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STATE-OF-THE-ART AND CHALLENGES IN ULTRAHIGH FIELD SUPERCONDUCTING 
MAGNET TECHNOLOGY 

 
David C Larbalestier 

Applied Superconductivity Center, National High Magnetic Field Laboratory, Florida State University, 
2031 East Paul Dirac Drive, Tallahassee FL, 32310 USA 

 
At the time of COHMAG, the NRC report of 2004 on the future of magnet science and technology, the 
vision of very high field superconducting magnets well beyond the 23 – 24 Tesla capability of Nb-Ti or 
Nb3Sn was stronger than the reality. Between COHMAG and its follow-on NRC report, MagSci, in 2013, 
HTS conductors capable of implementing this vision became available and a number of prototype 
magnets generating fields over 35 Tesla in resistive background magnets demonstrated the 
opportunities provided by HTS conductors. This inspired the NHMFL to invest resources in developing 
this technology. Today we believe that all-superconducting magnets capable of much higher fields than 
Nb3Sn are possible. Two all superconducting magnets generating fields of 26 and 27 Tesla have been 
demonstrated this year and a 32 Tesla user magnet will be delivered to NHMFL users in mid-2016. 
Development of REBCO, Bi-2212 and Bi-2223 conductors is proceeding rapidly and their applicability to 
the particular demands of 30 T class solution NMR is being assessed by modeling and test coils. Ultrahigh 
field superconducting magnets pose major challenges in terms of stresses, safe current densities, 
protection and cost but in 2015 there can be no doubt that many kinds of ultrahigh field magnets of the 
type laid out in MagSci are feasible. In my talk I will lay out the nature of the opportunities and the 
compromises that presently seem vital as we tackle a major challenge central to this workshop: the 
development of 30 T NMR magnets. 
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TOWARDS SUPER-HIGH FIELD AND ULTRA-COMPACT SIZE NMR MAGNETS 
OPERATED BEYOND 1 GHZ (REVIEW) 

 
Hideaki Maeda and Yoshinori Yanagisawa 

RIKEN Center for Life Science Technologies, Yokohama, 230-0045, Japan 
 
Conventional low temperature superconducting (LTS) NMR magnets cannot exceed 1 GHz, 23.5 T, as the 
critical current density of a typical LTS conductor decreases steeply beyond 23 T. The use of a high 
temperature superconducting (HTS) magnet, which is made of (a) a Bi2Sr2Ca2Cu3Ox (Bi-2223) multi-
filamentary HTS conductor or (b) a RE(Rare Earth)1Ba2Cu3Ox(REBCO) coated HTS conductor, provides a 
high current density above 23 T, enabling an NMR magnet to exceed 23.5 T, i.e. 1 GHz. Thus, super-high 
field NMR magnet is made possible if we employ low-field LTS outer coils and high-field HTS inner coils, 
which is called as “an LTS/HTS NMR magnet”. Only MIT in USA and Japan have so far developed LTS/HTS 
NMR magnets. In this presentation, the Japanese project will be reviewed. 
 
Japan firstly made a precise comparison between two 500 MHz-class LTS/HTS NMR spectrometers 
operated in driven mode; one with a Bi-2223 innermost coil [J. Mag. Res., 203, 274-282 (2010)] and 
another with an REBCO innermost coil [J. Mag. Res., 249, 38-48 (2014)]. They evaluated (a) the temporal 
magnetic field drift due to the screening current induced in the HTS conductor, (b) the shielding effect of 
the HTS coil which degrades the cryoshim performance, (c) the NMR sensitivity and NMR signal 
resolution, and (d) the quality of protein NMR spectra. The NHMFL (USA) will fabricate another Bi-
2212(Bi2Sr2Ca1Cu2Ox) innermost coil, which will be similarly evaluated in RIKEN in 2016.  
 
Based on these results, Japan started to construct the world’s first beyond 1 GHz LTS/Bi-2223 NMR 
spectrometer, which was designed to operate at 1.02 GHz (24.0 T). The magnet was successfully charged 
to 1.02 GHz (24.0 T) in the National Institute of Materials Science (NIMS) in 2014. Results of NMR 
measurements using this machine will be briefly reviewed; details of the coil fabrication will be given by 
Dr. Hamada of JASTEC in the workshop.  
 
As a final part of the presentation, a perspective on the potential of super high-field and compact-size 
NMR spectrometers, such as a 1.2 GHz machine, will be discussed based on the above results; new types 
of reinforced Bi-2223 conductor and REBCO coated-conductor are assumed for optimal coil design.  
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UHF MAGNET DEVELOPMENT AT MIT 
 

Yukikazu Iwasa  
Francis Bitter Magnet Laboratory, Plasma Science and Fusion Center, Massachusetts Institute of 

Technology, Cambridge, MA 02139 
 

The first part of this ppt presentation concerns with a brief description of a 1.3-GHz/54-mm room-
temperature bore NMR magnet (1.3G), currently under construction at the MIT Francis Bitter Magnet 
Laboratory. The 1.3G is composed of a 500-MHz all-LTS (Nb3Sn, NbTI)/237-mm cold bore NMR magnet 
and an 800-MHz all-HTS (REBCO) insert (H800). H800 is a 3-nested coil formation, each coil a stack of 
pancake coils wound with REBCO tape. The second part discusses possible options to go beyond 1.3-GHz 
NMR magnets.  
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EUROPEAN LARGE SCALE FACILITIES FOR NMR SPECTROSCOPY  
 

Lyndon Emsley 
Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de Lausanne (EPFL),  

CH-1015 Lausanne, Switzerland. 
 
Large scale facilities for high-field NMR spectroscopy have been developed in Europe since the 
early 1990s. Today there is a network of several high-field NMR centers that provide coordinated 
access to unique state-of-the-art instrumentation and expertise users from all over Europe on a 
project oriented basis. Accessible proton NMR frequencies go from 0 to 1000 MHz, with dozens of 
spectrometers, and instrumental configurations include high-throughput automation, cyroprobes, 
low temperatures, in-situ and ex-situ dynamic 
nuclear polarization, >100 kHz magic angle 
spinning, low gamma nuclei, etc,… This 
thereby constitutes a truly unique 
experimental platform that is not matched in 
terms of performance or versatility anywhere 
else in the world. It can cater to user projects 
ranging across disciplines from physics and 
materials science, through chemistry, to 
structural biology and medicine.  
 
The facilities provide thousands of days of 
access per year, to hundreds of peer reviewed 
projects. 
 
I will outline some the key points in the history 
of the creation of this infrastructure, as well as 
highlighting some of the key issues that have 
led to success in the operation, use and 
widespread support of this initiative from both 
users and national and European level 
stakeholders. 
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NMR INFRASTRUCTURES IN EUROPE 
 

Lucia Banci  
CERM, University of Florence, Italy 

 
Research Infrastructures provide a clear benefit to research communities with an evident high return 
with respect to the investment. Europe started decades ago to support the access of users to high level 
Research Infrastructures. Over the various EC Frameworks the policy of support evolved on some 
aspects, but it was and is always framed with the goal to provide European scientists with access to 
cutting edge technologies, to top level instrumentation, and to unique expertise. 
 
This access is mainly provided by clusters of National Facilities. In the last decades Europe also 
developed a policy for the establishment of purely European, also from a legal point of view, Research 
Infrastructures through the elaboration of various ESFRI (European Strategy Forum for Research 
Infrastructures) Roadmaps, which have already led to the successful establishment of a number of new, 
European Research Infrastructures. 
 
In the specific area of NMR, support for access to National facilities first, and later to their network, has 
been provided to European scientists since the early ’90s. 
 
