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“History, of course, is difficult to write, if for no other reason, than that it has so many

players and so many authors.” – P. J. Keating (former Australian Prime Minister)

Starting with post-war developments in nuclear magnetic resonance (NMR) a race

for stronger and stronger magnetic fields has begun in the 1950s to overcome the

inherently low sensitivity of this promising method. Further challenges were larger

magnet bores to accommodate small animals and eventually humans. Initially, resistive

electromagnets with small pole distances, or sample volumes, and field strengths up

to 2.35 T (or 100 MHz 1H frequency) were used in applications in physics, chemistry,

and material science. This was followed by stronger and more stable (Nb-Ti based)

superconducting magnet technology typically implemented first for small-bore systems

in analytical chemistry, biochemistry and structural biology, and eventually allowing larger

horizontal-bore magnets with diameters large enough to fit small laboratory animals.

By the end of the 1970s, first low-field resistive magnets big enough to accommodate

humans were developed and superconducting whole-body systems followed. Currently,

cutting-edge analytical NMR systems are available at proton frequencies up to 1

GHz (23.5 T) based on Nb3Sn at 1.9 K. A new 1.2 GHz system (28 T) at 1.9 K,

operating in persistent mode but using a combination of low and high temperature

multi-filament superconductors is to be released. Preclinical instruments range from

small-bore animal systems with typically 600–800 MHz (14.1–18.8 T) up to 900 MHz

(21 T) at 1.9 K. Human whole-body MRI systems currently operate up to 10.5 T.

Hybrid combined superconducting and resistive electromagnets with even higher field

strength of 45 T dc and 100 T pulsed, are available for material research, of course

with smaller free bore diameters. This rather costly development toward higher and

higher field strength is a consequence of the inherently low and, thus, urgently needed

sensitivity in all NMR experiments. This review particularly describes and compares the

developments in superconducting magnet technology and, thus, sensitivity in three
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fields of research: analytical NMR, biomedical and preclinical research, and human MRI

and MRS, highlighting important steps and innovations. In addition, we summarize our

knowledge on safety issues. An outlook into even stronger magnetic fields using different

superconducting materials and/or hybrid magnet designs is presented.

Keywords: NMR, MRI, MRS, magnet technology, superconductors, gradients, sensitivity

BACKGROUND

Although there have been earlier attempts by physicists to
measure the gyromagnetic ratio of various materials using
nuclearmagnetic resonance (NMR)1, what we call NMR and later
magnetic resonance spectroscopy (MRS) and imaging (MRI)
today has been commercially available only from the 1950s
on. This technology was based on simultaneous discoveries
by Felix Bloch at Stanford and Edward Purcell at Harvard,
who were jointly awarded the Nobel prize in physics already
in 1952. In addition, a number of Nobel prizes related to
NMR were given to physicists working in various related fields
thereafter:

• A. Kastler (1966) for the “double resonance method,”
• J. H. van Vleck (1977) for a theory of dia- and paramagnetism,
• N. Bloembergen (1981) for relaxation, motion and the BPP

theory of relaxation,
• H. G. Dehmelt (1989) for pure nuclear quadrupole resonance,
• N. F. Ramsey (1989) for the concept of chemical shift; spin

inversion (180◦ pulse), and negative (spin) temperature.

Nobel prizes in Chemistry were subsequently awarded to

• R. R. Ernst (1991) for his contributions to the development
of the methodology of high resolution nuclear magnetic
resonance (NMR) spectroscopy,

• K. Wuethrich (2002, 50%) for his development of nuclear
magnetic resonance spectroscopy for determining the
three-dimensional structure of biological macromolecules in
solution,

Abbreviations: B0, magnetic flux density (magnetic field strength); BPP,

Bloembergen-Purcell-Pound theory of relaxation; CEST, Chemical Exchange

Saturation Transfer; CRNM, European Center for High Field NMR; cw,

continuous wave; dc, direct current; ECG, electro-cardiography; EPI, echo-

planar imaging; FDA, Food and Drug Administration; fMRI, functional magnetic

resonance imaging; γ, gyromagnetic ratio; G, gradient; GE, General Electric;

GEMS, General Electric Medical Systems; GRAPPA, generalized autocalibrating

partially parallel acquisitions; Hc, critical field; Hc2, upper critical field; HTS,

high temperature superconductor; Ic, critical current; IGC, Intermagnetics General

Corporation; MRI, magnetic resonance imaging; MRS, magnetic resonance

spectroscopy; MRSI, magnetic resonance spectroscopic imaging; NIH, National

Institute of Health; NMR, nuclear magnetic resonance; OI, Oxford Instruments;

OMT, Oxford Magnet Technology; PNS, peripheral nerve stimulation; pTx,

parallel transmission; RF, radio-frequency; SAR, specific absorption rate; sc,

superconductor; SENSE, sensitivity encoding; SMT, Siemens Magnet Technology;

SNR, signal-to-noise ratio; SR, slew rate; T2, spin-spin relaxation time; Tc, critical

temperature; UHF, ultra-high field.

1Due to the unfavorable political situation and war time, the Western scientific

communities did not acknowledge that Lazarev and Schubnikov measured nuclear

magnetism in solid hydrogen already in 1937 [1], and also discovered type 2

superconductors.

and, finally, the Nobel prize in Medicine or Physiology to

• P. C. Lauterbur and Sir P. Mansfield (jointly 2003) for their
discoveries concerning magnetic resonance imaging.

Furthermore, other scientific achievements have been
instrumental in the development of appropriate superconducting
magnets, and were recognized by Nobel prizes in physics
awarded to

• H. Kammerlingh Onnes (1913) for his investigations of the
low-temperature behavior of matter, leading to a method to
produce liquid Helium,

• J. Bardeen, L. N. Cooper, and J. R. Shrieffer (1972) for their
development of the so-called BCS theory, the theory of the
superconducting state,

• J. G. Bednorz and K. A. Mueller (1987) for their
groundbreaking discovery of high-temperature (ceramic)
superconductors,

• A. A. Abrikosov, V. L. Ginzburg, and A. L. Legget (2003) for
pioneering contributions to the theory of superconductors and
superfluids.

Historically, we may split the technological development,
particularly of high and ultra-high field magnets, into four
distinct periods:

A) Resistive electromagnets—with the design goals of increasing
field strength, field stability improvement, and cutting
operating costs

B) Permanent magnets (to be used at all times, without the need
for an electrical power supply) providing low resolution at
low cost

C) Superconducting electromagnets—the golden age of NMR,
MRS, and MRI

D) Hybrid magnets—ever higher static magnetic fields causing
stability and homogeneity problems again.

