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(IVIM), and Diffusion Tensor Imaging (DTI): Basic Concepts
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Abstract

The specialized function of the kidney is reflected in its unique structure, characterized by juxtaposition of
disorganized and ordered elements, including renal glomerula, capillaries, and tubules. The key role of the
kidney in blood filtration, and changes in filtration rate and blood flow associated with pathological
conditions, make it possible to investigate kidney function using the motion of water molecules in renal
tissue. Diffusion-weighted imaging (DWI) is a versatile modality that sensitizes observable signal to water
motion, and can inform on the complexity of the tissue microstructure. Several DWI acquisition strategies
are available, as are different analysis strategies, andmodels that attempt to capture not only simple diffusion
effects, but also perfusion, compartmentalization, and anisotropy. This chapter introduces the basic con-
cepts of DWI alongside common acquisition schemes and models, and gives an overview of specific DWI
applications for animal models of renal disease.
This chapter is based upon work from the COST Action PARENCHIMA, a community-driven network

funded by the European Cooperation in Science and Technology (COST) program of the European Union,
which aims to improve the reproducibility and standardization of renal MRI biomarkers. This introduction
chapter is complemented by two separate chapters describing the experimental procedure and data analysis.
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1 Introduction

The dominant role of magnetic resonance imaging (MRI), and in
particular diffusion-weighted imaging (DWI), in the diagnosis and
monitoring of renal disease is driven by the ability to provide simul-
taneous assessment of kidney anatomy and function. In addition to
the potential to avoid or reduce the need for biopsy, which is invasive
and subject to sampling bias, the use of functional imaging techni-
ques such as DWI allow examination of tissue microstructure in vivo
as well as the potential for challenge protocols using administered
agents. In particular, in view of the controversial study on
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gadolinium-containing MR contrast agents with regard to nephro-
genic systemic fibrosis (NSF) [1] or possible gadolinium deposits in
the central nervous system (CNS) [2], contrast-free examination
techniques are to be preferred, especially in patients with impaired
renal function.

Diffusion-weighted imaging comes in many variants, from sim-
ple to complex schemes, all based on indirect observation of water
molecular motion, that are sensitive to changes in renal perfusion
and tubular flow, alterations of cellularity arising from inflammation,
edema, or hyperplasia, and from fibrosis. A recent review of the
application of renalDWI in humans [3] gives an overviewof research
performed so far and illustrates renalDWIpotential in the clinic. The
authors in particular conclude that DWI is well-placed to investigate
decline of renal function as well as to monitor disease progression in
both acute and chronic kidney diseases,while noting that complexity
of the diffusion signal makes biological validation difficult.

The strengths of DWI are not without accompanying draw-
backs, however, which include the relatively long acquisition times
required for advanced DWI protocols, an increased susceptibility to
image artifacts, and an overall decreased spatial resolution due to
the imaging sequences used. Careful consideration of both the
research question to be addressed and the optimal acquisition
parameters to be used, together with acquisition of complementary
MRI modalities, can ameliorate some of these issues.

This chapter discusses the underlying phenomena and contrast
mechanisms of diffusion-weighted imaging. It is complemented by
two separate chapters describing experimental procedure and data
analysis, which are part of this book.

This chapter is part of the book Pohlmann A, Niendorf T (eds)
(2020) Preclinical MRI of the Kidney—Methods and Protocols.
Springer, New York.

2 Diffusion Weighted Imaging Concepts

2.1 Fundamental

Concept

MRI signal arising from water protons in vivo is sensitive to the
exact nature of the tissue, including not only how the spins interact
with the tissue lattice and other spins through T1 and T2 relaxation
mechanisms, but also the tendency of water molecules to physically
move around, or diffuse, over time. The use of the term diffusion-
weighted imaging is a general catch-all term for any imaging using
pulsed field gradients for motion sensitization. DWI is sensitive to
the nature and degree of proton movement, which depends on
tissue microstructure, therefore representing an informative com-
ponent of research and clinical MRI protocols.