Within this frame, I will present and discuss some of the strategic and organizational aspects of the 
European policy towards Research Infrastructures. 
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EMERGING TRENDS IN SOLUTION NMR 

 
Koh Takeuchi1,2,3, Haribabu Arthanari1, Ichio Shimada1,2, Joshua Ziarek1, Gerhard Wagner1 

1Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, 
Massachusetts 02115; 2Molecular Profiling Research Center for Drug Discovery, National Institute for 

Advanced Industrial Science and Technology, Tokyo 135-0063, Japan; 3PRESTO, Tokyo 135-0063  
 
Currently, solution NMR of proteins is limited by molecular size, the need to express isotope-labeled 
proteins in E.coli, limited solubility, and loss of amide signals due to limited back protonation in 
perdeuterated proteins. We have tried to address some of these issues with a new strategy. To address 
the molecular weight limitation we focused on 15N- detection experiments1,2.  Due to the low 
gyromagnetic ratio, the dipolar broadening of 15N lines caused by nearby 1H does increase much less 
with higher molecular weight than for protons. Thus, 15N signals should remain sharp and detectable for 
much larger systems. To address the low intrinsic sensitivity of 15N we designed a 15N -detected TROSY, 
which requires the amides to be protonated, however. Furthermore, simulations indicated that 15N 
TROSY lines are narrowest for 900 MHz instruments. The 15N TROSY sensitivity gain over regular 15N 
detection is expected to be highest in instruments operating at 1.2 GHz. This is estimated based not on 
peak intensities (volumes) but on peak heights, which are known to be proportional to the integral of the 
free induction decays and hence inverse proportional to the transverse relaxation rate. Thus, the small 
transverse relaxation rates of the 15N TROSY components dramatically boost the signal heights and 
therefore the SNR, and excellent 15N-1H TROSY spectra can be recorded even for large proteins3. The need 
to have amide groups protonated for the 15N TROSYs leads to the problem of incomplete amide back 
exchange for proteins grown in deuterated media to achieve perdeuteration. However, the small dipolar 
broadening of 15N TROSY lines by adjacent protons suggested that the 15N-detected TROSY may not 
require perdeuteration at all even for large proteins. This was indeed the case for several large proteins 
we tried. We observe complete 15N-1H TROSY correlation maps including the peaks missing in 
perdeuterated protein preparations, including a GPCR embedded in phospholipid nanodiscs. Nanodiscs 
are highly soluble and allow to increase the concentration of embedded proteins up to the mM range 
ameliorating NMR’s sensitivity problem. Overall, 15N -detected TROSYs open a window for NMR studies of 
much larger systems. The gain is most significant in systems above 600 MHz and peaks at 1.2 GHz. The 
technique does not require perdeuteration and enables studies of proteins that cannot be expressed in 
E.coli. However, further development of 15N -based experiments is needed to achieve full impact of this 
technology. In addition, the experiments described here used Bruker cryogenic probes optimized for 15N 
and 13C detection with cold preamplifiers.  
 
(1) Takeuchi, K.; Heffron, G.; Sun, Z. Y.; Frueh, D. P.; Wagner, G. J Biomol NMR 2010, 47, 271.  
(2) Gal, M.; Edmonds, K. A.; Milbradt, A. G.; Takeuchi, K.; Wagner, G. J. Biomol NMR 2011, 51, 497.  
(3) Takeuchi, K.; Arthanari, H.; Shimada, I.; Wagner, G. J Biomol NMR 2015, in press.  
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EMERGING TRENDS IN NMR OF BIOLOGICAL SOLIDS 
 

Ann McDermott 
Columbia University, Departments of Chemistry, Biological Sciences and Chemical Engineering 

 
NMR has proven impacts in understanding structure, binding, conformational exchange, allostery, 
plasticity, folding, aggregation and other dynamical processes in biological signaling networks.  The 
integration of high-quality structural information with rich dynamical insights makes NMR a peerless 
tool for pursuing these aspects of function. Many recent advances in solid state NMR methods allow such 
studies to be carried out in cells or under near native conditions for very challenging systems, for 
example cytoskeleton, cell wall, amyloids, intrinsic membrane factors and whole viruses. This lecture 
will highlight a number of recent structure dynamics and thermodynamics studies of medically 
significant membrane systems that illustrate the importance of conducting studies in a true membrane 
environment. This lecture will present some recently developed methods that characterize 
conformational exchange processes in biological assemblies by solid state NMR, and will explore the 
critical role of ultrahigh magnetic fields in these studies. 
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EMERGING TRENDS IN NMR OF MATERIALS 
 

Marek Pruski 
Ames Laboratory and Iowa State University 

 
We will briefly summarize the latest progress in solid-state (SS)NMR spectroscopy for applications to the 
studies of materials, and discuss the existing limitations posed by low sensitivity and resolution. We will 
also highlight the key benefits that can be gained from access to much higher magnetic fields than 
currently available. The topics will include SSNMR methods utilizing fast magic angle spinning (MAS) at 
rates ≥100 kHz. When applied at ultra-high magnetic field, these methods can offer nonincremental 
gains in sensitivity and/or resolution in one-dimensional, as well as multidimensional homonuclear and 
heteronuclear correlation measurements involving spin-1/2 nuclei. Also discussed will be the prospects 
of using ultra-high magnetic fields for measurements of the spectra of quadrupolar nuclei, which 
outnumber their spin-1/2 counterparts by a factor of 3, and are often beyond the current detection limits 
of SSNMR spectroscopy. Here, the use of such fields will have the most dramatic impact due to the 
inverse proportionality between the strength of the magnetic field and the width of the central transition 
powder spectrum. We will illustrate the importance of ultra-high field SSNMR for the structural 
elucidations of materials for applications in catalysis, electronics and energy-related industries.  
 
 
  



 9 

SPEAKER ABSTRACTS 
 

FUNCTIONAL NEUROIMAGING AT ULTRAHIGH FIELDS 
 

Bruce Rosen 
Massachusetts General Hospital, Charleston, MA 02129 

 
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 decade, it was the non-invasive nature of the MRI experiment, and the concomitant 
acquisition of superimposed high resolution brain anatomy, that led fMRI to become the principal tool 
for human cognitive neuroscience, and the means by which we evaluate distributed brain function in our 
patients clinically. 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.  We can anticipate that studies of small groups of neurons will expand to 
studies encompassing thousands or more neurons in the next few years, at least in rodents and select 
human settings.  But connecting 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 
coordinated neural activity across these large clusters of neurons is felt to occur, showing as yet ill 
defined emergent properties.  Data suggest this is likely to be at the cortical columnar and laminar 
structures (in humans, on order of 100 microns).  This talk will explore progress and challenges in 
approaching this scale with ultra-high field MRI. 
  



 10 

SPEAKER ABSTRACTS 

 
METABOLIC MR IMAGING AT ULTRAHIGH FIELD IN THE HUMAN BRAIN 

 
Keith R. Thulborn 

Professor of Radiology, Physiology & Biophysics, University of Illinois, Chicago IL USA 
 
Proton magnetic resonance (MR) imaging has revealed much about human neuroscience at clinical field 
strengths, only to be improved upon at higher magnetic fields. Metabolic MR imaging of other 
biologically relevant elements of the periodic table including sodium, oxygen, phosphorus and 
potassium has also been enabled at the increased sensitivity provided by these higher fields.. Although 
exquisite anatomical images can be achieved in a few minutes, albeit in descriptive terms of image 
contrast determined by the nuclear relaxation properties rather than biochemistry. Metabolic MR 
imaging, being orders of magnitude less sensitive, must aim to provide new biochemical information 
beyond that available from protons. The bioscales of the tissue sodium concentration (TSC) and its 
derived cell volume fraction (CVF), measured by quantitative 23-sodium MR imaging has been measured 
to be unchanged by normal ageing. This finding allows speculation that age-related brain volume loss 
follows a mechanistic interaction between the extracellular matrix, neuron volume, dendritic 
arborization and synaptic complexity that influences the cognitive adaption that occurs with advancing 
age (Figure 1, reproduced from Thulborn et al., NMR Biomed. 2015). The bioscale of cerebral metabolic 
rate of oxygen consumption (CMRO2), measured by 17-oxygen MRI during inhalation of 17-oxygen 
enriched oxygen gas, has provided a spatially resolved quantitative measure of cerebral workload. Such 
quantitative metabolic parameters provide the means to create mathematical models of human brain 
metabolism to add new insight into human cognition in health and illness. 
 

(a) 

 

(b) 

  
Figure 1. (a) Tissue sodium concentration (TSC) 
across normal adult aging derived from 
quantitative sodium MR imaging.  

(b) Cell volume fraction (CVF), derived from TSC 
(a) in normal human subjects (N=49). 
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EMERGING MR CONTRAST MECHANISMS AT ULTRAHIGH FIELDS  
 

A. Dean Sherry 
Professor of Chemistry, UT Dallas 

Professor of Radiology, UT Southwestern Medical Center, Dallas 
Director, Advanced Imaging Research Center, UT Southwestern Medical Center 

 
Magnetic resonance imaging (MRI) is often considered to insensitivity for molecular imaging of specific 
biological processes.  As clinical MRI moves to even higher fields (7T and above), could MRI become even 
more diagnostic for imaging specific disease processes.  Although Gd3+-based contrast agents are widely 
used in clinical MRI as non-specific extracellular agents, new approaches need to be developed to bring 
MRI into competition with optical and nuclear methods for molecular imaging of physiology and 
metabolism.  A key parameter in the design of more sensitive Gd3+-based MRI contrast agents is the rate 
of water exchange.   This will be illustrated in the design of Zn2+-sensors for in vivo imaging of free Zn2+ 
ions from pancreas and prostate.   Other new types of image contrast mechanisms such as CEST, 
paraCEST and T2 exchange agents also heavy depend upon rates of exchange so the MR sensitivity of 
such agents actually improve significantly at higher magnetic fields.  This suggests that molecular MRI 
will become more competitive as an effective molecular imaging tool at ultrahigh magnetic fields.  
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DEVELOPMENT OF 1020 MHz NMR SUPERCONDUCTING MAGNET USING BI-2223 
INNERMOST COIL 

 
Mamoru Hamada1, Hideyuki Maeda2, Tadashi Shimizu3, and Gen Nishijima3 

1Japan Superconductor Technology, Inc.; 2RIKEN Center for Life Science Technologies; 3National Institute for 
Materials Science 

 
Maximum magnetic field, so far achieved by using industrially commercialized low temperature 
superconducting material at present, is approximately 23.5 T, which corresponds to proton resonance 
frequency of 1 GHz. High temperature oxide superconductors such as Bi-2223, Bi-2212, REBCO, have 
much higher critical magnetic field than 24 T. Hence, magnetic field beyond 1 GHz can be realized by 
utilizing oxide superconductor especially for higher magnetic field inner coils. 
 
