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Over the past decades, the field of in vivo magnetic resonance (MR) has built up an impressive repertoire
of data acquisition and analysis technologies for anatomical, functional, physiological, and molecular
imaging, the description of which requires many book volumes. As such it is impossible for a few authors
to have an authoritative overview of the field and for a brief article to be inclusive. We will therefore
focus mainly on data acquisition and attempt to give some insight into the principles underlying current
advanced methods in the field and the potential for further innovation. In our view, the foreseeable future
is expected to show continued rapid progress, for instance in imaging of microscopic tissue properties
in vivo, assessment of functional and anatomical connectivity, higher resolution physiologic and meta-
bolic imaging, and even imaging of receptor binding. In addition, acquisition speed and information con-
tent will continue to increase due to the continuous development of approaches for parallel imaging
(including simultaneous multi-slice imaging), compressed sensing, and MRI fingerprinting. Finally, arti-
ficial intelligence approaches are becoming more realistic and will have a tremendous effect on both
acquisition and analysis strategies. Together, these developments will continue to provide opportunity
for scientific discovery and, in combination with large data sets from other fields such as genomics, allow
the ultimate realization of precision medicine in the clinic.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

About 30 years ago, the field of in vivo magnetic resonance
(MR) could approximately be separated into anatomical imaging
for the clinic and research focused predominantly on multinuclear
spectroscopy, large vessel flow technologies, relaxation mecha-
nisms, hardware (RF and gradient coils) and faster scanning. Imag-
ing approaches assessing tissue water diffusion, perfusion, and
magnetization transfer processes were in their infancy and brain
functional MRI (fMRI) approaches nonexistent. This is clear from
reading a state-of-the-art review article from 1990 entitled ‘‘Func-
tional Magnetic Resonance Imaging in Medicine and Physiology”
[1], where the word ‘‘function” does not apply to brain activity,
but to tissue macroscopic kinematics (cardiac, joint motion), tissue
perfusion (macrovascular and microvascular), and water diffusion.
The state of the field at that time was well represented by two soci-
eties, one more clinical (the Society for Magnetic Resonance Imag-
ing, SMRI), and one more research oriented (the Society for
Magnetic Resonance in Medicine, SMRM). The past 30 years has
shown tremendous growth in a field now represented by a single
International Society for Magnetic Resonance in Medicine (ISMRM)
with close to 6000 members. The ISMRM currently has an annual
meeting with more than ten parallel sessions containing new
developments in anatomical, functional, physiological and molecu-
lar imaging approaches, both from a data acquisition and analysis
point of view. This wide breadth of investigation is possible
because of the inherent capability of MR to use radiofrequency
(RF) pulses for ‘‘magnetic labeling” of nuclear spins and magnetic
field gradients for ‘‘spatial encoding” of nuclear spins. Pulse
sequences employing series of such RF and gradient pulses can
be used for discerning magnetic relaxation (T1, T2, T1q), physiolog-
ical, functional, and molecular properties of the tissues under
investigation. While these capabilities are spurring new discover-
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ies for basic science, this tremendous progress has mostly not been
translated to the clinic, where only a small fraction of the many
advanced methods (e.g. some dynamic contrast-based approaches,
a few diffusion methods, and sometimes susceptibility weighted
imaging or presurgical fMRI mapping) are being used routinely.
This is not so surprising in view of the basic clinical model of need
for reimbursement and validation for patient management, for
which the versatility of MR is often counterproductive because of
a lack of standardization, difficulty of interpretation of many
advanced methods, and cost. However, recent progress in both
data acquisition and analysis approaches and applicable artificial
intelligence approaches makes clinical translation more likely in
the near future. In this brief glance into the future of MRI, we will
go over some of the subspecialty methodologies of MR and discuss
potential for future innovation. Due to limited space and expertise
(our work is mainly in brain imaging research) we are definitely
not fully inclusive, but we hope that the general principles outlined
will provide some insight into the possibilities for improvement of
the technologies and their potential for influencing medicine and
basic science.
2. Fast imaging

While early fast MRI approaches generally focused on adding
more encoding gradients during the readout period, trends in the
past two decades have exploited the redundancy of points in k-
space in order to reduce their number. One approach is parallel
imaging (PI) [2–4], in which the reduced sampling is compensated
by an increase in the number of detection coils and spatial encod-
ing is performed using simultaneous acquisition with multiple
coils in different locations (so-called ”sensitivity encoding”). How-
ever, the signal-to-noise ratio (SNR) reduces by the square root of
the data reduction factor and by a geometric factor (g-factor). The
latter depends on coil loading and the number of coil elements and
their position and thus coil designs should be optimized for the
organ size and shape in order to minimize SNR losses. More effi-
cient PI alternatives are the simultaneous acquisition of slices
[5,6], called simultaneous multi-slice (SMS) or multi-band (MB)
MRI, and related 3D approaches [6], which allow acceleration by
close to an order of magnitude. These do not suffer from SNR loss
with the acceleration factor and can achieve a reduced g-factor due
to the use of controlled aliasing [7]. A different approach that is
gaining popularity is compressed sensing (CS) [8,9]. CS uses
random-like under-sampling in k-space that leads to incoherent
rather than coherent aliasing, which appears as noise in the data.
This is followed by a non-linear analysis method that exploits
the data sparsity and can remove incoherent aliasing because it
is not compressible while image data are. Other approaches for fast
MRI involve non-cartesian sampling, such as spiral [10,11] or radial
acquisitions [12–14]. Especially radial acquisition is undergoing a
revival and being combined with CS and SMS approaches [14–
17]. This approach oversamples the center of k-space leading to
higher SNR and also has the advantage that motion artifacts are
spread out more over the image and can even be corrected for
using the phase of the center point as reference. All of these meth-
ods are in the future likely to be combined with deep and machine
learning approaches that can enhance SNR [18].

