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Abstract An initiative to design and build magnetic reso-
nance imaging (MRI) and spectroscopy (MRS) instruments
at 14 T and beyond to 20 T has been underway since 2012.
This initiative has been supported by 22 interested partici-
pants from the USA and Europe, of which 15 are authors of
this review. Advances in high temperature superconductor
materials, advances in cryocooling engineering, prospects
for non-persistent mode stable magnets, and experiences
gained from large-bore, high-field magnet engineering for
the nuclear fusion endeavors support the feasibility of a
human brain MRI and MRS system with 1 ppm homogene-
ity over at least a 16-cm diameter volume and a bore size
of 68 cm. Twelve neuroscience opportunities are presented
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as well as an analysis of the biophysical and physiological
effects to be investigated before exposing human subjects
to the high fields of 14 T and beyond.

Keywords Magnetic resonance imaging - Ultrahigh
magnetic fields - High temperature superconductors -
Diffusion tensor imaging - Parallel transmit and receive
strategies - Human brain chemistry - Magnetic field
physiologic effects

Introduction

The full potential of magnetic resonance imaging and spec-
troscopy (MRI and MRS) to reveal the hitherto unknown
functional patterns and biochemistry of the normal and dys-
functional human brain have not been realized due to the
limited sensitivity and hence spatial and spectral resolution
of the MR technique, as well as the limited performance
of gradient and radiofrequency (RF) coils. These limita-
tions can be overcome by developing magnets with field-
strengths beyond those currently available (i.e., 14-20 T)
and improvements in the performance of associated gradi-
ent and RF coils. We anticipate that at magnetic fields at
and above 14 T, in vivo measurements at resolutions of
less than 100 pwm will be feasible on timescales compat-
ible with human tolerances. Modeling and experimental
studies show that the required timing and resolution for
imaging computational elements of the brain require higher
magnetic fields than those currently available (Fig. 1). The
highest resolution for the human brain achieved at 7 T is
0.2 mm isotropic using prospective motion compensation
and lengthy averaging. Isotropic resolution of 0.65 mm
has been achieved for function MRI (fMRI). Reduction of
the voxel volume to 0.1 pL or less provides unprecedented
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Fig. 1 Existing magnets and projects are shown with the required
conductor. Solid diamonds indicate magnets presently in operation.
Open diamonds indicate magnets presently under construction or
repair. Target magnet designs in this paper are shown as red circles

biologically relevant resolution gains in a spatially non-
homogeneous and curved structure such as the brain. It
allows, for example, resolution of the six layers defined by
the neuron types across the cortical thickness, and ~2 vox-
els across a column on the cortical surface, using isotropic
voxel dimensions. It will also allow semi-quantitative map-
ping of the distribution of aggregated proteins (e.g., amy-
loid plaques and phosphorylated Tau protein) through sus-
ceptibility anisotropy.

If we assume the signal-to-noise ratio (SNR) scales line-
arly or better with a magnetic field in the human brain, as it
has been shown for up to 9.4 T [1] and linearly with fields
from 9.4 to 21.1 T (vide infra), magnetic fields of 14 T and
above will provide significant gains towards the goal of
0.1-pL volume resolution. If we consider the BOLD (blood
oxygen level-dependent) effect to increase at least linearly
with magnetic field magnitude [2], then the combined
effects of SNR and BOLD contrast would translate into a
quadratic gain with field magnitude or ~eightfold gain in
contrast-to-noise ratio for functional mapping signals that
define the ultimate resolution of the functional maps.

The Human Connectome Project focused on the devel-
opment of MR methods to measure long-range structural
connectivity at 3 and 7 T [3] and defined the foundational
methods for mapping brain connectivity. However, the
fidelity of the derived structural connectivity is limited
by the SNR. Ultrahigh-field magnet development provid-
ing important gains in SNR [4], research on optimizing
gradient performance [5], and the new innovations in RF
and shim coil design shown in this paper promise to make
transformative changes in approaches to functional brain
imaging.
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Ultrahigh fields open unique doors to the interrogation
of individual brain metabolites. Neurotransmitters such
as glutamine, glutamate, and GABA can easily be distin-
guished from energetic reporters such as lactate, glucose,
and ATP. Also, heteronuclear MRS and MRSI measure-
ments using stable '*C and 'O tracers and naturally abun-
dant *'P can enable brain function maps of energetics not
available to studies even at 7 T. The sensitivity boost aris-
ing from >14 T fields will lead to 2Na, ¥Cl, ¥K, and pos-
sibly other nuclide mapping at unprecedented spatial reso-
lutions and signal strengths.

In this paper we first present the recent developments
in enabling technologies: high-field magnets, RF transmit
and receive coil array innovation, and gradient coil devel-
opment directions. Then we review 12 scientific horizons,
many of which are or can be demonstrated in animal stud-
ies at currently available MRI/MRS magnets at fields up to
21.1 T. Lastly, we present analyses of physiological effects
and potential safety issues relevant to human subject MRI
and MRS experiments at fields of 9.4 to 20 T.

Advances in technologies that enable >14-20 T
MRI

Magnet technology

Human head and whole-body MRI magnets developed to
date operate at less than 12 T and use NbTi as the super-
conducting element (Fig. 1). Moving beyond 11.7 T will
require conductors that can carry supercurrent at higher
fields such as Nb;Sn and high-temperature superconductor
(HTS)-based conductors relying on either ReBCO, Bi2212,
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Fig. 2 Maximum current density of superconducting wires as a func-
tion of the applied magnetic field. The curve for Nb;Ti illustrates the
feasibility of building a large-bore magnet with a field of 14 T and
higher
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or Bi2223 superconductor materials (Re refers to a rare-
earth element, typically Y or Gd) (Fig. 2).

For magnets in the 12-16 T range, Nb;Sn would be the
material of choice for the innermost (high-field) coils. This
wire is presently used in persistent small-bore NMR spec-
trometer magnets up to 23.5 T built by Bruker in Germany,
and in large, high-field magnets providing fields up to 13 T
in a 50-cm warm-bore [6] and 11.3 T (on-axis) in a 158-cm
cold-bore [7]. As seen in Fig. 2 above, the current—density
of NbTi at 7 T is ~700 A/mm?, while the current—density of
Nb;Sn at 14 T is >1000 A/mm?. This suggests that a future
14 T Nb;Sn-based magnet may have a similar amount of
superconductor in it as that required for a 7 T NbTi-based
magnet today. However, the Lorenz forces acting on the
conductor are given by j x B (product of current—density
and magnetic field). Thus, the hoop stress in the 14 T coil
will be approximately twice that of the 7 T coil. Today’s
MRI magnets use copper reinforcement [8, 9]. The large,
high-field magnets mentioned above use steel reinforce-
ment, which has five times the strength and twice the stift-
ness of copper. Consequently, by using Nb;Sn instead of
NbTi and steel reinforcement instead of copper, a 14 T
human MRI magnet should actually be smaller than the
largest MRI magnet in development today [10].

Presently, ultrahigh-field magnets for condensed matter
physics [11] and NMR [12] use multiple nested coils. This
allows Nb,;Sn to be used for the high-field regime while less
expensive NbTi is used for the low-field regime (<10 T). In
addition, the nested coil strategy allows different ratios of
copper to superconductor to be used for different sections
of the magnet, and it also allows for reduction of the hoop-
stress in the inner coils [13]. Human MRI magnets above
3 T already use multiple nested coils [8]. As we continue
to push MRI beyond 12 T, it will become appropriate to
use Nb;Sn for the inner coils and NbTi for the outer ones.
When we reach ~17 T it will likely become appropriate to
use high-temperature superconductors (HTS) for the inner-
most coils.

At fields >17 T, HTS materials carry higher current-
densities and will result in more compact magnets, which
should also reduce the cost of the magnet compared with
one relying only on the low-temperature superconductor
(LTS) materials. While HTS materials have been known
since 1986, limitations in strength, current density, and
manufacturing processes precluded their use in ultrahigh-
field magnets. Three new conductors have emerged in
recent years (2007 SuperPower YBCO tape with 600 MPa
strength [14], 2012 NHMFL over-pressure-processed iso-
tropic Bi2212 [15], and 2014 Sumitomo Ni—Cr-reinforced
Bi2223 [16]). The incorporation of HTS materials with
LTS materials into actively stabilized LTS/HTS duplex
designs operating in non-persistent mode promises to open
the possibility of human MRI magnets at fields >16 T.

For example, two all-superconducting magnets generating
fields of 26 and 27 T were demonstrated in 2015. A 32 T
all-superconducting magnet is being constructed by the
National High Magnetic Field Laboratory (NHMFL). The
design is a combination of five LTS coils with two HTS
coils in a concentric assembly [17]. It will be completed for
users at NHMFL in 2016.