We started to develop NMR magnet operated beyond 1 GHz in 2006. After evaluation of some types of Bi-
2223 wire and small coils, we developed relatively large coil using bronze-reinforced Bi-2223 wire, an 
innermost Nb3Sn coil of existing commercialized NMR magnet was replaced by the Bi-2223 inner coil. As 
superconducting joint between Bi-2223 conductors, sufficient for NMR measurement, was not realized, 
the power supply driven mode operation was taken with a new field stabilization technique. It was 
energized to 500 MHz and demonstrated that the quality of the multi-dimensional NMR spectra on the 
protein was equivalent to that obtained with a persistent mode system. 
 
Based on this result, after many technological developments, Bi-2223 innermost coil was manufactured 
and the innermost Nb3Sn coil of 920 MHz magnet was replaced by the Bi-2223 coil. Whole magnet was 
assembled, evacuated and just before cooling down in March 2011, the Great East Japan Earthquake 
damaged the magnet. After repair, it energized to 1020 MHz on 17th October 2014. Many NMR spectra 
were achieved until the magnet was ramped down in this spring. 
 
Detail of design and manufacturing of innermost coil, and test and performance of 1020 MHz magnet are 
presented. 
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ULTRAHIGH FIELD MAGNETS AT THE NHMFL 
 

Mark D. Bird 
Director of Magnet Science and Technology, National High Magnetic Field Laboratory, Tallahassee, Florida 

 
The National High Magnetic Field Laboratory (MagLab) has a >20-year history of developing novel 
magnet technologies and converting them into reliable user facilities. Our 20 T, 105 mm bore NMR 
magnet is not only the largest-bore 900-MHz NMR magnet in the world, but it is the highest-field rat-MRI 
magnet as well. Other record systems include 45 T dc, 100 T in 10-ms pulses, 15 different dc resistive 
magnets, and 26 T for neutron-scattering. 
 
The MagLab is presently building two revolutionary magnets that are intended as stepping-stones 
towards 30 T high-resolution NMR: a 36 T condensed-matter NMR magnet (1 ppm over 10 mm DSV) and a 
32 T all-superconducting magnet! Both these systems should be operational in the first half of 2016. The 
36 T system is a resistive/superconducting dc hybrid (similar to the 45 T mentioned above) but will 
include current-density-grading to compensate the z2 and z4 terms. In addition, ferromagnetic and 
resistive shims will be installed along with a temporal stabilization system including a pickup coil and an 
NMR lock. The 32 T system will be the first superconducting magnet put into routine service that exceeds 
25 T. It will accomplish this by using two coils made of pancake-wound YBCO tape located within a large-
bore Nb3Sn/NbTi outer coil-set. The YBCO-based coils are the result of an extensive development effort 
that has transformed HTS coil technology from small-scale demonstrations into large-scale reliable coils 
supported by extensive numerical modelling, prototyping and testing. 
 
In parallel with the stepping-stone magnets above, the MagLab has made a major investment 
developing High-Temperature Superconducting (HTS) materials and magnet technologies suitable for 30 
T high-resolution NMR. In particular, work has focused on: 1) developing HTS materials that have higher 
current-densities, higher electro-mechanical isotropy, and reduced screening-currents compared to the 
YBCO tape used in the 32 T superconducting system and 2) developing methods of protecting HTS 
magnets in the case of quench. The latter involved both extensive numerical modelling of the quench 
process as well as scores of successful quench-tests of coils of various sizes and stored-energy levels.  
 
Furthermore, the MagLab has started to examine the feasibility of 14 T – 20 T human MRI magnets based 
on technology previously employed in the 14 T, 60 cm superconducting part of our 45 T dc magnet.     
 
Data from recent developments and the routes to 30 T NMR and 20 T human MRI are presented. 
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UHF MAGNETS AT BRUKER 
 

Gerhard Roth 
Bruker BioSpin GmbH, Karlsruhe, Germany 

 
The presentation will give an overview over the current UHF magnet technologies at Bruker. These are 
based on low-temperature superconductors (LTS) and are suitable for ultra-high field, high-resolution 
NMR magnets of up to 1 GHz, as well as for UHF- FTMS or MRI magnets of up to 21 T.  

 
Current development focusses on the implementation of high-temperature superconductors (HTS) and 
related magnet technology to break the 1 GHz barrier. Bruker is presently designing high-resolution, 
persistent 1.1 GHz wide-bore (89mm) and 1.2 GHz standard-bore (54mm) NMRs for various European 
customers. Deliveries are expected to start in late 2017.  
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DESIGNING ULTRAHIGH FIELD MAGNETS FOR NMR AND MRI 
 

Joseph V. Minervini 
Massachusetts Institute of Technology, Cambridge, MA 

 
As magnets are designed for higher and higher magnetic fields, the difficult engineering issues migrate 
from simple performance of the superconductor to issues related to stored magnetic energy, structural 
integrity, and quench protection. This is especially true for large bore magnets such as those required for 
large animal and human MRI. The stresses in a coil scale with the square of the magnetic field, as does 
the stored energy. This requires larger amounts of structural material to withstand the Lorentz forces 
and to limit strain on the superconductor. At some point the coil design becomes dominated by 
structural considerations. The difficulties of quench detection and protection are also strongly tied to 
the increase in stored magnetic energy. Both the structural and quench protection requirements lead to 
significant changes to the conductor design and coil support system. A further issue will be the extremely 
large magnetic moment and stray magnetic field from the magnet.  This will require either enormous 
amounts of iron for shielding or active shielding by superconducting coils, either of which adds to the 
design complexity and cost. This talk will highlight these mechanical and electrical features and discuss 
methods to address them in a reliable magnet design. 
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AFTER DINNER ADDRESS 
FRONTIERS IN MAGNETIC RESONANCE: CURRENT PERSPECTIVE AND LOOKING 

INTO THE FUTURE 
 

Gregory S. Boebinger 
Director, National High Magnetic Field Laboratory, Tallahassee, FL 

 
This talk will survey a number of the reasons that magnetic resonance sits at a technological crossroads, 
from the development of new materials that are revolutionizing superconducting magnet design, to 
advances made in magnetic resonance technique development that are opening new frontiers by 
utilizing the highest magnetic fields available today.  In light of the fact that this is an after dinner 
speech, the survey is expected to contain a certain amount of humor. 
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NATIONAL HIGH MAGNETIC FIELD LABORATORY: REMOTE ACCESS FOR NMR 
SPECTROSCOPY AND MRS 

 
Timothy A. Cross 

NHMFL NMR/MRI User Program Director, National High Magnetic Field Laboratory, Tallahassee, FL 
 
The NMR/MRI user program at the National High Magnetic Field Lab in Tallahassee serves a broad 
community in solid state NMR and communities interested in the world’s highest field MRI and MRS. In 
the past year 249 users included 126 senior investigators, 34  postdocs, 80 students and 9 technicians. 
These researchers were supported by at least 71 research grants including 25 NSF grants from 7 
programs, 21 NIH grans from 10 different Institutes, and 25 other grants including 9 from other federal 
agencies. 61 publications were published in 40 different journals. 
 
