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Abstract

A first-ever spinal cord imaging meeting was sponsored by the International Spinal Research Trust
and the Wings for Life Foundation with the aim of identifying the current state-of-the-art of spinal
cord imaging, the current greatest challenges, and greatest needs for future development. This
meeting was attended by a small group of invited experts spanning all aspects of spinal cord
imaging from basic research to clinical practice. The greatest current challenges for spinal cord
imaging were identified as arising from the imaging environment itself; difficult imaging
environment created by the bone surrounding the spinal canal, physiological motion of the cord
and adjacent tissues, and small crosssectional dimensions of the spinal cord, exacerbated by
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metallic implants often present in injured patients. Challenges were also identified as a result of a
lack of “critical mass” of researchers taking on the development of spinal cord imaging, affecting
both the rate of progress in the field, and the demand for equipment and software to manufacturers
to produce the necessary tools. Here we define the current state-of-the-art of spinal cord imaging,
discuss the underlying theory and challenges, and present the evidence for the current and
potential power of these methods. In two review papers (part | and part I1), we propose that the
challenges can be overcome with advances in methods, improving availability and effectiveness of
methods, and linking existing researchers to create the necessary scientific and clinical network to
advance the rate of progress and impact of the research.
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Introduction

Our ability to research and understand human spinal cord function, its role in pain
processing, the effects of traumatic injury or diseases such as multiple-sclerosis, and our
understanding of pain processing, is all significantly hampered by the limited accessibility of
the spinal cord. In the part | of our two part series we have described the current state-of-the-
art of spinal cord imaging, the current greatest challenges, and the greatest needs for future
development in order to support non-invasive human spinal cord research (Stroman et al.,
2014). The general assumption is that providing increased sensitivity and specificity of
spinal cord imaging in the context of well-defined clinical readouts will be instrumental to
improve novel approaches in the diagnostic and treatment of spinal cord diseases. The
objectives of this paper are to:

1. describe the current state-of-the-art and capabilities of human spinal cord imaging
applications;

2. identify the greatest current needs, from a clinical point of view, that will drive
forward future development.

In order to achieve these objectives we provide a general overview of two key techniques
employed in clinical research, functional Magnetic Resonance Imaging (fMRI) and
Diffusion Tensor Imaging (DTI), and then focus on specific applications of spinal cord
imaging on four areas: investigations of cervical spondylotic myelopathy (CSM), spinal cord
injury (SCI), pain and multiple-sclerosis (MS). Wherever applicable, reference to
quantitative imaging methods other than fMRI and DTI, such as magnetic resonance
spectroscopy (MRS) and magnetization transfer (MT) imaging, will also be mentioned.
Issues related to spatial resolution, registration of subsequently acquired volumes, partial
volume effects with the cerebrospinal fluid (CSF), as well as the lack of a standard common
template and the effects of physiological noise are still limiting the adoption of many
techniques into the clinical setting, confounding quantitative MRI of the spinal cord to
research studies. The overall goal of this work is therefore to foster the development of
novel and sensitive means of characterizing neural function and cellular structure in clinical
populations that can supplement or surpass current methods for patient assessment, serve as
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clinical trial endpoints, and be used for monitoring of disease progression and efficacy of
therapies.

General overview of fMRI and DTI

fMRI in the human spinal cord: Applications

A growing number of studies (summarized in Table 1) have been carried out to investigate
spinal cord function in response to various sensory stimuli and motor tasks and to
characterize the effects of traumatic injury and pathology.

Determining the sensitivity and reliability of spinal cord fMRI is a challenging task in that
there is no “gold-standard” method that can be used to verify the results obtained in humans
(Stroman et al., 2014). Even studies with animal models (Lawrence et al., 2004, 2007;
Majcher et al., 2006, 2007; Malisza and Stroman, 2002; Malisza et al., 2003) can provide
only limited validation because surgical interventions, anesthetics, and differences in
emotional and cognitive factors can all significantly alter neural activity in the spinal cord
(Hochman, 2007; Lawrence et al., 2004, 2007; van Eijsden et al., 2009). The reliability of
spinal fMRI results must therefore be inferred from consistency across repeated studies,
sensitivity to different stimuli or tasks, and correspondence with recorded responses and
psychophysical ratings by the participants.

The studies listed in Table 1 have shown active regions in the spinal cord that are consistent
across groups of participants, and that correspond with the region of the body being
stimulated, or motor task being performed. A high degree of laterality has been
demonstrated in comparisons of right-side and left-side motor activity or stimulation of the
hand and shoulder (Maieron et al., 2007; Stroman et al., 2012). Although this is very
encouraging, the relatively low resolution and consequent partial volume effects need to be
considered when studying patients with severe spinal cord atrophy. Spinal fMRI studies in
rats have provided further support by showing a correspondence between areas of activity
detected with spinal fMRI and cells labeled with c-fos staining stimuli, when a noxious
electrical stimulus was applied (Lawrence et al., 2004). This body of results provides strong
evidence that signal changes related to neural activity in the spinal cord can indeed be
detected with spinal fMRI methods. Several of the studies have further shown that spinal
responses vary with the intensity, and modality of the stimulus. Most notably, applying
thermal stimuli of between 32 °C and 10 °C to the leg revealed areas of activity in the
lumbar spinal cord where signal intensity responses varied with the temperature, and notably
included an abrupt transition to higher signal intensity changes when the stimulus went
below 15 °C, a level considered painful (Stroman et al., 2002c). Patient studies provide
further evidence of response sensitivity to pathological changes suggestive of a neuronal
basis for spinal cord activity. Studies of people with SCI and MS have demonstrated altered
activity in the spinal cord depending on the injury severity or disease state (Agosta et al.,
2008a, 2008b; Kornelsen and Stroman, 2007; Stroman et al., 2004a; Valsasina et al., 2010).

