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Current trends in diffusion NMR and MRI methods development are reviewed. While great efforts are still
directed towards further improving the spectral, spatial, and relaxation rate resolution of basic diffusion
measurements, recent improvements in magnetic field gradient technology on whole-body scanners
have enabled an exciting line of research involving MRI implementations of advanced diffusion NMR
methods with motion-encoding gradient waveforms designed for multidimensional separation and cor-
relation of properties like short-time diffusivity, restriction, anisotropy, flow, and exchange, thereby
opening up for highly specific characterization of microstructure and heterogeneity in healthy and dis-
eased tissues in a clinical setting.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Diffusion NMR and MRI [1-3] are today used in the fields of
chemistry, porous media, and neuroscience to investigate molecu-
lar and microstructural properties such as molecular weights [4],
self-association in solution [5], compartment sizes [6], and
surface-to-volume ratios [7]. Already in the 50 s it was noted that
magnetic field gradients encode the NMR signal with information
about self-diffusion [8] and flow [9], a decade later being followed
by papers about restrictions [10], anisotropy [11], heterogeneity
[12], and exchange [13]. Investigations of multi-component liquid
solutions, materials, and biological tissues were enabled by com-
bining the diffusion encoding with chemical shift resolution [14],
imaging [15], and relaxometry [16]. Although diffusion NMR has
a history of nearly 70 years, it remains a subject of intense research
both in terms of basic methods development and new applications.
While NMR of porous media should get the credit for most of the
basic theory and methods development [1,2], clinical MRI has over
the last decade become the largest and most important application
area [3]. This special issue contribution gives the author’s personal
views on current trends in the field of diffusion NMR and MRI
focusing on the recent translation of advanced diffusion encoding
methods from the field of porous media into the context of clinical
MRI.
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2. Improving the spectral, spatial, and relaxation resolution

For isotropic solutions where all molecular-scale dynamics are
orders of magnitude faster than the 1-1000 ms time scale of diffu-
sion encoding, species-resolved self-diffusion coefficients repre-
sent the maximum amount of information that can be extracted.
Consequently, diffusion NMR developments for chemistry applica-
tions focus on improving the resolution of chemical species by, e.g.,
suppressing the water signal [17] and J-coupling multiplets [18], as
well as by including multiple spectral dimensions [19] - some-
times combined with non-uniform sampling to reduce the mea-
surement time [20]. Correspondingly, within diffusion MRI great
efforts are directed towards improving the spatial resolution [21]
and reducing image artifacts [22]. When applying diffusion NMR
to heterogeneous and porous materials like rocks, plants, and food
products, species resolution based on the chemical shift is often
prevented by line broadening caused by differences in magnetic
susceptibility between the microscopic domains of the material.
As a substitute for chemical shift resolution, differences in relax-
ation rates have proven to be efficient in resolving signals of the
constituents [16]. Inclusion of multiple relaxation dimensions fur-
ther improves the resolution [23] and spatial encoding of the indi-
rect dimension leads to reductions in measurement time [24].
Additional improvements are obtained by introducing relaxation-
diffusion correlation into a protocol with spatial resolution [25]
and a combination of spatial selectivity and spectroscopic resolu-
tion [26].
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3. Heterogeneous materials and the curse of sensitivity

Even after all efforts of improving the spatial resolution, the
voxels in clinical MRI have dimensions on the millimeter scale
which is about two orders of magnitude larger than the
micrometer-scale diffusional displacements during the motion-
encoding gradients. Hence, the signal from each voxel may contain
unresolved contributions from multiple environments with dis-
tinct diffusion properties. The translational motion of water in liv-
ing biological tissues is affected by the microscopic barriers formed
by macromolecules and partially permeable and orientationally
ordered biomembranes, as well as by flow in the microcapillary
network. Diffusion MRI is conventionally performed with the
pulsed gradient spin echo (PGSE) experiment [27], which is excel-
lent for measuring self-diffusion coefficients in liquids but is also
sensitive to properties like flow [9], restrictions [10], anisotropy
[11], heterogeneity [12], and exchange [13]. Contemporary diffu-
sion MRI literature abounds with methods such as IVIM [28], DKI
[29], HARDI [30], DSI [31], DBSI [32], NODDI [33], RSI [34], VERDICT
[35], MSMT-CSD [36], CTRW [37], DIAMOND [38], and SMT [39],
which claim to measure different properties but are all based on
ambiguous PGSE data that, depending on one’s preferences, may
be attributed to any of the potentially contributing mechanisms.
The sensitivity of the PGSE experiment to multiple molecular and
microstructural properties is the very basis for its success in solv-
ing a wide range of scientific problems, but is also a nuisance when
attempting to study complex materials like living biological tissues
where it cannot be safely assumed which of the candidate proper-
ties that dominate the experimental observations.