Based on the various (and sometimes conflicting) requirements

and developments in magnet technology, including field

stabilization, shimming, RF-coil design and field gradient coils,

three distinct areas of research have branched out and have

developed independently since:

1) Analytical NMR—determination of structure and dynamics of
small organic molecules and large biological macromolecules
using small vertical-bore (2–10 cm), ultra-high field magnets
(currently up to 1.2 GHz/28.2 T)

2) Biomedical and preclinical MRI and MRS—animal
research using horizontal medium bore size (10–40
cm), and ultra-high field magnets (currently up to 900
MHz/21.1 T)
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3) Human head only (60–70 cm bore) and whole-body (80–125
cm bore) MRI and MRS—in clinical diagnostics and research
ranging between 0.2 T and 10.5 T.

The signal-to-noise ratio (SNR) of an NMR experiment depends
strongly on the applied magnetic field B0 and thus on the
Larmor frequency ω = γ∗B0, where γ is the gyromagnetic
ratio of the nucleus excited (=detected) by the pulse sequence
applied. This is typically hydrogen in clinical MRI. In the case
of heteronuclei, however, sensitivity can be greatly enhanced
through polarization transfer methods, which is exploited to
great advantage in spectroscopic techniques in-vitro (in chemical
and bio-chemical applications) as well as in-vivo. In this case SNR
prop. n∗γ∗e sqrt(γ

3
d
∗B30

∗t), where γe is the gyromagnetic ratio of
the nucleus excited and γd of the nucleus detected by the pulse
sequence applied. In any case, B0 is the most essential parameter
to boost SNR.

The achievable signal in an MR experiment is proportional to
the equilibrium magnetization M0 times the Larmor frequency
ω0, both of which are linearly proportional to the magnetic flux
density B0 (field strength), therefore leading to a dependence of
the signal in B0².

Onemain noise source is the RF system for the detection of the

signal, showing a frequency dependence in ω
1/2
0 and, hence, B

1/2
0

due to the skin depth effect. The other main noise source is the
sample itself, exhibiting a dependence in B0² due to induced eddy
currents in the (conductive) tissue. Therefore, the SNR of the MR
experiment is increasing with (i) the magnetic flux density B0
(field strength), according to

signal
√
noise

∝
B20

√

αB
1/2
0 + βB20

, (1)

scaling with B0 for a lossless RF coil and a lossy conductive

sample (α : 0), and with B
7/4
0 for a lossy coil and a lossless

non-conductive sample (β: 0).
Additionally, other parameters and factors contribute to the

experiment’s sensitivity as well. This includes (ii) RF coil design
for improved coupling of the sample’s spin system to the RF
coil by sample-size- and shape-matched coil geometry (e.g.,
flexible coil arrays in human studies), as well as minimized losses
in the RF coil, achieving sample-dominated noise through the
choice of size and/or cooling of the coil, and sometimes also
cooling of the preamplifier. Furthermore, the (iii) relaxation
properties of the sample may be optimized to increase SNR or
contrast. Also, (iv) RF-pulse sequences may be optimized for
particular experiments, enabling faster scanning, higher spectral
or spatial resolution, featuring particular contrast modules and
thus improving specificity (most often at the cost of sensitivity).
Enhanced (v) polarization of the spin system even beyond the
natural Boltzmann distribution can be achieved via spin transfer
from electrons to nearby nuclei, dynamic nuclear polarization, or
application of polarized gases (in vivo). An interesting alternative
(vi) to improve the detection sensitivity at very low field are
quantum detectors such as SQUID (Superconducting Quantum
Interference Device) [2, 3]. They work in the presence of
metallic objects and makes imaging possible in the presence of

large susceptibility. Though currently limited to ultra-low fields
this technique may hold great potential for future interesting
applications.

However, it is the magnetic flux density B0 (“field strength”),
that determines the initial Boltzmann population and the Larmor
frequency of the nuclear spins, which are relevant in all fields and
applications of NMR, and it is therefore the focus of this review.

Already, developments of ultra-high field hybrid MR systems
(resistive and superconducting) are in progress [4, 5], providing
up to 45 Tesla (with 3 cm bore size), and which are used in
material research [6]. To employ such high fields for analytical
NMR or animal studies would require further improvements
in field stability and homogeneity for larger bore diameters, as
well as a significant reduction in costs for the magnet itself,
installation and running costs. Currently, a 14 T magnet (83
cm warm bore)2 is designed for the German Cancer Centre,
Heidelberg, Germany. Furthermore, a conceptual design for a
20 T human head magnet (68 cm warm bore, i.e., without
gradient coil; homogeneity yet unknown) as well as a conceptual
study toward a 60 T dc magnet (bore size and homogeneity
yet unknown) is underway at the National High Magnetic Field
Laboratory at Florida State University, Tallahassee, USA [6].

The dissipationless superconductivity only occurs below a
certain critical current which is a function of the magnetic field
and temperature, and this critical current is strongly dependent
upon the metallurgical state of the superconducting material. It
is important to note that a wire in the superconducting state can
have a non-zero resistivity, and this dissipative state shall not be
reached in a superconducting coil. If this occurs and the energy
dissipation cannot be evacuated, the superconductor can quench,
i.e., transiting to the normal state via a thermal runaway.

The superconducting parts of most current magnets are
composed of type II superconductors like niobium-titanium
(Nb-Ti). This material has a critical temperature of 10 K and can
superconduct at up to about 15 T (upper critical field Hc2). More
expensive magnets can be made of niobium-tin (Nb3Sn). These
have a Tc of 18 K. When operating at 4.2 K (the boiling point of
liquid helium) they are able to withstand a much higher magnetic
field strength, up to 20 T. Unfortunately, it is far more difficult
to produce the required filaments from this material which is
rather brittle. This is why sometimes a combination of Nb3Sn for
the high-field sections and Nb-Ti for the lower-field sections is
used [7].

When the magnetic field is further increased, the critical
temperature drops below 4.2 K and the boiling point of liquid
Helium has to be lowered to ∼1.9–2 K by reducing the pressure
to 10–20 mbar. Through this technique the superconductivity of
Nb3Sn can be extended to around 23–25 T.

Only recently, hybrid magnets help to overcome this limit,
by combining brittle superconductors like Nb3Sn (for the
outer magnet sections) and ceramic-based high temperature
superconductors (HTS) for the inner parts [6]. Still, despite being
HTS, the production of high fields with such superconducting
materials requires to operate them at a temperature significantly

2200 tons unshielded, stored energy 660 MJ; courtesy M.E. Ladd and ASG

Superconductors s.p.a., Genova, Italy.
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lower than Tc and in general, the temperature of liquid helium is
chosen. Thismay change with the development of dry cryogenics.

In Figure 1, the increase of magnetic flux density B0 (in Tesla)
over time is depicted for all types of commercially available
magnets, i.e., in analytical NMR (left), preclinical MRI (middle),
and human MRI (right) at their first commercial availability.
Please note the rather similar time slopes for analytical and
preclinical NMR, just shifted in time, due to the use of similar
superconducting wire material, particularly Nb-Ti and Nb3Sn,
for the various NMR and MRI systems. Due to commercial and
legal restraints, i.e., costs (magnet size) and safety issues, human
MRI magnets show a somewhat lower slope.