From a clinical perspective, it is important to recognize that spinal fMRI has been
demonstrated for group analyses but that there are still sources of variability or uncertainty
that count against its use for individual studies. Once these sources of variability and errors
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are characterized and understood, it is expected that methods can be adapted to optimize the
sensitivity to study and assess individuals.

DTl in the human spinal cord: Applications

Given the sensitivity and specificity of DTI to white matter integrity, this technique is
sensitive to structural changes due to pathology. Despite the technical challenges associated
with spinal cord DTI, this method has been applied in healthy and diseased spinal cord in
humans in vivo, as summarized in Table 2.

DTI has also proven to be sensitive to Wallerian degeneration through animal models of
pericontusional traumatic axonal injury (Mac Donald et al., 2007), demyelinating lesion
(DeBoy et al., 2007) and dorsal root axotomy (Zhang et al., 2009). The specificity of
diffusion measurements to white matter pathology has been studied in animal models of de/
dysmyelination and suggests that axial diffusivity is more specific to axonal degeneration
whereas radial diffusivity is more specific to demyelination (Budde et al., 2007, 2008, 2009;
DeBoy et al., 2007; Hoffing et al., 2009; Kim et al., 2007; Kozlowski et al., 2008; Mac
Donald et al., 2007; Song et al., 2002; Xie et al., 2010; Zhang et al., 2009). Other studies
however reported possible interactions between axial and radial diffusivities, thereby
limiting the specificity of these measures (Herrera et al., 2008; Sun et al., 2006; Wheeler-
Kingshott and Cercignani, 2009; Wheeler-Kingshott et al., 2012). One argument refers to
the pathophysiology of axon degeneration, as this process is known to be associated with
demyelination in several pathologies such as in MS (Schmierer et al., 2007) or in SCI
(Cohen-Adad et al., 2011; Zhang et al., 2009). Another argument is related to the
biophysical properties of DTI, in which several physical parameters can influence diffusion
metrics including myelination, axonal density, axonal diameter, or orientation of fiber
bundles, as well as changes in the tissue matrix surrounding the axons (Beaulieu, 2002; Sen
and Basser, 2005; Wheeler-Kingshott and Cercignani, 2009). Fig. 1 shows an example of
corticospinal tract reconstruction from DTI data and their crossing in the medulla oblongata
in a healthy subject. Ultimately, it is always important to remember that the diffusion tensor
is an imperfect model used to explain data and one must always look at the data and make
sure that interpretations in terms of axonal loss and demyelination are well supported by the
behavior of the underlying model (Wheeler-Kingshott and Cercignani, 2009).

As extension of DTI, high angular resolution diffusion imaging (HARDI) and Q-Ball
imaging (QBI) can represent more than one diffusion direction, and so alleviate some of the
limitations of the diffusion tensor model in the presence of crossing fibers (Tuch, 2004).
HARDI has proven to be efficient in the detection of subtle axonal connections in the spinal
cord (Cohen-Adad et al., 2008; Lundell et al., 2009). The “model-free” g-space imaging
approach appears to be feasible, if time-consuming, in the spinal cord and can be sensitive to
pathological changes (Farrell et al., 2008). Advanced models instead are working towards
characterizing axon diameter, density and dispersion in the spinal cord, in order to achieve
higher specificity of the imaging biomarkers. These studies are innovative and far from
being available clinically but have a huge potential in terms of characterizing spinal cord
pathology and predicting patient's outcome and therefore need support from a network of
scientists across centers in order to promote adoption into the clinical arena.
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Spondylotic myelopathy