A high-field magnetic resonance instrument operating in
the non-persistent mode was first demonstrated in a 600-
MHz (14.1 T) NMR magnet based on Nb;Sn tape built by
Intermagnetics General Corporation for Carnegie-Mellon
University in the late 1970s and was more recently re-intro-
duced by the Japanese ultrahigh-field NMR effort in 2009
utilizing LTS and HTS coils at 9.4 and 2.3 T, respectively,
running in an ultra-stabilized mode that delivered a conven-
tional set of 500 MHz (11.7 T) high-resolution biomolecu-
lar NMR spectra despite running non-persistently [18]. In
2015 the Japanese group has reached 1020 MHz (23.9 T)
with a similar test-coil system [19]. While these are mag-
nets for NMR spectroscopy studies with narrow bores, they
embody a proof of concept that gives confidence that MRI
magnets at 16 T and beyond can be built to operate in the
non-persistent mode.

By incorporating HTS materials and coils, fields exceed-
ing 20 T are possible with a volume suitable for human
MRI. The advancements that enable this expectation are:
(1) improvements in HTS material performance and reli-
ability; (2) development of magnet technologies using HTS
materials at the National High Magnetic Field Laboratory
and elsewhere with demonstrated fields over 40 T; and (3)
demonstrated use of non-persistent mode operation until
the reliability of HTS persistent joints is achieved. Devel-
opment is still needed to meet the stability and uniformity
requirements of MRI. The physiological and human-safety
aspects of high magnetic fields are discussed under that
section of this paper.

Large magnets typically use cables instead of single
strands of wire. This results in a magnet of higher current
and lower inductance, which simplifies protecting the mag-
net if a quench occurs. To date, all human MRI magnets
have used the single-strand approach. The “Iseult” mag-
net is an 11.7 T MRI magnet being developed as a joint
French-German collaboration [9]. This magnet will be the
first human MRI magnet to employ a NbTi cable. As we
continue to move into the large-magnet regime to reach
higher fields for MRI, Nb;Sn and HTS cables will be used.
While Nb;Sn cables have been used extensively for high-
field condensed-matter physics, fusion, and for accelerator
magnets, HTS cables suitable for use at high fields are in
their infancy. This is a very active field of research at pre-
sent with various HTS materials (YBCO, Bi2212, Bi2223)
being cabled in a number of configurations in the pursuit
of ultrahigh-field large magnets. At present, the accelerator
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community has been leading the development of Conductor
on Round Core using YBCO tape [20] and the Rutherford
cable based on Bi2212 round-wire [21]. The fusion com-
munity has championed twisted stacks of YBCO tape [22].
It is too early to say which technology will be best suited
for MRI in the 17-21 T range.

Gradient coils for ultrahigh fields at 14-20 T

Magnetic field gradients are of primary importance for
spatial/spectral resolution in functional, spectroscopic,
and anatomical MRI experiments. Additionally, the poten-
tials for high spatial resolution neuronal fiber architectural
studies of the human brain with diffusion-weighted MRI
depend on the improvements in gradient coils and pulse
sequences that allow safe operations relative to peripheral
nerve stimulation (PNS).

Lorentz forces and coupling challenges associated with
the DC field, magnet bore volume, and gradient magnitude
as well as acoustic noise are the engineering challenges
specific to ultrahigh-field operation [23, 24]. Gradients in
7 T systems already operate at higher maximal gradient
strengths than those available on clinical scanners but not as
high as what is achieved in the two “Connectome” systems,
which achieve 300 mT/m (Massachusetts General Hos-
pital instrument) and 100 mT/m (Washington University/
University of Minnesota instrument). Though such “Con-
nectome” level maximal gradient strengths are not com-
mercially available for 7 T at the present, there is no reason
that they cannot be put in a 7 T system, as the mechanical
engineering issues can be solved. If the forces that threaten
the magnet components or the acoustic noise are beyond
regulatory limits, those gradient coils can be operated at
150 mT/m at 7 T for example, thus approximately mim-
icking the forces encountered at 3 T using 300 mT/m. The
observation that the 300 mT/m 3 T Connectome gradient is
acoustically quieter than clinical scanners suggests that the
thicker, heavier gradient tube needed to support the larger
gradient fields can help mitigate the acoustic noise needs. A
further approach to meeting the challenge for high-perfor-
mance gradients at high fields would be based on matrices
of gradient coils and use of associated non-linear gradient
encoding reconstruction algorithms [25].

To realize the opportunities for neuronal fiber tracking
due to the increase in SNR with significantly higher fields
than 7 T, development of gradients well beyond 70 mT/m
will be necessary. For brain studies these can be head gra-
dients. Evidence given below shows that fiber tract iden-
tification in the 0.22-mm range can be achieved based on
experiments by one of the authors (TM) at the University
of Florida 17.6 magnet using a gradient of 364 mT/m. This
high maximal gradient strength is necessary to keep the TE
short in diffusion imaging to compensate for the shorter
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T*, and T, decays as the field increases. Faster slew rates
also help to shorten the EPI readout, making the images
less affected by susceptibility gradients, and allow shorter
TE. The slew rate of current gradient designs for the whole
body are essentially limited from the well-known PNS
thresholds from induced E-fields (vide infra Induced Elec-
tric Potentials). Future increases in gradient strength and
slew rate for human gradients will therefore only be possi-
ble if PNS and cardiac stimulation thresholds are explicitly
taken into account as design criteria.

Human subjects have been exposed to diamagnetic forces
of 85 T?> m™! (force/volume = X'\ X B x dB/dz in units
of Nm~%). Common commercially available head gradi-
ents have improved PNS thresholds (since the shoulders
and torso are not stimulated) and can provide maximum
gradient amplitudes of 100 mT/m at slew rates well above
400 T/m/s. However, with a focus on the brain, the FOV is
reduced to ~20 cm, thus reducing the region where gradi-
ents need to be linear. A second approach is to design the
gradient fields themselves to minimize body current flows.
As the induced E-fields are proportional to the effective cur-
rent loop diameter, slew rates can be increased substantially
for human brain imaging. This will enable the higher perfor-
mance gradients such as those needed to realize the advan-
tages of high fields in diffusion MRI (DWI) and tractogra-
phy. These will require investigations of interactions with
main magnetic field and noise minimization engineering.

Shim coil array approach

The Massachusetts General Hospital Group [26] and the
Duke University Group [27] have independently developed
an innovative solution to the age-old shimming problem
by increasing the spatial degrees of freedom present in the
shim array and integrating the role of the receive RF array
and the matrix shim array so that each array is optimally
placed close to the body. Successful implementation of
this arrangement provides spatial Rx information for paral-
lel imaging acceleration and efficient high-order spatial B,
shim coils.

Preliminary tests (Fig. 3) show that the dual-purpose
loops can function efficiently as both shim coils and RF
receiver coils without compromising the performance of
either system. Our preliminary experimental tests of indi-
vidual loop coils have shown this. We have validated this
approach at 3 T with a 32-channel combined RF shim-coil
array [28]. The low inductance loops can meet the require-
ments for dynamic shimming using low-voltage amplifi-
ers. The 2nd through 6th order shims are compared to the
matrix shim approach. A 64-channel brain matrix RF-shim
array using a maximum of 3 A of current in any single loop
is comparable to a full set of 1st—5th order shim coils and
can substantially improve the B, shim at 7 T.
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Fig. 3 Axial field maps through 2nd order
the brain acquired at 3T after baseline
shimming with conventional

Ist- and 2nd-order Spheri-

cal Harmonic (SH) shims. 15t 4 2nd
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after shimming with the Biot-
Savart modeled matrix shim
array field configurations (8ch,
32ch, 48ch and 64ch). Figure
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Transmit/receive (Tx/Rx) coils for 14-20 T MRI/S

The introduction of circular polarized RF transmission
coils and arrays [29] and the demonstration of human
brain imaging at 400 MHz (9.4 T) [30] have shown that
previously considered limitations for ultrahigh magnetic
field MRI due to dielectric properties of the brain can be
overcome. Multiple coil approaches using independently
adjustable elements can improve the homogeneity of the B,
field [31], and methods to accommodate increased chemi-
cal shift dispersion [32] have continued to improve the
performance of 'H imaging at high magnetic fields. This
suggests that a new class of experimental techniques may
be developed by exploiting the quasioptical nature of RF at
these frequencies.

Transmit/receive (Tx/Rx) coil arrays have become a
principal tool for making high-quality MR images at high
fields. Array Rx performance is expected to be critical for
functional MRI at 14 T and above, and array 7X is expected
to be critical for producing uniform tip-angle distributions
in the high dielectric environment of the brain. Perfor-
mance is known to improve with frequency [33].

For 14-20 T human brain studies, a potential design is
a loop size of ~5 cm in a 64-128 channel Rx array using a
capacitance loop element design that is tuned and matched
for 600 MHz (14 T). On the parallel transmission (pTx)
side, this function can be used to minimize both global and
local specific absorbance rates (SAR) [34]. A candidate for
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array Tx at 14-20 T is the electric dipole element. Radia-
tion is efficient as the dimensions approach a half-wave-
length, and 5 cm is ideally sized for 14-20 T where the
wavelength in tissue is ~7 and 5 cm at 600 and 850 MHz
frequencies, respectively.