In the following, we will be discussing critical steps and
features in magnet and gradient development. In order to
enable some transparency, we decided to list novel magnets
(field strength and bore diameter) only in case they have
been successfully applied in the field (or at the time of a
first publication). In addition, we do not explicitly list further
developments at the same field strength, e.g., actively shielded,
or ultra-shielded refrigerated magnets, as they typically follow
initial development within 3–10 years (depending on bore
diameter).

RESISTIVE ELECTROMAGNETS, THE
BEGINNING OF ANALYTICAL NMR

Early commercialization of NMR was initiated by R. Varian,
based on F. Bloch’s discovery of NMR in liquids [8], with the
use of resistive electromagnets and employing continuous-wave

(cw) sweep techniques [9, 10]. Varian Inc. provided commercial
NMR instruments ranging from a proton resonance frequency
of 30 MHz in 1952 to 100 MHz in 1962. “The most successful
Varian instruments, such as the HR30 (1952), HR40 (1955), HR60
(1958), and HR100 (1959), were all high resolution solution-
state spectrometers that were based on continuous-wave (cw)
sweep methods and on electromagnets.” [9] For routine chemical
analyses at that time, the AR60 (60 MHz) was the workhorse,
providing sufficient data quality and best value; as well as
flexibility. In fact the famous imaging experiment designed by
Lauterbur [11] was performed on such a system.

Despite the increases in flux density or field strength (and,
thus, resonance frequency), overall sensitivity remained low due
to the very slow cw measurement technique used at the time.
Thus, stability, which was critically related to the stability of the
electrical power supply, was a critical issue (Figures 1, 2, bottom
left).

Although the technique started maturing, and chemical
shifts were experimentally discovered and (partially) theoretically
understood, chemists were reluctant to move from already
established analytical tools, based on optical spectroscopy
(UV/Vis, IR) and X-ray absorption and diffraction methods, to
NMR [9, 12].

Besides improving sensitivity and reducing measurement
time, the increased flux density B0 additionally increases
spectral dispersion. Provided sufficient field stability during
long experimental runs, more and more fine details in NMR
spectra could be resolved with the advent of shim tools
for creating homogeneous magnetic fields, enabling sub-Hertz
spectral resolution.

FIGURE 1 | Increase in field strength (and bore diameter) of commercially available NMR systems for analytical (points, left), biomedical and preclinical (small circles,

middle), and human MRI and MRS (big circles, right). Please note the rather similar slopes of the analytical NMR and preclinical MR development, which are delayed in

time by ∼15 years. Both preclinical and human MR magnets started to evolve with the availability of reliable superconductor technology around the year 1980. The

slope for human magnet development is less steep, likely due to costs (size of the magnet) and legal constraints (slowly increasing upper legal limits for field strength

in vivo). References for all data points are given in the Supplementary Materials.
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FIGURE 2 | Dependence of magnetic flux density (T) and bore size (cm) with color coding for the decade when the respective system was introduced. The shapes of

the symbols represent the materials used for the magnet, as indicated in the legend. Magnets that have been successfully deployed in the field are shown with colored

symbols. Symbols without color represent systems that have been installed, but are not yet fully functional (solid lines) or design studies (dotted lines). Details for these

planned systems: (1) 11.75 T whole-body system CEA-Iseult, France, (2) 11.7 T head system, NIH, USA, (3) 28.2 T vertical bore system Garching, Germany, (4)

Design study for 14 T whole-body system Heidelberg, Germany, (5) Design study for 20 T head system. Data and references for all data points are given in the

Supplementary Materials. Fundamental limits due to the material are easily noticeable: in the lower left corner (i.e., low field strengths and small magnet bores) resistive

magnets (copper wire) are clustered, with the superconducting magnets above (i.e., larger bores) and to the right (higher fields). Starting from ∼11 to 12 T, Nb3Sn is

used in addition to Nb-Ti; from ∼15 T, (Nb,Ta)3Sn is added. For the 28.2 T system, high-temperature superconductor is added.

Applications of in vivo systems started emerging, too. Already
in 1965, proton NMR relaxation times of living frog muscle were
published [13], and in 1968 the first whole-body spectrum of a
rat was taken [14]. In the 1960s and 1970s a very large amount
of work was published on relaxation, diffusion, and chemical
exchange of water in cells and tissues of all sorts.

The highest field strength obtained with air cooled resistive
electromagnets suitable for NMR, i.e., with an open gap of
2.5 cm, was first commercially achievable in 1962. In parallel,
already starting in 1955, the first operational superconducting
(sc) magnet based on Nb wire and operating at 0.7 T [15] was
developed.

It was discovered at this early stage, that the critical current
in a magnetic field could be increased by cold working of the
wire (creating flux pins) and reduced by annealing. Obviously,
this changes the critical current Ic and the upper critical field H2c.

Several years later favorable sc properties of Nb-Ti alloys, i.e.,
high critical magnetic fields and high critical current densities,
were discovered and paved the way for commercial use in high
field magnets [16]. It took some more time to produce truly
reliable superconducting wires based on Nb-Ti multifilaments
embedded in a copper matrix, which could then be commercially
used for large scale magnet production [7, 17]. The main
reason for the long delay was flux jumping at increasing field
strength, which strongly reduced the critical current and, thus,
the achievable magnetic field strength [18]. Development was
initially driven by requests from high energy physics, e.g., for
particle accelerators, the production of superconducting magnets
only became commercially viable around 1980 through the

advent of large whole-body MRI magnets which by now is still,
commercially speaking, the by far dominant application in terms
of world sales of superconducting systems.

Bruker Spectrospin led by G. Laukien and T. Keller, and
based on Trueb-Taeuber’s expertise in high resolution NMR
(supported by H. H. Guenthard and H. Primas from the
University of Zurich), started later, however, turned out to
be more innovative and flexible. In 1967 they built the first
fully transistorized NMR spectrometer (HFX90) with three
independent RF channels, for data acquisition, decoupling and
spin-lock, allowing novel experiments and strongly simplifying
routine experiments. In 1969, Bruker Inc. presented the first
pulsed FT-NMR spectrometer based on Richard Ernst’s Fourier
transform technique [9, 19], which for the first time allowed
the acquisition of excellent 13C-spectra. Shortly thereafter, they
presented the first high field NMR spectrometer built around a
superconducting magnet (WH270), kicking-off the “arms race”
for ever higher and higher field strengths in analytical NMR
(Figure 1, left).

This made the technique more and more attractive for
chemists, who took advantage of the increased sensitivity, which
allowed the observation of low γ nuclei and increased spectral
resolution.

On the other hand, technically this also made in vivoMRS and
MRI possible [20, 21]—see also phase B. Direct in vivo 31P NMR
spectroscopy in living cells was first performed in Oxford from
1974 on, in the group of Rex E. Richards and George K. Radda.