The use of faster imaging with preserved image quality has
inherent advantages for the clinic. PI approaches like SENSE [3]
and GRAPPA [2] are now available on commercial scanners and
some manufacturers already have CS as a product. SMS/MB is also
becoming available, but often still as a research package. In the
future all of these approaches are expected to be further optimized
(e.g. in terms of RF pulse power reduction and use of multi-
transmit approaches [6]) and validated and to become generally
available. They can be expected to greatly affect clinical efficiency
by reducing scan time typically at least by a factor of two, but
sometimes close to an order of magnitude (depending on the type
of MR contrast), while retaining diagnostic quality [19]. Ultimately
these advances, together with active motion tracking (MRI-based
or optical [20,21]) and real-time correction of the field of view,
may even reduce the need for anesthesia in the pediatric setting
[22]. For research, these approaches will allow us to keep increas-
ing the information content of studies by retaining the same total
scan time, while increasing spatial or temporal resolution, adding
contrast information (e.g. more orientations or weighting strengths
for diffusion MRI), or adding additional contrast types [23–25].
3. Imaging of microvascular perfusion and macrovascular flow

MR angiography (MRA) and contrast-enhanced (CE) MRI using
gadolinium (Gd) based contrast agents (GBCAs) have been essen-
tial mainstays in the clinic since the mid-eighties. Some clinics
now also include dynamic susceptibility contrast (DSC) imaging
to assess perfusion and perfusion-related parameters such as cere-
bral blood flow (CBF) and volume (CBV), time to peak (TTP), and
mean transit time (MTT = CBV/CBF). CBV is quantified from the
ratio of the first-pass dynamic tissue concentration time curve
and the arterial input function (AIF) on T2/T2

*-weighted images,
while CBF is estimated by deconvolving this tissue curve with
the AIF [26–28]. DSC technology has been improved substantially
over the past decades, now including for instance a pre-bolus injec-
tion to minimize T1 effects [29] and use of venous output functions
(VOFs) to correct the AIF for partial volume effects [30,31].
Dynamic contrast enhanced (DCE) MRI uses T1-weighted contrast
to assess microvascular hemodynamics, especially for the study
of blood brain barrier (BBB) disruption, for instance in tumors
and dementia [32–36]. A semi-quantitative approach is to deter-
mine the area under the curve (AUC) for the tissue input function,
but a more quantitative assessment of tissue microvascular prop-
erties is possible using curve fitting based on the Kety approach
for inert tracers [37], such as for instance the Tofts and ‘‘extended
Tofts” models [38–40]. When using a dual injection, both DCE and
DSC parameters can be assessed, with the first Gd injection correct-
ing for T1 effects in the DSC acquisition [41]. Simultaneous mea-
surement of DCE and DSC has also been proposed using a multi-
echo approach [42,43]. DSC and (to a lesser extent) DCE are already
in the clinic and standardization efforts are ongoing [36,44]. For
the future, a main issue is patient concern about being injected
with a metallic contrast agent now that GBCAs are being issued
with regulatory warnings. While the risk for Gd-based macro-
cyclics is minimal, the abundant press releases about tissue uptake
of GBCAs upon repeated use (e.g. in multiple sclerosis patients) are
instilling fear in patients. In addition, these compounds are expen-
sive. An important future effort will therefore be in contrast agent
design, for instance metallic agents that are more kinetically and
thermodynamically stable, but especially non-metallic alterna-
tives. In this respect, the recent development of the field of Chem-
ical Exchange Saturation Transfer (CEST) MRI [45,46] is very
timely. In this contrast type, millimolar concentrations of both
paramagnetic (paraCEST [47–50]) and diamagnetic agents (dia-
CEST [46]) can be detected with the water signal due to the fact
that the saturation (a type of magnetic labeling) of exchangeable
protons (diaCEST) or water molecules (paraCEST) on the solutes
is repeatedly transferred to the water and the presence of these
solutes can be detected with greatly enhanced sensitivity (two-
three orders of magnitude). Some of the diamagnetic agents are
already being tested in humans, including the use of clinically
improved CT agents such as iopamidol and iopromide [49,51]
and sugars [52–56]. Other compounds being developed are aspirin
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derivatives [57] that have a large chemical shift difference with
water. In addition to detecting these agents with CEST methods,
they also affect spin-lock and transverse relaxation times [58–
60], expanding opportunities to detect them. This is a field with
great potential because any compound that contains exchangeable
protons can in principle be used as a contrast agent. However, due
to a small effect size, motion artifacts will be more problematic and
have to be resolved [61].