Currently, commercial systems are available for a two-
channel pTx. The Siemens system allows full pTx opera-
tion (separate waveforms to each channel) and manages the
SAR in an FDA-approved manner, by checking local SAR
in advance in multiple body models and monitoring wave-
forms in real time.

Expansion of commercial pTx to more channels has
been limited for a number of reasons, including SAR
management, ease of use, and extent of impact on driving
clinical applications at comparatively low field strengths.
However, techniques for SAR and temperature predic-
tion/monitoring continue to advance, and regulatory shifts
emphasizing temperature dose over SAR per se may enable
more rational (if more difficult to compute) safety thresh-
olds. Meanwhile, it should be noted that pTx at ultrahigh
field (UHF) provides additional degrees of freedom that
can in fact allow SAR control and even reduction [34, 35].
Safety with respect to component failures is ensured by
monitoring the forward and reflected power for each chan-
nel in real time and comparing to expectations, as is done
in the two-channel Siemens system. If a component fails,
causing a change in coil impedance, the system detects it as
a sudden change in, say, reflected power, and shuts down.

@ Springer
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Finally, regarding workflow challenges, new approaches to
multicoil high-field transmission have recently been dem-
onstrated, in which excitations are interleaved among coils
or coil combinations rather than being played out truly in
parallel. Such approaches include the time-interleaved
acquisition of modes technique [36] and the new plug-and-
play pTx approach using MR Fingerprinting [37]. These
approaches have the potential to reduce SAR significantly,
in exchange for modifications of the acquisition sequence.
In summary, there are many reasons to expect that multi-
coil transmission will enable robust and safe signal excita-
tion at field strengths substantially higher than those used
routinely today.

RF transmit dipole phased array

In a series of simulations with various antenna array
designs, the Berlin UHF group [38] showed remarkable
uniformity of B,, and major reductions in SAR can be
expected for fields to 20 T and beyond using their phased
array design and pulse sequences. Phased array electric
dipole antennas with their small dimension in the axial
plane and improved decoupling allow at least 20 transmit
channels around the human head. The result is an improved
spread of RF power over the surface while constructive
summation of each propagated wave increases B1+ in the
center of the human head. Equally important is the drastic
reduction in predicted specific absorbed power (SAR). The
SAR increase for 23 T relative to 7 T was only a factor of
1.8.

Human subject motion compensation

The need for subject motion compensation becomes
much more of an issue at high fields where higher resolu-
tion imaging is a major goal. The motion of the brain and
head can be compensated by optical tracking methods.
These have yielded major reductions in the blurring from
head motion, especially in long scans [39, 40]. Transmit-
ted momenta from cardiac and respiratory functions result
in pulsations whose amplitudes are greater than the spatial
resolution goals. The brain is incompressible but viscous,
thus one expects improvements in compensation methods
will be needed for studies of brain stem nuclei where the
major motions occur due to respiratory and cardiac influ-
ences on cerebral spinal fluid [41]. These motions can be
measured by phase maps and navigator pulse methods,
and during MRI studies they must be compensated if 100-
ul resolutions are to be realized. However, successes have
been realized in achievement of 0.2-mm isotropic spatial
resolution in the human brain [42].
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Human brain structure and function research
enabled by ultrahigh magnetic fields

Sensitivity increases from ultrahigh magnetic fields

The opportunities for research in human brain struc-
ture, function, and chemistry created by magnetic fields
much higher than exist today are tremendous, as many
neurophysiology and neuropsychiatric questions cannot
be approached by any other methods. Beyond 7 T there
are seven MRIs: four large-bore at 9.4 T (one currently
under repair after a quench), one at 10.5 T, and two being
installed at 11.7 T. Recent measurements up to 9.4 T in
the human head with multichannel array receivers suggest
an SNR increase that scales as B(l)'65 for protons [1] close
to the predictions of Hoult and Richards [43] of a 7/4th
power increase. Measurements of SNR gains above 9.4 T
will depend on the imaging sequence and the influence of
relaxation parameters. Simulations show more of a linear
relationship with field increases beyond 9.4 T [44], and our
(VS) measurements in the rodent brain show a slightly bet-
ter than linear gain of SNR with field increases from 9.4
to 21.1 T [45]. In addition to SNR gains measured for tis-
sue water detection sensitivity, there will be a significant
increase in signal relative to background due to changes in
relaxation parameters of metabolites and contrast agents
relative to tissue water as well as the gains from innovative
RF transmit and receive coils.

Brain structure and the BOLD effect

Since its original description in 1991, functional magnetic
resonance imaging (fMRI) has revolutionized the study
of normal and pathologic human brain function. While its
precedent in PET imaging predated it by more than a dec-
ade, it was the non-invasive nature of the MRI experiment,
and the concomitant acquisition of superimposed high-res-
olution brain anatomy, that led fMRI to become the princi-
pal tool for human cognitive neuroscience and the means
by which we evaluate distributed brain function in patients
clinically and in human subjects for brain neuroscience.
Connecting this “systems level” study of brain function
(visual, somatosensory, memory, etc.) to insights being
gained in cellular and local neural circuits will require
bridging two orders of magnitude in spatial scale.

Ten years ago the expected BOLD fMRI resolution
was at the level of 2 mm at a time when gradient echo-
based acquisitions were used [46]. Since 2007, numerous
columnar- and layer-specific structures with spatial fea-
tures much smaller than a millimeter have been mapped
by BOLD fMRI using strategies that selectively suppress
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the “draining” vessel contributions using several different
techniques, such as using spin-echo protocols rather than
gradient echo BOLD [47-51]. These techniques allow
approaches to the theoretical physiological spatial resolu-
tion dictated by intercapillary distance (~25 um). Resolu-
tions less than 2 mm have been mapped by exploiting the
fact that the draining veins that confound the BOLD fMRI
spatial resolution are located on the pial surface and affect
primarily the upper layers of the cortex; thus, they can be
eliminated from the analysis in high-resolution data, by
“stripping off” the upper layers and performing the fMRI
analysis on the rest of the cortex [52]. We can anticipate
that studies of small groups of neurons in anatomical struc-
tures (e.g., Fig. 4) will expand to studies encompassing
thousands or more neurons in the next few years, at least
in rodents and select human settings [47]. But connect-
ing these local circuit functions to the widely distributed
and highly interconnected activity of the human brain will
require non-invasive imaging at spatial scales where coor-
dinated neural activity across these large clusters of neu-
rons occurs.

For reduced field-of-view and partially parallel acquisi-
tions an isotropic resolution of 0.65 mm at 7 T has been
reported [53]. Most studies reported recently use a voxel
size from 0.75 to 1.5 mm [48-56]. This method is at best
marginal for reaching the level of ensembles of neurons
that perform similar and elementary computations, but is
capable of interrogating local circuits. If we assume lin-
ear gains in SNR and BOLD contrast, 14 T translates into
fMRI studies at a resolution with about 0.1 pL voxel vol-
ume. This resolution would allow sampling of the six corti-
cal layers defined by the neuron types across the cortical
thickness simultaneously with several voxels across a corti-
cal column on the tangent to the cortical surface. We antici-
pate that at magnetic fields in excess of 14 T, in vivo meas-
urements at a voxel resolution of ~0.05 uL will be feasible,
and RF penetration is not expected to be a problem [38].

Neuronal architecture

Diffusion-weighted imaging (DWI) provides a unique
view of white matter in the brain through measurement of
restricted translational diffusion of water by the axons [57,
58]. This allows the mapping of long-range connectivity
and provides a structural correlate to function connectivity
derived from fMRI. But DWI in clinical scanners (up to 3
T) has a spatial resolution limit of ~2 mm, so fiber track-
ing with DWI resolves only large bundles of white matter
axons. The complex fibrous structure of white matter can
be further resolved using methods of high angular-resolu-
tion diffusion-weighted imaging (HARDI) to determine
the water displacement probability function [59]. DWI for

Fig. 4 Functional columns identified in visual cortical layers by 7
T fMRI. The functional maps in b and ¢ are enlarged views of the
region of interests shown in a. The red and blue colors in b indicate
preferences to right or left eye stimulation, whereas the color distribu-
tion in ¢ represents a given voxel’s fMRI time-course phase, which
is indicative of its preferred stimulus orientation (scale bar 1.0 mm)
(University of Minnesota group [47])

tractography with 1-mm isotropic resolution and full brain
coverage is feasible [60] and 0.65-mm isotropic partial
brain coverage has been reported [53]. But important small
fibers, which require spatial resolution <(0.5 mm, cannot be
resolved. Higher resolution studies using brain stem tissues
ex vivo at 11.1 T point to the requirement of isotropic reso-
lution of 0.33 mm to resolve important small fibers [61].
Recently, ex-vivo HARDI measurements of the human
hypothalamus (Fig. 5) were demonstrated at 17.6 T by one
of the authors (TM) and University of Florida colleagues
[62]. A fresh surgically-resected anterior temporal lobe sec-
tion containing the hippocampus of an epileptic patient was
imaged for 5 h at 17.6 T with a maximum diffusion gradi-
ent of 394 mT/m and short echo time of 28 ms. Isotropic
resolution was 0.22 mm. The resolution allowed a clear
delineation of structure and white matter organization not
evident in in vivo DWL.