An increasing proportion of our users perform their spectroscopy and imaging through remote access. 
For the structural and dynamic characterization of biological macromolecules the same sample is often 
used for multiple spectra making it especially appropriate for remote access in which samples are left on 
site and the researcher from in the US or outside the US can set up the spectrometer and perform their 
spectroscopy without traveling to the facility. Even, in vivo imaging can be performed remotely given 
that the proper paperwork for animal care have been filed and that the staff are properly trained in the 
care and anesthesia of the animals. Facilitating such remote access is going to be crucial for the 
development of such National Facilities that will be charged with serving national, if not international 
communities. Both the cost and inconvenience of travel to the facility sites can be minimized.  
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THE NATIONAL MAGNETIC RESONANCE FACILITY AT MADISON 
John L. Markley, Samuel E. Butcher, Katherine A. Henzler-Wildman 

University of Wisconsin, Madison, WI 
 

The National Magnetic Resonance Facility at Madison (NMRFAM) was established in 1986 with support from the 
USDA, the NIH, and the University of Wisconsin-Madison. Over the years, NMRFAM has developed advanced 
technology in the field of biomolecular NMR and has secured funding (through NIH and NSF equipment grants) for 
early versions of instrumentation representing significant advances, including NMR spectrometers operating at 
600 MHz, 750 MHz, and 900 MHz. The facility now houses 10 NMR spectrometers (9 with cryogenic probes), a liquid 
chromatography-mass spectrometer system with solid phase extraction, and a small-angle X-ray scattering (SAXS) 
system. Helium boil-off gas from the magnets is captured and recycled to a campus-wide liquefaction facility. 
Generous institutional support has included an average of ~30% of all equipment funds. The facility has moved 
twice to larger quarters, and the current laboratory (completed in 1999) was designed to house an unshielded 1.2 
GHz NMR spectrometer. NMRFAM is staffed by 12 PhD-level scientists and researchers with wide experience, 
including NMR experiment design, pulse programming, bioinformatics, molecular biology, and electronics. 
Technology at NMRFAM is driven by collaborative projects focused on three areas: (1) making biomolecular NMR 
studies more accessible to biologists by automating steps and reducing costs; (2) pushing the limits of the 
technology for large proteins and RNA molecules and their complexes including membrane proteins; and (3) NMR 
investigations of small biomolecules: metabolomics, ligand screening, and structures of natural products. 
NMRFAM serves a large pool of collaborators and independent users from a wide geographical area. Many users 
send their samples for set-up by NMRFAM personnel and collect NMR data remotely through a secure internet link. 
NMRFAM benefits from its close association with the BioMagResBank, one of the four branches of the Worldwide 
Protein Data Bank. Work at NMRFAM over the past 5 years has resulted in over 200 publications, including studies 
on viral alteration of host recognition of non-self proteins (Science), phytochrome photoconversion (Nature), role 
of band 3 in red blood cells (PNAS), conformational dynamics in HIV-1 protease (PNAS), and role of Sirt3 during 
dietary restriction (Mol. Cell). Many junior faculty members at institutions around the country have made effective 
use of NMRFAM prior to acquiring their own high-field NMR instrumentation. NMRFAM carries out one-on-one 
training and sponsors yearly workshops for beginners and advanced spectroscopists. NMRFAM would be an ideal 
site for a next-generation (1.2‒1.3 GHz) NMR spectrometer because no new construction would be needed and 
because ongoing collaborative projects would benefit directly from the increased chemical shift dispersion, higher 
sensitivity, and altered NMR time scale for dynamic processes. Furthermore, NMRFAM has an excellent track 
record for maintaining its instrumentation and making it accessible in working order.  
 
Robust computational tools are integral to successful NMR investigations. NMRFAM is active in the development 
and maintenance of user-friendly software tools that facilitate data collection, data processing, and analysis. 
These tools incorporate or interface with other academic software packages, some of which are no longer 
supported by their developers. High-throughput computing facilities at NMRFAM include access to the Condor 
distributed processing system. Our goals are to increase the accessibility, accuracy, and efficiency of the range of 
methodologies offered by the facility. NMRFAM software packages are used in our workshops, and have been 
refined and extended through the experience and comments of workshop participants. All software packages are 
available for download or remote use on our servers and spectrometers. Support is provided in the form of 61 
tutorial videos, which have been watched more than 9,000 times over the past year. Our latest innovation is an 
Ubuntu-Mate-based Virtual Machine containing pre-installed latest versions of the NMRFAM-SPARKY (visual 
analysis of spectra and chemical structures), PyMOL (3D molecular structures), and PONDEROSA-C/S (NMR-
structure determination) packages, which can be uploaded to laptop or desktop computers for immediate use 
without the need to understand how to install the many required software programs on different operating 
systems. The software allows seamless access to NMRFAM servers for PINE (protein assignment), PECAN 
(secondary structure determination from chemical shifts), RNA-PAIRS (RNA assignment), and PONDEROSA (protein 
structure determination from NMR data), and to external servers, such as TALOS-N and CS-Rosetta.  
Information on NMRFAM is available from its website: (http://www.nmrfam.wisc.edu/). [Support from NIH grant 
P41GM103399 is gratefully acknowledged.]   
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ADVANCED MAGNETIC RESONANCE CAPABILITIES AT THE ENVIRONMENTAL 
MOLECULAR SCIENCES LABORATORY (EMSL) TO ACCELERATE STUDIES OF 

BIOLOGICAL, ENVIRONMENTAL, AND ENERGY SYSTEMS 
 

Karl Mueller 
Pacific Northwest National Laboratory, P.O. Box 999, Richland, WA 99352 

 
The Environmental Molecular Sciences Laboratory (EMSL) is a Department of Energy national scientific 
user facility, located at Pacific Northwest National Laboratory in Richland, Washington, which houses an 
array of scientific equipment for research critical to national science needs in biological, environmental, 
and energy sciences. The state-of-the-art resources offered by EMSL to researchers worldwide include 
high performance computing, deposition/microfabrication, mass spectrometry, microscopy, cellular 
imaging, NMR/EPR, spectroscopy/diffraction, and subsurface flow and transport capabilities.  
  
The EMSL user facility houses magnetic resonance systems for applications such as (1) ultra high-field 
NMR for solid-state experiments at 20.0, 18.8, and 17.6 T; (2) an ultra high-field radiological wide bore 
NMR with capabilities for imaging, solution, and solid-state NMR; and (3) an 11.7 T micro-imaging 
spectrometer capable of localized NMR spectroscopy and NMR diffusion studies. Expert staff focus on 
research in metabolomics, high-pressure/temperature NMR, materials/catalysts characterization, low-
temperature bio-solids NMR, probe development, and development of experimental methods. Probes 
and capabilities developed for novel research include constant flow-MAS probes to study in situ catalysis 
and complex reaction mixtures at high temperatures (for 11.7 and 20.0 T); high temperature probe 
technology deployed for 11.7 and 20.0 T systems to enable the study of catalytic zeolite structures at 400 
oC; MAS probe technology for investigating radioactive samples containing fissile isotopes at 17.6 T; and 
large-volume and in situ probes for studying battery materials and complete battery systems under 
charge/discharge cycling. 
  
EMSL instrumentation is available to scientific users via a user proposal system, with no charge for 
instrument time for non-proprietary research. For more information, visit http://www.emsl.pnl.gov.  
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MIT-HARVARD CENTER FOR MAGNETIC RESONANCE 
 

R. G. Griffin  
Francis Bitter Magnet Laboratory and Department of Chemistry, Massachusetts Institute of Technology, Cambridge, 

MA 02139 
 
The MIT-Harvard Center for Magnetic Resonance is a facility located primarily at the Francis Bitter 
Magnet Laboratory at MIT with additional lower field instruments resident at Harvard Medical School. 
The primary focus of the facility is a cluster of high field NMR instruments operating at 750, 800 and 900 
MHz. Plans are in progress to add an instrument operating at 1.3 GHz with the magnet based on HTS 
technology. In addition, we have designed and built a collection of spectrometers for dynamic nuclear 
polarization (DNP) experiments using gyrotron oscillators and low temperature probes and transmission 
lines necessary for DNP. We collaborate extensively on the development of new polarizing agents. 
Finally, we operate pulsed EPR instruments at 9 and 140 GHz.  
 
The research focus of the CMR is biophysics and biochemistry with an emphasis on structural studies of 
membrane proteins with solution and MAS NMR techniques. A second focus area is MAS NMR 
investigations of amyloid proteins. In addition, since we are a P41 center sponsored by NIH, we are 
therefore heavily involved in development of new technology to push back the frontiers of magnetic 
resonance. For example, three areas of new technology involve development of methods for non-
uniform sampling (NUS), detection of low γ nuclei (15N/13C) for large protein systems and membrane 
proteins, and high field dynamic nuclear polarization (DNP) using gyrotron oscillators mentioned above. 
All of these techniques are now widely dispersed in the magnetic resonance community. In addition, we 
are intensively involved in development of new magnetic resonance methods in liquids and solids to 
measure distances, torsion angles, and improve the resolution of magnetic resonance spectra to 
facilitate structural studies of proteins. These involved 1H detection of MAS spectra at high spinning 
frequencies.  
 