CBF can be assessed noninvasively with arterial spin labeling
(ASL). Conventionally, this approach is based on the difference sig-
nal of two scans, with and without labeling of blood water protons
flowing into the brain, and contains a post-labeling delay period for
delivery of label to tissue. As a consequence, this method suffers
from low SNR (about 0.5–2% of the water signal) and because mul-
tiple scans need to be averaged, from motion effects. Many
approaches for labeling blood water protons have been proposed,
but a recent consensus paper [62] suggesting the use of pseudo-
continuous ASL (PCASL) has stimulated the manufacturers to
implement this approach as a product, which may ultimately lead
to clinical reimbursement as applications look promising, e.g. for
the assessment of cerebrovascular disease, cancer, and dementia
[63]. As is typical for MR, new and promising approaches are
around the corner, especially velocity-selective ASL (VSASL [64]),
in which water spins are labeled in the vessels in the brain either
by dephasing or inversion [65]. This approach has a sensitivity
comparable to PCASL, but the advantage of not needing a long
delay, providing better sensitivity in regions like white matter
and the occipital lobe. The latter is especially important when
using ASL for functional MRI [66]. This approach can also be used
to quantitatively assess CBV [67], and can be combined with
SMS/MB approaches for higher sensitivity per time unit and faster
acquisition.

Another non-invasive method proposed for measuring perfu-
sion and its related parameters is intravoxel incoherent motion
(IVIM) MRI [68,69]. It was originally based on the assumption that,
within a voxel, the capillary microvasculature is oriented ran-
domly, causing a diffusion-like phenomenon with a much higher
pseudo-diffusion coefficient D*. This IVIM principle interprets the
typically multi-exponential signal decay in a diffusion experiment
in terms of two compartments, microvascular (fraction f, constant
D*) and tissue (fraction 1-f, constant D). While experiencing some
enthusiasm early on, this approach was never very practical due
to the need for very high SNR (�400) of the IVIM signal component
to reliably determine f and D* [70,71]. Improvements in equipment
and extension of IVIM to other ‘‘incoherent” motions in a voxel
have spurred a recent revival, leading to some optimism about
potential applications for perfusion parameter assessment, espe-
cially in tissues with higher microvascular fraction (kidney, pan-
creas, liver, placenta, malignant tumors) [72–75]. However, this
method needs careful assessment and additional validation. Much
of the data appears to show that, even in the body, large vessel
arterial signal (long T2

* ) dominates the effect. Similarly, in the brain,
where CBV is only about 5% and the capillary fraction 3%, voxel
components such as CSF and arterial blood will also dominate
the signal at longer TE and higher field. Recent data show that flow
compensation can remove most of the multi-exponential decay in
the brain [76]. This indicates that much of the motion for this fast-
decaying water contribution in the voxel really is coherent, and the
decay in large part due to velocity encoding or pass-through-voxel
suppression. In addition, it is clear that transverse relaxation needs
to be corrected for to avoid: (i) an apparent TE-dependent increase
in f [70], and (ii) an apparent field dependence of f. Recent work in
the field has shown some intriguing possible IVIM applications, e.g.
for retrieving CBV and CBF related effects [72,74] and for assessing
malignancy [75]. More applications may exist, which have to be
tested in terms of reproducibility, specificity and sensitivity for
individual organs and applications. However, while changes in
IVIM-theory-based parameters may prove to be valuable for
assessing tissue changes in disease, this is not a validation of the
presence of an IVIM (incoherent motion) effect, and care has to
be taken not to make erroneous interpretations in terms of the
physiological contributions underlying such effects.

With respect to advances in large-vessel imaging, it is of impor-
tance to realize that velocity-selective encoding can also be used
for MR angiography or venography with several advantages over
time of flight (TOF) approaches. These include a much larger field
of view, superior slow-flow depiction, and high time efficiency
(no subtraction needed) [77]. When combined with compressed
sensing, VS-MRA and VS-MRV can be performed in less than two
minutes each, making this clinically attractive.

4. Imaging of tissue water diffusion

Imaging of water diffusion is a large field of study with thou-
sands of papers each year. The main topics are anatomical imaging
of anisotropic tissue structures, e.g. white matter fibers in the brain
[78–80], and the assessment of microstructural tissue properties
[81,82]. From an acquisition point of view, the principles employed
for diffusion encoding are very similar to those laid out before the
turn of the millennium, but these are now being extended for new
types of data acquisition that are leading to new applications. All of
this innovation is possible due to a major increase in fast imaging
technology (see above) and in the gradient strength available on
human scanners spurred by the interest in white matter connec-
tion atlases [83], especially as part of the human connectome pro-
ject [84].