@ Springer



Magn Reson Mater Phy

.

Hippocampﬁs

Perforant Pathway

Alveus
L

Entorhinal
Cortex

Fig. 5 DWI tractography data superposed on a proton image
obtained at 17.6 T from a freshly excised human hippocampus
obtained from epilepsy surgery (University of Florida at Gainesville
group)

In principle, resolution of <0.3 mm should be achievable
at fields of 14 T and greater. The importance of achieving
much better resolution than available in the past is demon-
strated by the discovery of previously unknown neurite ori-
entations in the human cortex using cadaver samples at 9.4
T and a gradient of 1500 mT/m [63].

As discussed under Gradient Coils there are no known
barriers to construction of gradient coils that can operate at
fields of 7 T and beyond. Preliminary successes in current
experiments at 7 T and beyond, along with parallel acquisi-
tion with RF shimming and compressed sense strategies [4,
56] give promise for DWI tractography at fields of 14 T and
greater.

New horizons for in vivo proton spectroscopy

At fields of 14-20 T identification of the spatial distribu-
tion and dynamics of small molecules not heretofore meas-
ureable can be realized for the first time in human brain
neurochemistry. Numerous synergies contribute to this,
including the enhanced sensitivity provided by ultrahigh
magnetic fields, the larger spectral dispersion aiding signif-
icantly in the suppression of water resonance interferences,
and the divergence between water relaxation properties
and those of brain metabolites. Tailored pulse sequences
can enhance metabolites of interest because the relaxation
times and the sensitivity of high magnetic fields reinforce
one another significantly. When the bulk of the water and
macromolecular reservoirs remain essentially un-perturbed,
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Fig. 6 Ultrahigh-field (21.1 T) 'H MRS on a 125-uL cubic voxel
in the living rodent brain. 1H MRS trace shows choline, creatine,
N-acetylaspartate, and lactate. The SNR is >50 after 6 s signal aver-
aging. Notice the flat baseline and nearly complete absence of H,O

the metabolites’ T relaxation times are shortened by cross-
relaxation and/or chemical exchange effects, even in the
case of non-labile methyl sites. Additional benefits at ultra-
high fields are the major shortening of water’s T, relaxation
time relative to metabolites leading to negligible water sig-
nals at suitable echo time (TE) experiments. Also, at very
high fields the longitudinal relaxation time of water is on
average 2—4 times longer than the T, of metabolic peaks.
The reasons underlying these effects are counter-intuitive,
but the result is a synergy that delivers unexpectedly high
MRS sensitivities and a complete avoidance of water-
induced disturbances. We demonstrated these remarkable
improvements to 'H MRS at 21.1 T in live rodent brains
(Fig. 6) with spectra acquired in 6 s from a 125-pL volume
and with SNR of 50:1 [64]. With this unprecedented SNR
we can determine single-metabolite diffusion, providing
clues into neuronal microstructure that might be obscured
due to the contribution of bulk water. With this capabil-
ity, ultrahigh-field "H MRS/MRSI of the central nervous
system (CNS) could become an enabling technology that
could map with unprecedented spatial resolution, metabo-
lites heretofore not detected by any other method in the liv-
ing human brain, and could thus lead to new biomarkers of
brain function that have previously escaped detection.

Chemical exchange saturation transfer

The improved sensitivity and spectral resolution of high-
magnetic-field MRI/MRS enables quantification of brain
metabolism of neurotransmitters such as glutamine, glu-
tamate, and GABA, as well as neuronal markers such
as NAA and glial cell metabolites such as myo-inositol.
Added to the sensitivity advantage of high magnetic
fields is the NMR method of Chemical Exchange Satura-
tion Transfer (CEST) that was proposed in 1998 to image
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water proton exchange between tissue water and metabo-
lites such as amino acids, sugars, nucleotides, and hetero-
cyclic ring chemicals [65-67]. CEST employs the transfer
of magnetization from low concentration metabolic pools
of exchangeable protons (amide, imino, and amine pro-
tons) to the bulk water proton pool. The combination of
high field and CEST provides the opportunity to indirectly
detect low concentration labile protons, such as protons
of amine (NH,), amides (NH), glucose (glucoCEST), glu-
tamine (gluCEST), glycogen (glycoCEST), urea (urCEST),
etc. These metabolites are normally difficult to observe at
high spatial resolution by conventional MRI. As exchange-
able protons have different resonant frequencies from that
of free water, they can be selectively saturated using a com-
pound-specific radio-frequency pulse. Due to the exchange
between the two pools of protons, saturation can be trans-
ferred from one group to the other, leading to a decrease
in the free water signal, that is the hallmark of the CEST
effect. Given shifts 3, and 3, connected by an exchange rate
ke <18,~8,|, the range of processes that can be targeted in
this manner is aided by the increased chemical shift separa-
tion (in Hz) between the two pools of protons. The length-
ening of the T, relaxation time of water molecules with
increasing magnetic fields leads to an increase in sensitiv-
ity of CEST, because the degree of magnification arising
from this effect is proportional to k., T,. The increases in
SNR, spectral dispersion, and 7 relaxation lead to a field
dependence that is better than B3. When coupled to higher-
order shims, parallel transmission and reception, and other
instrumental improvements, this should make it possible
to establish in vivo high-resolution maps of certain mole-
cules such as glucose, glycogen, or glutamate, which play a
major role in energy metabolism pathways.

CEST does not require inordinately large increases
in power over that required for non-CEST imaging and
spectroscopy. The actual SAR increase (or deposition
of energy) to execute CEST depends upon the proton
exchange rate and T, times of the species under investiga-
tion. Slowly exchanging species require very little power
while fast exchanging species require much more power.
Many of the endogenous protonated species in exchange
with water protons are quite slow, with rates on the order
of a few msec. Those species can be activated with very
weak RF pulses (e.g., 0.6-0.9 mT pulses were reported in
a human study at 7 T [68]). This can be accomplished quite
easily using a variety of low-B, approaches such as a train
of 25 ms pulses of ~1 uT peak amplitude, which leads to a
slow (e.g., 3—4 s) build up of a saturation steady state that
is maintained for the frequency being studied. When added
to the use of both parallel acquisition and compressed sens-
ing, this will make CEST techniques easily assessable at
much higher fields than those currently available.

In summary, the CEST effect shows a marked ampli-
fication with magnetic field strength for several reasons
including better spectral resolution, a larger range of pro-
ton exchanging species amenable for CEST contrast, the
increase of water proton 7}, and the usual increase in sen-
sitivity gained by higher B, Such multiple effects mean
that the overall quality of CEST experiments will dramati-
cally increase with B,. We verified this using the NHMFL’s
21.1 T system in collaboration with the University of Texas
Southwestern group. CEST mapping of protein amide pro-
tons in the human brain has been successful at 7 T [67].
The new low-power pulsed CEST approach performed in
six human subjects at 7 T showed a relayed-Nuclear Over-
hauser Enhancement CEST effect, that was about twice as
large as the CEST effects downfield and larger in white
matter than in gray matter [68].

CEST measurements with other nuclei (*'P CEST) is
also possible at ultrahigh fields, and given that the >'P res-
onances of ATP, ADP, and AMP are resolved at ultrahigh
fields, CEST could provide an efficient, non-invasive diag-
nostic tool for quantitative bioenergetic measurements in
the human brain.

Brain phosphorus bioenergetics (*'P)

When performed at ultrahigh fields, the increase in SNR
and in chemical shift resolution of *'P nuclei in compounds
of the brain should enable us to study dynamic brain func-
tions ranging from the ability to show regional changes in
all the phosphorus compounds to definitive studies of small
molecule patterns associated with brain function. Adeno-
sine triphosphate (ATP) production is vital to cellular func-
tions, especially in neurons, which have a continual need
for energy resources to restore basal transmembrane ionic
electrochemical potentials. Neurons use ATP largely pro-
duced through oxidative phosphorylation. ATP is trans-
ported out of the mitochondrial matrix into the cytosol and
used by a variety of enzymes, most prominent of which is
the Na™/K* ATPase. We have collected *'P spectra at 9.4
and 16.4 T from cat brains that prove we can measure rela-
tive concentrations of all the important phosphorylated
species at ultrahigh fields. Human brain studies at 9.4 T
have shown the ability to map the distribution of the major
components of ATP kinetics [69]. The frequency of *'P at
11-21 T (190-360 MHz) is on par with 'H frequencies at
4.5-85T.