On 2 September 1971, Paul C. Lauterbur, a professor of
chemistry at the State University of New York at Stony Brook,
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patented the idea of applying magnetic field gradients in all
three dimensions to create NMR images [22]. Ideas spread
quickly and first NMR images were already produced in the
early 1970s [11], and human fingers and wrist were originally
imaged in resistive, vertical NMR magnets operating at 0.35
T [23] and 0.7 T [24]. The first in-vivo whole-body scan
was performed on Peter Mansfield’s abdomen in 1978, still
using resistive electromagnets, at ultra-low field strength—
0.094 T [25, 26]. Early commercial MRI scanners prescribed
for clinical diagnosis, e.g., Bruker’s Tomikon, were also still
based on resistive electromagnets with iron yokes, operating
between 0.1 T and 0.28 T. Due to field stability limitations,
counterbalanced by an iron-yoke and dedicated electronics, only
T2-weighted-imaging was feasible at sufficient quality and speed.
The first large superconducting magnet was designed and built
by Oxford Instruments (OI) around 1980, and the first prototype
MRI system was installed at the Hammersmith Hospital,
London (UK).

This phase has been highlighted by the two Nobel prizes
in Chemistry for Richard R. Ernst (1991) and Kurt Wuethrich
(2002), both from the ETH Zurich, and Paul C. Lauterbur and
Peter Mansfield in Medicine (2003) but the full success in terms
of applications only came during phase C—the Golden Age of
NMR.

The upper limit for fully resistive magnets that have been
reached so far are currently installed in Hefei, China (38.52 T
in 32mm), Nijmegen, The Netherlands (37.53 T in 32mm),
Tallahassee, USA, and Grenoble, Switzerland (36 T in 32mm
and 34mm, respectively). However, they require electrical power
typically in the range 24–30MW. All resistive magnets except
those from Grenoble are of Florida Bitter type.

PERMANENT MAGNETS, THE LOW COST
ALTERNATIVE

In parallel, low-resolution NMR systems based on permanent
magnets (typically ≤0.5 T or 20MHz, using various rare earth
materials) have been applied to measure relaxation times in
fluids, cells and excised animal or human tissue. These systems
provide a cost-effective and simple alternative to high-resolution
systems required in analytical chemistry. This is mainly due
to low electric power requirements, low stray fields, and, thus,
low production and siting costs (even bench top systems are
available).

Erik Odeblad, a gynecologist, after his stay at Stanford at
about the time of Bloch’s discovery, went back to Stockholm and,
together with G. Lindstroem, built his own low-resolution NMR
spectrometer.Widely unnoticed by the scientific NMR community
they found out, and already published in 1955 [27], that different
tissues had distinct relaxation times, most likely due to different
water content but also due to different compartmentalization
and interections with lipids—a phenomenon that explains tissue
contrast in MR imaging. Odeblad continued working on human
fluids and tissues throughout the following decades and a large
number of scientific papers on NMR relaxation in human tissues
and secretions of mucous membranes followed until 1968 [22].

In 1975 Bruker presented the first commercial 20MHz low-
resolution spectrometer for industrial applications, like food
quality control, also used to measure soft tissues and body fluids.
A large number of studies between the 1960s and 1990s have
been published by several research groups using low resolution
1H-relaxometry to study relaxation time differences in different
animal and human tissue ex vivo, at different field strength
[28, 29] and under different storage conditions [30, 31]. Low-
resolution, low-cost NMR is still in use today (e.g., Bruker’s
Minispec product line), particularly for quality control in the
food industry and for well logging [32].

For historical purpose we should mention that for a certain
period of time scaled-up permanent magnets were used for
human MRI (e.g., FONAR Corp. 1980), however, they were
severely limited by their weight (up to 300 t), cost and low field
homogeneity. In addition, FONAR announced the first vertical
MRI in 1996 and upright human MRI in 1999, enabling dynamic
weight-bearing multi-position MRI at 0.6 T [33], potentially
useful for claustrophobic patients.

Today, cost effective and custom made, small-size permanent
magnets (0.3 T–0.4 T) can already be home made in a 3D-printer
in all kinds of shapes and field profiles using polymer-bonded
magnetic material [34].

SUPERCONDUCTING
ELECTROMAGNETS, THE GOLDEN AGE
OF NMR

All superconducting magnets developed so far for analytical
NMR, and preclinical or human MRI and MRS, employ Nb-
Ti or Nb3Sn as the superconducting material and copper as
stabilizer and enforcement material. This works up to a certain
field strength and bore diameter as the hoop stress F/S = a J B
R (with a a geometrical factor, J the current density, B the flux
density proportional to J, R the radius) increases quadratically
with the current density J. This sets an upper limit for the use of
Nb-Ti/Nb3Sn and copper [4, 6]. Using Nb3Sn is more expensive,
because the material is rather brittle, and e.g., for field strengths
higher than 12 T for a large bore magnet would therefore require
high temperature superconductors (HTS) and steel enforcement
as well [6].

The stored energy in themagnet coil E= L x I2/2 (with L being
the self-inductance of the coil and I the current) is plotted against
the magnetic flux F in Figure 3, empirically showing a quadratic
dependence.

Analytical NMR
The reason for the success of NMR in chemistry is that it does
not require extensive sample preparation (e.g., crystallization),
studies molecules in solution in their natural environment and
can identify topological relationships between nuclei through
their scalar coupling and dipolar interactions. Moving from
organic chemistry to structural biology allows studies of the
structure, dynamics and function of larger and more complex
biological macromolecules [35].
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FIGURE 3 | Amount of energy stored in the magnet vs. magnetic flux (calculated from the warm bore diameter), showing an empirical trend of quadratic increase

(dotted line). For illustration, everyday analogs in the form of vehicles with kinetic energy similar to the stored energies are depicted with their respective masses and

velocities. Data and references for all data points are given in the Supplementary Materials. Please note that more precisely, the diameter of the magnet coils instead of

the warm bore diameter should have been used for the calculation of magnetic flux; unfortunately this data could not be retrieved. However, when adding a constant

offset in the range of 5–15 cm to the bore diameters for all data points, the fit still yields the quadratic dependence and only differs in its steepness a.

However, the extension to higher molecular mass also
requires higher magnetic fields. In addition, more complex
multidimensional experiments are employed and concentrations
of interesting molecule are low (<1mM). Furthermore,
higher throughput in commercial applications requires shorter
experiment times. Altogether, this requires higher and higher
field strengths. Thus, the driving force in NMR has been
the scientific quest to study more complex molecules and
interactions leading to a field increase over the last 40 or so
years of about 20MHz (or 0.5 T) per year on average (Figure 1,
left). As spectral resolution increases linearly with B0 and
the sensitivity in small, non-conducting samples with B0

7/4,
the acquisition time can be reduced by almost 1/B0

3. Thus,
nothing other than economical aspects will slow down the
quest for ever higher magnetic fields in NMR. Figure 1 (left)
visualizes this success story of the past 65 years, moving from
30 to 100MHz using resistive, air-cooled electromagnets, to
Nb-Ti single- and multifilament sc magnets up to 400MHz
(9.4 T) and using combined Nb-Ti and Nb3Sn multifilament
wires up to 600MHz (14.1 T) at boiling He temperature
(4.2 K). Above 15 T sc-wires are manufactured from (Nb,
Ta)3Sn, Nb3Sn and Nb-Ti, and to further increase the current
density wires are now square shaped and can operate up to
800MHz (18.8 T) at 4.2 K and up to 1,000MHz (23.5 T),
if cooled to 2 K. All magnets in NMR are vertical, narrow
(50–54 mm) or wide (89–110mm) bore. To improve NMR
safety and siting requirements, actively shielded high-field
NMR magnets have been developed starting in 1995. As a

downside, magnet costs and weight increases due to a 30%
loss in B0 and increased amount of sc wire for the active
shielding.