Our cohort of collaborators and users is drawn heavily from the northeast US, but has very significant 
involvement from North America, Asia and Europe.  
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BIOTECHNOLOGY RESOURCE CENTER FOR NMR MOLECULAR IMAGING OF 
PROTEINS 

 
Stanley J. Opella 

Department of Chemistry and Biochemistry; University of California, San Diego; La Jolla, California 
 
The Resource is scientifically focused on structural and other studies of membrane proteins, especially 
G-Protein Coupled Receptors (GPCRs), which not only constitute the largest family of membrane 
proteins but also are extremely challenging because they have seven trans-membrane helices and 350 or 
more residues. Even so, the size of the polypeptide chain is the least of the problems because in we study 
unmodified proteins in their native phospholipid bilayer environment. Because the proteins are 
immobilized on the pertinent NMR timescales it is essential to use solid-state NMR methods. Ultra high 
magnetic fields are also essential because the proteins are, in effect, diluted by the surrounding 
phospholipids, and are relatively large. The local and global dynamics of the proteins are key to their 
functions and structures, and this requires the use of conditions near physiological. As a result, the only 
real way to obtain sensitivity gains is through increasing the field strength. The highest field we are 
currently operating at is 900 MHz, and here it is already possible to see some of the ancillary benefits of 
ultra high magnetic fields as the 1H nuclei start to act more like independent spins and less like a closely 
coupled bath; this has important implications for the application and results from any different 
experimental methods with both Oriented Sample and Magic Angle Spinning methods. With membrane 
proteins contributing about 35% of the proteins expressed from a genome, a strong case can be made 
for substantially increasing the field strength for these experiments. 
 
In addition to the instrumentation, especially the magnitude of the magnetic field and the efficiency of 
the radiofrequency probes, the actual experiments that are carried out by the pulse sequences are of 
prime importance.  The pulse sequences perform many functions, including detection of the signals, the 
spreading of the signals into multiple dimensions, and the manipulation of the spin interactions. All of 
these factors are critical for challenging systems like membrane proteins. The community has developed 
efficient methods for disseminating pulse sequences, mostly involving details in publications, placement 
on web sites, and sending emails with the desired information. As electronic communications improve, 
the community will continue to advance the dissemination of pulse sequences in a consistent format for 
wider and quicker adaptation. 
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THE NEW YORK STRUCTURAL BIOLOGY CENTER NMR FACILITY 
 

Arthur G. Palmer, III 
Columbia University, New York, NY 

 
The New York Structural Biology Center (NYSBC) is an not-for-profit consortium of nine academic 
research institutions: Albert Einstein College of Medicine, The City University of New York (CUNY), 
Columbia University, Memorial Sloan Kettering Cancer Center, Mount Sinai School of Medicine, New York 
University, The Rockefeller University, The Wadsworth Center, and Weil Cornell Medical College, 
Founded in 1999, NYSBC provides advanced resources in structural biology to its members and to 
outside users. NYSBC manages two facilities: its main facility in Manhattan and an x-ray crystallography 
facility at the National Synchrotron Light Source (NSLS-II) at Brookhaven National Laboratories (BNL) on 
Long Island. NYSBC capabilities include X-ray crystallography, NMR spectroscopy, cryo-electron 
microscopy, and protein production.  
 
The NMR facility at NYSBC is a shared resource that tackles challenging problems in structural biology 
and materials science. The facility is supported by an experienced staff dedicated to providing hands-on-
training in data collection and available for consultation on individual projects. Instrumentation 
includes standard bore 500 MHz, 700 MHz, (3) 800 MHz, and (2) 900 MHz spectrometers and wide bore 
600 MHz and 750 MHz spectrometers. The wide bore instruments have solid state capabilities and one of 
the 900 MHz instruments is shared between solution and solids applications. All narrow bore 
instruments are equipped with TXI or TCI cryogenic probes for high-sensitivity. The wide bore 
instruments are equipped with a variety of MAS probes for applications in biology and material science. 
The wide bore 600 MHz spectrometer is equipped for dynamic nuclear polarization for enhanced 
sensitivity. One of the 800 MHz spectrometers is equipped with cryogenic microprobe and a high-
capacity refrigerated sample changer for screening and metabolomics applications. 
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DEVELOPMENT OF HIGH FIELD WIDE BORE SUPERCONDUCTING MAGNETS FOR 
RESEARCH APPLICATIONS 

 
Z. Melhem 

Oxford Instruments, Tubney Woods, Abingdon, OX13 5QX, UK 
 
The need for high field compact superconducting magnet with wide bore access for a diverse research 
applications will require new innovations and advancements in magnet technology and 
superconducting materials.  This talk presents an update on the development and commissioning of a 
new class of high field wide bore magnets for research and industry. The new magnets are compact in 
size and realized by exploiting the advanced high-performance Re-stacked Rod Process (RRPTM) low 
temperature Niobium Tin (Nb3Sn) superconducting wires as well as new innovation in management of 
high stressed coils and the large stored energy in the magnet under quench conditions. 
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UHF MAGNET DEVELOPMENT AT TESLA 
 

Mike Begg 
Tesla Engineering Limited, Unit 1, Water Lane, Storrington, RH20 3EA, United Kingdom 

 
Areas being developed at Tesla that are key to the development of large U.H.F magnets are:  
 

• Large high field magnets that are either helium free, or use very much reduced amounts of 
helium.  Examples of how reduced helium usage is achieved in 4 different magnets are 
presented. 

• The use of Niobium Tin and other materials in larger magnets to achieve much higher fields 
without the need to operate at 1.8K, which is a complication, an example is given. 

• The management of the resultant strain caused by the very high stresses in U.H.F magnets.  Tesla 
has initiated a program using composites to better reduce the size and cost of high field 
magnets. 
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UHF MRI AT SIEMENS 
 

Michael Schaaf 
Siemens Healthcare GmbH, Erlangen 91052, Germany 

 
Since 2002 Siemens is very successfully driving ultra-high field MRI projects with field strengths from 7T 
up to 11.7T.  The first involvements focused on 7T, however since 2007 the first 9.4T whole body MRI 
system got installed and provides stable image quality since then.  In 2015 the most actual milestone has 
been achieved, by handing over a 10.5T whole body MRI system to one of our partners.  There is a high 
interest at Siemens to further support challenging MRI projects with field strength even above 11.7T.  
 
In parallel to the activities mentioned above, Siemens is right now the only vendor with a running 7T 
whole body human MRI magnet.  The development of this magnet is based on 30 years of experience and 
continuous development within the field of superconducting magnets.  With this set up and the ongoing 
challenge to push the technical limits even further, it was possible to develop a 7T magnet with only 50% 
of the weight compared to other 7T whole body human magnets.  This 17tn magnet will open the door 
for whole body 7T MRI scanners to enter the clinical world.  
 
Our motivation is to transfer new technology into clinical workflows in order to provide benefits to 
human mankind.  Transferring 7T from research into clinical care is a result of working together with the 
biggest UHF community in the world and there is no reason why this should not continue further 
towards higher field strengths.  
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ULTRAHIGH FIELD MR CONSIDERATIONS FROM AN MRI VENDOR’S PERSPECTIVE 

 
R. Scott Hinks 
GE Healthcare 

 
Great technical progress has been made at 7.0 T since its introduction well over a decade ago, to 
the point that it is becoming a routine tool for neuro imaging research.  Further technical advances 
in coils, SAR simulations, pulse sequences, and reconstruction algorithms continue to expand 
beyond the brain to other parts of the body.  Advancing well beyond 7.0 T poses challenges that 
can be addressed by ongoing technical improvements across system areas:  
 
From a system point of view, and in decreasing order of cost and difficulty:  

• Magnet: Highest cost and technical risk, but technology exists to build  magnet with usable 
warm bore size > 60cm for a head-only system at very  high field. This task is best done by a 
specialty magnet industrial vendor.   

• Gradient: Unique short and very high performance coil concepts such as a  folded wire 
design need to be combined with intentional thermal and mechanical design to deal with 
very high power dissipation and mechanical forces. Force and torque balancing and 
minimization of magnet-gradient interactions requires partnership between the gradient 
coil manufacturer and the magnet manufacturer. Gradient drivers for conventional whole-
body MR systems should be suitable for driving the needed performance from dedicated 
smaller gradient coils. Some recent gradient coil developments in our labs and academic 
partnerships will be discussed.   

• RF: Proton imaging will require multiple channel transmit coils and high channel count 
receive arrays. SAR management at UHF proton frequencies will necessarily rely on 
detailed E/M simulations. Non-proton nuclei start to approach more conventional proton 
imaging frequencies leading to much better understood coil and electronics configurations 
without major modification from conventional systems.   