Relaxation rates of most *'P nuclei in brain metabo-
lites become longer at higher fields [70]; thus, we expect
to be able to map ATP synthesis rates regionally in the
human brain. It may also be possible to resolve mitochon-
drial versus cytosolic ATP and Pi resonances in the human
brain at ultrahigh fields. We expect that high-field chemical
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exchange saturation transfer (*'P CEST) could resolve all
ATP, ADP, and AMP signals, and thus become an efficient,
non-invasive diagnostic tool in quantitative bioenergetic
measurements. Acidic (low pH) environments, an after-
effect of cell metabolism, can also be quantified using 3'P
MRS. At the intermediate frequencies of these nuclei, we
do not expect major challenges with respect to RF penetra-
tion and homogeneity, as many of these problems are well
understood and have been solved from experiences with 'H
at 7 T (300 MHz).

Brain Nat, K™-ATPase activity mapping

An alternative to mapping brain ATP enzymatic fluxes with
lower-resolution saturation transfer 3'P MRSI, is the use
of Dynamic-Contrast-Enhanced (DCE) methods for map-
ping trans-capillary wall water turnover. DCE-MRI is a
minimally invasive MR method consisting of acquiring T-
weighted MR images before, during, and after IV injection
of a gadolinium-based contrast agent (CA). The quantifi-
cation results from pharmacokinetic modelling as the CA
distributes through the blood plasma in the normal brain.
From the kinetics, the mean intra-capillary water molecule
lifetime can be inferred, with a spatial resolution <1 mm.
Its reciprocal is proportional to Nat, K™-ATPase (NKA)
turnover, a process involving active trans-membrane
water cycling [71]. NKA is the brain’s most vital enzyme,
consuming over 50 % of ATP per unit time. The DCE-
MRI method involves analysis of 'H,O signals obtained
during CA transit through brain capillaries. Neuronal and
neuroglial cells have an exquisite metabolic synergy with
capillary endothelial cells, and this couples the mean rate
constant for equilibrium capillary water molecule efflux,
ko, to its cell membrane analog, k;,. It is the latter that is
proportional to NKA turnover [72]. The first normal human
resting-state brain k,, map (Fig. 7) has been obtained at 7
T [71]. It is interesting that NKA activity per capillary is
greater in white matter (WM) than in gray matter in the
awake patient. The hot spots may reflect WM tracts con-
necting cortical “rich club nodes,” which participate in
many different transient resting-state functional circuits. A
study planned by the Oregon authors, Rooney and Springer
with the University of Minnesota to define the capabili-
ties of this new high-resolution metabolic neuroimaging
method at 10.5 T awaits IRB approval. At ultrahigh mag-
netic fields, brain k;,, maps with sub-mm spatial resolution
can be obtained and compared to **Na maps, whose spatial
resolution will be lower. These comparisons can validate
the hypothesis that elevated tissue sodium concentration
(TSC) represents a reduced trans-cytolemmal sodium gra-
dient (altered NKA turnover) more than extracellular swell-
ing [72]. These alternatives cannot be discriminated by
simple TSC alone. Higher field will lead to improved NKA
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Fig. 7 Parametric image that reflects NKA kinetics in the normal
brain. k,, is the inverse of inter-capillary water turnover. The hot
spots may reflect WM tracts connecting cortical “rich club nodes,”
which participate in many different transient resting-state functional
circuits

turnover quantification because tissue generic macromole-
cule relaxivity decreases with the increased field faster than
does contrast agent relaxivity [73, 74]. Thus, the fractional
contrast change increases with B, These observations
argue for human brain studies at fields higher than 7 T.

Functional brain map of glucose oxidation
Using uniformly labeled '*C glucose infused into human
subjects, we have measured fluxes on pathways from

glucose to pyruvate, pentose phosphate, the TCA cycle,
bicarbonate, and glutamate at 7 T with 5 min acquisitions

[U-13Clglucose

eoo000
. pyruvate
bicarbonate o00
PDH
co;
.. acetyl-CoA
glutamate C5
Ma|am TCA
Cycle
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Fig. 8 '3C MRS spectrum of human brain collected in 5 min at 7 T
(unlocalized) after i.v. infusion of [U-'3C]glucose for 2 h. The spec-
trum was collected without proton decoupling. Solid circles denote
labeled carbon (University of Texas Southwestern group)
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(Fig. 8). These whole brain studies can become regional
functional mappings at the proposed increase in magnetic
fields with almost tenfold sensitivity increases. Pyruvate
is at the branch point in the bioenergetic paths for biosyn-
thesis of amino acids, fatty acids, and carbohydrates. A
method for mapping the regional fluxes of pyruvate to spe-
cific biochemical products will provide a powerful means
of understanding bioenergetic responses triggered by
physiochemical changes. Of importance to human behav-
ior is that relative fluxes are known to be affected by brain
stimulants such as cocaine [75] and amphetamines [76]. A
second powerful use of '*C MRS/MRI at ultrahigh fields is
the potential to image glucose oxidation regionally in the
human brain. Figure 8 shows an unlocalized '*C spectrum
of the human brain after a subject was infused with [U-13C]
glucose for 2 h. This spectrum was acquired in 5 min at 7
T without proton decoupling. The glutamate C5 resonance
reflects glycolytic conversion of [U-13C]glucose to [U-'*C]
pyruvate followed by the oxidation of pyruvate in the TCA
cycle, while the strong bicarbonate resonance reflects total
oxidation of glucose through the pentose phosphate path-
way plus the TCA cycle. If other substrates compete with
glucose for energy, this would be reflected in the ratio of
glutamate C5 to bicarbonate ratio as measured by MRS.
In principle, since this experiment does not require proton
decoupling, one should be able to image bicarbonate and
use this as a biomarker of regional glucose oxidation in
human brain.

MRI of X-nuclei at high magnetic fields

The justification for metabolic imaging of non-proton
elements such as sodium, potassium, and oxygen, in
addition to carbon and phosphorus of metabolically
active compounds, comes from their central roles in
tissue metabolism. The potential energy stored in the
sodium, potassium, and other ion gradients across cell
membranes are essential components of brain physiol-
ogy. Another naturally occurring and NMR-detectable
element is oxygen-17, whose endogenous or injected sig-
nal opens the opportunity for in vivo studies of oxidative
metabolism of the human brain. The drawback for NMR
in vivo studies of elements in addition to protons is the
low abundance and overall low sensitivity (see Table 1)
that limit the spatial resolution for MRI and MRS that
require prohibitive times for human subject observations.
It is important to note that the major difference between
proton MRI and MRI of nuclei such as Na, K, Cl, and
O is that image contrast for 'H-MRI is determined by
the nuclear relaxation properties of the regional tissue
water, diffusion anisotropy, and susceptibility of the tis-
sue components, whereas X-nuclei MRI gives informa-
tion regarding the concentration of the element and its

Table 1 Low gamma nuclei available for in vivo studies are listed
with average concentrations in vivo, and sensitivity relative to >’Na

20T, - in vivo MR signal/noise ratio

Nuclei Frequency MHz  In vivo abundance  S/N ratio®
mM
Proton-1 850 94,900 1334
Sodium-23 225 50 1
Oxygen-17 115 18 1/3
Rubidium-87 278 0.6 1/6
Chlorine-35 83 38 1/10
Potassium-39 40 112 1/24
Phosphorus-31 344 10 1/37
Deuterium-2 130 11 1/97
Fluorine-19 800 0.12 1/154
Lithium-7 330 0.5 1/456
Nitrogen-15 86 0.02 1/18,500
Carbon-13 214 0.05 1/22,800

2 13C and N abundance based on 5 mM, "Li based on clinical lev-
els, T, is included

spectral position as well as the relaxation dependent
information about the environment.

The most straightforward strategy for overcoming this
sensitivity challenge is to increase the field strength, as has
been demonstrated by the increases in field strength over
the last 35 years for proton MRI in moving from less than
0.35 T to 9.4 T for human studies, and soon to 10.5 and
perhaps 11.7. For considerations presented in the first sec-
tion of this paper, the technology that would allow progres-
sion beyond 11.7 T is now available, giving encourage-
ment to brain neurochemistry studies at fields of 14 T and
above. A realistic goal is to achieve a spatial resolution of
2 x 2 x 2 mm® and a data acquisition requirement of less
than 30 min. This goal can almost be reached for 2*Na MRI
at 9.4 T but not for '’0 or *’K MRI. The SNR for 'O is
three times lower than 2>Na, and for *°K is 24 times lower
(Table 1). In addition, many of the attractive new elements
in Table 1 have quadrupole moments that necessitate spe-
cial pulse sequences. But even here, progress has been
made to achieve in vivo studies as shown below. However,
the opportunities for fundamental studies of brain physiol-
ogy require higher magnetic fields beyond current ultrahigh
fields for human imaging.