4. Introducing specificity in motion encoding

Greater specificity can be achieved with gradient waveforms
designed for removing or isolating the effects of some particular
aspect of motion: notable examples include restrictions [40], ani-
sotropy [41], flow [9], and exchange [42]. In the limit of high oscil-
lation frequencies, the gradient waveform Gi(t) in Fig. 1(a) gives
signal attenuation originating solely from the short-time diffusiv-
ity independent of restrictions, anisotropy, and flow. The waveform
comprises frequency- and amplitude-modulated oscillations
which upon integration over time yields a dephasing vector gq;(t)
performing a trajectory inspired by the double rotation technique
in solid-state NMR [43] and a dephasing spectrum F;(t) [44] with
nearly equal high-frequency peaks and identical zeroth moments
along the diagonal ij = xx, yy, zz, resulting in isotropic diffusion
weighting [41]. Insensitivity to flow corresponds to vanishing first
moments of G(t), time-averages of q;(t), and zero-frequency lobes
of Fjj(w). The reduced oscillation frequency in Fig. 1(b) introduces
the effects of restricted diffusion [10] while remaining insensitive
to anisotropy and flow. Limiting the gradients to a single axis in
Fig. 1(c) brings in the effects of anisotropy [11], while the non-
zero first moments of G{t) in Fig. 1(d) gives sensitivity to flow
[9]. The effects of relaxation [16] and exchange [42] are separated
from motion-encoding by introducing time periods where q(t)=0
as in Fig. 1(e) and (f). The Fig. 1(d) waveform corresponds to the
PGSE experiment [27] which is the basis for conventional diffusion
NMR and MRI and whose sensitivity to a plethora of motion prop-
erties has given rise to the profusion of methods in diffusion MRI
[28-39].
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Fig. 1. Time-dependent magnetic field gradients Gi(t) and dephasing vectors q(t) with corresponding dephasing spectra F(w) targeting specific modes of translational
motion. (a) Three-dimensional high-frequency modulation encoding for short-time diffusivity. (b) Low-frequency modulation introducing the effects of restrictions. (c) Low-
dimensional modulation introducing the effects of anisotropy. (d) Non-zero first moment of G(t) introducing sensitivity to flow. (e) Separation of motion-encoding gradients
and time period 1 encoding for relaxation. (f) Separation of motion-encoding gradients into two blocks bracketing the time period tmix encoding for exchange. For all cases
(a)-(f), the gradient amplitudes are scaled to give the same value of the diffusion-weighting variable b and the same signal attenuation for a homogeneous and isotropic liquid

such as pure water under non-flowing conditions.
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Fig. 2. Quantifying MRI voxel composition as a multidimensional distribution. (a) Schematic tissue microstructures with water diffusion patterns shown as “ink stains” with
sizes, shapes, and orientations determined by the underlying cell structure. The highly simplified cartoons correspond to gray matter (GM), cerebrospinal fluid (CSF), and
white matter (WM). Small diffusion patterns indicate small cells, high cell density, and/or low cell membrane permeability. (b) Multidimensional distribution where sub-
voxel tissue regions are resolved by the sizes, shapes, and orientations of the water diffusion patterns, as well as by the local chemical composition of the water phase using
the transverse relaxation rate R, as a proxy. The distribution is shown as a 3D scatter plot in a logarithmic space of R, (“chemistry”), isotropic diffusivity Dis, = (Da + 2DR)/3
(“size”), and axial-radial ratio Da/Dg (“shape”), where D, and Dy are the axial and radial diffusivities.

