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Abstract

Magnetic resonance imaging (MRI) of the human spinal cord at 7 Tesla has been demonstrated by
a handful of research sites worldwide, and the spinal cord remains one of the areas in which higher
fields and resolution could have high impact. The small diameter of the cord (~1 cm) necessitates
high spatial resolution to minimize partial volume effects between gray and white matter, and so
MRI of the cord can greatly benefit from increased signal-to-noise ratio and contrasts at ultra-high
field (UHF). Herein we review the current state of UHF spinal cord imaging. Technical challenges
to successful UHF spinal cord MRI include radiofrequency (B1) nonuniformities and a general
lack of optimized radiofrequency coils, amplified physiological noise, and an absence of methods
for robust By shimming along the cord to mitigate image distortions and signal losses. Numerous
solutions to address these challenges have been and are continuing to be explored, and include
novel approaches for signal excitation and acquisition, dynamic shimming and specialized shim
coils, and acquisitions with increased coverage or optimal slice angulations.
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INTRODUCTION

Magnetic resonance imaging (MRI) of the human spinal cord has been a routine clinical
procedure since the 1980s, and for roughly two decades, spinal cord examinations were
commonly performed at a clinical field strength of 1.5 Tesla. Within the last decade,
however, 3 Tesla scanners have been widely adopted for spinal cord imaging. The
advantages of MRI at 3T vs. 1.5T are a theoretical doubling of the signal-to-noise ratio
(SNR) (Edelstein et al., 1986), which can translate into higher spatial resolutions and/or
faster exam times, and different field-strength dependent contrasts. For these reasons, spinal
cord MRI at 3T has quickly become the standard in both clinical and research settings.

The past decade and a half has also seen a steady growth in the use of even higher fields.
Scanners operating at 4 Tesla were developed even before 3T systems were commonplace
(Ugurbil, 2012), but more recently MRI scanners operating at ultra-high field (UHF) —
defined herein to be 7 Tesla and above — have created new and exciting opportunities for
high-resolution imaging. UHF MRI in humans was first reported at 8 Tesla in 1998
(Robitaille et al., 1998), and functional magnetic resonance imaging (fMRI) has been
performed in the human brain at 7T since the turn of the century (Yacoub et al., 2001).
Approximately 60 UHF systems for human imaging are now installed or planned
worldwide. UHF MRI generates exquisite images of the brain with unique contrasts at high
spatial resolutions, and UHF fMRI offers higher sensitivity to blood oxygenation level
dependent (BOLD) signal changes at higher spatial resolutions (U§urbil, 2012; Duyn, 2012).
However, whereas technologies for MRI of the brain at 7T have advanced significantly
within the past 15 years, developments in spinal cord MRI at 7T have lagged considerably
and only within recent years have studies been reported that demonstrate the feasibility of
structural, functional, quantitative, and spectroscopic imaging in the human spinal cord at
7T.

The last 15+ years of 7T MRI and fMRI in the brain have also produced considerable
evidence that methods developed for routine imaging at conventional fields do not readily, if
at all, translate to 7 Tesla. Each increase in field strength, from 1.5T to 3T, and from 3T to
7T, offers new opportunities to visualize structures of interest with high spatial resolution
and enhanced conspicuity, and to detect brain function and networks with greater sensitivity.
However, higher magnetic fields also incur significant technical challenges related to both
physics and physiological limitations that must be overcome to fully exploit the theoretical
advantages of UHF imaging. Thankfully, new challenges at each field strength increment
have also been met with increasingly clever technical solutions (Webb & Van de Moortele,
2016), thereby continually redefining the boundaries of what is practical and what may be
possible in the future. Thus, the goals of this review are to present the current state of spinal
cord MRI at 7T, explore technical challenges that are currently being addressed by research
groups worldwide, and highlight ideas that may advance the frontier of UHF spinal cord
imaging.
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LITERATURE OVERVIEW

An in-depth literature search was performed through PubMed and the proceedings of the
International Society for Magnetic Resonance in Medicine (ISMRM) to identify as many 7T
spinal cord publications as possible. Keyword searches included terms such as “spine” and
“spinal cord”, and author lists and references within abstracts were cross-referenced through
PubMed to obtain the corresponding journal articles, whenever possible. One abstract was
also identified in the proceedings of the European Society for Magnetic Resonance in
Medicine and Biology. The resultant findings, representing the history and current state of
spinal cord MRI at 7T, are presented in Table 1. Any omissions in this table, other than
papers that became “in press” between when this manuscript was completed in March 2017
and when it was published online, are inadvertent. All peer-reviewed journal publications are
preceded by ISMRM abstracts, but not all abstracts resulted in journal publications, so this
list is sorted in chronological order where date of online journal publication supersedes date
of first presentation at a conference (with both dates listed). For ISMRM abstracts that were
also published as journal articles, the median time between first presentation of the research
at ISMRM (taken to be the first day of scientific sessions) and online journal publication is
361 days, with a minimum of —160 days (the journal article was published online a few
days after the ISMRM abstract submission deadline) and a maximum of 1541 days (4.2
years).

Table 1 presents 39 unique investigations (18 abstracts and 21 peer-reviewed journal articles)
on imaging the human spine or spinal cord at 7T. This list also includes population cohorts,
7T vendor, spine region imaged, and the coils used to acquire data. Of these 39 studies: 1 is
in silico, 1 is ex vivo, 3 only scanned phantoms, and 34 are /n vivo. Of the 38 studies that
acquired data on a 7T scanner (i.e., excluding /n silico): 1 used Magnex, 2 used GE, 12 used
Philips, and 23 used Siemens. Of the 34 /n vivo studies: 26 exclusively scanned healthy
volunteers and 8 included cohorts of patients. Of the 8 patient cohorts: 1 was scoliosis (2
patients), 1 was spina bifida (1 patient), 1 was amyotrophic lateral sclerosis (1 patient), 1
was spinal cord injury (1 patient), and 4 were multiple sclerosis (20, 15, 2, and 10 patients,
respectively). Of the 34 /n vivo studies: 2 imaged the lumbar cord, 4 imaged the thoracic
cord, 6 imaged a combination of two or more segments (thoracolumbar,
cervicothoracolumbar, or cervicothoracolumbosacral), and 22 imaged the cervical cord
(including one that imaged the brain and cervical cord). The geographical locations of the
7T sites that produced these studies are: 1 in France (Marseille), 2 in The United Kingdom
(Oxford), 5 in The Netherlands (2 in Leiden, 3 in Utrecht), 5 in Germany (1 in Berlin, 4 in
Essen), and 26 in The United States of America (1 in Minneapolis, MN; 1 in Pittsburgh, PA;
1 in Philadelphia, PA; 1 in Mayfield, OH; 2 in San Francisco, CA; 3 in Bethesda, MD; 4 in
Boston, MA; 6 in New York, NY; and 7 in Nashville, TN). Finally, the recent growth in this
field is evident in the fact that more than half of these 7T references have been published
within the last two years.