23Na MRI at ultrahigh fields

Tissue sodium concentration (TSC) and its derived param-
eter of cell volume fraction (CVF), as measured by quan-
titative 2*Na MR imaging, provide unique information not
only regarding sodium ion homeostasis but also the sta-
tus of CVF and its dependency on disease and aging [77,

@ Springer



Magn Reson Mater Phy

Fig. 9 Six coronal partitions (2.5-mm contiguous slices) moving
from anterior to posterior locations through the lateral ventricles and
mesiotemporal regions from a 3D dataset of tissue sodium concentra-
tion in the normal adult male brain obtained at 9.4 T with quantita-
tive 22Na MRI Nominal isotropic resolution is 2.5 mm for a 10-min

78]. In the normal human brain, the global TSC value is
35 £ 3 mM and is independent of age. This reflects a cell
density or CVF of about 81 + 2 %. It is of great interest
that TSC and CVF do not change during normal aging [78]
(Fig. 9). Despite the loss of brain volume that occurs with
normal aging, the cell density remains the same as the neu-
rons become smaller with less dendritic arborization and
fewer synapses. The extracellular matrix (ECM) that forms
the interstitial support structure of the brain must also be
reduced in volume, presumably by normal turnover pro-
cesses that are regulated by neuronal cell volume. This
finding from 2>Na MRI is the in vivo confirmation of results
reported from neuropathology using design-based stereol-
ogy and cell counting techniques. This adaptive process of
aging suggests the hypothesis that CVF stability has a fun-
damental role in maintaining the energy efficiency of ion
homeostasis that supports brain function. This hypothesis
can be tested using the cerebral metabolic rate of oxygen
consumption (CMRO,) measured by 170 MR, as discussed
below. But higher fields than 9.4 T are needed to obtain the
quantitative data for input to physiological models of nor-
mal and abnormal human brain functioning.

Feasibility of imaging ion gradients

Another major opportunity is the ability to quantify elec-
trochemical gradients within different tissue compart-
ments of the human brain. The significance of 20 T is that
the improved SNR of this higher field can provide oppor-
tunities for spin manipulation of the ions (**Na, *°K, and
33Cl1) that maintain the electrochemical potentials in the
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acquisition. Color scale (left) is from O (black) to 150 mM (white).
The green regions have concentrations of 35 &= 3 mM Na, corre-
sponding to a cell volume fraction CVF = 0.81 + 0.2. Cerebrospi-
nal fluid (CSF) has a concentration of 145 mM corresponding to the
yellow-white end of the color scale

brain. These ions have spin 3/2 and thus are sensitive to
microscopic, local in vivo electric field gradients. This
quadrupolar moment interaction leads to spectral shifts
and spin interactions that can be detected, using tailored
RF pulse sequences to measure intracellular and extracel-
lular concentrations without using exogeneous chemical
shift agents. Quantification of the ion concentrations has
the potential to map ion gradients between different com-
partments of the brain. Sodium imaging [77-81], potas-
sium imaging [82, 83], and chloride imaging [84] have
been accomplished in the human brain at 7 T and 9.4 T.
However, to exploit multiple quantum imaging methods
to determine the separate concentrations of these ions in
the intra- and extracellular compartments, the sensitiv-
ity must increase substantially. A field increase from 7 to
20 T can realize an increase in SNR of 6 that reflects a
36-fold decrease in acquisition time based on the theo-
retical prediction of the 7/4 power-dependence of field
strength [43]. Preliminary multiple quantum experiments
at21.1 T (Fig. 10) have demonstrated detection of sodium
and potassium ions in the rodent head. These represent
different in vivo electric field gradient environments and
are related to intracellular and extracellular compart-
ments. Previous experiments in the beating rodent heart
validated the triple quantum MR signals against chemi-
cal assays [85]. This will also be required in the brain.
The new methodology used to acquire data in Fig. 10 is
significantly more efficient in acquiring TQ signals than
earlier suggested methods based on MR signal filtration.
This approach will be extended to spatial imaging via the
back-projection method of simultaneously detected SQ



Magn Reson Mater Phy

Fig. 10 Detection of sodium
and potassium in the in-vivo
rodent head at 21.1 T. The
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and TQ signals to investigate the resolution limits and
time vs. SNR at fields of 17.6-21 T.

The determination of ion concentration gradients across
cell membranes is of fundamental importance, as gradient
mapping gives non-invasive data similar to invasive elec-
trophysiology studies of the human brain. Although much
work is still required, the principles for achieving this goal
with MRI are understood. The SNR of ultrahigh field >14
T is needed [86].

70 MRSI and MRI at ultrahigh fields

Oxygen-17 MR imaging can detect small dynamic changes
of metabolism via the appearance of H1’O resonances, as
has been done at 9.4 T in the human brain following inha-
lation of 1702 enriched gas [87]. Increases in SNR from
higher fields will allow spatial imaging approaches to
measure the regional cerebral metabolic rate of oxygen
consumption. The relaxation times (7, T, and T,*) of O,
are relatively short, but these relaxation times are field inde-
pendent [87]. Imaging regional cerebral oxygen utilization

rates during human brain function would provide for the
first time quantitative regional measures of cognitive per-
formance across the neural network being stimulated. Such
measurements should be feasible at fields >14 T based on
previous experiments at 9.4 T [88]. Oxygen utilization can
be a functional imaging parameter that is directly linked
to the metabolic processes that subserve neuronal activity.
The quantitative accuracy, spatial resolution, noninvasive-
ness, and specificity make this functional imaging method
far superior to positron tomography with °0,. Linking
MRI determined perfusion, oxygen utilization, phosphoryl-
ation potential [ATP]/[ADP] x [PI], and carbohydrate/FFA
flux can provide a more complete picture of brain metabo-
lism under different states of brain activity than has existed
in the past.

Mapping the electrical properties of the brain
At the operating frequencies associated with high- and

ultrahigh-field MR, interactions of magnetic and electric
fields with dielectric tissues result in substantial distortions
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of those fields and of corresponding RF coil transmit and
receive sensitivities. These distortions are the origin of
“RF shading” artifacts typically encountered at high field
strength, but they also contain potentially valuable infor-
mation about tissue. Indeed, it has been shown that careful
measurements of the curvature of RF fields in MR experi-
ments may be used to map the quantitative values of tis-
sue electrical properties, including both conductivity and
permittivity [89—-93]. Since the RF field distortions increase
with increasing frequency, electrical property mapping
techniques based in quantifying these distortions should
in principle improve with increases in main magnetic field
strength. One caveat is that some of the symmetry assump-
tions underlying most current electrical property mapping
techniques tend to break down at high frequency [89-92].
However, generalized techniques have been proposed
which eliminate such symmetry assumptions [93] and
which may be expected to achieve improved robustness
and spatial resolution at ultrahigh field strengths. Electri-
cal property mapping holds promise as a new window into
brain tissue physiology, and it has the potential to be used
for functional brain imaging in 14-20 T studies.

Physiological effects and safety at 14 T and above
Background

The study of physiological effects on human subjects from
static magnetic fields, switched gradient magnetic fields,
and radiofrequency fields (15-850 MHz) used in MR com-
menced 35 years ago [94, 95]. A synopsis of the scope
of the relevant biophysics was reported by us in the 2013
National Research Council (NRC) report on high magnetic
field science [96]. Of the reported and measured effects
in human subjects (e.g., vertigo, nystagmus, absorbed RF
power, peripheral nerve stimulation, and torque on sensory
elements with susceptibility anisotropy), none has been
limiting or considered harmful at allowed limits to 9.4 T.
U.S. FDA investigational device exemption (IDE) has been
approved to 9.4 T, and evaluation of the new threshold of
10.5 T began in 2015 at the University of Minnesota.

Fortunately, we already have in-vivo MRI/S data on
rodents at 21 T with no evidence of health effects except
a temporary effect on the vestibular apparatus. No long-
term negative health effects on human subjects have been
validated up to 9.4 T [96—100]. Safety and potential health
effects concerns associated with field strengths to 14 T and
above include the potential for genotoxic effects, RF heat-
ing at frequencies up to 850 MHz, and nerve stimulation
from switched magnetic field gradients required to image
neuronal architecture at high resolution.
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Known physiological effects include induction of
peripheral nerve stimulation at high rates of field change
[101], effects on vestibular function [102], and rodent
behavioral avoidance [103, 104]. In the sections below,
these and other biophysical phenomena will be presented
relative to possible effects at fields of 14 T and above.
Reports of other effects, such as temporary cognitive
changes in humans exposed to magnet fringe fields and
inconsistent reports of sensing high magnetic fields or
field gradients, have been made by some subjects inside
and in the fringe fields of 7 T clinical magnets. These
could be related to some of the biophysical phenomena
outlined below.

Peripheral nerve stimulation is dependent on the rate
of field change (e.g. 60 T/s for the human thorax) and
the diameter of conductive path loops [101]. This effect
does not depend directly on the static field magnitude,
but the volume forces (diamagnetic forces) do depend on
both the gradient and the static field leading to a time
and space varying force that can account for a number
of physiological phenomena depending on the suscepti-
bility anisotropy of sensory elements in the head. These
effects are not currently known to be dangerous, but the
forces scale with field, and thus further experiments are
needed. Gradient coil designs can take advantage of the
fact that the E-fields induced are proportional to the cur-
rent loop diameters that are smaller than those associ-
ated with the body and with contemporary body gradient
systems.

