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a b s t r a c t

Magnetic resonance imaging and spectroscopic techniques are widely used in humans both for clinical
diagnostic applications and in basic research areas such as cognitive neuroimaging. In recent years,
new human MR systems have become available operating at static magnetic fields of 7 T or higher
(�300 MHz proton frequency). Imaging human-sized objects at such high frequencies presents several
challenges including non-uniform radiofrequency fields, enhanced susceptibility artifacts, and higher
radiofrequency energy deposition in the tissue. On the other side of the scale are gains in signal-to-
noise or contrast-to-noise ratio that allow finer structures to be visualized and smaller physiological
effects to be detected. This review presents an overview of some of the latest methodological develop-
ments in human ultra-high field MRI/MRS as well as associated clinical and scientific applications.
Emphasis is given to techniques that particularly benefit from the changing physical characteristics at
high magnetic fields, including susceptibility-weighted imaging and phase-contrast techniques, imaging
with X-nuclei, MR spectroscopy, CEST imaging, as well as functional MRI. In addition, more general
methodological developments such as parallel transmission and motion correction will be discussed that
are required to leverage the full potential of higher magnetic fields, and an overview of relevant physio-
logical considerations of human high magnetic field exposure is provided.

� 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Magnetic resonance imaging (MRI) is a form of nuclear mag-
netic resonance (NMR) that uses magnetic field gradients to gener-
ate images. In the early 1970s, Damadian published a promising
report showing that the NMR characteristics of malignant tumor
tissue, in particular T1 and T2 relaxation times, differed from nor-
mal tissue [1]. This led to the prospect that in some way a useful
diagnostic method based on hydrogen (1H) NMR might arise. The
practical recording of images based on magnetic resonance was
subsequently made possible by the work of Lauterbur [2] as well

as Mansfield and Grannell [3]. They applied a position-dependent
magnetic field (gradient) in addition to the static background mag-
netic field. Due to the linear dependence of the resonance fre-
quency of the nuclear spin on the external magnetic field and
with the aid of Fourier analysis, it became feasible to quickly
reconstruct the spatial distribution of the spins within a slice in
the form of a 2D image. For this work, which led to the birth of
MRI, Lauterbur and Mansfield shared the Nobel Prize in Medicine
in 2003.

Since the introduction of MRI into clinical use in the early
1980s, this technique has developed into a widespread medical

2 M.E. Ladd et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 109 (2018) 1–50
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