The use of pulsed gradient fields added to a MRI readout
sequence, in a dephase-rephase cycle commonly implemented as a
polarity-reversed pair or as equal pulses placed either side of a spin-
echo pulse, causes a loss of the MRI signal proportional to the
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Fig. 1 Illustration of (a) DWI pulse sequence, showing the diffusion gradients (lower line, in blue) for a spin-
echo echo-planar readout sequence. (b) Schematic one-dimensional illustration of the net dephasing of spins
dependent on their motion. The initial gradient pulse adds an additional phase (red and blue being +/�
additions to the static magnetic field) by transiently modulating the Larmor frequency of the spins. The amount
of additional phase is defined by the spin location along the gradient pulse direction (here up/down for
simplicity). During the diffusion time Δ, spins have an opportunity to diffuse according to their tissue
environment. The reverse pulse (in practice the same polarity, but acting as reversed in combination with
the 180� spin-echo pulse) restores the phase offset for spins that have not moved (upper section), whereas
moving spins do not receive equal dephase and rephase shifts, leading to a net phase shift (indicated by
remaining color) and an overall signal loss



overall mis-match of the pulses experienced by spins that have
changed location (Fig. 1). The larger the distance covered by
water molecules (and the proton spins therein) between the gradi-
ent pulses, the greater the mismatch of pulses experienced by the
spins, and the greater the overall signal destruction from the net
spin dephasing. Over time, this basic DWI concept has been imple-
mented into a raft of specialized sequences, targeted and optimized
for different applications.

2.2 Water Motion

and Relation

to Microstructure

In a large, single-compartment system, free diffusion of water
molecules is a truly chaotic, random phenomenon known as Brow-
nian motion, and might go on indefinitely (Fig. 2a). Here, the
average displacement of molecules over time is described by an
increasingly wide distribution, Gaussian (or normal) in nature,
centered on the starting position and characterized by a diffusion
coefficient. In biological tissues, water molecules interact with sur-
rounding structures (cell walls, extracellular matrix, and so forth),
which act as barriers causing an alteration and possible restriction in
diffusion (Fig. 2b, c). Tissue microstructure may also contain flow
elements, or structure with directional preference (Fig. 2d, e). The
observed diffusion coefficient from an imaging voxel, which may
contain a complex mix of diffusion environments, is thus an empir-
ical parameter, the apparent diffusion coefficient (ADC) measured
in mm2/s. Since tissue microstructure is a major determinant of
apparent diffusion, pathological conditions affecting microstruc-
ture cause an alteration in ADC.

Fig. 2 Schematic summary of motion types that can be investigated by diffusion imaging. Illustrative paths for
water molecules are shown for: (a) free diffusion, also called Gaussian or true diffusion, that is a random
motion; (b) apparent hindered diffusion in the tissue, where the microstructure alter true diffusion by
introducing barriers; (c) apparent diffusion restriction, for example within cells (d) pseudodiffusion, denoting
motion due to flow in vessels or tubules; and (e) diffusion directionality caused by structural elements
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The length scale of diffusion imaging, that is the average dis-
tance covered by water molecules during the DWI experiment, is
determined as a balance of the average speed of the water molecules
in their environment and the diffusion time allowed in the acquisi-
tion. Moreover, it is possible to see signal characteristic of mole-
cules whose motion is restricted to certain structures if the length
scale exceeds the structure dimensions. This, for example, allows
for the inference of intracellular water motion and thus cell size in
appropriately designed DWI protocols [4].

In the kidney, nonrandom perfusion and tubular flow, which
manifest as pseudodiffusion processes, as well as the high degree of
directional order in the renal structure, add complexity to the
investigation of water molecule motion. Specific signal interpreta-
tion models have been developed to account for an additional
(or sometimes more than one) pseudodiffusion compartment, gen-
erally possessing a pseudodiffusion coefficient of a higher magni-
tude than that of true diffusion. Similarly, additional models
assessing diffusion along multiple explicit directions have been
developed to provide information on directional motion as well as
on the relative anisotropy of the tissue.

Since the complexity of diffusion signal interpretation models is
intrinsically tied to the complexity of image acquisition protocols,
DWI acquisition and analysis cannot be considered and discussed
independently (see Note 1). The choice of acquisition parameters
will determine and/or limit the possible signal interpretation mod-
els, and therefore acquisition must be carefully designed, with the
expected analysis in mind. In particular, DWI acquisitions are often
lengthy, and there is always pressure to limit their duration when
transferred to clinical practice to minimize patient discomfort.
When planning renal DWI studies in the preclinical setting, it is
thus important to consider also their translational potential, and
the additional value that more complex acquisitions offer in relation
to the extra scan time required.

