longer matches the stimulation paradigm. This is consistent with 

our observations in pain studies, in which BOLD signal changes in the dorsal horn and 

the paradigm model have a higher correspondence at lower levels of pain. The results of 

this study highlight the research potential of selecting the stimulus paradigm designs to 

probe different aspects of the sensory and pain response and also reveal the need to 

supplement GLM-based analysis methods with complementary techniques that do not 

depend on the paradigm.  

The development of neuroimaging tools has been described as “historic,” (Apkarian, 

2011) and these tools have “opened windows into the brain” (Mackey, 2013) to observe 

the roles of numerous factors that influence pain. Despite the key role that the spinal cord 

and brainstem structures play in pain nociception and modulation, the properties of these 

structures in human pain, and chronic pain, remain an elusive ‘black box’. The 
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methodological developments described above have enabled us to use fMRI of these 

structures to begin to characterize their response to the pain experience. Previous work 

has only observed either the spinal cord or the brainstems response to a painful stimulus 

(Eippert et al., 2009b; Eippert et al., 2009a; Sprenger et al., 2012; Geuter and Buchel, 

2013). Due to their methodological limitations, the response to the pain stimulus was not 

captured across these structures and therefore the brainstem/spinal cord network response 

to pain could not be observed. Furthermore, the pain stimulus was presented in a block 

design which likely elicits both Aδ and C-fibre nociceptive responses. The work 

presented in chapter 4 examines the response of the brain, brainstem, and spinal cord to a 

C-fibre mediated pain paradigm. We found that there was a greater dorsal horn response 

in the TSSP condition compared to the Control condition, although the response pattern 

did not match the timing of our stimulation paradigm. This result parallels the behavioral 

findings of significant temporal summation of pain. We also demonstrate greater fMRI 

responses in several regions of the medulla and midbrain in the TSSP condition which 

indicate a greater recruitment of descending control in this condition.  

One of the main findings that merits additional discussion is the demonstration of 

significant after-sensations in the TSSP condition. Normal control participants reported 

higher ratings of sustained sensations after the last heat stimulus in the TSSP compared to 

the Control condition and this was reflected in greater fMRI responses in the dorsal horn 

of the spinal cord. Additionally, as described in chapter 5, the FM participants 

experienced greater after-sensations compared to the normal control group. The 

magnitude of TSSP after-sensations has been described as one of the best predictors for 

clinical pain intensity in fibromyalgia (Staud et al., 2004). Therefore, the characterization 
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of the neural response to after-sensations could be valuable for understanding and 

predicting clinical pain. Our study did not fully explore this aspect of the TSSP response, 

and ratings to the after-sensations were only acquired in the training session. Future study 

designs can be optimized to increase the number of ratings of the after-sensations, and 

include the acquisition of these rating in the fMRI session. Furthermore, modelling of the 

response to the after-sensations is challenging as these responses are expected to be 

sustained from the previous response to the stimulation. More work is warranted to 

understand the time course properties of these responses in order to better model them. 

Therefore, future study designs could increase the amount of data collected in the 

baseline periods, particularly at the end, in order to be able to observe the end of the 

response to the after-sensations. This would enable us to characterize the nature of the 

after-sensations and would allow us to probe how long these responses last, what their 

magnitude is, and how they decay back to baseline. This would not only help ensure that 

we have given the appropriate amount of time between our stimulation runs, but could be 

a useful tool for determining whether and how this response differs across patient 

populations.  

In addition to finding higher ratings and fMRI responses to after-sensations in the FM 

group, chapter 5 also details several other key findings. As expected, TSSP was achieved 

at lower temperatures in the FM group, compared to normal controls. This indicated that 

they have heightened sensitivity to pain. Previous studies have also calibrated the 

stimulus intensity to create equal pain perception between FM and NC groups and have 

found that this produces similar response patterns in the brain (Gracely et al., 2002; Cook 

et al., 2004; Staud et al., 2008b). Consistent with these studies, we also did not find any 
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significant differences between FM and NC in the brain. However, unlike the brain 

results, we did find several significant differences in the brainstem and spinal cord. We 

believe that this reflects an alteration to the descending control mechanisms. These 

results provide important insights into the aberrant central pain mechanisms that may 

underlie FM.  

The work presented in chapter 5 is the first to examine spinal and brainstem pain 

mechanisms in a chronic pain population, and therefore is also the first to explore these 

responses in fibromyalgia. We believe that the findings of this study contribute to our 

knowledge and understanding of this disease and, importantly, will be a foundation for 

future studies to build on. The TSSP paradigm enables the study of facilitatory pain 

modulation. However, it is well documented that many chronic pain conditions arise from 

an improper balance of pain facilitatory and inhibitory mechanisms (Staud, 2012b). 

Therefore, it is necessary to explore inhibitory pain mechanisms as well as the interaction 

between pain facilitation and inhibition. In addition to TSSP paradigms, Conditioned 

Pain Modulation paradigms can be used to assess pain inhibition. This paradigm utilizes 

two simultaneously applied pain stimuli, the test and the conditioning stimuli, to estimate 

the resultant pain inhibition of the test stimulus (“pain inhibits pain”) (Staud, 2012b). 