The random microscopic motion of diffusion can be assessed
using dephasing-rephasing pairs of gradients with only a few vari-
able acquisition parameters, i.e. the strength (G) and orientation

(bG) of the gradient vector (G
�
¼ G � bG), its pulse duration (d), and

the diffusion time, tdif, combined in the b-value, defined as

b ¼ c2G
�
2d2tdif (diffusion weighting factor). These can be varied to

assess the apparent diffusion coefficient (ADC) in a voxel and the

apparent diffusion displacement rA
�
. This sounds simple, but tissue

voxels consist of multiple microenvironments (e.g. cells, microves-
sels, extravascular extracellular space (EES)) at multiple orienta-
tions, separated by barriers of variable permeability. This causes

rA
�

to become susceptible to restrictions that vary with the diffu-
sion direction and microstructure dimensions, causing the mea-
sured ADC to be dependent on both gradient-vector orientation
and diffusion time. The water signal reduction is described by:

S
S0

¼ e�c
2G2d2tdifbG �D�bG or S=S0 ¼ e�B:D ð1Þ

in which S and S0 are signals with and without diffusion weighting,

respectively, D the apparent diffusion tensor, and B the so-called ‘‘b-
tensor” [85] or b-matrix [86], a matrix proportional to b and the

outer product of the gradient orientation with itself (B ¼ bbG � bG).
The tensor order is indicated by a superscript line (scalar is order
zero, vector order 1, etc) and each dot product represents a tensor
contraction, leading to a reduction of two in the order of the tensor
product. The b-tensor formalism is convenient when applying
gradients of different directions simultaneously before data acquisi-
tion, which induces detection of combinations of diagonal and off-
diagonal diffusion tensor elements [87–89]. The b-tensor can be
crafted to assume different shapes such as linear, spherical and
planar [85,90,91] and, by using a variety of b-tensor shapes, aniso-
tropic and isotropic (orientation-invariant) properties of the diffu-
sion tensor (or, better, of the distribution of tissue diffusion
tensors in a voxel) can be studied [81,85,87,91–98]. This can for
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instance be used to distinguish tissue average orientation (voxel-
level anisotropy) from microscopic anisotropy and isotropic tissue
heterogeneity [81,91]. Anisotropy can be quantified in many ways,
either in terms of different ratios of diffusion tensor element com-
binations [99,100] or by assessing elements of the fourth-order dif-
fusion tensor covariance tensor [85,101].

Because tissue consists of many compartments, the above equa-
tion should in principle contain a sum of exponentials over all of
these if compartments could be separated. However, since most
membranes are permeable, compartments mix and, depending
on the diffusion time, the system can be seen to be in the slow,
intermediate, or fast exchange regime. If the system can be simpli-
fied as consisting of two compartments of sufficiently differing
ADC, variation of the diffusion time can in principle be used to
assess permeability and transport [102–104]. However, when
varying the diffusion time in an experiment with a single pair of
pulsed gradients, the effects of restriction and exchange will be
mixed. This can be avoided by using a set of two equivalent diffu-
sion blocks in which the diffusion time is fixed and the time
between (mixing time tm) varied [105]. The first functions as a dif-
fusion filter to separate the more restricted compartment (slower
ADC) from the free compartment (fast ADC) by substantially reduc-
ing signal from the latter. The second measures the diffusion con-
stant of the system prior to imaging, which will change as a
function of tm. In tissue, correcting for the filter efficiency and
assuming comparable T1 and T2, one can use the tm dependence
to determine an apparent exchange rate (AXR), a reflection of cell
membrane permeability and compartment fractional water popu-
lation [106,107].

Due to the improved hardware in terms of gradient strength
and the advances in diffusion encoding, there is a renaissance in
the field of diffusion-based microstructural assessment on the
human scanners [81,91]. Recent exciting developments include
the optimization of b-tensor encoding patterns [108–110] and
parameters for assessment of tissue anisotropy versus heterogene-
ity and density [81,91] or of permeability [111]. This is a necessary
effort to facilitate practical application to clinical problems (i.e.
minimize acquisition time with maximum and reproducible infor-
mation content). We foresee continued progress in this field in the
coming decade, especially for tumor imaging [112,113]. In addition
to the development of these practical tissue assessment
approaches, there also will be a continued push toward higher
resolution acquisition and many efforts in the advanced
diffusion-based modeling of tissue microstructure, [81,82,114–
117] exploiting diffusion data based on linear, planar and spherical
tensor encoding and probes of the time dependence of diffusion
and relaxation properties.
5. Functional magnetic resonance imaging (fMRI)