TECHNICAL CHALLENGES AND DEVELOPMENTS

The potential benefits of UHF spinal cord MRI over established 3T protocols has recently
been demonstrated (Figure 1). However, there are still considerable technical challenges
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associated with 7T spinal cord imaging to overcome — most notably related to transmit and
receive B fields, specific absorption rate (SAR), By inhomogeneities and physiological
noise. Addressing these issues will necessitate unique and innovative technical solutions.
Certain technologies that were originally developed for imaging the brain may be
translatable to the cervical or thoracolumbar cord. Similarly, other approaches that are being
implemented in spinal cord MRI at 3T (Cohen-Adad & Wheeler-Kingshott (eds.), 2014;
Cohen-Adad, 2017) may be extended to 7T. In this section we outline the most significant
challenges encountered, and discuss current and future directions of development.

Coil Design & B; Field

An important observation about Table 1 is that more than half of the studies (20 of 39) are
entirely on coil design or involve an aspect of coil design. This makes sense because the
quality of the MR data is fundamentally limited by the radiofrequency (RF) coils used for
signal excitation and reception, and expectedly, variations in coil design can drastically
change radiofrequency (i.e., B1) field patterns. The optimal coil configuration for 7T spinal
cord imaging is not yet known and the brief descriptions of RF coils in Table 1 demonstrate
the wide range of ideas for both signal excitation and reception, including both in-house
solutions and commercial products. Figure 2 illustrates the wide range of 7T spine coils that
have been developed and/or are being used across 7T sites.

There are several technical challenges with spinal cord coil design at 7T. As with all
anatomies at 7T, the short electromagnetic wavelengths associated with high fields
compromise B; homogeneity. Further exacerbating the B; nonuniformities is the presence of
vertebral bodies around the spinal cord, which differ in electrical permittivity to surrounding
tissue. Due to the B4 nonuniformities, a whole-body volume coil, as typically used at lower
field strengths, is generally unsuitable at UHF, and the use of multiple transmit elements has
been proposed. With multiple transmit coils, RF shimming can be employed to optimize the
phase and amplitude of each transmit element to create a more homogenous B4 ™ field (e.g.,
Mao et al., 2006; Curtis et al., 2012). Several groups have implemented such a design in the
form of transceiver arrays, combining transmit and receive elements, with up to 8 channels
employed (Kraff et al., 2009; Sigmund et al., 2012; Wu et al., 2010).

Other groups, however, have taken a different approach and separated transmit and receive
components from one another (Mossen et al., 2011; Zhao et al., 2014; Zheng et al., 2016).
While some of these designs still implement more than one transmit channel, these coil
systems primarily take advantage of the higher number of receive channels, which are more
readily available. The increased number of receive channels addresses other technical
challenges of coil design for spinal cord imaging: (1) a large field of view (FOV) can be
achieved, in order to image several levels of the spinal cord and (2) deep B4~ penetration is
facilitated, which is necessary as the spine is located near the center of the body. While most
of the coils (for both configurations) consist of rigid arrays on the posterior side of the neck,
it has been shown that contouring individual elements to the spine and/or designing a close-
fitting coil former are possible and beneficial (Zhang et al., 2017; Zhao et al., 2014; Yu et
al., 2016). Estimated /n vivo B1* maps have been published for a range of coil
configurations: a stripline and loop array (Kraff et al., 2011), dipole arrays (Eryaman et al.,
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2015; Duan et al., 2015), a 6-channel wrap-around array (Yu et al., 2016), a 22-channel
wrap-around array (Zhang et al., 2017), and a coaxial waveguide (Andreychenko et al.,
2013).

It is important to note that increasing the number of coil elements, however, increases the
SNR at the periphery, and not necessarily at the center of the region of interest. A simulation
study suggests that more designs should be explored, introducing the concept of intentional
inefficient spin excitation using loop arrays with electric dipole elements to reduce local
SAR (Eryaman et al., 2015). Other interesting designs involving traveling waves for the
whole body (Andreychenko et al., 2013), dipoles (Duan et al., 2015, 2016; Ali Haghnejad et
al., 2015), and a dielectric waveguide and dipole antenna transmit coil (Henning et al., 2016)
have also been investigated. Such 7T coil designs are diverse, and reflect the genuine
creativity that is needed to advance the field of UHF spinal cord imaging. Furthermore, it
should be noted that most of the work on coil design has been solely for the cervical spinal
cord. Designing a 7T coil to image the cervical cord is dissimilar from designing a coil to
image the thoracolumbar cord due to substantial differences in anatomy at these segments.
In addition to the variable length of the cord, the lumbar cord is smaller than the cervical
cord, and is surrounded by larger vertebrae and more tissue, which make the lumbar cord
less accessible. Furthermore, the required FOV varies for the different segments (neck vs.
torso and abdomen). Two groups have shown full spine coverage by acquiring a multi-
station scan and repositioning the transmit coil to each station (Mossen et al., 2011) or by
using a modular configuration along the spine (Graessl et al., 2014). These methods, while
demonstrating the potential and feasibility of full spine coverage at 7T, are not optimized
and represent a future research area to explore. The design and validation of a 7T
neurovascular coil is also being considered (Ali Haghnejad et al., 2015), which will be
needed for simultaneous UHF brain and cervical cord imaging.