The strongest commercially available magnet currently used
in the field operates at 23.5 T, weighs 12 tons and is 4.5m
tall. It was first installed at the European Center for High Field
NMR (CRNM) in Lyon, France, in 2009 at the cost of e 11.7
million. Subsequently, a new generation 1 GHz system, this time
including active shielding and Helium refrigeration and recovery
was installed at the University of Bayreuth, Germany, between
2015/2016. At 1GHz new horizons open in structural biology,
metabolomics andmaterial science. Although the increase in field
strength is only about 11% over previously available 900MHz
spectrometers, there is a significant increase in speed and
sensitivity for low concentration samples [36].

Naturally, not every university or research center will be able
to install such a system, the CRNM—funded also via the EU—is
a resource for the whole NMR research community. Along this
avenue, several universities world-wide already ordered a next
generation 1.2 GHz spectrometer from Bruker; expected delivery
time is 2017/18. Technically, the 1.2GHz and higher systems
depend on further progress in HTS conductor developments and
HTS-based NMRmagnet technology, including superconducting
joints, switches and cables. Application wise, such systems will
open up a broad range of interdisciplinary research applications
in structural biology, catalysis, sustainable energy development
as well as biomedical applications, to name just a few
[35, 37].
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Biomedical and Preclinical MRI and MRS
Research
After early attempts on whole animals [14], numerous studies
of live, intact animals took place in the 1970s to investigate
anatomy, biochemistry, and physiology in vivo [38–41], also
using perfused organs (e.g., [42–44]). In 1979, Britton Chance
at University of Pennsylvania (PA, USA), contacted OI (UK)
to design and build the first horizontal 1.5 T/20 cm magnet
for metabolic research. This MRS system had no shimming
capabilities and no gradients, thus could be used only for 31P-
MRS with small local Tx/Rx (transmit/receive)-coils. It was used
to study human arm muscle as well as small animals. A similar
magnet was delivered to Harvard University (MA, USA) in 1980
and, subsequently, the first magnet, which was a commercial
product (1.5 T/30 cm) was delivered to G. K. Radda at Oxford
University by OI [38]. Magnetic field strength for preclinical MRI
and MRS scanners always followed in between the development
for analytical NMR and human scanners (Figure 1, middle),
just varying with bore diameter (i.e., about 10–20 cm for mice
and rats and up to 40 cm for larger animals). Nowadays, high-
field, small bore (horizontal) MRI and MRS scanners have been
installed in most biomedical research institutions and research
driven medical universities. Although various types of animals
are being studied, the main targets still are rats and mice due to
availability, cost, and the possibility to create genetically modified
knock-out strains. As particularly large numbers of specifically
modified mice are available today, noninvasive imaging is very
attractive for mice phenotyping. Therefore, dedicated mouse
imaging centers have been established and are frequently used
to study genetic defects and to develop novel pharmaceuticals
[45]. In parallel, substantial progress in the diversification and
innovation of MR methods and increased sensitivity due to
improving hardware and, particularly ultra-high-field magnets,
provided a strong impetus to multi-parametric MRI and MRS of
(small) laboratory animals [45, 46].

To further enhance sensitivity, without the need for increased
magnetic field strength, cryo-cooled (20-25K) RF coils have
been developed [47]. This drastically reduces the thermal noise
and is a rather cost effective way to substantially improve
sensitivity and still work at well established field strengths and
frequencies between 7 T (300MHz) and 11.7 T (500MHz).
However, at higher frequencies this approach becomes less
effective because already for small coil (element) diameters
the noise becomes sample-dominated. Although even stronger
magnets are available for MRI of mice, i.e., up to 21.1 T, both
costs and requirement for installation and operation of such
systems limit their widespread use. Furthermore, physiological
effects may limit studies on awake, behaving animals at 14 T or
higher [48]. Whether or not this may also affect functional and
metabolic studies in anesthetized animals yet has to be shown.

Clinical MRI and MR Research Using
Whole-Body Superconductors
First images of human finger and wrist were taken at Nottingham
still using vertical bore, resistive magnets (0.35 T and 0.7 T,
respectively) in 1977 [23, 24, 26]. Human whole-body MRI

prototype scanners have been co-developed by OI and installed
during the late 1970s, employing resistive electromagnets
operating at 0.05 T in Aberdeen and 0.094 T at Nottingham
[20, 21, 25, 26, 49]. Homogeneity over a sufficiently large volume
as well as long-term field stability (temperature dependent) was
critical though. The first MRI scanner installed at a private
radiology unit was probably Bruker’s Tomikon using resistive
electromagnets at 0.1 T and up to 0.23 T.

In parallel to proton MR imaging, metabolic research using
31PMRSwas performedmainly by research groups in the UK and
USA. There the focus was on cerebral metabolism in newborns
[50, 51] and adult muscle metabolism [52, 53]. Due to the
limited sensitivity for low-γ nuclei and high requirements
on technical and biochemical expertise, however, this
application was less successful in a clinical setting despite high
expectations [54].

High-quality clinicalMRI became commercially available only
in the mid 1980s, after superconductors (using Nb-Ti filaments
in a copper matrix) could be employed successfully for whole-
body magnets. Already in 1985 the first 10 commercial “high-
field” (= 1.5 T) MRI systems have been installed, although the
majority of the clinical MRI systems at that time operated at <1
T (in the early days of MRI there have been intense discussions
about the optimum field strength, i.e., sensitivity/image SNR vs.
specificity/tissue contrast). The total numbers installed increased
steadily until 1992 where about 1250 units have been sold
world-wide. In 1997 it became obvious that the low field
systems are on a decline and 1.5 T became the “standard”
clinical field strength. Due to the increased sensitivity, not only
via B0 but RF-coil design, contrast agents and fast imaging
protocols, speed and contrast could be improved significantly.
By 2003 about 65% of all MRI systems installed operated at
1.5 T (this very year already about 2,750 units have been sold).
Research at 3 T started in the late 1980s (3T/80 cm, Detroit),
on passively shielded prototype systems with fast gradients and
local transmit-receive coils. Today, MRI is widely used for non-
invasive imaging of internal body structures, providing high
soft tissues contrast, at field strengths up to 3 T for clinical
routine and 7 T, 9.4 T and 10.5 T (a 11.7 T for head only
MRI scanner was designed, however, at the time of writing this
magnet was out of order due to magnet quench) for research only
[55–63].