Data acquisition for fMRI has benefitted tremendously from
many technological advances in the past decades, especially the
move to higher fields (3T, now standard, and 7T or higher
[118,119]). This provides the combined advantages of higher BOLD
contrast to noise ratio (CNR) and higher SNR (both approximately
linear with field), allowing improved spatial resolution and, con-
comitantly, better localization of the neuronal activation foci. The
simultaneous development of high-density phased-array coils
[120,121] has improved SNR even further (especially in the cortex),
allowing rapid advances in parallel imaging approaches [6], which
at high field benefit from a strongly reduced g-factor. Using the
SMS/MB approaches (see above) developed as part of the human
connectome project (HCP, [122]), fMRI temporal resolution can
be reduced to below 700–800 ms. This and further reductions will
enable investigators to separate out aliasing effects of body physi-
ological effects such as cardiac and breathing motion, allowing
more specific detection of brain networks [123,124], and even
the tracking of dynamic changes among networks [125,126]. We
foresee that all of these developments will in the future be com-
mercially available products. This will likely lead to new neuro-
science discoveries at high-end research sites (3T, 7T or higher
field), while providing more standardized fMRI acquisitions that
can fit in a timeframe sufficiently short for the clinic (3T and even
1.5T), where some fMRI applications may be useful, e.g. for neuro-
surgical and psychiatric disease [127] assessment. This is already
happening to some extent in the research setting, allowing the
acquisition of large datasets that are widely available for the neu-
roscience community, such as for the HCP and other multisite pro-
jects in the USA (see below).

With respect to advances in fMRI contrast, work by Kim et al.
[128,129] has shown better localization of spin echo signal changes
for the BOLD effect in tissue. It is now possible to perform whole-
brain T2 fMRI studies at 7 Tesla [130], which benefit from reduced
dropout in regions like the frontal (near nasal cavities) and tempo-
ral lobes. In addition, the vascular space occupancy (VASO) func-
tional MRI method based on blood volume changes, which also is
much better localized to the microvasculature [131,132], improves
strongly at high field [133]. CBF based fMRI is often harder at high
field due to the excitation limit of the transmit coil and B1 inhomo-
geneity, but this can be addressed either with local coils or multi-
transmit coils or, better, by using alternative ASL approaches such
as VS-ASL (see above). BOLD, VASO and ASL methods can be
acquired simultaneously and combined for actual quantification
of changes in oxygenmetabolism [134–136]. In the future it should
be possible to speed up such single-shot ASL/CBV/BOLD methods
with fast acquisition and allow whole-brain determination of
CMRO2 for scientific or clinical purposes. Overall, we expect the
bulk of whole-brain fMRI studies for neuroscience to remain at 3
Tesla, while high field scanners using high-resolution scanning
for the approaches above will push the limits of scientific discov-
ery, e.g. by allowing the study of cortical layers [119,137–140].
6. Quantitative MRI (T2, T2*, T1, magnetic susceptibility, MT) for
assessing tissue properties

The intensity and frequency of the water signal in an MRI voxel
depend on the fields its protons experience, which are determined
not only by the static magnetic field and the magnetic susceptibil-
ity effect of the voxel tissue and its surroundings (tissue, air, etc),
but in addition by the local microscopic fields and field differences
imposed by tissue compartments and molecules [141]. To compli-
cate matters, these fields are affected by the shape of tissue struc-
tures, the effect of which is modulated by the orientation of the
organ in the static magnetic field, as well as by local microscopic
motion (e.g. diffusion or molecular rotation) and molecular or pro-
ton exchange processes (e.g. between structures of different mobil-
ity or different susceptibility). While the frequency measured for
the water reflects the field average, the line shape reflects the field
differences (frequency spread). The signal amplitude and fre-
quency also depend strongly on the pulse sequence timing, which
affects the visibility of the different water components. For
instance, a longer echo time (TE) will reduce signals with short
T2 (T2*), while signal of protons encoded by pairs of dephase-
rephase gradients will be lost depending on the length of tdif and
the gradient strength and length (see above). Increases in TE, tdif
or inversion delay time (TI) will cause averaging between compart-
ments, mix diffusion and relaxation effects (see diffusion section),
and increase the influence of magnetization transfer (MT)
contributions. Basically, such timing variation transitions the MRI
measurement into different exchange or diffusion regimes that
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can be fast, slow or intermediate [102,142,143]. The pulse
sequence character itself is obviously important, e.g. a spin echo
will refocus static field inhomogeneities, while a gradient echo
sequence does not. More RF pulses will increase saturation of
solid-like tissues and signal will be lost due to MT. Overall, MRI sig-
nal interpretation is complicated and even though tissue modeling
can be done, this is generally only based on simplified models and
thus incomplete.

Importantly, however, the parameters determining the water
signal, i.e. Proton Density, T2, T2*, T1, the magnetic susceptibility
(v), MT (exchange rates, tissue populations) and diffusion con-
stants (exchange rates, restrictions) reflect the tissue composition
and may have value for clinical diagnosis of tissue disorders. For
example, v, T2, and T2

* are affected by the tissue concentrations
of iron (ferritin in tissue and hemoglobin in blood), calcium, mye-
lin, etc. [141,144]. These properties are the subject of investigation
in the fields of susceptibility-weighted imaging (SWI) [145] and
quantitative susceptibility mapping (QSM) [146,147], which con-
tinue to progress rapidly, with their status summarized in a recent
special issue of NMR in Biomedicine [148]. QSM has great potential
for the use of quantitative iron imaging for assessing neurodegen-
erative diseases [149–152], such as Parkinson’s Disease, Alzhei-
mer’s Disease, Huntington’s Disease, amyotrophic lateral sclerosis
(ALS) and multiple sclerosis (MS), as well as for determining blood
vessel oxygenation [153]. Its use for myelin and calcium assess-
ment is being investigated [147,154–156]. Several other fields of
quantitative myelin mapping are also progressing steadily, e.g. fit-
ting of multiple T2 pools [157] frommulti-TE data or determination
of MT parameters [158–160], such as exchange rate of bound water
to free water and tissue fraction, from data acquired as a function
of saturation parameters (length, strength). The use of transverse
relaxation rates to determine blood vessel oxygenation is also
becoming more popular [161]. These are just some examples out
of many possibilities for tissue property assessment.