Spinal cord compression can be caused by various pathological processes such as
neoplasms, degenerative changes, inflammatory processes and trauma. Degenerative spine
disease is the most common and may have enormous effects on the patients' quality of life
(Kara et al., 2011). Progressive compression of the spinal cord due to narrowing of the
spinal canal is the main pathophysiology underlying the nontraumatic myelopathy. Early
diagnosis and appropriately chosen treatment may prevent further damage to the spinal cord
(Kara et al., 2011). Therefore, it is very important to visualize the on-going pathological
process as early as possible. Careful quantitative analysis reveals that the combination of
increased T,-weighted and reduced Tq-weighted signal intensities, a long segment of
increased T,-weighted signal intensity or patchy areas of increased To-weighted signal
intensity are predictive of reduced neurological recovery in patients undergoing surgery for
CSM. These data can be used by clinicians to manage patient expectations and to assist in
clinical decision-making (Arvin et al., 2013). Although at more advanced stages of disease,
conventional T1- and T,-weighted MR images are quite sensitive for confirming the
presence of myelopathy, in the early stages however, there are discrepancies between the
actual clinical status and the imaging findings. Oligodendrocyte apoptosis and consequent
demyelination are found to play a central role in neurologic deterioration as seen in cervical
spondylomyelopathy at later stages (Kara et al., 2011). Spinal application of newly designed
diffusion tensor imaging (DTI) sequences allows a more sensitive evaluation of the normal
appearing white matter. Fractional Anisotropy (FA), Apparent Diffusion Coefficient (ADC)
and Mean Diffusivity (MD) metrics derived from DTI are able to document and quantify
orientation changes of water molecules in normal appearing white matter of the spinal cord
(Budzik et al., 2011; Cui et al., 2011; Xiangshui et al., 2010). The findings of two subjects
with cervical myelopathy are shown in Fig. 2 and Fig. 3. FA metrics have been found to be
more sensitive to pathological changes in comparison with ADC and MD values (Budzik et
al., 2011). In a recently published preliminary study using DTl on a 3 T MR system, Kara et
al. (2011) found decreased FA values and increased ADC values in stenotic segments in
comparison with nonstenotic ones (mean FA and ADC in stenotic segment: 0.65 and 1.01
with SD 0.04 and 0.19, respectively), suggestive of myelopathic changes even without T2
signal alterations. By application of orientation based entropy analysis in multi-level
compression, it is possible to evaluate the contribution of each compression level to the
overall picture (Cui et al., 2011). Another recent study at 3 T confirmed an increased MD
and a decreased FA in patients compared to healthy controls. Here the authors assessed the
diagnostic utility of DTI indices and found that in their study the receiver operating
characteristic (ROC) analysis had higher sensitivity and specificity for prediction compared
to FA and MD changes (Uda et al., 2013). ADC values have also been assessed to determine
their ability to predict clinical recovery after decompression surgery in another study and
showed promising results, suggesting that further work is warranted to determine the best
way to include diffusion indices into the evaluation of cervical myelopathy (Sato et al.,
2012).

Neuroimage. Author manuscript; available in PMC 2015 March 24.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wheeler-Kingshott et al. Page 6

Spinal cord injury

Improving our ability to assess tissue viability and detect residual neuronal function in the
spinal cord, in order to identify and distinguish morphological and functional changes, is key
to advancing our capacity for clinical prognosis and management of spinal cord injury
patients. A recently published prospective longitudinal study in chronic SCI investigated the
motor system, including cervical spinal cord, cranial corticospinal tract (CST) and motor
cortex, in particular correlating parameters indicative of axonal loss and myelin integrity to
clinical outcome, providing a comprehensive assessment of progression using multi-modal
MRI (Freund et al., 2013). A cross-sectional study of traumatic SCI patients using structural
and functional MRI revealed associations between cross-sectional spinal cord area, gray and
white matter volume as measured using voxel based morphometry of the brain, cortical
activations following right-sided hand grip as well as median and tibial nerve stimulation
and cortical thickness, and disability (Freund et al., 2011) confirming observed changes in
the motor cortex and motor pathways following SCI (Wrigley et al., 2009). In light of the
evidence of functional and structural changes of the motor system in SCI and the sensitivity
of spinal cord quantitative measurements to damage (Cohen-Adad et al., 2011; Freund et al.,
2011; Lundell et al., 2011; Petersen et al., 2012), one aim of spinal cord fMRI is to
complement structure-sensitive techniques (e.g. atrophy, DTI, MT), by characterizing
normal spinal circuits in healthy individuals and to delineate how these circuits become
damaged after injury. The extension of this characterization is to predict progression and
monitor the benefficial or deleterious effects of different treatment options.

Injury to the human spinal cord, regardless of the mechanism, results in a complex cascade
of events at the cellular level that may or may not have an effect on the neurovascular
coupling mechanisms that underlie the signal changes detected with spinal fMRI. It is
important therefore, to bridge the research gap between our detailed understanding of the
pathophysiology of SCI and the biophysical mechanisms of the signal changes that are
exploited for spinal cord fMRI. Primary injury refers to a destructive force that directly leads
to neural structure damage, as for example the sheer force, which tears an axon, or a direct
compressive force occluding a blood vessel that results in ischemia. The primary destructive
events initiate a series of cellular mechanisms that result in ongoing damage to the neural
structures, termed secondary injury (Tator and Fehlings, 1991). The pathological processes
that occur at the cellular level include ischemia, vasospasm, ion-mediated cellular damage,
excitotoxicity, oxidative cellular damage, neuroinflammation, and cell death. Changes in the
correspondence between fMRI signal changes and neural activity may therefore also depend
on the time since the injury occurred, thus complicating interpretation.