• MR System electronics: Conventional MR systems may be readily adapted to the needs of 
UHF MR provided they are suitably equipped with research tools such as flexible pulse 
programming and reconstruction environments as well as multichannel transmission and 
reception as well as accessible safety monitoring data for SAR and dB/dT.  To maximize the 
benefit and balance cost and technical risk, the highest field magnets for human studies 
will almost certainly be head-only systems. Development of UHF systems for MR imaging 
and spectroscopy necessarily involves a three way (government / academic / industrial) 
partnership. GE continues to be strongly committed to participating in such partnerships to 
advance the development and exploration of UHF MR.   
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BIOMOLECULAR SOLUTION NMR AT ULTRAHIGH FIELDS 

 
Ad Bax, Jung Ho Lee, Jinfa Ying and Nikolaos Sgourakis 

Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Diseases, 
National Institutes of Health, Bethesda, MD 20892 

 
There exists no single magnetic field strength that is optimal for all types of NMR experiments. For 
example, triple resonance experiments that relay magnetization through the backbone 13CO nucleus are 
typically about optimal at 600-700 MHz 1H frequency.  On the other hand, many of the TROSY-based 
triple resonance experiments, required for the study of large, perdeuterated proteins and protein 
complexes gain sensitivity at higher fields, and spectral resolution increases approximately with the 
third power of the field strength for the most widely used 3D measurements.   
 
Although it has long been realized that the potential resolution gain in nD NMR experiments scales with 
Bo

n, until recently the potentially very high resolution of 4D NMR could not be reached because sampling 
of the requisite number of time domain points in each of the indirect dimensions would result in 
excessive minimal measurement times.  For example, for a 4D NOESY experiment involving just the 
methyl groups, even conservative sampling times of 12 ms in the three indirect dimensions would 
require acquisition of ca 2,000,000 FIDs at a 1H frequency of 1 GHz, or ca 40 days of measurement time.  
The relatively recent introduction of robust non-uniform-sampling (NUS) reconstruction schemes now 
makes it routinely possible to reduce the number of required FIDs by two to three orders of magnitude 
and allows the spectroscopist to take full advantage of the dispersive power of ultra-high magnetic 
fields.  This combination of ultra-high field and NUS reconstruction therefore dramatically extends the 
size and complexity of proteins that can be studied by solution NMR. 
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SOLUTION NMR STUDIES OF INTRINSICALLY DISORDERED PROTEINS AT 
ULTRAHIGH FIELDS 

 
Peter E. Wright 

Department of Integrative Structural and Computational Biology, The Scripps Research Institute, La Jolla, CA, USA 
 

Thirty-five to fifty percent of proteins in eukaryotic proteomes are either fully disordered (IDPs) or 
contain both folded domains and long, contiguous regions (IDRs) that are disordered. The unique 
characteristics of IDPs allow them to play a central role in dynamic regulatory and assembly processes in 
the cell. Disordered proteins mediate critical regulatory functions, including regulation of transcription, 
translation, the cell cycle, and numerous signal transduction events, and drive the assembly of cellular 
complexes and membrane-less cellular compartments. IDPs are directly involved in many debilitating 
diseases including cancer, leukemia, neurodegenerative diseases, cardiovascular disease, diabetes, and 
infectious disease. Elucidation of the structural ensembles, dynamics, interactions, posttranslational 
modifications, and function of IDPs represents a major challenge to which many of the traditional 
structural biology tools are poorly suited. A reductionist approach, in which IDPs are dissected into 
fragments, can be misleading and development of methods for analysis of full-length IDPs is essential. 
Because of its unique capabilities, ultrahigh field NMR promises to emerge as the central, enabling 
technology for characterization of IDPs. NMR analysis of IDPs is highly challenging because of (i) limited 
dispersion and pathological signal overlap, (ii) large variation in line widths, especially but not only in 
proteins that contain both structured and disordered regions, (iii) exchange broadening in spectra of free 
IDPs and their complexes, (iv) frequent need to work at low mM concentration to avoid self-association. 
Ultrahigh field NMR instruments promise to provide solutions to these problems and provide essential 
technology that will drive our understanding of IDP structure, dynamics, and functional interactions.  
 
 
  



 29 

SPEAKER ABSTRACTS 
 

CHALLENGES OF DYNAMIC NUCLEAR POLARIZATION AT HIGH MAGNETIC FIELDS 
 

R. G. Griffin  
Francis Bitter Magnet Laboratory and Department of Chemistry, Massachusetts Institute of Technology, Cambridge, 

MA 02139 
 
It is now established that the sensitivity of NMR experiments can be increased dramatically by 
incorporating high frequency DNP into the experimental protocol. At the moment enhancement factors 
of 400-500 have been reported in test samples. These enhancement factors translate to experiments 
being completed in a single day that would otherwise require 4-7 x102 years. At present enhancements 
are smaller by a factor of 10-20 in “real” samples, but this is still a significant increase in sensitivity. Thus, 
optimizing high field DNP experiments could significantly alter what is achievable with UHF NMR. 
Accordingly, the challenge is to develop the technique so that it performs optimally at high fields where 
the resolution in NMR is greatest. This achievement would be beneficial for biological problems where 
multiple lines are present in the spectrum and resolution is at a premium. In addition, it would also 
benefit studies in materials science since many problems involve quadrupolar spin systems whose 
second order shifts are reduced at high fields. In both cases sensitivity is important because it enables 
higher dimensional experiments and observation of low-γ nuclei . 
 
Central to performing high field DNP experiments is the availability of suitable microwave sources – 
oscillators and amplifiers – that operate in the frequency range 527-790 GHz corresponding to 1H NMR 
frequencies of 800-1200 MHz. At the moment gyrotron oscillators are probably the only devices capable 
of generating the microwave power required for these experiments. Eventually, it would be desirable to 
have amplifiers operating in this frequency range so that pulse DNP experiments could be performed. A 
second challenge is to design and synthesize polarizing agents that are capable of efficiently supporting 
either the two most successful CW DNP mechanisms at these frequencies -- the cross effect (CE) or 
Overhauser effect (OE). While the CE  scales at least as ω0

-1, the OE effect apparently scales weakly as ω0 . 
In addition, significant effort needs to be devoted to the design of reliable low temperature probes 
operating at 80 K or lower, methods for preparation of samples and finally to the design of 3D and 4D 
experiments to record the spectra.  
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MAS NMR PROBES FOR ULTRAFAST MAS: CHALLENGES FOR UHF 
 

John Stringer 
PhoenixNMR, Loveland, CO 

 
There are very strong trends worldwide in the Solid State NMR community to higher fields and faster 
spinning. With recent demonstrations of spinning samples beyond 110 kHz, and the newest high field 
magnets reaching 1 GHz and beyond, we find that the current SSNMR probe product offerings are few 
and most suffer from compromises. In many cases the products available are more proof of principle 
than full-fledged easy to use research tools. I will present a review of our experiences with the 
Varian/Agilent Ultra High Field (UHF) Solid State NMR probes and UltraFastMAS (UFM) spinning systems 
taking a few stops along the way to discuss the need for them, critical aspects of their design and 
performance, and what the next generation of these advanced SSNMR probes will need in terms of 
development efforts. 
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NMR OF HALF-INTEGER QUADRUPOLAR NUCLEI IN MATERIALS: OPPORTUNITIES 
AT ULTRAHIGH FIELDS 

Blake A. Hammann,1 Zayd L. Ma,1 Katherine M. Wentz,1 Maisha K. Kamunde-Devonish,2 Darren W. Johnson,2 
Catherine Page,2 Shannon Boettcher,2 Douglas A. Keszler,3 and Sophia E. Hayes1 

1Department of Chemistry, Washington University in St. Louis, St. Louis, MO, 2Department of Chemistry and 
Biochemistry, University of Oregon, Eugene, OR, and 3Department of Chemistry, Oregon State University, Corvalis, OR 
 

Quadrupolar nuclei have entered a new era of exploration owing to the development of high-field magnets, 
and fast magic-angle spinning (MAS).  Species that would be rarely explored a decade ago are now becoming 
tractable for structural studies.   

We have been characterizing special group 13 metals present in metal-oxide clusters and thin films that are 
being explored for dielectric coatings in semiconductor-based devices.  These contain hydroxo-bridged ligands 
and have a structural formula of [M13(µ3-OH)6(µ2-OH)18(H2O)24](NO3)15, where the metal, M, is Ga, In, or Al,1 termed 
“M13” clusters. The clusters all possess a flat tridecameric metal-oxide arrangement where the metal atoms are in 
(distorted) six-coordinate geometry. Since the clusters are composed of quadrupolar nuclei (such as aluminum or 
gallium, nuclear spin I=5/2 and 3/2, respectively), these can present a substantial challenge in acquiring high 
resolution NMR spectra.   

The clusters are capable of being prepared on a gram scale from aqueous solution syntheses, and can be 
easily spin-coated onto substrates to produce high-k-dielectric thin films.2  The resulting films have an 
extraordinarily flat surface, making them strong candidates for thin film applications, but being noncrystalline, 
few techniques exist for their structural analysis (beyond conventional surface science and microscopy tools).  The 
ability to monitor the coordination environment and characterize the metal sites allows for unique structural 
information to be gained--monitoring the evolution of thin films with annealing and connecting structure-
performance relationships. High-field thin film data is critical for such studies. 