This development of qualitative or quantitative techniques to
assess these properties is important, because any of these param-
eters, or their combination, is a potential biomarker that can affect
diagnosis or prognosis of disease. With respect to the future, the
development of such quantification methods and their validation
with respect to providing a biomarker are fields of continuing
active research in MRI. Quantification involves variation of the tim-
ing of the pulse sequences and the strength and length of RF and
gradient pulses. As this is time consuming and not very practical
for a clinical exam, there is an ongoing effort to speed up such
approaches. The fast imaging approaches discussed above are a
good start, but more is needed. Recently, a strategy called ‘‘MR fin-
gerprinting (MRF)” was introduced [24,162], in which the most
time-efficient and optimal variation of multiple pulse sequence
parameters is used to acquire an under-sampled data set. Tissue
parameters are then quantified by comparing this minimal dataset
with a simulated library of signal variation patterns based on the
sequence used. While under-sampling leads to image artifacts,
these are not destructive for determining quantitative parameters
when such artifacts are spatially or temporally incoherent, which
thus becomes a factor in sampling design [24,162]. The analysis
portion of MRF is expected to be readily combined with or replaced
by deep learning technologies and many MRF approaches are
expected to become available in the near future both for existing
MRI sequences and new combinations of sequences [162]. There
is a great expectation that multiple biomarkers useful for the clinic
will come out of this, which can then be combined with markers
from other imaging or clinical markers for precision medicine. In
addition, the availability of these parameters can be used to syn-
thetically generate other image contrasts with which the radiolo-
gists are familiar and that are now being acquired separately, a
field called synthetic MRI [163,164]. This trend of time savings
combined with availability of more information will likely con-
tinue for many years to come. Ultimately, all of this information
will be available in age-dependent brain or other tissue atlases in
a manner that can be referenced for clinical and research analysis
[165,166].

Finally, as mentioned above, the field in a voxel depends on the
tissue microstructure and the magnitude of some of the above MRI
parameters, especially T2

*, depends on the orientation of the tissue
with respect to the magnetic field. This can be described by the
average magnetic susceptibility tensor for such a voxel [167]. Sim-
ilar to diffusion tensor MRI, where the gradient direction is varied,
tissue susceptibility tensor information can be obtained by varying
the orientation of the magnetic field with respect to the subject,
which has already been used to successfully assess white matter
fiber orientation in animals [168]. Efforts are ongoing to also do
this in humans, but these are hampered by the impracticality of
rotating the subject in the narrow coil in the scanner and the fact
that even more than six orientations are in principle needed,
because the tensor has to be determined while at the same time
solving the inverse problem for determining voxel tissue suscepti-
bility [167,168]. However, since susceptibility images can be
acquired at much higher spatial resolution than DTI images, there
is the potential to perform fiber tracking of smaller structures,
which is currently being pursued.
7. Metabolic spectroscopy and imaging

Magnetic resonance spectroscopy (MRS) and imaging (MRSI) for
the assessment of metabolites has been around for decades and
remains an exciting topic for research and discovery [169]. For
instance, the field of spectral editing [170,171] has made a strong
come-back and the proton MRS field is benefitting from SNR
improvements due to the availability of higher field and phased-
array coils. However, despite a brief period of clinical reimburse-
ment for single-voxel proton MRS, this method is generally consid-
ered too complicated for standard clinical use, which is a pity due
to the great potential of metabolic information to provide impor-
tant biomarkers for many diseases and disorders, especially for
the brain [172,173]. A recent technical consensus paper [174] on
what is required to progress proton MRS and MRSI as clinical tools
still lists problems that have been around for decades. Two main
reasons prohibiting such implementation are the duration of com-
prehensive organ studies and the need for MRS expertise to assess
the presence or absence of artifacts, e.g. due to chemical shift dis-
placements, lipid contamination and motion. Improved speed is
becoming available through technologies for reduced sampling
and SMS acquisition (see fast imaging section). However, until
automation for both acquisition and data analysis is achieved
together with manufacturer standardization, the need for high-
level specialized expertise will probably remain the conclusive bar-
rier. One potentially bright aspect for the future of automation is
the rise of deep learning approaches, especially if these methods
can account for the influence of artifacts [18,175]. For metabolite
assessment, one could envision these to exploit large training data-
sets of spectra and libraries of simulated spectra for the coupled
nuclei, which is a quite realistic prospect.