There are a number of clinical outcomes that follow traumatic spinal cord injury as a
consequence of either adaptive or maladaptive plasticity. Adaptive plasticity refers to the
concept of natural recovery whereby an individual who sustained motor deficits, sensory
impairment or both following SCI recovers to some degree in the months after injury
(Fawcett et al., 2007). Maladaptive plasticity refers to neurological symptoms that arise as a
result of spinal circuits reorganizing themselves in a way that provides no useful function
such as neuropathic pain, spasticity, disruption of autonomic function and the lack of motor
and sensory recovery (Gwak and Hulsebosch, 2011). One potential advantage of spinal
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fMRI will be to investigate the longitudinal effects of various stimulation paradigms as they
relate to clinical symptoms such as the recovery of motor function, sensation or the
development of neuropathic pain. A better understanding of the spinal circuit changes that
are associated with maladaptive plasticity may lead to more accurate diagnoses and the
ability to objectively monitor treatment.

Studies of the effects of spinal cord injury that have been carried out to date using spinal
cord fMRI have all focused on the chronic stages at 1 year or more after the injury occurred.
Potential confounding effects include on-going changes in cellular function and ionic
metabolism, each of which may alter mechanisms of neurovascular coupling and the
subsequent hemodynamic response. Nonetheless, the studies carried out to date have
demonstrated that fMRI of the spinal cord can detect important changes as a result of
traumatic injury in both the cervical and lumbar regions of the spinal cord (Goldfarb et al.,
2011; Kornelsen and Stroman, 2007; Stroman et al., 2004a).

The first spinal cord fMRI study carried out on participants with spinal cord injuries
investigated activity in the lumbar spinal cord, below the level of injury, in response to a
noxious cold stimulus applied to the leg (L4 dermatome) (Stroman et al., 2004a). This study
demonstrated significant activity in all participants, including SCI patients, in the lumbar
segments of the spinal cord, below the level of injury. Moreover participants with SCI who
could feel or had some altered sensation of the cold stimulus, had spatial patterns of activity
that were similar to that observed in healthy participants.

A more recent study of thermal responses in the cervical spinal cord and brainstem
investigated responses to warm thermal stimuli in regions both above and below the level of
injury (Saranathan et al., 2012). Results corresponded with the level and extent of injury,
with responses above the level of injury being generally similar to those seen in healthy
participants, and responses below the level of injury being altered depending on the injury
severity. Right- and left-side differences were also demonstrated, as well as corresponding
activity in the brainstem (Fig. 4).

Collectively, these results demonstrate the sensitivity of the fMRI method to changes as a
result of trauma and the feasibility of using fMRI as a research tool for studying the effects
of injury. Future clinical applications will require demonstration that the results obtained in
each participant are sufficiently sensitive and reliable to be suitable for diagnostic purposes
or monitoring of treatment outcomes. As spinal fMRI emerges as a tool to investigate spinal
cord injury, we must tread cautiously with the interpretation of results. One limitation, for
example, is our lack of understanding of how the neurovascular coupling response may
change after injury. Currently, the hemodynamic response function utilized in model-based
fMRI data analysis is derived from healthy neural tissue. It will be important to investigate if
damaged neural tissue also exhibits the same hemodynamic response function (both in
temporal as well as spatial aspects) to a given stimulus, because the accuracy of the
predicted response can impact on the sensitivity of the fMRI method for detecting neural
activity. In addition, the technical challenges of spinal cord fMRI that have been detailed in
part | of this review (Stroman et al., 2014) may need to be reduced or eliminated before its
sensitivity and reliability are acceptable for clinical applications.
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Pain

In complement to the evidence for responses to stimuli that spinal fMRI can provide, there is
an important place for DT-MRI in providing information about the structural integrity of
spinal cord tissue after injury. It has been shown for example, that diffusion indices, based
on advanced acquisition and analysis protocols, are sensitive to severity of the damage,
although no specific correlations were found with sensorimotor scores when looking at
sensory-motor tracts. Correlation of DTI indices with electrophysiological measures have
also been demonstrated (Petersen et al., 2012) as well as correlation of spinal cord DTI
indices with retrograde CST changes and disability (Freund et al., 2012a). Wallerian
degeneration of white matter pathways have been shown to reach the cortico-spinal-tract in
the brain and to correlate with functional reorganization (Freund et al., 2012b). These few
early studies indicate that structural changes following injury have an effect on the diffusion
properties of the tissue, which should be investigated in larger patient studies to prove their
true potential as imaging biomarkers of tissue damage or integrity. Furthermore, larger
studies are needed to fully establish this technique as a clinical tool. It must be
acknowledged however, that the challenges of spinal cord DT-MRI are worsened by the
presence of metal implants in SCI patients and therefore large population studies may be
very difficult to perform.

Clinical applications of spinal cord MRS to patients with SCI have been scarce and limited
to a few studies that were carried out in patients with cervical spondylotic myelopathy
(Holly et al., 2009), chronic whiplash (Elliott et al., 2012) and brachial plexus injury
(Kachramanoglou et al., 2013). Although most of these studies are limited by small cohort
sizes and technical limitations, they have shown the potential of MRS, which may provide
information on the underlying mechanisms of the disease by reflecting pathological changes
that are not detectable with conventional MRI techniques. Advanced diffusion imaging
methods, such as diffusion kurtosis and g-space imaging have also shown great potential in
correlating with disability in patients with spondylotic myelopathy (Hori et al., 2012), but
are beyond the scope of the present review.