Combining high field magnets (13.9T and 21.1T) with fast MAS (33kHz and 62.5kHz), the pure gallium [Ga13(µ3-
OH)6(µ2-OH)18(H2O)24](NO3)15 cluster was characterized.3 This study has now been augmented with CASTEP 
calculations to examine the EFG’s of the metal sites. Heterometallic clusters (Ga13-xInx) containing gallium and 
indium have also been recently reported.4 With the possibility of multiple isomers, the use of first principles 
calculations has been employed to help elucidate the resulting NMR lineshape of the heterometallic clusters. 

The isostructural aluminum cluster [Al13(µ3-OH)6(µ2-OH)18(H2O)24](NO3)15  has presented a more unique and 
difficult challenge to characterize, yet the Al-based films have yielded extraordinary insights. High field multiple-
quantum MAS (MQMAS) and first principle calculations have been employed to help assign some of the observed 
resonances, but disorder in the lattice prevents a precise solution.  Once again, NMR may offer a unique 
opportunity because the quadrupolar nuclei reveal the disordered anions, and in the spirit of NMR 
crystallography, may be the best hope for precise structural determination. 
References 
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2. Kamunde-Devonish, M.K.; Jackson, M.N.; Mensigner, Z.L; Zakharov, L.N.; Johnson, D.W. Inorg. Chem. 2014, 53, 7101-7105. 
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ULTRAHIGH FIELD MR AND POTENTIAL CLINICAL BREAKTHROUGHS 
Thoralf Niendorf 

Berlin Ultrahigh Field Facility (B.U.F.F.), Max-Delbrueck Center for Molecular Medicine in the Helmholtz 
Association , Berlin, Germany 

 
With more than 35.000 7.0 Tesla magnetic resonance (MR) research examinations already performed 

globally there is an ever growing number of reports eloquently speaking about moving ultrahigh field MR 
(UHF-MR) into the clinic. The pace of discovery is heartening and a powerful motivator to transfer the 
lessons learned from UHF-MR research into the clinical scenario. These efforts are fueled by the quest for 
advancing the capabilities of diagnostic MRI, today. Momentum is gathering for multicenter trials, which 
will be enabled by increasingly robust and streamlined hardware and software platforms. The eye-
opening quality of recent anatomical and functional images of the brain, heart and other anatomy have 
created excitement in the (bio)medical and diagnostic imaging communities and have served as a 
driving force for application developments. At the same time, it is no surprise that the feasibility of 7.0 
Tesla MRI is not limited to these applications but can also be beneficial for musculoskeletal, abdominal, 
breast, interventional, and last but not least ophthalmic imaging with the implications feeding into a 
broad spectrum of MR physics, biomedical engineering, neuroscience, neurology, radiology, cardiology, 
internal medicine, oncology, nephrology, ophthalmology and other related fields of basic research and 
clinical science. Moreover, the benefits of 7.0T innovations are already being seen at 3T, where the 
suboptimal copy and paste approach to protocol migration from 1.5T is being supplanted by the sort of 
application-targeted redesign which is essential at UHF.  

This presentation surveys traits, advantages and challenges of clinical MR at 7.0 T. The 
considerations run the gamut from technical advances to clinical opportunities. Examples of UHF-MR 
strategies are demonstrated. Their added value over the kindred counterparts at lower fields is explored 
along with an outline of research and clinical applications promises. Heteronuclear UHF-MR applications 
are introduced with a focus on sodium and fluorine MR. Practical considerations of clinical UHF-MR are 
outlined. The subjective acceptance during UHF-MR examinations is discussed. Insights into RF heating 
induced by conductive stents and implants along with RF power deposition considerations are provided. 
Current trends in UHF-MR are considered together with their clinical implications. A concluding section 
ventures a glance beyond the horizon and explores future directions.  

If practical obstacles, concomitant physics effects and technical impediments can be overcome in 
equal measure, UHF-MR will help to open the door to new MRI/MRS approaches for basic research and 
clinical science; with the lessons learned at 7.0 T being transferred into broad clinical use at lower fields. 
It is no secret though that the future of UHF-MR will not end at 7.0 T and that the field is moving apace 
into this direction. This makes technology established at 7.0 T ideal candidates to be perfected and fine-
tuned for CMR at 20.0 T. This includes our efforts to adapt an UHF-MR instrument by installing high-
density arrays of RF antennae that will permit us to generate heat in highly focused regions of tissue. 
This approach aims to unlock the potential of UHF-MR for imaging and targeting human tissue through 
radiofrequency (RF) induced manipulation of temperature.  
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HIGH FIELD IMAGING GRADIENTS AND COILS 
Lawrence Wald 

Massachusetts General Hospital-Harvard Medical School 
 

Magnetic field gradients are of primary importance for spatial/spectral resolution in MRI/S 
experiments.  The principle design goals for gradients in ultrahigh fields are similar to those in standard 
MRI; but new challenges arise from the stronger coupling of the gradient fields to the main magnetic 
field, and from the faster slew rates needed to compensate for the shorter T2 decays as the field 
increases.  The interaction between gradient conductor currents and the static magnetic field generate 
strong Lorentz forces and eddy currents.  This leads to acoustic noise and mechanical vibrations as well 
as artifacts in the acquired data.  More important, the need to rapidly turn gradients on and off (the key 
to spatial encoding) leads to physiological effects, most notably peripheral nerve stimulation.  Today 
this biological limitation is the key ceiling to enhanced image acquisition strategies. 

Gradients have been successfully implemented up to 10.5 T for human brain imaging and human 
subjects have been exposed to diamagnetic forces of 85 T2/m (force/volume = χ/µ0 x B x dB/dz in units of 
Nm-3).  Commercially available gradients provide maximum gradient amplitudes of 80 mT/m at slew-
rates of 200 T/m/s, while a dedicated research gradient system for human connectivity mapping has 
pushed maximum human gradient strength to 300mT/m.  However, with a focus on the brain; the field of 
view is reduced to 20 cm, thus reducing the region where gradients need to be linear.  Physiological 
peripheral nerve stimulation should also be reduced.  A second approach is to design the gradient fields 
themselves to minimize body current flows.  The potentials for high spatial resolution neuronal path 
architectural studies of the human brain depend on the improvements in gradient coils and pulse 
sequences that allow safe operations relative to peripheral nerve stimulation, and for RF systems, 
specific power absorption. 

RF transmit/receive coils and combined RF-shim coil array innovations have promise to overcome 
many problems associated with B1 and B0 inhomogeneities associated with proton MRI at UHF.  These 
innovations can enable brain architectural, functional, and small molecule spectroscopy at high 
frequencies. 
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ACTIVE WATER MOLECULE TRANSPORT IN BIOLOGICAL TISSUE: UNDERPINNINGS 
OF MRI INTERPRETATION 

Charles S. Springer, Jr., William D. Rooney, Xin Li, Wei Huang 
Advanced Imaging Research Center  /  Oregon Health & Science University  /  Portland, Oregon 

The major compartmentalization of tissue water is extra- and intracellular.  Net water transfer between these (edema) is 
thought a response to short-lived trans-membrane osmotic gradients.  Biophysicists have long known that the equilibrium 
exchange of water molecules across the cell membrane is much faster (1000 X) than net water transport.  It has always been 
assumed this homeostatic exchange is passive.  In recent years, however, evidence has accumulated that the dominant equilibrium 
trans-membrane water cycling is metabolically driven.1-4   

Every animal cell has the plasma membrane Na+,K+-ATPase (NKA) ion pump.  The forward reaction for this enzyme is written 
in black in the Figure.  Three Na+ ions are transported out of the cell, and two K+ ions are transported in, for every ATP molecule 
hydrolyzed to ADP.  [In 
many tissues, ATP is 
buffered/shuttled by 
PCr via the very fast 
creatine kinase (CrK) 
catalyzed reaction.]  
The significant trans-
membrane [Na+] 
(out/in) and [K+] 
(in/out) concentration 
gradients are 
maintained by NKA 
activity.  Since the 
former is used as a 
secondary energy 
source, and the latter 
produces the 
membrane potential, it 
is fair to say that NKA 
is biology’s most vital enzyme.  Of course, there are transporters by which K+ re-exits (II, Fig.) and Na+ re-enters (III, Fig.) the 
cell.  An example of the latter is the Na+,glucose co-transporter (SGLT), which employs the Na+ electrochemical potential energy 
gradient to drive cellular up-take of the nutrient glucose.  Since Na+ leakage in and K+ leakage out is continual, the NKA enzyme 
must engage in continual, ongoing activity [turnover].  ATP is regenerated principally by oxidative phosphorylation and/or glycolysis 
as the cell consumes O2 and glucose [there can be other nutrients].   