Additional topics of interest that relate to the design of UHF spine coils, but have not yet
been explored/published in the spinal cord at 7T, include: RF coils for imaging of other
nuclei (e.g., 22Na, 31P); modulating the B;* field with high permittivity materials (Haines et
al., 2010; Teeuwisse et al., 2012; O’Reilly et al., 2016), which has been demonstrated in the
spinal cord at 3T (Yang et al., 2013) but not at higher fields; and imaging with plasma-based
transmit coils (Webb & Aussenhofer, 2015). Lastly, as parallel transmit technologies
continue to advance at 7T, novel design frameworks, such as array compression networks
(Cao et al., 2016; Yan et al., 2016), should be investigated for spinal cord imaging in order to
implement a high number of transmit channels more cost-effectively on a system with fewer
transmit channels.

Power Deposition

A major challenge for all UHF experiments, brain and spinal cord alike, is that the SAR —
the amount of RF power absorbed by tissue per unit time (W/kg) — scales as a function of
the square of the main magnetic field (Bg). Therefore, increasing the magnetic field from 3T
to 7T results in a greater-than fivefold SAR increase for a given pulse sequence. Guidelines
have been established that set acceptable SAR limits (ICNIRP, 1998) and must be
considered during sequence development. These limits are hard-coded into scanner software,
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so SAR must be reduced by modifying pulse sequences to have lower flip angles and/or a
longer repetition time (TR). Such madifications will invariably affect image contrast and
scan duration, so many 3T sequences with high peak RF power (e.g., magnetization transfer)
or 180° refocusing pulses (e.g., fast spin-echo imaging) are not readily translatable to 7T.

Bo Shimming

A further major challenge encountered in UHF spinal cord imaging is the presence of severe
By field inhomogeneities. Originating from differences in magnetic susceptibility between
different tissue types and surroundings, the field distortions scale with the strength of the
background field and are therefore a particular concern at UHF. By field distortions interfere
with encoding of contrast and spatial origin of the MR signal, commonly causing artifacts in
the form of signal loss and geometric distortion, but can also contribute to ghosting, blurring
and distorted excitation volumes, amongst other effects.

The largest By field distortions occur around interfaces between tissue and air, which have a
susceptibility difference of about 9 ppm (magnetic volume susceptibility - i = 0.36 ppm,
Xsoft tissue = —9-05 ppm) (Schenck, 1996). When imaging the spine, this particularly
concerns the shape of the neck, thorax and lungs, which all influence the field profile over
the spinal column. To a lesser degree, different tissue types also exhibit susceptibility
differences, specifically between bone and water-based soft tissue, which differ by about 0.2
ppm (X bone = —8.86 ppm) (Schenck, 1996). Despite the lower susceptibility difference, the
latter is of major significance in spinal cord imaging because it causes highly localized field
gradients around the intervertebral junctions.

Static Bg field homogeneity can be improved by By shimming, i.e., by applying external
fields that approximate and counteract local field distortions. Standardly, By shimming is
performed with a set of coils designed to produce spherical harmonic fields of up to 2" or
3" order. The current through each coil is adjusted on an individual subject basis to optimize
field homogeneity within a defined region of interest based either upon an acquired By field
map or a set of projections in different orientations (Gruetter, 1993). With a low number of
spherical harmonic field terms, it is however not possible to achieve a homogenous field
within the whole spine. Generally, the spherical harmonic approximation of the local field
holds better for smaller volumes. In spinal cord imaging, the defined shim region should
therefore preferably be limited to cover the spinal canal and a limited FOV in the foot-head
direction. However, with a small shim volume, care must be taken not to cause excessive
field degeneration outside it, which may interfere with e.g. excitation profiles, spatial
encoding and fat suppression.

Figure 3 shows the measured field in the cervical region in one subject before and after 2nd
order By shimming (Fig. 3B and Fig. 3C, respectively). By shimming counteracts the field
distortions induced by the curvature of the neck, reducing the range of field offsets inside the
spinal cord within the shim volume from almost 400 Hz to less than 50 Hz. Outside the shim
volume, however, the field homogeneity is substantially deteriorated, and extending the shim
volume further to cover more segments of the spinal cord would have come at the cost of
reduced field homogeneity inside it. Moreover, upon close inspection, the shimmed field
map reveals considerable remaining local field distortions at each intervertebral junction,
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which are sufficient to cause substantial signal loss due to dephasing in gradient-echo
imaging with long echo times. By shimming up to 3" order or higher could improve field
homogeneity over a larger region, but the localized gradients at the intervertebral junctions
would persist.

A further challenge of 7T spinal cord By shimming is poor robustness of shim calculation
procedures. This is demonstrated for an fMRI scan in Figure 4, where two consecutive scans
with identical acquisition parameters and shim regions yielded substantially different shim
settings by the standard projection-based vendor-provided shimming procedure. A few
factors that likely contribute to this phenomenon can be identified. Primarily, the fit of
higher-order field terms is increasingly ill-conditioned for smaller shim volumes, and the
shim calculation is therefore more prone to be disturbed by noise and spurious signal
(Nassirpour et al., 2017). Under these circumstances, low SNR regions or physiologically
induced field fluctuations can substantially influence calculated shim settings. Furthermore,
compensating for strong local field gradients can require currents exceeding amplitude limits
of the shim coils, in which case the settings may be capped at a suboptimal value. The
optimization algorithm should ideally take shim amplitude limits into account, but in
practice this is not always the case. The shim calculation should also account for the actual
field profiles produced by the shim coils, instead of assuming perfect spherical harmonic
shim fields (Webb & Macovski, 1991).

In essence, By shimming of the spinal cord at UHF presently suffers from (1) being feasible
for only limited FOVs, (2) an inability to compensate for highly localized field distortions at
intervertebral junctions, and (3) poor reproducibility. To overcome these limitations, it will
be imperative to take advantage of, and expand upon, recent developments within the area of
Bg shimming. Some benefit may be gained already from simple measures, such as field-map
based By shimming with regularized shim calculation (Kim et al., 2002), weighted regions
of interest, or prior knowledge of expected shim values for the specific anatomy, whereas
further improvement will require more advanced technical solutions.