The spinal cord (and brainstem) is the first point in the central nervous system that processes
nociceptive signals arriving from the body, and which ultimately may produce a sensation of
pain. Functional imaging of the spinal cord aims to record this activity and can help to better
understand how these signals are processed and whether altered spinal cord function
underlies chronic or neuropathic pain states in humans. Nociceptors, free nerve endings
located in skin, muscles and viscera, respond to potentially tissue-damaging stimuli such as
temperature, pressure, extreme pH and other noxious stimuli by producing afferent volleys
that signal the location, nature and intensity of the threat. Indeed, functional imaging studies
have demonstrated widespread activity across the brain (Jones et al., 1991; Apkarian et al.,
2005) in response to painful stimuli. The development of non-invasive imaging techniques
to record spinal activity provides critical information needed to interpret nociceptive
processing in health and disease, and may help explain the patterns of brain activity
observed in response to noxious stimulation in healthy controls and in patients suffering
from pain. Furthermore, it has already provided important information about the modulation
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of spinal nociceptive processing induced by analgesic drugs or by other non-
pharmacological treatments.

Evidence for a spinal metabolic response to nociceptive stimulation

Human pain

For a long time the focus on understanding how nociceptive signals are processed within the
central nervous system has been targeted to the spinal cord (McMahon et al., 2006; Wall,
1964). Anatomists and electrophysiologists have described in great detail the laminar
organization of the spinal cord (Watson, 2009), with peripheral nociceptors forming synaptic
connections within different dorsal horn layers. More recently, the response of the spinal
cord in awake or anesthetized animals has been studied using immunological and metabolic
imaging techniques. Bullitt (1991) used c-fos immunolabelling (Hunt et al., 1987) to record
the response to acute prolonged nociceptive stimulation (e.g. hindpaw pinch), which
increased gene expression in response to neuronal activity in the ipsilateral dorsal horn,
extending over several segments; these findings have been extended in other experimental
models of nociception (see reviews in (Coggeshall, 2005; Porro and Cavazzuti, 1993)).
Increased metabolic demand due to neuronal activity can be visualized using radiolabelled
tracers such as 2-deoxyglucose (2-DG), and quantified using autoradiographic techniques
(Coghill et al., 1991; Porro et al., 1991). An interesting observation is that, in the awake rat,
responses were observed bilaterally. The contralateral activation observed in unanesthetized
animals could be due both to motor behavior, and to “mirror” nociceptive processing (Aloisi
et al., 1993). Note that the studies mentioned above utilized prolonged stimulation, and
therefore the results may reflect changes in the tonic excitability of the cord (potentially
reflecting pro-nociceptive input from the brainstem).

studies using fMRI

The first study in humans using stimulation likely to activate nociceptors (electrical
stimulation of the median nerve), was performed by Backes et al. (2001). In response to
electrical stimulation at the elbow, cardiac gated BOLD-sensitive echo-planar images
acquired in the sagittal plane revealed signal increases (uncorrected p b 0.01) in lower
cervical segments. Activity was not reliably detected in slices acquired in the transverse
plane. Also in some instances bilateral activation was found. One issue relating to the use of
supra-threshold (i.e. painful) electrical stimulation is that it excites a wide range of nerve
fibers that convey information relating to sense of touch/vibration, limb position, and
nociception, making interpretation of patterns of spinal activity difficult. Nonetheless, in
other BOLD fMRI studies of the spinal cord (Brooks et al., 2012; Kong et al., 2012),
patterns of cervical spinal activity were recorded in response to painful thermal and punctate
stimulation and compared across a group of 18 subjects; a predominantly ipsilateral
response was demonstrated using a mixed effects model and corrected (voxel-level)
statistics (Brooks et al., 2012). However, not all reports of spinal activity in response to
nociceptive stimuli have demonstrated lateralized activity in the cord. In response to painful
laser stimulation of the dorsum of the left hand, activating predominantly AS fibers, activity
was observed to be bilateral in the cervical spinal cord (Summers et al., 2010). Importantly,
this was the first study to directly assess the false-positive detection rates in spinal cord
activity, and the number of activated voxels in response to laser stimulation was found to
exceed the false-positive level. Concerning the absence of lateralized signals in response to
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nociceptive stimulation, it should be noted that this assessment was made on the basis of
sub-dividing the cord into right and left halves, so any bilateral motor-reflex activity in
response to stimulation (involving activity in both anterior horns) might have concealed
increased ipsilateral dorsal horn activity.