3 Diffusion Modeling

The degree of diffusion weighting applied to an image is conven-
tionally reported as its b-value, where b is a compound parameter,
expressed in s/mm2, arising from the specifics of the pulsed gradi-
ents used to sensitize the signal to spin motion. The b-value is
limited by the gradient hardware, but values of several thousand
are commonly achievable. Given that the incomplete rephasing of
displaced water molecules explicitly leads to a loss of signal,
increased diffusion weighting is ultimately limited by signal-to-
noise and in general is performed with a lower spatial resolution
than images acquired using other MRI modalities. Sufficiently high
b-values may reduce the signal to the level of background noise, and
in these cases either these data can be excluded, or an explicit noise
term added to the analysis.
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The range of b-values used in a diffusion imaging protocol
defines which diffusion components will be present and/or domi-
nate the signal, and thus will influence the analysis. The simplified
illustration in Fig. 3 gives a rough guideline to the b-value ranges
where different diffusion phenomena can be detected, though it is
important to appreciate the simplifications made when attempting
to model diffusion processes in tissue, and that b-value magnitude
alone is not sufficient to describe the experiment.

In some circumstances, such as the spatial localization of
tumors, it may be sufficient to simply observe the hyperintense
signal of highly cellular regions on a single diffusion-weighted
image of sufficient b-value to provide increased contrast (although
at lower overall signal). Diffusion-weighted images have an under-
lying T2 weighting arising from the longer TE required to allow for
inclusion of the diffusion-sensitizing pulses, which can be con-
founding where long-T2 regions (e.g., free water) can be mistaken
for low diffusion areas—this is known as the T2 shine-through effect
[5]. In most applications, however, modeling of the DWI signal
behavior, across a set of matched images varying only in the applied
b-values, removes the T2 influence and gives quantitative para-
meters that are, in theory, comparable across studies (see Note 2).

In the following sections, several diffusion signal interpretation
models relevant to renal studies are described, though this is far
from an exhaustive list of models or mathematical representations
available. Choice of DWI protocols are often selected in terms of
the additional value that they may offer in relation to their addi-
tional complexity and duration, and with a particular diffusion
model and analysis scheme in mind (see Note 3).

Fig. 3 Different diffusion weightings, summarized by the compound parameter b-value, give rise to diffusion
signal that is influenced by different diffusion regimes. Intuitive, though necessarily simplified, interpretations
of these diffusion phenomena include (1) pseudodiffusion, observed at low b-values and reflecting vessel and
tubular flow; (2) Gaussian (or random) diffusion, reflecting diffusion of water molecules in the renal tissue and
thus informing on renal microstructure and cellularity; and (3) non-Gaussian diffusion, observed at high b-
values and providing additional information on tissue microstructure. In addition to b-value, diffusion time,
delay, and direction parameters influence the observed DWI signal
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3.1 Monoexponential

Apparent Diffusion

Coefficient (ADC)

The simplest and most widely used model to interpret the DWI
signal is a single compartment model, summarizing all motion
components (from diffusion, flow, etc.) in a single coefficient
(ADC, seeNote 4). The resulting ADCmaps (see Fig. 4) are derived
from the fitting of the DWI signal, across all b-values on a voxel-
wise basis, of a single-exponential model according to the following
formula:

S bð Þ ¼ S totalð Þ: exp �TE
T 2

� �
: exp �b:ADCð Þ ð1Þ

where S(b) and S(total) represent the signal observed at a particular b-
value, and the overall equilibrium signal (at b ¼ 0 s/mm2 and
TE ¼ 0 ms) respectively. Since the echo time TE is usually not
varied across images with different diffusion weightings, the first
two terms are often summarized as S0, the signal at a b-value of
zero, and the formula simplifies as follows:

S bð Þ ¼ S0: exp �b:ADCð Þ ð2Þ

Despite the DWI signal not being truly monoexponential, and
ADC being a purely empirical parameter summarizing different
factors contributing to the diffusion signal, ADC can still be con-
sidered as a sensitive and useful biomarker [6, 7].