Static field effects

A first concern of very high magnetic fields is the danger
from ferromagnetic materials including tools, metal fur-
niture, and other ferromagnetic objects that can become
projectiles [102]. A life-threatening danger to personnel is
metallic implants including pacemakers and wound clips.
Other than the fact that the forces will be greater when the
field and the field gradient become larger, one does not
expect increased hazards from forces at 20 T. The current
screening of individuals before entering the magnet is an
adequate safeguard against harm arising from pacemak-
ers and other implanted ferromagnetic objects. There is
a potential problem associated with magnetic particles
found in nature such as the magnetosomes seen in bacte-
ria (Fig. 11). Magnetite particles exist in the human brain
(meninges) [105], the estimate is 50 ppm. To what extent a
high field and field gradient product can induce these par-
ticles to overcome the restraint of local adhesive and tis-
sue viscous properties on prolonged exposures to 20 T can
be readily determined by experiments at existing high-field
magnets at the NHMF in Tallahassee, FI.
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Fig. 11 Magnetite single-domain (e.g., 50 nm) particles that are
prevalent in nature also occur in the human brain with an abundance
of 50 ppm. Shown here are these particles in a bacterium along with
the proof that they are magnetite using a dark-field/bright-field dis-
placement method to identify crystal lattice planes corresponding to

Effects on molecular assemblages with susceptibility
anisotropy

The magnetic energy associated with the orientation
changes of molecular assemblages is proportional to the
magnetic field squared, as does the rate of orientation
change in accordance with the following relationship.

d® /dr = — B’ [V (xa — xr)]sin 20 /2¢ 1)

where d®/dt is the angular change with time, B is the mag-
netic field, V is the volume of the assemblage, x, and x,
are axial and radial susceptibilities, respectively; and ¢ is
the rotatory frictional coefficient that is proportional to

Bright field image 3

Y
il =

30&

Dark field image for
the 220 (d=2.97 A)

T.F.B.Donner Lab
Univ.of Calif.

those of magnetite. The displacement distance changes as a function
of the magnetic lens spherical aberration coefficient, the lens current-
based focus, and the specific crystal planes leading to the displace-
ment [106]

viscosity [107]. Retinal rods in a petri dish are oriented
by 90° in less than 10 s in a field of 1 T. Not included in
this expression are the overwhelming restraining adhesive
forces associated with organized tissues and an expected
frictional drag dependence on the square of angular
velocity.

Volume forces on diamagnetic tissues

Volume force is the product of tissue susceptibility, the B
field, and the B field gradient.

F = x/uwoBy x dB/dz,

@ Springer
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10 Levitation for a 1kg/m? density
body. Where pg = eq [1] .

Berry & Geim (1997) 7

v
N\

/7 Estimated volume force
74 2
y at 20 T (400 T/m)
/
4 Rat avoidance 70 T*/m

/ mesr
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B x B/z in (Tesla)’/m x 10°

Volume Force in N/m® x 10
N\

Lipid to Tissue Stress

Fig. 12 Volume force vs. magnetic field times field gradient. The
force is dependent on tissue susceptibility and the product of field
strength and the spatial field gradient, which is dependent on magnet
design (e.g. a longer magnet will have a lower gradient)

Here, x is susceptibility (dimensionless), p, is magnetic
permeability (4 7 x 1077 NA™2), B is the main field, and
dB/dz the spatial gradient. For tissue the formula is:

_ (—9 x 1076 /47 x 10—7)32/m

=-72 x Tz/mor (N/m3> @

Curves calculated from equation [2] are shown in Fig. 12.
From our calculations using magnetic field data from
Houpt et al. [104], the rodent avoidance volume force is 70
T%/m. The cause for the avoidance could be an effect on the
vestibular apparatus (vide infra). The volume force threshold
for human tolerance could be the key determinant of magnet
design, as the gradient can be controlled by the bore length.

Differences in forces on adjacent tissues are dependent
on the small differences in susceptibility including layers
of the human cortex. Shear forces between tissue and fat or
tissue and bone might be sensed but not be uncomfortable.
But the susceptibility differences between iron-loaded tis-
sues and adjacent tissues such as the cerebral cortex [108]
and other tissues [109] will need evaluation. The impor-
tance of these differences will need to be ascertained before
human subject exposures to ultrahigh fields and high-field
gradients.

Note at the top of Fig. 12, the repelling volume force
on a frog in a 16.4 T magnet is equal to density x Earth’s
gravitational acceleration, and at a certain position the frog
will levitate [110].

@ Springer

Lorentz forces on ionic currents in nerves
Lateral forces on nerve axons at 20 T

The propagating current densities for neurons are of the
order 8-10 A/m2, and the E-fields downstream are about
8 V/m. Recall the peripheral nerve stimulation threshold
from dB/dt is 6 V/m [101]. Using the derivation of Roth
and Basser [111] we calculate the lateral displacement as
64 pm. The operational equation is:

d = (F/4P)a*In (b/a) (3)

Here, d is the displacement, F is the volume force based on
a current density of 10 A/m* and a B field of 20 T, P is the
shear modulus (10 kP), a is the nerve radius (2 mm), and b
is 25a. The displacement at 20 T is 64 wm. This displace-
ment and other calculations by Roth and Basser [111] are
less than would be detected in MRI images and are not of
health significance.

Nerve impulse conduction speed effects

The Lorentz effect or force on moving ions in a magnetic
field can result in a slowing of nerve conduction velocity.
The motion of sodium and potassium ions during nerve
conduction can be pictured as small current loops along the
axis of the conducting nerve fiber. If a field is applied at
right angles to the nerve fiber, one can expect the ion cur-
rent paths will be distorted. An ion of charge e in an electric
field, E, and magnetic field, B, will have forces F, = eE and
F,, = e(Vd)B, respectively. Here, V is the drift velocity
of the ions. Wikswo and Barach [112] show V is between
0.033 m/s and 6.6 x 10~ m/s depending on the values
chosen for the estimation. These considerations suggest
that a 10 % change in nerve conduction velocity will occur
at24T.

Induced electric potentials—Faraday law

Blood is an ionic conductor, and its flux in a magnetic field
will result in an induced voltage, which is proportional to
the flow (current) and the diameter of the vessel (e.g., the
aorta) if the flow is orthogonal to the magnetic field:

V =vBd. (€]

For the human aorta, a flow v = 1 m/s in a field of 20
T and diameter of 0.016 m gives the emf as 0.32 V. No
problems with cardiac rhythm have been noted in human
exposures of many subjects to 9.4 T [100]. Tenforde [113]
predicted on theoretical grounds a current density near the
sinoatrial node of the heart of 220 mAm~2 on the assump-
tion that significant leakage currents occur, but the aorta
specific resistance is six orders of magnitude larger than
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blood, thus the predicted current densities cannot occur.
The induced voltage scales as vessel diameter. The evalu-
ation of untoward electrical phenomena does require
detailed modeling with high spatial resolution of the spe-
cific resistivity. A multitude of canine studies have been
completed at 11.1 T with no cardiac events observed (Uni-
versity of Florida, Gainesville).

Induced E-fields from time varying gradients

An E-field of 6 V/m induced by 60 T/s near a 30-cm diam-
eter conducting body will cause a sensation of an electric
shock [101]. The governing physics are represented by the
Maxwell-Faraday equation that equates the electric field to
the diameter of a loop of body conductor exposed to the
stimulating coil.

V/m = —dB/dt x r/2, 5)

where dB/dt is the rate of the magnetic field change and r is
the object radius seen by the inductor. Note that a change in
the area of a conductor in constant B field will also induce
an E-field; thus, chest expansion and cardiac chamber size
changes will result in a potential superposed on the stand-
ard electrocardiogram recording in addition to the E-field
induced by moving electrolytes (i.e., the blood flow).

Visual sensations known as magnetophosphenes that
can be induced at about 2 T/s involve a different physi-
cal mechanism than the peripheral nerve stimulation at 6
T/s. This phenomenon has been studied since visual phos-
phenes were noted in 1896 by d’Arsonval, who moved a
magnetic field source near the eyes [114]. The mechanism
is not as simple as suggested by equation [5] because the
threshold for visual sensations is dependent on reaching a
field of at least 10 mT with a rise time of approximately
2 ms and a repetition rate of less than 30 per second [115].
These dependencies can be understood if the mechanism
is a mechanical distortion of retinal components from sus-
ceptibility anisotropy. Direct electric voltage application
to the head can induce phosphenes but the current densi-
ties of 17 uA/cm? are much greater than the 2 pA/cm? that
is inferred from magnetic field changes. The emphasis on
the mechanisms for phosphene observations is relevant to
understanding other sensory phenomena that might mani-
fest at 20 T where larger fringe fields and B fields are
expected than have been experienced in the last 35 years of
investigations.