By using a combination of BOLD and SEEP contrast, Ghazni and co-workers reported
changes in spinal cord and brainstem activity in response to painful and non-painful punctate
stimuli (Ghazni et al., 2010). Activity in response to stimulation of the right thumb with a
light (2 g) and heavier (15 g) von Frey filament was observed throughout the spinal cord,
brainstem and thalamus. Surprisingly, activity in the ipsilateral cervical dorsal horn and
brainstem was highest for the light-weight probe, which was interpreted as reflecting
descending modulation from the brainstem. Of direct relevance to the study of descending
pain modulation, two recent studies have recorded the brainstem and spinal cord response
during endogenous analgesia due to placebo effects (Eippert et al., 2009a, 2009b). In
response to thermal stimulation of the left forearm, in a region treated with an inert cream as
a placebo, increased activity in periaqueductal gray matter (PAG) and rostral ventromedial
medulla (RVM) was observed (Eippert et al., 2009a). Conversely, BOLD evoked signal
increases were reduced in a restricted region of the spinal cord during placebo analgesia; this
was interpreted as reflecting decreased nociceptive processing in the spinal cord due to
descending pain modulation (Eippert et al., 2009b). The role of attention on patterns of
brainstem and spinal cord activity in response to cold stimulation (18 or 15 °C) that
produced “mild” to “strong discomfort”, was investigated by Stroman et al. (2011). Similar
to previous data examining brainstem responses following painful thermal stimulation
(Tracey et al., 2002), increased activity was found in the PAG during distraction conditions,
perhaps relating to altered levels of discomfort. However, activity at the level of the spinal
cord was opposite to what might be expected on the basis of descending inhibition of
nociceptive input, with decreased activity during the no-distraction “rating” period when
compared to the distraction condition. On the other hand, a recent study by Sprenger et al.
(2012) has demonstrated that during a mentally demanding distraction task (n-back task),
spinal cord activity in response to concurrent painful thermal stimulation is reduced when
cognitive demand is high, and that the reduction in pain ratings (when compared to the low
cognitive demand condition) is significantly correlated with the change in BOLD signal. It is
worth noting that developments in MR data acquisition e.g. the use of slice dependent z-
shimming (Finsterbusch et al., 2012) and region-selective radiofrequency (RF) excitation
pulses (Finsterbusch, 2013; Finsterbusch et al., 2013) may improve our ability to record
BOLD signal changes in the human spinal cord. In particular, z-shimming has been already
used to study spinal responses to noxious stimulation (Eippert et al., 2009a, 2009b; Sprenger
etal., 2012).

The studies of pain that have been reported to date demonstrate that by using spinal fMRI,
researchers are already asking challenging questions relating to the interaction of brain,
brainstem and spinal cord and of our ability to endogenously control pain. Future research
assessing the impact of analgesic compounds on pain-related activity in the human spinal
cord is already beginning.
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Multiple sclerosis

Multiple sclerosis (MS) is the disease that has benefitted mostly from advanced quantitative
spinal cord imaging techniques, spanning from cord atrophy measurements, fMRI, DTI and
also magnetization transfer ratio (MTR), myelin imaging and proton MRS, as described in
this section. Fig. 5 is showing an example of some of these techniques in a patient with MS
at cervical level.

Cord lesions in MS are more frequently observed in the cervical than in other regions, are
usually peripheral, limited to two vertebral segments in length or less, occupy less than half
the cross-sectional area of the cord, and typically are not T1-hypointense (Lycklama et al.,
2003). Asymptomatic spinal cord lesions have been described in 30-40% of patients at
presentation with clinically isolated syndromes (CIS) and in up to about 90% of patients
with definite MS (Lycklama et al., 2003). Although significant reduction of cervical cord
size can also be observed in the early phase of MS (Brex et al., 2001), cord atrophy is more
severe in the progressive forms of MS (Lycklama et al., 2003). Some studies in MS patients
found a correlation between atrophy of the cervical cord and disability, measured using the
Expanded Disability Status Scale (EDSS) (Kidd et al., 1993; Lin et al., 2004; Losseff et al.,
1996). Changes at a given time point and over time in cord cross-sectional area (CSA)
correlate better with clinical disability than changes of T2 lesion burden (Losseff et al.,
1996). As example of a novel development that could rapidly be adopted, recently, a new
semi-automatic method based on an active surface (AS) model of the cord surface allowing
segmentation of long portions of the cord (Horsfield et al., 2010) has shown to provide
reproducible measures of cord CSA from C2 to C5. Its ability to give atrophy measures of
potential clinical relevance has been demonstrated in a group of 40 patients with relapsing—
remitting (RR) and secondary progressive (SP) MS (Horsfield et al., 2010). The use of this
method in a multicenter study to investigate the correlation between cord atrophy and
clinical disability in a large sample of MS patients has demonstrated that CSA differs
significantly among the main MS clinical phenotypes and it is correlated with EDSS, with a
differential effect among disease clinical phenotypes: no association in either CIS patients or
in benign MS; association in RRMS, SPMS and primary progressive (PP) MS (Rocca et al.,
2011). Combining the AS method with voxel based analysis of structural scans of the spinal
cord has the potential to provide an insight into localized changes in patients with MS
(Rocca et al., 2013; Valsasina et al., 2013). These results suggest that cervical cord atrophy
provides a relevant and useful marker for the characterization of clinical heterogeneity of
MS patients. The stability of this measure among different centers supports its use as a
surrogate marker to monitor disease progression in multicenter trials.