Supporting particularly the booming field of functional MRI
including BOLD-based contrast, started in the early 1990s,
3 T systems with strong and fast gradient coils have been
developed in parallel and the first “high end” routine MRI
systems operating at that field strength became commercially
available in 2000. Together with “parallel imaging,” i.e., array
coils and SENSE [64]/GRAPPA [65] techniques, this move
turned out to be extremely successful and quickly, i.e., within
10 years, 20% of all MRI sales are 3 T. BOLD-based fmri,
greatly benefitting from the increased B0 and faster/stronger
gradients, was the driving force for developments and sales
of 3 T systems. The following decade in clinical routine and
researchwas characterized by a plateau in terms of newly installed
systems (about 3,000 units p.a.), where 3 T systems started
replacing the lower field units. Robust and strong/fast gradient
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coils and efficient phased-array RF-coils (requiringmulti-channel
receive electronics) helped to constantly improve (fast) imaging
performance. Again, the higher sensitivity achievable could be
used for speed and increasing specificity, now also via multi-
parametric imaging, e.g., combining structural and functional
MRI, resulting in exam times still well tolerated by patients. For
high resolution, localized MR spectroscopy of non-proton nuclei
(e.g., 31P, 13C), the sensitivity was still too low to incorporate
such a protocol into clinical routine. By 2015, about 60 % of all
clinical MRI volume sales were achieved for 1.5 T, 34% for 3 T
systems (slowly replacing current 1.5 T scanners), and a rather
stable 6 % for low field scanners (<0.5 T). Although a few 4
T and 4.7 T prototype magnets have been installed since 1988,
stronger magnets have been operating at 7 T for UHF research
only [57, 58, 61, 66, 67]. Thus, 7 T human whole body scanners
are currently only being installed in selected high end (clinical)
research units (with about 70 systems installed so far). Currently,
FDA approval has been obtained only for Siemens’ 7 T Terra
system, centered around an active shielded compact magnet and
standard operating software/console.

A first 8 T Magnex prototype UHF magnet was installed at
Ohio State University (1998) and has been operating for some
time [59]

Shortly before he died in January of 1988, physicist I.I. Rabi was
scanned in an MRI machine. When looking at his MR image he
said “I never thought my work would come to this.” (adopted from
[68]).

This phase was essential for the Nobel Prize in Medicine
or Physiology, awarded to Paul C. Lauterbur (Illinois, USA)
and Sir Peter Mansfield (Nottingham, UK) in 2003, although
their relevant scientific work started much earlier using resistive
electromagnets but strongly stimulated the rapid development
of human MRI—using whole-body, high-field superconducting
magnets—and a wide range of still vivid methodological research
and, subsequently, clinical applications.

HYBRID MAGNETS, BACK TO THE
FUTURE

In order to be able to further increase the (persistent) static
(dc) magnetic field, i.e., sensitivity in NMR, hybrid magnet
concepts have been pursued for some time [5, 6]. Combining
superconductors and resistive electromagnets, hybrid magnets
allowed engineers to create a dc magnetic field of about 45
T, where the outer superconducting coil consists of three
grades of Nb3Sn CICC and the resistive coil insert consists
of four nested Florida-Bitter coils [6]. However, the free
inner bore is only 54 mm (unshimmed 50 ppm), intended to
provide 1 ppm homogeneity and stability over a 1 cm diameter
spherical volume. Nevertheless, in depth studies have started to
design a 60 T dc magnet at the National High Magnetic Field
Laboratory in Florida, using also HTS cables [6]. In addition
to known problems of field stability and homogeneity, the
energy stored and mechanical forces will dramatically increase
(Figure 3), requiring novel concepts like steel enforcement
and superconducting cables. Last but not least, extremely

high costs currently prevent commercialization of these
designs.

Innovation and Commercialization
The NMR/MRI market has always been dominated by a
limited number of companies. Very early on Varian Inc.,
an innovation leader, developed a dominant position in the
NMR market. In the late 1960s a young, entrepreneurial
European company (Bruker Inc.) gained on the change in
technology, i.e., from resistive to superconducting magnets and
from CW to FT experiments, and built a strong position in
analytical NMR and, later, biomedical and preclinical MRS
and MRI. Nevertheless, Varian, taken over by Agilent in 2008,
still was a strong player in the field until 2013. Obviously,
a series of management decisions (e.g., to stop producing
UHF NMR magnets beyond 200 MHz), and relying on third
party magnet manufacturers instead, as well as an overgrown
bureaucracy led to an unfavorable end of a once famous company
[69].

Intermagnetics General Corporation (IGC), founded 1971
as a spin-off of General Electric (GE), was an early provider
of (superconducting) wire and magnets. In 1974 IGC became
independent of GE and had its initial public offering in 1981.
In the early 1980s, for most clinical MRI systems (e.g., Picker,
Diasonics, Technicare as well as GE, Siemens, and Philips)
superconducting magnets were provided either by IGC or OI
and later Oxford Magnet Technology (OMT), a subsidary of OI
(1989 a joint venture between OI/OMT and Siemens was signed
and OMT fully taken over by Siemens in 2003 and renamed
SMT). Philips Medical Systems ordered their magnets mostly
from IGC and finally acquired IGC in 2006. General Electric
Medical Systems (GEMS) first ordered magnets also from IGC
and later developed their own magnets in a facility in Florence,
SC (South Carolina). Magnex Scientific Ltd. (MAGNEX) was
founded in 1982 and delivered 0.5 T and 1.5 Tmagnets for Elscint
starting 1983. In 1988 MAGNEX developed the first shielded 3 T
MRI magnet (80 cm WB) for the Henry Ford Hospital (Detroit,
USA). After a strategic partnership of MAGNEX and GEMS in
1996 the clinical business of MAGNEX was sold to GEMS in
2000 (for the only purpose to have 3 T technology available).
Eventually, all clinical MRImanufacturers, including also Hitachi
and Toshiba, had their own magnet production secured in order
to be able to control quality and costs. In 1998 MAGNEX
developed the first 8 T whole-body research magnet for Ohio
State University and in 1999 the first 7 T clinical research magnet
for University of Minnesota. GEMS, however, decided very early
on to stop their activities in UHF magnets manufacturing for
humans, which was based on MAGNEX technology, they rather
invested in the application of hyperpolarized gases to increase
much needed sensitivity. The research division of MAGNEX
supplied MRS products and was transferred to Varian Inc.
starting 2002, and Varian Inc. acquired Magnex Scientific Ltd.
in 2004. Tesla Inc. was founded in 2014 in the UK after
Agilent/Varian announced closure of the production of specialty

UHFmagnets for humanMRI andMRS research. The near future
will show whether magnet concepts developed for accelerators in

high energy physics and for fusion reactors such as ITER, i.e.,
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high field, low He use, may be transferred to perform in UHF

human MRI.