In UHF brain imaging, it has been proposed to optimize shim settings on a slice-by-slice
basis (Blamire et al., 1996; de Graaf et al., 2003; Zhao et al., 2005; Juchem et al., 2010;
Sengupta et al., 2011), and a similar approach for axial acquisitions of the spinal cord holds
potential to reduce the impact of field inhomogeneities at the intervertebral junctions. A
study at 3T demonstrated reduced through-plane dephasing by adding slice-specific Z
gradient moments, thereby improving T,*-weighted echo planar imaging (EPI) acquisitions
in the spinal cord (Finsterbusch et al., 2012). Dynamic shim usage could also be
instrumental for imaging of extended regions, such as different segments of the cord or
simultaneous imaging of the spinal cord and the brain (Finsterbusch et al., 2013). Operating
the shims dynamically is relatively straightforward for the first-order terms (i.e., gradients),
whereas higher-order shim terms generally require specialized hardware and careful
calibration of eddy current compensation (Koch et al., 2006; Juchem et al., 2010; Fillmer et
al., 2016; Vannesjo et al., 2017).

Another recent development for By shimming of the brain is the usage of arrays of small
shim coils placed in close proximity to the subject (Han et al., 2013; Juchem et al., 2011).
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This yields increased degrees of freedom in the achievable shim field profiles, and has been
shown to improve field homogeneity in the brain at 7T (Juchem et al., 2011). In this
direction, a 24-channel planar shim coil placed in the patient table was recently reported to
substantially improve static shimming of the spinal cord at 3T (Topfer et al., 2016).

Finally, passive By shimming has the potential of yielding even higher degrees of freedom in
the produced field patterns, however at the expense of being more difficult to adjust on a
subject-by-subject basis. For brain imaging, studies have shown field homogeneity
improvements by positioning materials with suitably chosen magnetic susceptibility in the
vicinity of the subject (Yang et al., 2011), or in the oral cavity (Wilson et al., 2002). For
spinal cord imaging at 3T, one study has demonstrated improved field homogeneity within
the neck by placing pyrolytic graphite foam matched to the susceptibility of human tissue
behind the neck (Lee et al., 2015).

Physiological Noise

Another major consideration of /n vivo spinal cord imaging at 7T is physiological noise. In
its broadest sense, physiological noise refers to any and all physiological processes
(respiration, cardiac pulsatility/movement, swallowing, cerebrospinal fluid (CSF) flow, and
bulk movement) that create unwanted instabilities in the MR signal. Owing to the slow time
scales of the most common sources, physiological noise creates data inconsistencies
between RF excitations. These inconsistencies, in turn, manifest in one or more complex
ways including (but not limited to): decreased spatial resolution (blurring), image
duplication (ghosting), image distortion and loss of desired contrast, suboptimal By
shimming and resonance frequency selection, and decreased SNR or functional contrast-to-
noise ratio. In multi-shot acquisitions, such as line-byline readouts or segmented EPI,
ghosting artifacts and blurring frequently dominate, while single-shot EPI data additionally
suffers from variable geometric translations and distortions. Temporally varying instabilities
make applications such as high-resolution diffusion tensor imaging and fMRI notoriously
challenging in the spinal cord at 7T.

Most physiological noise sources relate to either motion within the imaging volume itself
(e.g., CSF flow and pulsatile motion of the spinal cord) or motion outside of the imaging
volume (e.g., respiration). The latter affects the MR signal via induced By field changes, due
to changed distribution of magnetic susceptibility (Raj et al., 2001). While motion of the
tissue itself is independent of field strength, the ensuing By, field variations scale with the
background field. Most significant are periodic field fluctuations due to respiration, but
swallowing or speaking (Birn et al., 1998) and bulk motion (Barry et al., 2010; Versluis et
al., 2012) also contribute to the detrimental effects. Due to the close proximity to the lungs,
the respiratory-induced field variations are considerably higher throughout the spine than in
the brain. Measurements of the cervical and upper thoracic spinal cord at 3T have
demonstrated a peak-to-peak field shift of around 74 Hz due to respiration at C7 (Verma &
Cohen-Adad, 2014), while recent preliminary reports at 7T indicate shifts of ~140 Hz
(Vannesjo et al., 2016) or higher (Pennell et al., 2014) at C7. In comparison, respiratory-
related field shifts in the brain at 7T have been reported to be up to around 7 Hz during deep
breathing (Duerst et al., 2016).
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In fMRI in the brain, sources of physiological noise related to respiration, cardiac pulsatility,
and manifestation of the BOLD effect have been characterized at 1.5T (Krtger et al., 2001),
3T (Kriiger & Glover, 2001), and 7T (Triantafyllou et al., 2005). Importantly, physiological
noise is the dominant noise source at UHF (Triantafyllou et al., 2005) and must be
adequately addressed for research to benefit from the gains in BOLD contrast-to-noise ratio
at high fields. Various approaches have been proposed to mitigate the impact of
physiological noise, including higher resolution acquisitions to reduce the relative influence
of unwanted signal fluctuations (Triantafyllou et al., 2006) and, more commonly, the use of
one or more post-processing algorithms to model and remove variance related to
physiological noise (e.g., RETROICOR, Glover et al., 2000). A current review paper
presents a thorough overview of the various approaches to denoise spinal cord fMRI data
(Eippert et al., 2017).

As new RF coils become available, future studies can more completely characterize aspects
of 7T physiological noise along the entire cord. It is likely that physiological noise will
differ considerably between the cervical, thoracic, and lumbar regions. Although all regions
of the cord will be affected by respiration, the cervical cord will be more susceptible to
swallowing artifacts, the upper thoracic cord will be more susceptible to cardiac motion, and
the lower thoracic and lumbar cord will be more susceptible to peristalsis.

Given the multitude of physiological noise sources, and magnitude of their impact, there is
an urgent need for developments aimed at reducing physiological noise to realize the full
potential of UHF spinal cord imaging. A generic way of addressing physiological noise of
cardiac or respiratory origin is to acquire data with gating or triggering based on
physiological monitors (e.g., respiratory bellows, electrocardiogram (ECG), pulse oximeter
or navigators). At lower field strengths, cardiac triggering is commonly based upon ECG
recordings. However, ECG pulse detection is increasingly unreliable at higher field strength
due to field-dependent artifact sources, such as magneto-hydrodynamic effects and
electromagnetic interferences, and alternative cardiac monitoring techniques are being
investigated (Niendorf et al., 2010).