Abnormal magnetization transfer and diffusion tensor MRI quantities from the cervical cord
have been shown in patients with established MS, but not in those with clinically isolated
syndromes (Agosta and Filippi, 2007). Conventional and diffusion tensor MRI of the
cervical cord was obtained from relapse-onset MS patients at baseline and after a mean
follow-up of 2.4 years (Agosta et al., 2007a): baseline cord cross-sectional area and FA
correlated with increased disability at follow-up (Agosta et al., 2007a). Using magnetization
transferweighted MRI a study showed that signal abnormalities in the dorsal and lateral
columns of the spinal cord are correlated with vibration sensation and strength, respectively
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(Zackowski et al., 2009). Another study found that decreased magnetization transfer ratio
(MTR) of the central gray matter of the cervical cord is related to EDSS score in patients
with relapsing-remitting (RR) MS (Agosta et al., 2007b). In RRMS, baseline cervical cord
MTR was correlated with relapse rate and EDSS changes over 18 months (Charil et al.,
2006). Recent studies at 3 T have shown the sensitivity of DTl and MTR metrics to
clinically relevant differences in patients with MS, beyond conventional imaging modalities
(Oh et al., 2013a, 2013b).

A number of other quantitative MRI techniques have also been applied in MS, although not
as extensively as CSA, MTR and DTI indices. For example, a two year longitudinal study of
cervical cord myelin water in primary progressive multiple sclerosis found that at C2—-C3 the
myelin water fraction decreased by 5% per year (Laule et al., 2010). Studies to assess
metabolite concentrations in MS in the cervical cord using MRS have been used both in
cross-sectional and longitudinal studies. For example compared to controls, MS patients
with a cervical cord relapse have reduced NAA (N-acetyl-aspartate) concentration and lower
structural connectivity in the lateral CST and posterior tracts, and such abnormalities were
correlated with disability (Ciccarelli et al., 2007). Interestingly, spinal cord NAA levels
partially increased over time after an acute relapse, especially in patients who improved
clinically (Ciccarelli et al., 2010a) suggesting that NAA may reffect changes in axonal
integrity and/or metabolism which are clinically relevant. A recent paper has demonstrated
that lower myo-inositol/creatine values, possibly suggesting astrocytic damage, were
consistently found within the NMO (neuromyelitis optica) lesions in the spinal cord when
compared with healthy controls and patients with MS, who showed at least one
demyelinating lesion at the same cord level, suggesting that the in vivo quantification of
myo-inositol may distinguish NMO from MS (Ciccarelli et al., in press).

Functional MRI has also been investigated in MS where an increased activation of the
cervical cord has been demonstrated in all the major MS clinical phenotypes and has been
related to the severity of clinical disability and the extent of tissue damage (Agosta et al.,
2009b, 2009c; Valsasina et al., 2010). Future studies will investigate further the potential
derived from statistical modeling imaging measures after the MRI post-processing, which
may offer some information on the axonal, mitochondrial metabolism (Ciccarelli et al.,
2010b).

Concluding statements

Significant advances in spinal cord imaging methods have been realized in the past decade.
The great potential of such methods to support research into basic neuroscience and novel
treatment strategies, as well as to improve clinical diagnoses, and the monitoring of
treatment and rehabilitation outcomes have been well-demonstrated. The realization of
methods to provide the desired research and clinical tools still requires technological
development. In part | we reported the greatest technical challenges that are common across
almost all of the spinal cord imaging methods that are currently being developed. In part Il
we have focused on some clinical application of cutting edge techniques that need adoption
into the clinical scenario for testing their real impact on clinical practice (diagnosis and
prognosis of several conditions). We propose that the fastest way to realize the potential of
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these methods is to make the most advanced techniques more widely accessible by engaging
with equipment manufacturers and software developers, as well as accelerating the
development of new methods by facilitating tools and data sharing across research groups.
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Fig. 1.
Selective reconstruction of the corticospinal tracts with crossing in the medulla oblongata in

a healthy subject. a) Coronal view of the non-diffusion weighted scan with the CSTs in red.
b) axial view of the spinal cord FA, color coded with the direction of the principal
eigenvector of the diffusion tensor, with the right and left CSTs in red and blue, coming out
of the axial section and showing their crossing point.
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Fig. 2.
(a—d) Sagittal T2, axial T2, DWI and 3D reconstruction of the spinal cord fibres in cervical

spondylomyelopathy. Although one observes faint signal changes on sagittal T2 (a), 3D
fiber tractography reconstruction (d) shows diffuse nerve fiber destruction, eventually
explaining the clinical status of a patient.
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(a—e) C6/C7 root compression due to herniated disk, and its effect on neural tissue integrity.
DTI metrics allows us to observe increment in ADC and decrement in FA not only in the
affected area but also in near proximity in patients with disk herniation in comparison with
healthy subjects (mean ADC of healthy volunteer: 0.78 + 0.0; mean FA of healthy

volunteer: 61 £ 5).
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Fig. 4.
Example of results obtained in a healthy female participant (top) and an age-matched

participant with an incomplete (ASIA B) spinal cord injury (SCI) in the cervical level. Four
dermatomes were stimulated, corresponding to the right and left C5 and C8 spinal cord
segments, and results are shown in selected axial and sagittal slices showing the responses to
right- and left-side stimulation of the little finger side of the palm (C8 dermatome). Results
obtained in the healthy participant show activity in the ipsilateral dorsal horn of the spinal
cord in the C8 segment, with a high degree of laterality corresponding to the side of the
body being stimulated, as well as activity in the medulla of the brainstem. Results obtained
in the participant with SCI show nearly normal responses on the left side of the spinal cord,
and slightly altered responses on the right side, as well as corresponding activity in the
medulla. In spite of an apparently extensive span of tissue damage in the cervical spinal
cord, the neural activity detected is only slightly altered.
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Fig. 5.
Spinal cord images acquired on a patient with multiple sclerosis. a) 3D Fast Field Echo