Safety Issues Due to Static Magnetic Fields
Finally, we should not miss to summarize our current knowledge
of safety issues concerning static magnetic fields and safety
precautions in case of a magnet quench [70]. Empirically, most
people experience some physiological sensations when moving
their head in/into a 3 T magnet or even more so in a stronger
magnetic field, like a certain metallic taste, dizziness, or short
flashes of light (i.e., phosphenes) even when eyes are closed.
When they stop moving or get out of the magnet these sensations
disappear. As early as 1986 the Oxford group led by Radda (at
1.6 T) and in 1999 the Ohio group led by Robitaille performed
studies on swine and humans in order to elucidate potential
side effects of strong static magnetic fields on physiological
or cognitive functions. The latter study of 10 healthy human
subjects provided no evidence of measurable changes in body
temperature, heart rate, respiratory rate, systolic pressure, or
diastolic blood pressure after 1 h of exposure at 8 T [71].
Furthermore, no cognitive changes were noticeable. However,
significant ECG changes have been noted which were related
both to the position of the subject in the magnet and to the
strength of the static magnetic field. Thus, the common ECG
tracing was no longer diagnostically useful when performed
at 8 T. Nevertheless, all (healthy) subjects showed normal
ECG readings before and after the exposure to the 8 T static
magnetic field. In addition, cardiac function was examined in
some detail in an anesthetized swine. No significant changes
in “body temperature, heart rate, left ventricular pressure, left
ventricular end diastolic pressure, time rate of change of left
ventricular pressure, myocardial stiffness index, cardiac output,
systolic volume, troponin, and potassium levels could be detected
following 3 h of exposure to a field strength of 8.0 tesla. It is
concluded that no short term cardiac or cognitive effects are
observed following significant exposure to a magnetic field of up
to 8.0 tesla.” Following up on this and due to the increase in UHF
magnets installed world-wide a special issue on Effects of static
magnetic fields relevant to human health appeared in the journal
Progress in Biophysics and Molecular Biology in 2005 (Volume
87). Again, it was concluded that “no permanent adverse effect on
human subjects when exposed to static magnetic fields in strengths
of up to 8 T could be detected. Also, there is no evidence of any
clinically relevant alteration in human neuro-cognitive function
related to static magnetic field exposure. Results suggest that the
cognitive–motor (eye–hand coordination) and the sensory (near-
visual contrast sensitivity) function are negatively influenced by
exposure to magnetic fields as low as 700 mT. Although these
effects are undesirable in interventional MRI procedures (and
potentially affect functional MRI studies), it is not clear how
these transient effects relate to actual performance in a clinical
setting. The risks related to the interaction of a static magnetic
field and magnetic or electrical hardware are much greater
than the apparent biological interaction risks to human subjects
alone.” [72].

However, an epidemiological review by Feychting [73]
within the same journal/issue concludes that “the available

evidence from epidemiological studies is not sufficient to
draw any conclusions about potential health effects of static
magnetic field exposure.” Nevertheless, counting on numerous
staff working at various field strength over decades, it seems
unlikely that typical exposure to static magnetic fields of a
few hours per day in the fringe field (i.e., below about 1
T at a clinical 3 T MRI system or below 2 T at a 7 T
UHF MR system) will cause severe long term health problems
(Personal Note: all authors had been exposed to strong static
magnetic fields for decades without any adverse effects so
far besides the dizziness effects while entering the magnet
bore).

On the other hand, implanted ferromagnetic devices within
patients (e.g., life supporting pace makers, passive hip or
knee implants are less affected) and physical interactions
between external magnetic material (like coins, working tools
or medical equipment not checked for UHF compatibility)
pose substantial hazards and represent a severe source of risk.
Therefore, it seems imperative that vigilance be maintained
at ever higher field strengths to ensure that the high degree
of patient and staff safety so far associated with clinical MRI
and high field research is maintained [74]. Especially, due
to the shorter wavelength of the radio frequency fields at
higher static field conductive implants and other metallic
objects must be treated with caution, e.g., by accurate
electromagnetic simulation, or, in doubt, excluded from MR
examinations to minimize the risk of burn injuries. This
becomes even more complicated by parallel transmission
technology.

Based on empirical evidence, revealing uncomfortable
physiological sensations in some of the volunteer studied in
UHF MRI, several systematic studies have been performed
[75–77] and the basic mechanisms of vertigo in high magnetic
fields described [76, 78]. Despite the low magnetic susceptibility
of human tissues and the lack of any substantial amount
of ferromagnetic material typically occurring in healthy
subjects, experimental evidence supports the hypothesis that
magnetic-field related vertigo results from both magnetic
susceptibility differences between vestibular organs and
surrounding fluid, and induced currents acting on the vestibular
hair cells. Both mechanisms are consistent with theoretical
predictions [76]. This may cause a limit for routine clinical
examinations at 7 T or higher [48, 79], as up to 12 % of
healthy subjects experience such a brain exam as unpleasant.
However, it should also be noted that subjective perception
of metallic taste, vertigo and nausea may vary widely and
that there exists a drug to prevent or reduce vertigo and
nausea [80].

Future Directions in Human MRI and MRS
Analytical NMR
It seems obvious that the magnet development in analytical
NMR is approaching technical limits. First, frequencies
of 1,200 MHz and above cause technical problems in
coil/probe manufacturing. Second, RF-penetration limits
further frequency increase (unless sample size/volume
is reduced, which again reduces sensitivity), and, third,
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economics. Most routine applications in NMR work efficiently
and cost effectively at 400–600 MHz, with special research
applications at 800–1,200 MHz. Therefore, strategies to
improve SNR even at lower field are requested and may be
preferred as cost saving alternatives for routine analytical
NMR [37].

Preclinical MRI and MRS
In preclinical MRI and MRS most labs work at field strength
between 7 T (where the clear magnet bore allows application
to rats), actually the bulk of preclinical research is performed at
this field, and 11.7 T (at which available magnet bore diameter
limits application to mice). To further increase sensitivity, either
cryo-cooled probeheads and coils can be used for another
∼ >2-fold gain in sensitivity, which is much more cost
effective than doubling the field strength [47]. Furthermore,
physiological effects experienced by awake laboratory animals
might limit the upper static field to about 14 T [48] and
the same might apply to human subjects as well. In this
regime shear forces acting in the vestibular system and between
gray and white matter might be an issue [78], as well as
cognitive function (e.g., in fMRI experiments). On the other
hand, anesthetized animals will not be affected to the same
extend.