A common drawback of gating and triggering approaches is that they often come at the
expense of prolonged scan time and/or additional corrections for T modulation. An
alternative approach to deal with physiological noise is to measure and correct for the
effects. For brain imaging at UHF, it has been proposed to measure the By field fluctuations
induced by respiration with the use of navigators (Versluis et al., 2012), external field
sensors (Duerst et al., 2015), or a field model coupled to the trace of respiratory bellows (van
Gelderen et al., 2007). The measurements can then be used either for retrospective data
correction, for example by incorporation into image reconstruction (\Versluis et al., 2012;
Vannesjo et al., 2015), or prospective correction by adding compensatory shim fields in real-
time (van Gelderen et al., 2007; Duerst et al., 2015). With appropriate adjustments, each of
these techniques could potentially be translated to spinal cord imaging. Basic navigator
echoes are already being used for UHF spinal cord imaging to reduce phase inconsistencies
between shots (Zhao et al., 2014), but it is important to note that navigators techniques
originally designed and optimized for the brain may not initially work as intended in the
spinal cord. Thus, additional work may be required to re-optimize techniques such as
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navigator echo corrections for UHF spinal cord imaging. Finally, UHF spectroscopy in the
spinal cord (Henning et al., 2016) can benefit from a “metabolite cycling” technique that
performs frequency alignment and phase corrections to compensate for respiratory-induced
physiological noise in low SNR spectra (Hock et al., 2013).

Anatomical Considerations

Adding to the previously described predominantly technical issues, there are challenges
directly related to the specific anatomical dimensions of the spinal cord, making it inherently
challenging to image at any field strength. The small cross-sectional area of the spinal cord
(10-12 mm left-right and 8-10 mm anterior-posterior, or smaller) necessitates high in-plane
resolutions (ideally ~0.5x0.5 mm?) to minimize partial volume effects, while the elongated
shape demands a large FOV in the foot-head direction. Furthermore, the often curved
geometry of the spinal cord makes it difficult to implement the directionally-dependent
demands on resolution and FOV consistently over all segments. Several techniques
developed at lower field strengths will be crucial in the development of imaging protocols
that are optimized for the shape of the spinal cord, but many of these techniges still remain
to be translated to UHF and/or adapted for the unique criteria of spinal cord imaging.
Examples of techniques with high potential to improve UHF spinal cord imaging are
outlined in the following paragraphs.

Due to the small radius of the spinal cord, approaches to reduce the FOV in the transverse
plane would be beneficial to accelerate acquisitions and reduce susceptibility-induced
distortions. At 3T, reduced FOV imaging of the spinal cord has been implemented using
spin-echo acquisitions with tilted refocusing pulses (Wheeler-Kingshott et al., 2002) and/or
additional RF pulses for outer volume suppression (Wilm et al., 2009). Both techniques
could potentially be translated to 7T, although SAR limitations may restrict the applicability.
Alternatively, recent advances in 2D RF pulse design have led to an interesting
demonstration at 3T of fMRI in focally excited brain regions at high temporal resolution
(Finsterbusch, 2015). It is intriguing to consider that this technique could be applied to the
spinal cord at 7T, but 2D pulse design will be challenging to implement at UHF because the
long excitation pulses will increase the degree of T,* relaxation, thereby decreasing SNR,
and push the boundaries of SAR limits. However, parallel transmit technologies are
continually advancing at 7T (Padormo et al., 2016) and may eventually enable robust 2D RF
excitation in the spinal cord.

Another innovative technique that can be translated to the spinal cord is simultaneous
multislice (SMS) imaging. SMS was first demonstrated in the human leg (ironically, using a
spine coil) in 2001 (Larkman et al., 2001), and has generated tremendous interest in the
brain in recent years (e.g., Moeller et al., 2010; Feinberg et al, 2010; Setsompop et al., 2012;
Feinberg & Setsompop, 2013; Barth et al., 2016). Acquiring multiple slices simultaneously
is particularly intriguing for the spinal cord because, unlike the brain, its extent in the
superior-inferior dimension is an order of magnitude greater than the other two dimensions.
Figure 5A shows how SMS was employed at 3T to achieve greater coverage for a diffusion
tensor imaging (DTI) scan. In the same acquisition time, the non-SMS acquisition (Fig. 5A,
left panel) covered 14 slices from C2 to C5, whereas the SMS acquisition (Fig. 5A, right
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panel) achieved 30 slices to cover the cervical cord and brainstem. The integration of SMS
into cervical spinal cord protocols has already begun at 3T (By et al., 2016), as well as a
hybrid approach for brain and spinal cord imaging at 3T (Finsterbusch, 2016), thus similar
translations to 7T are anticipated once the various technical challenges (e.g., SAR) can be
adequately addressed.

A conundrum inherent in spinal cord imaging is the desire to acquire many axial slices along
a structure that curves. Axial acquisitions of the cord have a relatively high in-plane
resolution (< 1x1 mm2, and ideally ~0.5x0.5 mm?) to minimize within-plane partial volume
effects, and relatively thick slices (3-5 mm) to increase SNR and coverage. However, it
should be noted that this is only effective if all slices are actually perpendicular to the spinal
cord. Otherwise, remaining partial volume effects, particularly between gray and white
matter, result in a loss of spatial resolution by blurring adjacent structures. Achieving
approximate perpendicularity is occasionally possible when subjects have a remarkably
straight spinal cord while positioned in the scanner (Fig. 5B, left panel), but the vast
majority of subjects have some degree of natural spinal cord curvature (Fig. 5B, center
panel). Therefore, a preferable acquisition strategy would have variable slice angulations to
maintain true perpendicularity to the cord from one slice to the next (Fig. 5B, right panel).
Slice angulations could be manually set, but ideally the angle for each slice would be set
automatically using an algorithm that identifies the curvature of the spinal cord in the
sagittal plane (De Leener et al., 2014).

Another area of innovative research at 3T is simultaneous brain and spinal cord imaging
(Cohen-Adad et al., 2010; Finsterbusch et al., 2013). This endeavor is very technically
challenging due to the different fields of view, required spatial resolutions, optimal shim
settings, and locations of receive coils. Despite these challenges, simultaneous BOLD fMRI
in the brain and cord is necessary to enable new investigations of task-based sensory/motor
processing throughout the cerebrum and spinal cord, and shed new light on the nature of
resting state networks within the brain (Biswal et al., 1995, 2010), cerebellum (Buckner et
al., 2011), and spinal cord (Barry et al., 2014; Kong et al., 2014; San Emeterio Nateras et al.,
2016; Liu et al., 2016) by considering these networks from an integrative perspective of
central nervous system function. Simultaneous brain and spinal cord imaging has not yet
been demonstrated at 7T, but a recent RF coil design (Ali Haghnejad et al., 2015) suggests
that this feat will occur in the near future.