(a) 5D R,-D acquisition protocol (b) 5D R,-D distributions for
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Fig. 3. In vivo 5D relaxation-diffusion (R,-D) correlation MRI. (a) Signal acquired in a 5D space of axial and radial b-values, bs and b, b-tensor orientation (®,®), and echo
time (TE). The data is displayed as a 3D scatter plot with the axes b-tensor trace b = bs + 2bg, normalized b-tensor anisotropy (ba-br)/b, and TE, using color-coding according to
the Cartesian components of the orientation vector and circle area given by the signal intensity. (b) 5D relaxation-diffusion distributions with the dimensions axial and radial
diffusivities, D and Dg, diffusion tensor orientation (0,¢), and transverse relaxation rate R,. The distributions are shown as 3D logarithmic plots of D5, = (Da + 2DR)/3, Da/Dxg,
and R, corresponding to the “size”, “shape”, and “chemistry” properties in Fig. 2(b). The selected voxels contain white matter (WM), gray matter (GM), and cerebrospinal fluid
(CSF), as well as the binary combinations WM + GM, WM + CSF, and GM + CSF. (c) Color-coded composite image of the fractional populations in the “thin” (red), “thick”
(green), and “fast” (blue) bins in the 2D “size”-*shape” projection of the 5D relaxation-diffusion space. Voxels containing more than one fraction are visible as mixed colors,
e.g. thin + thick (yellow), thin + fast (purple), and thick + fast (turquoise). (Data from Martins et al. [67] and Tax et al. [68].) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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For a homogeneous and isotropic liquid where the details about
translational motion are fully captured with self-diffusion coeffi-
cients, the gradient waveforms in Fig. 1 would all give the same
signal attenuation. By comparing results obtained with different
waveforms, mechanisms other than simple isotropic diffusion
can be unambiguously proven, for instance restrictions [40], aniso-
tropy [45], flow [9], and exchange [46]. The price for selectivity is
paid in a currency of gradient amplitudes required to obtain a cer-
tain amount of diffusion weighting. The most selective waveform
in Fig. 1(a) also requires the highest gradient amplitudes, which
may be challenging to achieve on conventional clinical scanners.
With the recent availability of high-amplitude and -precision gra-
dients on whole-body scanners, most of the specific motion-
encoding waveforms have now been applied in vivo not only for
animals [47-50] but also for humans [41,51-60].

5. Multidimensional separation and correlation

Within the field of NMR of porous media, some of the Fig. 1
waveforms for probing specific aspects of translational motion
have been incorporated into a multidimensional framework deriv-
ing from NMR spectroscopy [61-66]. This framework facilitates
rational design of acquisition protocols and analysis approaches
with commensurate levels of detail. As a general rule, each esti-
mated property should be probed with a specific acquisition vari-
able. An example of the multidimensional concept is given in
Fig. 2 showing schematic tissue microstructures with diffusion
propagators illustrated as “ink stains” with sizes and shapes deter-
mined by the interplay between the short-time diffusivity and the
geometry and permeability of the cell membranes. The tissue com-
ponents are resolved in the multidimensional “size”-“shape”-orien
tation-“chemistry” distribution in Fig. 2(b) which can be estimated
with an acquisition protocol encoding for the corresponding prop-
erties as shown in Fig. 3 [67,68].

6. Outlook

This summary of state-of-the-art in the field will hopefully
encourage researchers following the mainstream trend of applying
increasingly detailed constraints and prior knowledge (or wishful
thinking) in an attempt to extract more details from conventional
PGSE data [28-39], to instead develop multidimensional acquisi-
tion protocols and analysis approaches with appropriate balance
between encoded and extracted information. In principle, it is pos-
sible to generalize the multidimensional correlation concept to all
of the properties in Fig. 1, giving a “Mother of all correlations” pro-
tocol with acquisition variables encoding for correlations between
short-time diffusivity, restriction, anisotropy, flow, relaxation, and
exchange. Such an exhaustive protocol should be seen as an ambi-
tious goal that may not be fully reached on account of practical
limitations on the total measurement time. Instead, lower-
dimensional protocols targeting specific combinations of proper-
ties, like the one in Fig. 3, could be a reasonable compromise
between scanner time and amount of obtained information.
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