Ultra-High Field Human MRI and MRS
Concerning ultra-high field human MRI and MRS we need
to further increase sensitivity and/or speed to enable full
multiparametric diagnosis within still comfortable total
measurement time for patients. Also, we may trade (e.g.,
in fMRI/parenchyma) sensitivity for specificity (resolution
vs. partial volume) if SNR is sufficient. Susceptibility based
contrast in (functional) MRI benefits particularly from
higher field strength, thus methods increasing specificity
like spin-echo based fMRI vs. gradient-echo based fMRI
may be more viable. On the other hand, we must not risk
any short or long term hazard to the patient and personnel
(for more details see also above), or increase discomfort due
to (reversible) physiological sensations and, thus, damage
the reputation and non-invasive status of the MR methods
altogether [70, 74, 76, 78, 81]. In addition, a recent paper
describes that one third of the patient scanned at 3 T and
7 T noticed stronger vertigo and nausea at the higher field
strength [79].

Routine Clinical MRI and MRS
In routine clinical MRI and MRS, after about 35 years, the race
for higher field strength would seem to be settled by the market
already:

At the time being, about 33% of MRI sales volume per
annum are 3 T, while 60 % still are 1.5 T and 6% are
below 1.5 T. Thus, 1.5 T is the bread and butter field
strength, covering the majority of clinical applications, and
is providing the best possible compromise between sensitivity,
speed, and imaging specificity (including prescription of
contrast agents), and cost. This, of course, includes form
and organ fitted phased-array RF-coils (enabling parallel

imaging), as well as optimized MR-sequences and image
reconstruction. Gradient strength achievable (45 mT/m and
200 mT/m/ms slew rate), without disturbing Peripheral
Nerve Stimulation (PNS) or else seems optimal also at
1.5 T.

3 T MRIs are high-end clinical systems, particularly
valuable in Neuroradiology, muscular-skeletal MRI, and clinical
MRS [82].

For very specific clinical applications and research in
high resolution, metabolic imaging like CEST and multi-
nuclear, localized spectroscopy, 7 T is extremely useful [57,
58, 63, 66]. However, 7 T systems are more expensive
and demanding in terms of siting and personnel required.
Although imaging with CP transmit coils is sufficiently
good for head and joints (in particular knee), parallel
transmit excitation (pTx) is required to manage other organs.
SAR limits are independent of field strength, but their
supervision is drastically more complicated for multiple RF
transmit channels with independent time-varying amplitudes
and phases, especially due to a stronger dependence on
the individual patient anatomy. Solution strategies have been
proposed, but have not been implemented broadly in the
field yet.

On the receive side, starting from 1.5 T and higher, the use of
phased array receive coils has been proven advantageous. Their
main benefits are the acceleration of the acquisition, shortening
of TE, and/or better SNR in more superficial regions closer to the
coil elements. Phased array coils are used in almost all current
clinical MRI applications and are also benefitting hetero-nuclear
MRS and MRSI.

Gradients, for signal localization, on the other hand are more
or less independent of the field strength used, although it is also
advantageous to increase gradient performance when increasing
the field strength. Figure 4A shows the increase in peak gradient
strength (mT/m) and slew rate (SR; T/m/s) of human MRI
scanners over time. Clinical MRI scanners at 1.5 T nowadays
use up to 45 mT/m at a slew rate (SR) of 200 T/s/m. At 3 T
the high-end performance is now 80 mT/m but SR is still at
200 T/m/s due to PNS. While 7 T gradients are now in the
range of 70–80 mT/m it is often desirable to go higher, but some
adverse effects need to be considered, such as acoustic noise
and mechanical vibrations. As it is known, the driving force
behind mechanical vibration and acoustic noise is the Lorentz
force, which is proportional to the field strength B0 and the
gradient strength, too. This is causing some limitations for the
peak gradient strength. Slew rate on the other hand is limited
by PNS, which are entirely independent of the magnetic field
strength. The current limit for whole body gradients thus is SR
200 T/m/s. To get beyond this limit, one needs to either use
head gradient inserts (obviously limiting the use to the head
or foot) or one may relax the linearity of the gradient field
and gain better performance with respect to PNS and peak
gradient fields, as being done for the NIH Connectome project
[83]. For that particular purpose, two dedicated gradient systems
have been designed, built and installed [84] allowing either 100
mT/m peak gradients at SR 200 (installed at the Mallinckrot
Institute in St. Louis, MS) or 300 mT/m at SR 200 (installed
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FIGURE 4 | (A) Shows the development of gradient coils for human MRS and MRI research and clinical diagnostics in terms of maximum gradient strength (mT/m,

red) and slew rate (T/m/s, green), as well as gradient amplifier power development (left y-axis, purple). The product of maximum gradient strength and slew rate is the

gradient performance (right y-axis, thick gray line). (B) Development of trapezoidal gradient shapes at maximum slew rate and gradient strength with constant time

integral of 450 mT/m*ms, plus equivalent triangular gradient shape, i.e., without plateau time at the maximum gradient strength, for the strongest gradient available at

a certain time.

at the A.A. Martinos Center in Charlestown, MA, USA). These
strong gradients are particularly used in diffusion-weighted MRI
research, revealing e.g., structure and distortions of white matter
tracts in the brain [85]. When looking back at the development
of gradient performance over the years, it is quite remarkable
what has been achieved, i.e., an improvement better thanMoore’s
law as can be seen in Figure 4, also including dedicated research
systems like the Connectome scanners. Nevertheless, due to

human physiology (PNS) no further increase in SR is possible for
whole-body MRI (Figure 4B).

CONCLUSION

To summarize, for basic research in all three fields, and money

not being a severe limitation, i.e., NMR, preclinical and human
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MRI and MRS, higher B0 are advantageous for research (up
to known physiological limits) but not routinely required. In
terms of human MRI and MRS, based on current sc-materials,
technology and costs, it might be feasible to build a 14 T/83 cm
magnet. As we cannot expect to further increase slew rates, also
gradient coils for human use are operating at a limit. Thus, it
would be best to put scientific effort into the development and
optimization of novel rf-coils and phased-arrays also reducing
noise sources to further push net SNR gain.

At the end of this review, we would like to modify a question
posed by Nobel laureate Richard R. Ernst, one of the most
proliferate contributors to the success of NMR and MRI: “Why
just NMR?—“Why all the fuzz?”

Why just NMR?—Because there is hardly another technique
that is so informative for so many different types of applications,
and because there is no other technique that provides so much
fun. [86]

Why all the fuzz?—Because NMR research over more than
90 years has clearly demonstrated that scientific challenges drive
technology, drives research.

In this particular case, due to the persisting quest of ingenious
scientists and engineers, we got an extremely versatile tool at
hand, providing physicists, chemists, biochemists, researchers
in life sciences and medicine, clinicians, but also nutritional
chemists and well loggers, with multi-parametric information
obtainable non-invasively about water and fat content, molecular
motion, structure, dynamics, flow, perfusion, blood oxygenation,
diffusion, susceptibility, various metabolites, from atoms and
molecules to man—and down to molecular structure and
dynamics in liquids, semi-solids (e.g., living tissue), and even
solids.

Since ancient times physicists and engineers helped to develop
novel methods and technologies to support medical diagnosis
and therapy [87].

Keep going and enjoy—for more than another decade!
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