The monoexponential model requires acquisition of a mini-
mum of 2 b-values. The lower value is commonly set as zero by
default, although this leads to what is known as a perfusion-
sensitive ADC; choosing a minimum b-value of approximately

Fig. 4Monoexponential ADC model. (a) Example DWI images acquired with different b-values (given in s/mm2)
from a healthy kidney, and (b) the ADC map resulting from fitting a monoexponential model. Signal-to-noise
ratio, depending on T2, spatial resolution, and the underlying diffusion itself, decreases with the increase in b-
value. (c) Schematic illustration of an ideal ADC curve fit to noiseless data. Analysis methods are discussed in
detail in the chapter by Jerome NP et al. “Analysis of Renal Diffusion-Weighted Imaging (DWI) Using Apparent
Diffusion Coefficient (ADC) and Intravoxel Incoherent Motion (IVIM) Models”
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100–200 s/mm2 removes this influence to give a perfusion-
insensitive ADC. The highest b-value is normally chosen as the
maximum value while retaining sufficient signal, commonly in the
range 700–1000 s/mm2 [8], although non-Gaussian processes
may become relevant at this upper limit (Fig. 3). The coefficient
derived from the analysis is always referred to as ADC, although it is
important to note that if the underlying signal curve is not mono-
exponential the measured ADC strongly depends on the b-values
chosen [9], and so is not necessarily comparable across studies.
Main advantages of the simple monoexponential equation is the
short acquisition time required, and the general robustness of ADC
as a marker of diffusion [10]. The monoexponential model is also
suited to DWI studies with multiple b-values, with additional data
points allowing for estimation of ADC uncertainties.

3.2 Intravoxel

Incoherent Motion

(IVIM)

One advanced model to interpret the diffusion imaging signal is the
intravoxel incoherent motion (IVIM) model. Originally proposed
by Le Bihan for the assessment of microcapillary perfusion in the
brain [11], the model is generally applicable if a number of assump-
tions are fulfilled, and represents a popular choice for attempting to
separate diffusion from flowing components [12].

In this model, a second compartment is included in the signal
interpretation to describe the flow-based motion of water mole-
cules in blood capillaries and tubules that, if assumed to randomly
occur in all directions, appears as an accelerated diffusion process
(Fig. 5).

The pseudodiffusion component associated with flow is
described by the pseudodiffusion coefficient D* that, since flow is
faster than diffusion, is approximately an order of magnitude larger

Fig. 5 IVIM model. (a) Schematic representation of random water motion in a voxel of renal tissue, where free
diffusion component (in blue, described by the diffusion coefficient D) is complemented by fluid flowing in
capillaries and tubules (in red, described by the pseudodiffusion coefficient D*). (b) Contributions of true
diffusion and pseudodiffusion to the observed diffusion signal decay—pseudodiffusion is substantially faster
than true diffusion, and so is only observed at low b-values
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than the true diffusion coefficientD. The components have relative
signal contributions given by the pseudodiffusion fraction ( f ), and
the overall IVIM model is described by the following equation:

S bð Þ ¼ S0: 1� fð Þ: exp �b:Dð Þ þ f : exp �b:D∗ð Þð Þ ð3Þ
implicitly assuming that there is no exchange between the compart-
ments, and that the associated compartmental T2 values are the
same. Since this is known not to be true in certain circumstances
[13, 14], it is important to note that the derived pseudodiffusion
coefficient D* and pseudodiffusion fraction f are nevertheless
empirical and should strictly be considered reflective of and not,
as often stated, a direct measure of perfusion or flow.

The use of the IVIM model requires substantially more
complex analyses than the monoexponential model (analyses are
discussed in the chapter by Jerome NP et al. “Analysis of Renal
Diffusion-Weighted Imaging (DWI) Using Apparent Diffusion
Coefficient (ADC) and Intravoxel Incoherent Motion (IVIM)
Models”), and more care to reliably separate pure diffusion from
pseudodiffusion components. IVIM analysis tools are increasingly
being offered byMRI manufacturers, although the choice of model
fitting methods may significantly influence the derived parameters
from the more complex model [15, 16]. Parametric maps resulting
from IVIM analysis show the similarity of D coefficient with ADC,
and the increased noise that is characteristic of the pseudodiffusion
parameters f and D* (Fig. 6).