MRS and MRSI predominantly focus on equilibrium metabolite
levels. While these may change as a consequence to disease, such
assessments may be misleading. For instance, high lactate in
tumors could be showing necrosis as well as ongoing anaerobic
glucose turnover. Assessment of active metabolism is more infor-
mative, which is also possible with MRS(I) using substrates labeled
with heteronuclei, especially 13C, which, contrary to PET can pro-
vide information not only on glucose uptake, transport and phos-
phorylation, but also downstream cellular products [176–178].
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Unfortunately, such nuclei are less sensitive than 1H and require
hardware not available on standard MRI scanners, reducing clinical
potential even more. However, despite these obstacles, there has
been great progress in this field through the use of hyperpolarized
13C substrates [179]. This has led to the development of dedicated
hyperpolarizers that can provide sterile and pyrogen free tracers
close to the scanner, a necessity due to the short T1 of such sub-
strates and the availability of a single large Z-magnetization and
thus a single acquisition when a 90�pulse is used or more with
lower flip angle. There is clear clinical potential, especially for
13C-pyruvate based assessment of active tumor metabolism
[180–183], but the short T1, the large expense per experiment,
and need for dedicated polarization equipment and scanner hard-
ware remain formidable issues. However, there is a continuing
strong basic science interest in the field, which has led to new
approaches for hyperpolarization, such as using signal amplifica-
tion by reversible exchange (SABRE) [184], and for lengthening
13C T1, e.g. using singlet states [185]. An interesting approach to
avoid the need for specialized equipment is the indirect detection
of 13C substrates and metabolites through the water signal [186]
using magnetization transfer through the nuclear Overhauser
enhancement (NOE). Recently, an alternative and promising
method for studying active brain metabolism has been suggested
[187], using deuterated instead of 13C labeled tracers, also allowing
the detection of metabolic products from cellular metabolic path-
ways. This approach has great potential for human research, but
will need to be further explored for feasibility in the clinic, where
it suffers from the disadvantage of needing non-standard
hardware.

A main issue for spectroscopy has always been that the concen-
trations of the metabolites are in the millimolar range, requiring a
voxel size on the order of about 1 mL to achieve sufficient signal
for 1H spectroscopy and even larger for other nuclei (31P, 13C). This
issue is now being addressed using the CEST MRI approach (see
above) which allows mM concentration compounds to be detected
with molar water sensitivity [45,46,188,189]. MRS and CEST are
intrinsically related [190], with MRS providing better specificity
in the spectrum due to narrower signals, but with the saturation
spectrum (Z-spectrum [191]) having one to two orders of magni-
tude more SNR. Despite reduced specificity due to the presence
of multiple overlapping exchange- and saturation-broadened spec-
tral components, early CEST work shows potential for imaging tis-
sue components such as glycosaminoglycans [192] and mobile
cellular proteins [193], as well as metabolites such as glutamate
[194] and creatine derivatives [195–197]. Some of these are
already showing great potential [188], especial for tumor assess-
ment [198–202], muscle exercise [196,197], neurodegeneration
[203,204] and lateralization of epilepsy focus [205]. The CEST field
has grown fast (the most recent CEST workshop had about 200
attendees) and extensive growth is expected to continue. However,
many technical issues remain to be addressed. For instance, since
CEST is a magnetization transfer effect, there are many potential
contributions to the signal and the specific detection of particular
compounds is far from trivial. Contrary to MRS, where spectral
composition changes with TE, the relative contributions of Z-
spectral components (metabolite-based CEST, direct water satura-
tion, semi-solid based MT contrast) change as a function of RF
parameters such as saturation power (B1) and length, the number
of RF pulses, and the inter-pulse spacing [191]. Even when compo-
nents can be separated out with fitting, their signal may not reflect
the true concentration at each B1 because the different saturation
components compete for intensity. In addition, the proton
exchange rates and thus the signal contributions of these compo-
nents depend on the pH of the system with sometimes opposite
effects. For instance, very fast exchanging protons become better
visible at lower pH as they can be better saturated, while the signal
of slow exchanging protons will reduce. In order to move the field
forward, theoretical developments to improve spectral interpreta-
tion and new approaches to improve specificity are being devel-
oped at a high rate. Some examples of the latter include
including fingerprint like approaches [206–208] to separate
exchange rates and signal intensities, and spectral editing
approaches to remove interfering signals. The latter ones, instead
of continuous saturation, use repeated series of so-called label-
transfer modules to combine the principle of editing with signal
enhancement [190,209–211]. These developments will be impor-
tant to avoid misinterpretation of the CEST data. However, the
potential of this field for investigating tissue components with
the resolution of water imaging and for the development of con-
trast agents (see Perfusion section) seems unlimited, with many
technologies still to be developed and many applications still to
be explored. One recent promising aspect is the use of CEST MRI
to assess both strong [212] and low-affinity [213] molecular
binding.
8. Data standardization, big data, radiomics, deep and machine
learning