(FFE) image acquired in the axial plane with the following parameters: 10 contiguous slices,
FOV 240 x 180 mm?2, TR 23 ms, TE 5 ms, flip angle o = 7°, number of averages = 8, voxel
size = 0.5 x 0.5 x 5 mm3, total acquisition time = 13:34 min; b—c) Magnetization transfer
imaging (b — MT pulse ‘ON’;c — MT pulse ‘OFF’) acquired with the following
parameters: 3D slab-selective FFE sequence with two echoes (TR = 36 ms, TE1Z/TE2 =
3.5/5.9 ms, flip angle a = 9°), 22 axial slices, FOV = 240 x 180 mm?, voxel size 0.75 x 0.75
x 5 mm3 reconstructed to 0.5 x 0.5 x 5 mm3 to match the FFE scan resolution as in a),
SENSE acceleration factor = 2, total acquisition time = 9 min. The MT pulse characteristics
were: Sinc-Gaussian shaped MT saturating pulse of nominal a = 360°, offset frequency 1
kHz, duration 16 ms. d—€) Diffusion tensor imaging (DTI) derived maps (d — FA; e —
MD). DW images were acquired axially with the following parameters: TE =52 ms, TR =
12 RRs (cardiac gated), reduced FOV of 64 x 48 mm?2, SENSE factor = 1.5, acquisition
matrix 64 x 48, voxel size = 1 x 1 x 5 mm3, The DW imaging protocol consisted of 30 b =
1000 s mm~2 DWI volumes with gradient directions evenly distributed over the sphere and 3
non-DWI (b = 0) volumes.
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Table 1

Examples of studies employing spinal cord fMRI:.

Healthy (uninjured) volunteers:

Patients with carpal tunnel syndrome:

Patients with spinal cord injuries:

Patients with multiple sclerosis:

Motor taste (hand, and leg) (Kornelsen and Stroman, 2004; Maieron et al., 2007; Stroman and Ryner,
2001; Stroman et al., 1999).

Thermal stimulation (hand, leg) (Stroman, 2009; Stroman and Cahill, 2006; Stroman and Ryner, 2001;
Stroman et al., 2001, 2004b, 2011).

Thermal pain (Brooks et al., 2008, 2012; Cahill and Stroman, 2011; Eippert et al., 2009a, 2009b;
Sprenger et al., 2012; Stroman et al., 2001, 2002a,b; Summers et al., 2010).

Electrical stimulation (Xie et al., 2012).

Vibration (Lawrence et al., 2008).

Light touch (Agosta et al., 2009c; Ghazni et al., 2010; Summers et al., 2010).
Sensitization with capsaicin (Ghazni et al., 2010).

Event-related fMRI with brief thermal stimulation (Figley and Stroman, 2012).
Pressure on affected median nerve (Leitch et al., 2009, 2010).

Thermal sensory stimulation (hands, legs) (Stroman et al., 2002c, 2003, 2004a).
Leg motor taste (active and passive) (Kornelsen and Stroman, 2007).

Thermal sensory stimulation (Agosta et al., 2008b; Valsasina et al., 2010).
Proprioception (Agosta et al., 2008b; Valsasina et al., 2010).

Hand motor taste (Agosta et al., 2008b; Valsasina et al., 2010).
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Table 2

Examples of studies employing cervical spinal cord DTI:.

Healthy (uninjured) volunteers:
Spinal cord compressions
Inflammatory diseases
Arteriovenous malformation
Ischemia

SCI

CSM

Multiple sclerosis

Amyotrophic lateral sclerosis

Smith et al. (2010), Vedantam et al. (2013), Wheeler-Kingshott et al. (2002)
Facon et al. (2005), Plank et al. (2007)

Renoux et al. (2006)

Ozanne et al. (2007)

Thurnher and Bammer (2006)

Cohen-Adad et al. (2011, 2012), Ellingson et al. (2008), Freund et al. (2012b), Lammertse et al. (2007), Shen
et al. (2007)

Sato et al. (2012), Uda et al. (2013)

Agosta et al. (2005, 2007a), Benedetti et al. (2010), Ciccarelli et al. (2007), Hesseltine et al. (2006), Oh et al.
(2013a, 2013b), Ohgiya et al. (2007), Valsasina et al. (2005), Van Hecke et al. (2009)

Agosta et al. (2009a), Cohen-Adad et al. (2013), Nair et al. (2010), Pradat et al. (2011), Valsasina et al.
(2007)
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