We have discovered that an active trans-membrane water cycling process [red in Fig.] accompanies NKA turnover.1-4  The 
water uses one or several co-transporters (I, Fig.) to exit the cell [rate constant, kio], and one or several co-transporters (IV, Fig.: 
SGLT is a prime candidate) to enter the cell [koi].  Though the stoichiometry is not yet known, literature evidence suggests x 
(number of H2O molecules; Fig.) likely lies between 500 and 1000.4  In a typical case, the equilibrium water flux can be 1012 H2O 
molecules/s/cell, or greater.1   

Most MRI employs the strong 1H2O signal.  This allows nominal [1 mm3 = 1 µL] voxels or better in humans in vivo, at clinical 
fields.  Shutter-speed analysis of [Dynamic-Contrast-Enhanced] DCE-MRI data allows 1 µL kio imaging.  We are not aware of any 
other method to map NKA turnover in vivo.  Microelectrodes are often used to measure NKA activity.  However, these detect only 
net charge transport – when NKA is not operating in homeostasis – and do not allow imaging.  We have reported important new 
results in human cancer studies,2 cardiovascular studies,3 and quantitative brain activity maps in healthy and disease states.4   

Continual operation of NKA is a primary goal of intermediary metabolism.  The obligatory nature of the NKA system drawn 
(Fig.) means that water is effectively an NKA substrate.  In most tissues, cells are in very close proximity.  Microbursts of 500 – 
1000 water molecules for every NKA turnover can effect paracrine metabolic communication between cells.4  Thus, active trans-
membrane water cycling is likely to inform the interpretation of many (if not most) MRI results.  Examples surely include: ADC, MT, 
CEST, T1ρ, ASL, MRF studies, and others.   

The spatial resolution of this high-resolution 1H2O metabolic imaging will just become better as the magnetic field is increased.  
Although the voxels are almost 100 times larger, anatomical information in 23NaMR images is becoming very evident, and will also 
only increase (especially conspicuity) as B0 increases.  The 23NaMRI metabolic goal is quantitative mapping of the trans-membrane 
[Na+] gradient.  However, compartmentalization is not encoded in the 23Na signal.  Thus, 23NaMRI intensity change interpretation is 
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confounded by a change in the [Na+] gradient with constant compartmental volumes, a change in the volume ratio (edema) with 
constant [Na+] gradient, or both.  Now, 1H2O allows high-resolution mapping of NKA turnover, more informative than the 
thermodynamic trans-membrane [Na+] gradient, even if the latter could be accurately imaged.  The determination of kio also 
provides the extra-/intracellular volume ratio.2,3   
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In vivo MR applications benefit and will continue benefiting tremendously from the advent of UHF in 
three very much different, yet revolutionary ways. First, T2/T1 tissue contrast of conventional proton 
images is frequently improved at UHF. Second, micro-imaging with unprecedented spatial, temporal and 
spectral resolution enables novel advances in neuroimaging and other functional and structural MRI 
applications. Third, UHF enables heteronuclear MRI/MRS of the fundamental metabolites and 
electrolytes such as 23Na, implicated in many diseases (migraine, cancer, etc.), which in turn opens the 
road to completely new applications of MR with new imaging biomarkers of the diseases that we 
currently don’t have cures for. The highest pre-clinical UHF field commercially available is 15 T for small 
animal imaging (a handful of instruments around the globe) with 21 T NSF sponsored UHF MRI system. 
Therefore, the possibility of 30+ T instruments would likely enable a whole new range of in vivo MR 
applications, which we cannot even envision today, but which will be critical for developing cures for 
many deadly diseases and create unprecedented knowledge about in vivo function especially in 
neuroimaging. 
 
Hyperpolarization is MR technology allowing enhancing NMR sensitivity by orders of magnitude. While 
the nuclear spin polarization is no longer endowed by the MR magnet, hyperpolarized MRI/MRS is more 
sensitive at high magnetic field in the high-resolution domain for raw SNR. In addition, UHF allows for 
unprecedented spectral resolution, which will be critical for developing new contrast agents using 
hyperpolarized 13C, 15N and especially 129Xe, which turned out to be highly sensitive to local environment 
to serve as a functional probe. Hyperpolarization is a key emerging molecular imaging technology, which 
holds the promise of true 3D sub-second molecular imaging without ionizing radiation. Clinical trials 
have already proven hyperpolarized MRI to be useful to diagnose cancer (including staging and very 
early detection), COPD and many other incurable diseases. Once translated to clinical domain 
hyperpolarized MRI have the potential to (i) improve Healthcare through better diagnosis, monitoring 
response to treatment and acceleration of clinical trials, and (ii) decrease the cost of Healthcare as well 
as the individual molecular imaging scans, and (iii) improve the performance of emerging targeted 
treatments and personalized medicine. 
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Since the development of practical approaches to magnetic resonance imaging (MRI), images of the brain produced by 
this technology have been interpreted by neuroradiology specialists as being normal or abnormal based on black and white 
contrast (density) differences and alterations of normal anatomic structures (e.g., atrophy, swelling, irregularity of outline, 
etc).  With improvements in instrumentation, the resolution of MRI technology has enabled the detection of structures that 
are approximately 1 to 0.5 mm in diameter.  Because of inherent limitations, MRI cannot provide information on the cellular 
level (cells are on the order of 5 to 15 microns in diameter), and thus MRI approaches cannot definitively identify the cellular 
nature of the abnormalities present.  Similar limitations are imposed on magnetic resonance spectroscopy (MRS) 
investigations. In the field of neuropathology, samples of brain specimens are prepared such that this tissue sections can be 
stained and examined under the light microscope (with a level of resolution that is approximately 50-100 times greater than 
MRI).  In this way, lesions can be defined by the cellular or even subcellular abnormalities present.  Accordingly, the 
neuropathologist can identify pathologic changes present, characterize them, count them, define their extent and 
distribution of involvement in the brain and thus definitively identify the nature and extent of disease in any particular brain 
specimen.   

Pathologists routinely approach the evaluation of relatively large specimens by sampling the tissues, working under the 
presumption that the portions they choose to examine are adequate to represent the specimen (as well as the disease 
process) as a whole.  With the current standard methodology, even if the pathologist takes extensive representative samples 
of a human brain specimen, he/she is actually examining perhaps 1/10,000 of the total brain tissue available.  However, with 
the approach we propose, the entire specimen can potentially be subjected to histopathologic examination and then 
compared with neuroimaging to detect and characterize virtually any specific focal abnormality present.  We propose to 
bridge the divide between MRI/MRS and histopathology by creating digital 3-dimensional constructs of the entire brain with 
microscopic resolution that can be used to directly compare MR approaches to cellular pathology. 

Techniques are currently available by which brain specimens can be sectioned serially in their entirety and the resultant 
sections stained with various methods.  These methods include the use of embedding substrates such as celloidin, paraffin, 
polyethylene glycol or even cryosections.  Some of these approaches permit the use of immunohistochemistry with the 
identification and characterization of specific epitopes related to the presence of either normal constituents or pathologic 
lesions.  With the ability to sample serially the entire brain, this allows for a complete characterization of the normal anatomy 
as well as the extent and distribution of the pathologic abnormalities present throughout the specimen.   Recent 
developments in microscopy with precise stage controllers and digital imaging has permitted the stitching of multiple mosaic 
high resolution images into a “virtual slide” consisting of an overall montage encompassing the entire stained section.  This 
“virtual slide” digital file permits low power scanning of the section to provide an overall view followed by detailed high 
power microscopic inspection of any portion of interest.  Finally, multiple virtual slide files in serial planes can be stacked in 
sequence and provide reconstruction of the brain with a three-dimensional map of the distribution of various normal 
constituents or pathologic lesions.  Ultimately, this three-dimensional view of the specimen can be co-registered to 
neuroimaging findings, either as obtained during life or through post-mortem ex vivo imaging, and thus provide true 
imaging/pathology correlations.  Although we have concentrated here on opportunities for brain-related studies, similar 
approaches are applicable for the study of disease in other solid organs, such as heart, prostate, breast, etc. 

Although much of the technology is currently available, few centers possess the combination of capabilities needed to 
perform such studies (high resolution ex vivo imaging, whole organ embedding, sectioning and staining, large format slide 
digitizing and reconstruction of virtual slides).  An additional major roadblock is the lack of available computer power needed 
to build three-dimensional models that are derived from multiple very large virtual slide image files (for a human brain 
section, each virtual slide image file is approximately 8-12 Gbytes).  This scale of digital imaging data handling is currently 
unprecedented but, we believe, obtainable. 