Finally, whereas neuroimaging studies in the brain have benefited from the widespread
adoption of standardized atlases and coordinate systems (i.e., Talairach or Montreal
Neurological Institute (MNI) space) for decades, the absence of a universally-adopted
template and coordinate system for the spinal cord has stunted growth in this field and
hindered potential collaboration between sites. However, the de novo MNI-Poly-AMU
template (Fonov et al., 2014) and spinal cord toolbox (De Leener et al., 2017) have recently
been proposed, and these advancements may be widely adopted to faciliate forthcoming
developments in spinal cord imaging across field strengths. It should also be noted, however,
that spinal cord post-processing methods have typically been developed and validated at 3T,
so additional validations may be required to ensure that tools developed at clinical fields also
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work robustly at UHF (e.g., due to changes in image resolution, spatial contrasts, and
manifestation of artifacts).

The preceding sections have presented many of the challenges faced by UHF spinal cord
imagers. Several ideas that may soon become active areas of UHF research have been
presented, but this discussion is by no means exhaustive. Other challenges related to UHF
quantitative imaging in the spinal cord, specifically magnetization transfer (MT) and
chemical exchange saturation transfer (CEST), have been previously discussed in detail
(Smith et al., 2014). Overall, UHF challenges are mainly technical in nature, and, as shown
in Table 1, are currently being tackled by various groups worldwide. However, none of these
challenges are close to being solved, and collaborative efforts between research groups —
and between research sites and their respective 7T vendor — will be required to fully
address the many technical difficulties associated with UHF spinal cord imaging.

SEQUENCES IMPLEMENTATIONS

A largely practical, but nonetheless limiting, hurdle in UHF spinal cord imaging is the lack
of well-functioning standardized imaging protocols. For brain imaging, there is a large body
of published literature to draw upon, and vendors commonly provide optimized protocols for
basic applications such as Tq, T or To*-weighted imaging, diffusion and fMRI. The same
protocols, however, rarely perform to satisfaction in the spinal cord, and optimal sequence
parameters for corresponding imaging applications in the spine remain largely unexplored.

Truly optimized protocols will need to take the anatomy and environment of the spine into
account, specifically the thin elongated shape of the spinal cord, combined with the local By
and B field inhomogeneities, as well as sources of physiological noise. Several acquisition
parameters can be tuned to optimize for one factor, albeit frequently as a trade-off against
other relevant factors. For example, a shorter echo time (TE) in gradient-echo acquisitions
reduces signal dropout, but may also decrease T,* contrast; increasing acquisition
bandwidth reduces geometric distortion, however at a cost of lower SNR; spin echo
acquisitions are robust towards dephasing, but are limited by SAR constraints; and multi-
shot readouts are less sensitive to By inhomogeneities but more sensitive to motion and
physiological noise. For these reasons, 7T spinal cord protocols have thus far gravitated
toward gradient-echo acquisitions with short TE. Spatial contrast may be further enhanced
through multi-echo image recombination, although care must be taken to ensure that later
echoes are not corrupted by cumulative AB( phase errors.

We refer to the references listed in Table 1 for a complete overview of 7T spinal cord
sequence implementations. Of the 26 studies (conference abstract or journal article) that
present results from one or more modalities (i.e., excluding exclusive RF coil construction,
By field mapping, and algorithm validation): 17 included results on anatomical imaging, 4
on fMRI, 3 on diffusion (2 /n vivoand 1 ex vivo), 2 on CEST, 1 on MT, 1 on parametric
mapping, and 1 on spectroscopy. Nearly all anatomical imaging studies included gradient
echo images because To*-weighted images provide excellent gray/white matter contrast
(Figure 1) and visualization of pathologies (Cohen-Adad et al., 2013, 2012; Dula et al.,
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2016a). As an example, the first demonstration of high-resolution anatomical imaging was
performed using a gradient-echo sequence with an in-plane resolution of 0.18x0.18 mm?
and 3-mm thick slices (0.097 mm? voxels; TE = 4.91 ms; acquisition time = 5 mins 14 sec),
taking advantage of a 3.5-fold SNR increase in the cervical cord using a specialized 7T coil
vs. a standard 3T coil (Sigmund et al., 2012). Spinal cord gray and white matter, as well as
adjacent structures such as ligaments, nerve roots, and blood vessels, are clearly visualized
with minimal partial volume effects (Sigmund et al., 2012). Similarly, the first
demonstration of 7T fMRI in the spinal cord used a 3D multi-shot protocol with short TE (8
ms) and TR (17 ms), and low flip angles (15°), to minimize geometric distortions and
achieve relatively high-resolution images (voxel size = 0.91x0.91x4 mm3) with an
acquisition time of 3.34 sec per volume (278 ms/slice) (Barry et al., 2014). Correlation
analyses of low-frequency BOLD fluctuations between gray matter horns revealed resting
state spinal cord motor and sensory networks (Barry et al., 2014). The first demonstration of
MT acquired quantitative magnetization transfer data via a selective inversion recovery
sequence with a turbo field echo readout, and reported the macromolecular to free proton
pool size ratio, the MT rate, and R (i.e., 1/T4) of the free pool (Dortch et al., 2012). The
first demonstration of glutamate CEST used a head coil to examine exchange-related
properties of glutamate in gray and white matter in high cervical regions in healthy subjects
(Kogan et al., 2013). The first demonstration of amide proton transfer CEST investigated
Lorentzian differences between white matter in healthy subjects and both lesions and
normal-appearing white matter in patients with multiple sclerosis (Dula et al., 2016b). The
first demonstration of 1H spectroscopy in the spinal cord at 7T used a semi-LASER
sequence to quantify N-acetyl aspartate, total choline containing compounds, creatine, and
myo-inositol in approximately 7.5 min (effective voxel size = 1 mL, inner volume dimension
= 6.4x8.7x18 mm?3) (Henning et al., 2016). This study also used two dipole antennae to
excite the spins and provide a more homogeneous B4 field throughout the cord (Henning et
al., 2016). Finally, a multi-parametric 7T protocol was recently proposed to perform high-
resolution measurements of T and To*, and diffusion metrics (radial diffusivity,
longitudinal diffusivity, fractional anisotropy, and mean diffusivity), in the cervical cord
within a scan time of approximately 30 mins (Massire et al., 2016). This study is the first
demonstration of parametric mapping and diffusion imaging in the human spinal cord at 7T,
and uses the MNI-Poly-AMU template (Fonov et al., 2014) to facilitate future investigations
of clinical biomarkers and reproducibility across 7T sites.