The main feature of any DWI acquisition intended for IVIM
analysis is the increased number of b-values required, especially low
b-values that sample the signal curve before the pseudodiffusion
component has decayed (Fig. 5). Simplified versions of the IVIM

Fig. 6 Representative parametric maps resulting from DWI model fitting. (a) ADC map, resulting from
monoexponential model fitting. (b) Pure diffusion D, (c) pseudodiffusion fraction f, and (d) pseudodiffusion
D* maps, resulting from IVIM model fitting over several b-values. DWI-based parameters show contrast
between the cortex, medulla, and renal hilum. Some extreme values are seen as a consequence of respiratory
motion at the lower boundary of the kidney. Parameters associated with pseudodiffusion, f and D*, commonly
give maps with higher noise
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approach usually attempt to limit the acquisition time by using
fewer b-values, the minimum being three for a segmented fitting
that does not attempt to measure D* [15, 17–19]. Additional
complications of multiple b-value acquisitions are the increased
sensitivity to movement, and the known difficulty of providing
repeatable pseudodiffusion parameters compared to diffusion
[20–22].

3.3 Diffusion Tensor

Imaging (DTI)

If the directionality (or loss thereof) of diffusion arising from tissue
structure is of interest, for example as an indication of loss of
function or invasion of relevant tissue, consideration of the diffu-
sion signal decay along specified direction, expressed as a tensor,
allows calculation of an ellipsoid that represents the diffusion prop-
agator in three dimensions. In the simplified case of isotropic
diffusion, diffusion is equal in all directions and the ellipsoid is a
sphere. Diffusion isotropy is assumed, though often unstated, in
both the monoexponential and IVIM models described above.
Conversely, in diffusion tensor imaging (DTI), diffusion-
sensitizing gradients are applied along a number of prespecified
directions, which are included in the model used to interpret the
diffusion imaging signal. In DTI, the diffusion is assumed to be
Gaussian and to follow a monoexponential signal decay.

The degree of direction-dependency of the diffusion signal is
captured by the fractional anisotropy (FA) parameter, ranging from
0 (complete isotropy) to 1 (complete anisotropy) and derived from
the relative dimensions of the diffusion ellipsoid according to the
following equation:

FA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 λ1 �MDð Þ2 þ λ2 �MDð Þ2 þ λ3 �MDð Þ2
h i

2 λ1
2 þ λ2

2 þ λ3
2

� �
vuut ð4Þ

where λi represent the eigenvalues of the corresponding diffusion
eigenvectors, meaning diffusion coefficients along each of the prin-
cipal ellipsoid axes, and MD represents mean diffusivity, given by
the following:

MD ¼ λ1 þ λ2 þ λ3ð Þ=3 ð5Þ
Directional diffusion coefficients can be reported for each indi-

vidual direction (λi) or along the major and minor axes of the
ellipsoid (λ1 and λtrans, the latter computed as average of the trans-
verse axes coefficients). Given their complexity and alternative for-
mulations, DTI equations used in any study should be clearly stated
[23, 24].

Similar to IVIM, DTI requires the acquisition of substantially
more images than the basic DWI scheme, although for DTI the
number of directions of the applied diffusion-sensitizing gradients
is increased rather than the number of b-values. In order to define
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the tensor, a minimum of six different directions must be acquired
alongside the b ¼ 0 image (which, not being diffusion-weighted,
has no directionality), but to reduce noise sensitivity it is common
to acquire more, up to 30 or even 60 directions. Diffusion direc-
tions are usually equally distributed over the surface of a sphere,
forming a “shell” in diffusion space (also called q-space), although
user-defined vector sets are acceptable as long as there is sufficient
sampling of the diffusion directions (Fig. 7).

The DTI technique was developed for application in the brain,
but can provide relevant information in the kidney as well. Color
and brightness of fractional anisotropy maps indicate orientation
and degree of anisotropic diffusion, and can be portrayed as small
ellipsoids, which are oriented and color-coded according to the
direction of strongest diffusion, to illustrate tissue structure (similar
to tractography in brain white matter). Maps of mean diffusivity
resemble conventional diffusion coefficient maps (Fig. 8).