Conditioned pain modulation specifically engages the spinal-supraspinal-spinal loop and 

activates the PAG and medullary nuclei that are essential for pain inhibition. An 

important future step of the work presented here is to characterize the response of the 

spinal cord and brainstem to a Conditioned Pain Modulation paradigm. The results of this 

work have the potential to identify the specific regions and interconnections within the 

network of regions in the spinal cord and brainstem that respond to the inhibition and 
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facilitation components of pain. Furthermore, potentially therapeutic drugs can be 

administered to participants and the behavioral and fMRI responses to these interventions 

can be explored. These studies together will be a critical next step towards improved 

diagnosis of this devastating illness and could offer endpoint measures for the assessment 

of novel therapies.  

The studies on TSSP in normal controls and FM participants yielded a rich dataset 

which includes responses to a number of questionnaires regarding depression, anxiety, 

pain catastrophizing and social desirability. The current studies use these data to aid 

interpretation and to help characterize the participant sample. However, more can be done 

with these data in order to provide insight into the relationship between these variables 

and the underlying neuropathology. FM symptomology is very heterogeneous; making it 

difficult to understand the underlying cause of this disease studied in groups of patients, 

and hinders the characterization of the relationship between symptoms and treatment 

outcomes (Docampo et al., 2013). Many investigators in the field have suggested the 

need for empirically derived subgroups of FM patients. Several recent studies have 

attempted to create subgroups based on clustering clinical data. Specifically, Docampo et 

al., studied 1446 patients with FM and found that the symptomology could be clustered 

into three distinct subgroups: low symptomology and low comorbidities, high 

symptomology and high comorbidities, high symptomology and low comorbidities 

(Docampo et al., 2013). Additionally, a study of 61 women with FM used a cluster 

analysis of the items on the Fibromyalgia Impact Questionnaire, experimental pain, and 

psychosocial functioning (de Souza et al., 2009). They report that all FM participants 

showed hyperalgesic responses and stiffness while subjects could be separated into two 
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groups based on psychological distress. Finally, a study of 3035 patients determined four 

subgroups of FM based on sensory symptoms and comorbidities (Rehm et al., 2010). The 

results of these studies highlight the importance of better characterizing the neuro-

mechanisms underlying the different manifestations of this disorder. Future studies that 

build on the measurement described in chapter 5 (fMRI, behavioral, questionnaire etc.) 

and increasing the sample size would improve our sensitivity to detect important 

relationships between psychometric and fMRI measures and FM comorbidities and could 

aid in the identification of subgroups of FM populations.  

As is evident by the work presented here, neuroimaging of chronic pain has increased 

our ability to test important research and clinical questions and can reveal central 

abnormalities. Out of enthusiasm for this powerful tool, investigators have recently raised 

the possibility that “neuroimaging has the potential to become an objective measure of 

pain and replace subjective report” (Wartolowska, 2011). Furthermore, there is increasing 

pressure from the general public, insurance companies, and governments to adopt 

neuroimaging for chronic pain diagnosis (Davis et al., 2012; Reardon, 2015). However, 

as suggested by Davis, the stakeholders may not have a sufficient understanding of the 

technology and its limitations, nor may they fully appreciate the importance of pain self-

report (Davis et al., 2012; Robinson et al., 2013). Pain, by definition, is a subjective 

experience (according to the International Association for the Study of Pain) and 

therefore can only be adequately measured by subjective self-report. The reliability of 

pain self-reports are often questioned. However, pain is a dynamic experience, and many 

studies have demonstrated numerous factors that contribute to and predict variability in 

pain ratings. In contrast, the reliability of fMRI measures is not yet established, and 
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would be have to be validated by comparing it to the “gold standard” of self-reported 

pain ratings (Robinson et al., 2013). Several authorities in the pain imaging community 

have responded by cautioning against the assertion that “subjective” pain ratings can be 

replaced by “objective” imaging methods (Davis, 2011; Davis et al., 2012; Mackey, 

2013; Robinson et al., 2013). However, new and exciting discoveries are being made 

each day which improve our understanding of pain and bring us closer to promising 

objective measures (Wager et al., 2013). As is highlighted in a commentary written by 

Dr. Sean Mackey, we must not “lose sight of the real value of central neuroimaging—a 

way to augment self-report of pain and a potential, objective biomarker of pain and pain 

treatment (Mackey, 2013).”  The studies described in chapters 4 and 5 use both self-

report by means of Quantitative Sensory Testing and fMRI to extend our understanding 

of the pain experienced by patients with FM. Given the complexity of the pain 

experience, we need as much information, probing as many different aspects of the pain 

response as possible in order to better characterize pain processing. Furthermore, due to 

the personalized nature of pain, it is imperative that as we learn more about the phenotype 

of chronic pain conditions, we use multifaceted approaches to understand pain in 

individuals with the ultimate goal of customizing treatment. 

6.2 Conclusions 

The work described uses developments in spinal cord and brainstem fMRI methods to 

provide an unprecedented view of human pain processing and alterations to pain 

mechanisms in FM. Like many well designed studies, although we have more answers 

then we started with, we also have more questions. The work presented in this thesis 

provides the foundation for a number of ongoing and future planned studies. With the 
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extensive methods developments for fMRI acquisition and analysis, as well as training in 

Quantitative Sensory Testing and TSSP paradigms, and experience working with chronic 

pain groups, we are well positioned to take the next critical steps towards a refined 

understanding of FM and potentially towards improved diagnosis of this disorder.  
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