In summary, the 18 abstracts and 21 journal articles listed in Table 1 represent the initial
exploration of spinal cord MRI at 7T. All of these publications have considered many or all
of the aforementioned technical challenges (e.g., Bg and B inhomogeneities), so the
importance of novel solutions to address the unique challenges of 7T spinal cord MRI
cannot be overstated.

CLINICAL APPLICATIONS

A handful of studies have started investigating the benefits of UHF MRI to visualize and
quantify spinal cord malformation, injury, or disease. Of the 8 /n vivo studies that included a
patient cohort, 7 presented anatomical (or morphometric) observations and 1 investigated
differences in CEST (Dula et al., 2016b). In anatomical imaging, preliminary case studies
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confirmed that spinal cord damage due to spinal cord injury (SCI) and amyotrophic lateral
sclerosis (Cohen-Adad et al., 2012, 2013) can indeed be visualized at 7T. In patients with
multiple sclerosis (MS), ~50% more lesions were detected in the cervical spinal cord at 7T
compared to optimized 3T protocols (Dula et al., 2016a; Figure 6), demonstrating the
potential of UHF to address the so-called “clinico-radiological paradox” in MS (Barkhof,
2002). A recent abstract has also presented preliminary data in imaging the thoracic cord in
MS patients (Lefeuvre et al., 2016). Quantitative imaging via CEST in the cervical cord at
7T also revealed deviations in z-spectra between MS patients and healthy volunteers (Dula
et al., 2016b). Finally, a preliminary ex vivo study presented intriguing data of the entire
cord from patients with MS and motor neuron disease (Foxley et al., 2015), introducing the
possibility that future longitudinal studies could also correlate 7T /n vivo images with ex
vivo imaging and histology post mortem. Overall, these clinical reports are primarily
descriptive in nature, and rigorous comparisons between gptimized 7T and 3T spinal cord
protocols will be required for all modalities to better understand the potential clinical
benefits of UHF spinal cord imaging.

A specific consideration regarding imaging SCI patients at 7T is that patients who
experience an acute injury to the spinal cord often require stabilization hardware (e.g., rods,
plates, or screws). Such stabilization hardware is usually metallic, and thus represents a firm
contraindication for UHF MRI because the safety of most medical devices and implants is
still unknown at field strengths above 3T (Dula et al., 2014; Feng et al., 2015). Therefore,
the study of SCI at UHF will, for the foreseeable future, likely be limited in scope to injuries
such as cervical spondylotic myelopathy that may not require stabilization hardware or
decompressive surgery (Kadarika et al., 2011).

Clinical applications of UHF spinal cord imaging are still in the early stages, though
advances in this area are being supported through parallel UHF non-human primate
research. Recent reports in squirrel monkeys at 9.4 Tesla (Wang et al., 2015; Chen et al.,
2015) demonstrate how a unilateral dorsal column lesion can model SCI in humans to study
changes in spinal cord composition (i.e., quantitative imaging via diffusion tensor imaging,
MT, and CEST; Wang et al., 2015) or function (i.e., resting state spinal cord connectivity;
Chen et al., 2015). Non-human primate research creates a unique opportunity to study, in a
controlled setting, the pathogenesis of SCI and the trajectory of spontaneous recovery after
injury. Validated biomarkers of spinal cord integrity or plasticity may be translated back to
clinical studies of SCI in humans.

SUMMARY

UHF imaging of the human spinal cord is being pursued by a growing number of research
sites worldwide. The predominant challenge in UHF spinal cord imaging is a lack of
specialized hardware for imaging the spinal cord at 7T, which is reflected in the fact that
more than half of the published reports to date have involved the design and construction of
RF coils to image the cord. The next major challenge at 7T is robust By shimming over the
spinal cord, which is understandable given its small size and close proximity to large
vertebral bones and rapidly changing susceptibility gradients. Imaging at high spatial
resolutions will also require novel approaches to data acquisition and processing to mitigate
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challenges due to By and B; inhomogeneities and shimming, SAR, partial volume effects,
motion, and physiological noise. Importantly, our review of the 7T spinal cord literature
clearly shows that the research performed to date does not yet reflect the full capabilities of
UHF MRI. Although the challenges are both numerous and significant, recent growths in the
spinal cord and UHF imaging communities — supported in part by de novo spinal cord
methods, the influx of 7T systems, and a renewed interest in achieving a more complete
understanding of the central nervous system — suggest that a critical mass has been reached
in this area of UHF research. Finally, aficionados of UHF MRI are already planning the next
generation of UHF systems (Budinger et al., 2016), so spinal cord imaging at 10.5 Tesla or
higher will one day become a reality.
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Figure 1.
Comparison of 3T and 7T cervical spinal cord images at C5/C6. (A) 3T image acquired

using the 19-channel commercial coil with 0.5 x 0.5 x 3 mm resolution (acquisition time = 1
min 44 sec). (B) 7T image acquired using the 19-channel receive array and four-channel
transmit array (Zhao et al., 2014) with 0.5 x 0.5 x 3 mm resolution (acquisition time = 1 min
44 sec). (C) 7T image also acquired using the 19-channel receive array and four-channel
transmit array with 0.3 x 0.3 x 3 mm resolution (no interpolation) (acquisition time = 3 min
43 sec). Reproduced from Zhao et al., 2014 with permission from John Wiley and Sons.
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Figure 2.
Montage of coils for human spinal cord MRI at 7T.

(A) Volume transmit and 16-channel receive (manufactured by Quality Electrodynamics) for
the cervical cord. Courtesy of Johanna Vannesjo; Oxford Centre for Functional MRI of the
Brain, University of Oxford, Oxford, United Kingdom.

(B) Four-channel transmit and 19-channel receive for the cervical cord. Courtesy of
Lawrence Wald; Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts
General Hospital and Harvard Medical School, Boston, MA, USA.