Magnetohydrodynamic effects
A conductor flowing in a magnetic field will experience

forces that will resist flow, thus to maintain adequate tissue
perfusion the body will increase blood pressure. To model

this effect, the Lorentz force and Ampere’s law are incor-
porated into the Navier—Stokes equation of motion that
relates the pressure gradient to velocity, viscosity, permea-
bility, and volume force. A second equation of motion uses
Faraday’s, Ohm’s, and Ampere’s laws to relate the mag-
netic field with conductivity. While there is a rich literature
giving approximate solutions showing significant pressure
effects at fields up to 15 T, the exact solution shows the
pressure change is only 0.2 % at 10 T. The only experi-
mental data that fits this exact solution are our observa-
tions at 4.7 T using a saline solution flowing at a volume
flow of 7 L/min in a 0.016-m tube orthogonal to a 4.7 T
field [116].

Vestibular organ effects

The inner ear organ responsible for sensing position as
well as sound has hair cells bathed in fluid. The differen-
tial motion between fluid and 1 micron sensors sends sig-
nals to the brain. These signals coordinate with visual and
peripheral nerve sensors. Either susceptibility anisotropy or
Lorentz forces may be responsible for sensations of dizzi-
ness and nausea experienced at high fields. A wide variety
of experimental observations implicate the vestibular appa-
ratus for the variety of symptoms and signs manifested by
animals and human subjects in high magnetic fields, as well
as in the fringe fields of high-field magnets where forces
can cause small but physiologically significant relative tis-
sue motion. Observed symptoms and signs include avoid-
ance by animals of high fields and field gradients [104],
animal head tilt while in a homogeneous field, and turning
behavior of animals after exiting high magnetic fields [103]
as well as other temporary effects [117].

Human subjects have definite symptoms of nausea, ver-
tigo, nystagmatism, and some reversible decline in cogni-
tive function at fields of 4, 7, 8, and 9.4 T, e.g., [118-121].
Effects on the vestibular system are believed to underlie
these phenomena. Definitive experiments that implicate the
vestibular system in animal behavior showed no effects if
the vestibular system is ablated [122].

The understanding of strong magnetic field effects on
the inner ear has recently been significantly advanced by
the observation of field-induced nystagmus in subjects in a
strong magnet in a darkened room [123]. This is attributed
to Lorentz forces on the steady currents produced by the
continual depolarization of the hair cells. From the mod-
eling and experimental work of Roberts et al. (wherein the
force per cupula area was between 0.02 and 0.002 Pascal)
it is concluded that the nystagmus can be accounted for by
the Lorentz force because the force is 20 times the thresh-
old for cupula stimulation. Pressures of 2 mPa are suffi-
cient to stimulate nystagmus [124]. Additional human sub-
ject observations and analyses have further elucidated the
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physiology of nystagmus and the functioning of the vestib-
ular apparatus [125].

RF power deposition

For low gamma nuclei (**Na, 70, 3°Cl, and *°K), the
higher frequencies associated with 14 T and above should
not present any new challenges, as patients have already
been studied at these frequencies via 'H MRI and MRS at
lower magnetic fields. Special RF sequences such as those
in the multiple quantum studies can go beyond current
power deposition limits; thus, a particular focus in develop-
ing pulse sequences and RF coils will be to keep the SAR
within allowable limits. Going beyond low gamma spins
to proton imaging and spectroscopy at fields of 14 T and
higher will require engineering of transmit and receive coil
arrays, as well as methods of steering the RF fields and a
general investigation of RF pulse sequence optimization
[32, 38].

Magnetic field effects on molecules, molecular
assemblages, and cells

In the sections above, the physics and physiology of static
magnetic fields, switched gradient fields and RF interac-
tions with biological tissues were outlined. The purpose
of this section is to access the genotoxic and carcinogenic
potentials for ultrahigh-magnetic-field MRI. For the past
35 years [94, 126], molecular, subcellular, cellular, and tis-
sue effects of static and oscillating magnetic fields associ-
ated with MRI have been investigated. Effects of static
magnetic fields ranging from 50 pT to 15 T on chemical
and biologic systems were reviewed in 2008 by Okano
[127]. There are as many positive as there are negative
results in that review as well as in evaluations by oth-
ers [128-130]. The current conclusion is that there are no
health hazards from exposures up to 9.4 T. Non-controver-
sial effects at the macromolecular level are magnetic orien-
tation or torque phenomena observed for large molecular
assemblages in vitro such as chloroblasts and retinal rods
based on magnetic anisotropy, as presented above [107,
109]. Orientation effects include structural changes in tubu-
lin [131] and alterations of the cleavage plane in develop-
ing frog eggs [132], and could account for abnormalities in
fibroblast and neuronal growth at fields up to 15 T reported
in 2005 [133]. Other mechanisms include chemical separa-
tions, effects on hydrated states of ions [134], and signifi-
cant prolongation of the lifetimes of oxygen- and nitrogen-
free radicals arising from naturally occurring chemical
transformations [127]. But these mechanisms have yet to
be verified. No deleterious observations have been reported
from extensive studies on rodents at 21.1 T by NHMFL
investigators other than temporary effects on the vestibular
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apparatus. Reported gene expression effect in a transgenic
plant Arabidopsis at 20 T [135] requires repetition with the
incorporation of appropriate controls.

In the past few years, possible effects on DNA have
been reported in blood samples (leukocytes) from sub-
jects undergoing cardiac MRI protocols with and without
injected contrast material. A summary of eight studies on
human cells by Vijayalaxmi and co-workers [130] describes
six studies that showed an increase in DNA double-strand
breaks (DSB) or micronuclei (evidence of DNA damage)
and two studies that showed no change. Three reports
since that review showed no increases in DSB of subjects’
blood following clinical MRI exposures [136—138]. Known
causes of DNA DSB include UV, ionizing radiation (X-ray
CT), virus infections, and environmental temperature [139]
as well as beta blockers used by cardiovascular patients
[140] and MRI contrast agents. Reports of DSB findings
are in a background of 50 DSB per cell cycle, almost all of
which are repaired [141], leaving experimentally visualized
foci of breaks at the level of about 0.11 DSB per cell. A
comparison of the quality of eleven experiments, absence
of positive controls and lack of a mechanism to explain
the positive results in six of 11 experiments leads us to the
conclusion that there is no convincing evidence for a geno-
toxic effect from clinical MRI up to 7 T using DSB as an
indicator.

Although animal studies to 21.1 T have not shown
more than temporary physiological effects and there are
no reports of harmful effects in human studies up to 9.4
T, published effects of fields of 10 T and beyond on rep-
licating cells or growing tissues will require investigations
to discover mechanisms that are not associated with the
unnatural biological environment of the magnet and sample
preparations ((e.g., free radical lifetime changes, electrolyte
hydration, molecular assemblage structure alterations).

Organ studies beyond the brain

Organs of adult human subjects below the head and neck
are targets for increased magnetic field investigations,
but the technological and financial barriers are much
larger than those for a head-only MRI system because the
required magnet bore must be increased from 68 cm to
about 98 cm. The current design for a head-only magnet
at 14 T allows for shoulders and body entry into the bore,
but the RF, shim, and gradient coils occupy too much space
to allow body imaging. For example, the 11.7 MRI system
at Iseult has a 90-cm bore [9]. The estimate of 98 cm for
a body magnet at 14 T is based on the need for structural
support of gradient coils due to the interactions with the
high magnetic field as well as the requirement for homoge-
neity. The Iseult body MRI homogeneous region is 10 cm
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in diameter [9]. If major improvements in HTS supercon-
ductor performance as well as reductions in manufactur-
ing costs occur, then the following estimate might be too
pessimistic. Scaling with the third power for the increase
in bore from 68 to 98 cm results in a magnet mass and cost
increase by a factor of 3.0. Nevertheless, the bore size of
68 cm is adequate for large animal studies that promise to
uncover vital medical science regarding tumor metabolism,
tumor heterogeneity, heart failure, renal metabolism, liver
metabolism, skeletal muscle diseases, and spinal cord nor-
mal and abnormal functioning, for example.

The current hypothesis that magnetic fields beyond 10 T
can prolong lifetimes of oxygen and nitrogen reactive spe-
cies leads to the possibility of focused hyperthermia [142]
for cancer treatment enhancement through treatment in
a high magnetic field. This is another of many biological
and medical science advancements that can be explored at
fieldsof 14t0 20 T.

Summary

The focus of this review is on the rationale and feasibil-
ity of designing, building, and using magnetic resonance
instruments to study in vivo the structure, neuronal circuits,
and neuronal biochemistry of the human brain at magnetic
fields of 14-20 T. Over the last 3 years there have been
major developments in superconductor materials that ena-
ble the construction of magnets at much higher fields than
exist currently. These advances also enable major instru-
mentation advances for NMR spectrometers and give con-
fidence that the technology barriers and costs for human
brain studies are no longer prohibitive. This review brings
up to date the magnet technologies and the breadth of
human brain scientific opportunities that no other method
can provide. The assessment of physiological phenomena
that human subjects will experience must go beyond cur-
rent human studies at 9.4 T.
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