We live in an age of interconnectivity, allowing scientists to
more easily share and combine data for more in depth scientific
query with larger numbers of subjects. However, the versatility
of MR technologies comes with the disadvantage that, even for pre-
sumably the same pulse sequence, data between different sites are
often incompatible due to small parameter mismatches. Even
minor differences, such as in RF pulse shape and strength, gradient
pulse shape and strength, and inter-pulse delay times, will cause
changes in the magnitude or specificity of contrast, especially
when competing contrasts use very similar pulse sequences, such
as for instance CEST, ASL and MT acquisitions [214]. In addition,
depending on the intellectual property arrangements, manufactur-
ers often have slightly different parameter implementations for the
same acquisition methods and even use different nomenclature,
e.g. for spoiled gradient echo: T1-FFE (Philips), FLASH (Siemens),
SPGR (GE), RSSG (Hitachi). To make matters worse, any scanner
upgrade may again come with small changes and even at the same
physical sites such upgrades have led to data differences that are
hard to account for without proper insight into the technical
adjustments. A good example of this is for brain segmentation,
where spatially varying improvements in SNR may lead to changes
in the tissue boundary clarity and result in different tissue vol-
umes. Similar things happen when improving spatial resolution
with better scanners and changing contrast with increasing field
strength. A promising approach to account for such changes in a
longitudinal study at a single site, or even for multi-site studies,
is the recent availability of deep-learning approaches that can be
trained by acquiring datasets on the same volunteers before and
after an upgrade or at different sites and then applied to harmonize
the other data [215].

In this era of ‘‘Big Data”, the call for data standardization is
increasing, more consensus papers are appearing, and several
countries have organizations pursuing more coherent quantifica-
tion efforts for MRI measurements, for example the Quantitative
Imaging Biomarkers Alliance (QIBA) in the USA [216] and the Euro-
pean Imaging Biomarker Alliance (EIBALL) in Europe [217]. Data
harmonization approaches will certainly be important to help with
this. Currently, several large longitudinal studies are ongoing that
depend on proper data standardization (e.g. Alzheimer’s disease
neuroimaging initiative [218,219], human connectome project
[220], Adolescent Brain Cognitive Development [221], UK biobank
[222], baby connectome project [223]) and the expectation is that
more and more of such studies will be initiated by the large fund-
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ing agencies. While there is a danger that the requirement for sim-
ilar acquisitions may stifle the continuing improvement of acquisi-
tions and even lead to the undesirable and unscientific tendency
for manufacturer-preferred decisions at grant review, it has the
advantage of the generation of common data sets that may accel-
erate discovery of disease mechanisms. In addition, such datasets
can be used as training sets for deep and machine learning
approaches that can ultimately be applied to more automatically
and sometimes better recognize patterns that will allow clinicians
to diagnose otherwise hard to find lesions, disease progression, or
treatment responses [224–226]. Deep and Machine learning meth-
ods will continue to grow and lead a paradigm shift in MRI in the
field of medicine. Coupling with quantitative measures of image
texture, called radiomics [225,227,228], is expected to give clini-
cians a better understanding of the patients health, more accurate
diagnosis, and improved understanding of the disease. These MRI
data will ultimately be combined with data from other imaging
modalities and from genetic, histologic, neurologic, and other clin-
ical assessments, thus leading to the realization of precision med-
icine and increasing the potential for new discoveries in basic
science.
9. Conclusions

It remains truly amazing how the availability of two tools,
radiofrequency application for ‘‘magnetic labeling” and gradient
pulse application for ‘‘spatial encoding” continues to spur the
development of innovative tools for anatomical, functional, physi-
ological, metabolic and molecular imaging using magnetic reso-
nance. At the same time, advances in coil hardware (another
paper in this issue) continue to tremendously increase signal to
noise and the versatility of acquisition approaches, while the
development of computer hardware is allowing faster and often
real-time on-scanner reconstruction as well as the use of advanced
library-based data interpretation technologies using compressed
sensing and deep learning. More information for multiple contrasts
will be acquired per time unit, benefitting both research and the
clinic. As such, at an age of a little over 40 years, the field of
in vivo magnetic resonance continues to innovate and expand
beyond what was envisioned.

We expect a drive towards the generation of large data sets,
which in turn requires a standardization of methodology. While
this will be useful for the development and use of deep learning
approaches and will no doubt lead to new and important discover-
ies, we should not forget that MR technology is characterized by
versatility and we will continue to see the development of more
powerful methods and new contrasts that can and should be
included in future studies. For the clinic, standardization of meth-
ods is crucial and the increase in speed provided by parallel imag-
ing, reduced sampling, and machine learning will quickly become
commercially available. This will allow new types of contrast to
be included in clinical exams, that is as soon as they have proven
to be relatively straightforward to interpret or can be automati-
cally assessed, e.g. with machine learning. Approval for reimburse-
ment for such exams will of course facilitate implementation. We
foresee the availability of automated quantitative multiparameter
multi-contrast methods on most MRI scanners, which will no
doubt stimulate new basic discoveries in research and contribute
to precision medicine becoming a reality in clinical diagnosis.
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