(C) Eight-channel transceive (manufactured by Rapid Biomedical GmbH) for the cervical
cord. Courtesy of Aurélien Massire and Virginie Callot; Center for Magnetic Resonance in
Biology and Medicine, Aix-Marseille University, Marseille, France.

(D) Quadrature transmit and 16-channel receive (manufactured by Nova Medical Inc.) for
the cervical cord. Courtesy of Samantha By and Seth Smith; Vanderbilt University Institute
of Imaging Science, Vanderbilt University Medical Center, Nashville, TN, USA.

(E) Four-channel transmit and 22-channel receive (two panel wrap-around) for the cervical
cord and brainstem. Courtesy of Alan Seifert, Bei Zhang, and Jungian Xu; Translational and
Molecular Imaging Institute (TMII), Icahn School of Medicine at Mount Sinai, New York,
NY, USA.
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(F) Flexible 8-channel transmit and 32-channel receive head and cervical spine coil,
optimized for x—y and z B;* shimming. Note the full visual clearance and that the setup fits
all head sizes. Courtesy of Dennis Klomp et al.; University Medical Center Utrecht and MR
Coils, Utrecht, The Netherlands.

(G) (i) Custom-built 32-channel transceive body coil, integrated between bore liner and
gradient coil, for the thoracolumbar cord. (ii) Eight-channel flexible transceive body coil,
based upon meander stripline elements, for the thoracolumbar cord. (iii) Eight-channel
transceive coil, based upon rectangular loop elements, for the cervical cord. All images
courtesy of Oliver Kraff and Stephan Orzada; Erwin L. Hahn Institute for Magnetic
Resonance Imaging, Essen, Germany.

(H) (i) Four-channel “loopole” transceive for the lumbar cord. (ii) Six-channel flexible
transceive for the cervical cord. Both images courtesy of Karthik Lakshmanan; Bernard and
Irene Schwartz Center for Biomedical Imaging, New York University School of Medicine,
New York, NY, USA. (iii) Four-channel transceive (manufactured by Rapid Biomedical
GmbH) for the cervical cord. Courtesy of Eric Sigmund; New York University Langone
Medical Center, New York, NY, USA.

(1) Graphical overlay of two electric dipole antennae (transmit) and eight loop coils (receive)
for the thoracic cord. Courtesy of Qi Duan, Govind Nair, Natalia Gudino, Jacco A. de Zwart,
Peter van Gelderen, Joe Murphy-Boesch, Daniel S. Reich, Jeff H. Duyn, and Hellmut
Merkle; National Institute of Neurological Disorders and Stroke, National Institutes of
Health, Bethesda, MD, USA.

(J) Modular (top) 8-channel transceive array for the cervical cord and (bottom) 16-channel
transceive array for the cervicothoracolumbar cord. Both arrays can be integrated in the
patient table cushions and are duly approved by a notified body for implementation in
clinical studies. Courtesy of Thoralf Niendorf, MRI.TOOLS GmbH, Berlin, Germany.

(K) Butterfly-shaped coil for the lumbar cord. Two other coils with similar design have been
constructed for the cervical and cervicothoracic cords, respectively. Courtesy of Junghwan
Kim, Chan-Hong Moon, and Kyongtae T Bae; University of Pittsburgh, Pittsburgh, PA,
USA.

(L) Nonoverlapping microstrip transceive array, with induced current compensation or
elimination (ICE) or magnetic wall decoupling (Li et al., 2011), for the thoracic cord.
Courtesy of Xiaoliang Zhang; University of California, San Francisco; San Francisco, CA,
USA.

(M) Quadrature transmit and 8-channel receive for the cervicothoracolumbosacral cord.
Courtesy of Andrew Webb; C.J. Gorter Center for High Field Magnetic Resonance Imaging,
Leiden, The Netherlands.
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Figure 3.
Bg shimming over the cervical spinal cord at 7T, using a shim volume covering the spinal

cord from C1 to C7. (A) Anatomy of the spinal cord in a healthy volunteer. ABy field map
(13 sagittal slices, in-plane resolution = 1x1 mm?, slice thickness = 2 mm, TR = 620 ms,
first echo time (TE) = 4.08 ms, ATE = 1.02 ms, flip angle = 53°) (B) before and (C) after 2"d
order By shimming to compensate for magnetic field inhomogeneities within the spinal cord.
The shimmed field map reveals residual quasi-periodic high-frequency field distortions
along the cord near the intervertebral junctions.
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Figure 4.
Challenges of By shimming at 7T. (A) Highly suboptimal automated shimming in the spinal

cord at 7T results in unusable functional images. (B) The next run repeats the shimming
procedure and achieves a good shim that produces excellent functional images. This extreme
variability from one run to the next demonstrates a clear need for more robust spinal cord By
shimming at UHF.

Neuroimage. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Barry et al.

.

B=gF -

2
]
T
e
)
g
i
“
.l

'

Figure 5.
Improved spinal cord acquisition strategies to be demonstrated at 7T. (A) Diffusion tensor

imaging in the cervical spinal cord at 3T. (Left panel) Acquisition without SMS with
coverage from C2 to C5. (Right panel) New DTI protocol with SMS illustrating the
acquisition of twice as many slices in the same scan time. Note that in the SMS acquisition,
the volume placement was raised by one vertebral level (centered on the C2/C3 junction) to
cover the brainstem and entire cervical cord. (B) Optimal slice placements along the spinal
cord. (Left panel) Placement of 12 5-mm functional slices centered on the C3/C4 junction in
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one healthy volunteer. This subject’s spinal cord is remarkably straight, which maintains
perpendicularity between the slices and the cord and conveniently minimizes through-slice
partial volume effects between white and gray matter. (Center panel) The identical
placement in another volunteer illustrates curvature at C5 (which is common across
subjects), and the challenge of acquiring slices that are consistently perpendicular to a
structure that curves. (Right panel) A variable slice angulation scheme that maintains
perpendicularity to the spinal cord shown in the center panel would have a variable and
optimal angulation for each slice.
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Figure 6.
Visualization of MS lesions is enhanced in To*-weighted images at 7T compared to similar

To*-weighted, or standard-of-care To-weighted, acquisitions at 3T (Dula et al., 2016a).
Reproduced from Dula et al., 2016a under STM Permissions Guidelines with modifications
approved by SAGE Publications Ltd.
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