Given the large number of images required for DTI analysis, it
is common to acquire only one shell in q-space, corresponding to a
single non-zero b-value chosen based on the target tissue and
expected signal-to-noise ratio. For body applications, this is much
lower than for the brain, and is commonly within the range
500–1000 s/mm2. More complex acquisition strategies are avail-
able, including multiple shells, as well as the option to retroactively
ignore the directional information and calculate ADC.

Fig. 7 Illustration of diffusion tensor imaging principles. (a) Diffusion vectors in q-space, representing diffusion
gradients of equal magnitude applied along different directions (in this case n ¼ 30) to investigate tissue
anisotropy. (b) Corresponding diffusion propagator ellipsoid, where λi represent diffusion magnitude along
each of the principal ellipsoid axes (i.e., eigenvalues of the principal eigenvectors). Measures of anisotropy,
derived from these eigenvalues, are able to describe diffusion with directional preference
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4 Diffusion Imaging in the Kidney

A more detailed review of the applications of renal diffusion imag-
ing in humans was recently conducted by the international COST
Action PARENCHIMA [3]. Much of the literature summarized
therein, predominantly using the most established ADC but also
including IVIM and DTI measures, reports a correlation between
diffusion metrics and eGFR decline [25–29] or fibrosis [30–32], in
patients with diabetes and other chronic kidney disease (CKD)
[33–38], as well as in kidney allograft recipients [30, 39, 40].

Preclinical studies also demonstrate the broad connection of
ADC with renal disease, with both ADC and DTI studies having
links to renal fibrosis from acute ureteral obstruction [41–45] and
diabetes [46, 47]. Preclinical studies also allow for study of the
effects of potential contrast agents [48–50]. The development of
novel DWI-based biomarkers may yet rely on biological validation
and an improvement in specificity [51].

5 Diffusion Acquisition Considerations

In diffusion imaging, most trade-offs are about keeping the acqui-
sition time reasonable and, similar to other MRI modalities, acquir-
ing signal-to-noise ratio sufficient to provide reliable results.
Preclinical imaging protocols are less constrained by time than
clinical protocols, and so allow for longer scanning that may take
advantage of increased averaging or alternate acquisition schemes.

Fig. 8 Representative parametric maps resulting from diffusion tensor imaging analysis of a healthy kidney. (a)
Mean diffusion (MD) map. (b) Fractional anisotropy (FA) map in gray scale. (c) FA map in color scale,
illustrating the direction of the λ1 eigenvector
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Since increasing the number of acquired averages to give suffi-
cient signal-to-noise quickly becomes prohibitive, DWI is normally
acquired with lower spatial resolution than anatomical T1- or T2-
weighted images. Number and repeats of each b-value depend on
time available and intended analysis strategy, and are thus specific to
each study and/or scanner. By default, most MR scanners will
acquire three orthogonal directions (which may or may not be
available as separate images [52]) for all nonzero b-values in order
to calculate the trace image, implicitly assuming isotropic diffusion.
Such schemes ultimately determine the exact sampling and thus the
format of the resulting data. Furthermore, most diffusion imaging
sequences allow for specification of several diffusion schemes (often
with vendor-specific names and implementations), which trade-off
between image quality and diffusion direction specifics. Such
schemes may involve multiple “shots” to acquire k-space
[31, 53], smaller field-of-view excitation through combination
pulses [54], as well as variations on the gradient scheme such as
bipolar encoding, designed to reduce distortion from eddy currents
[55, 56]. In general, diffusion-weighted images may require an
explicit postprocessing protocol as part of the analysis (seeNote 5).

Since the acquisition of high b-values requires a larger TE in
order to accommodate the pulses, the choice of the maximum b-
value is a compromise between precision of diffusion estimates over
a suitably chosen b-value range, and the available signal (see Note
6). DWI sequence variants that explicitly probe the effects of the
diffusion time Δ as well as TE illustrate the importance of not
neglecting potential influences of the acquisition parameters on
the diffusion signal [13, 57].

Other significant factors in diffusion imaging arise directly from
the use of echo-planar imaging (EPI) readout sequences, which
although suitably fast gives images which are susceptible to distor-
tion artifacts arising from high use of gradients (finite slew rates,
eddy currents, nonlinearity, and so forth) and local susceptibility
differences at tissue boundaries (and especially at tissue–air bound-
aries). Distortion correction can thus be necessary in diffusion
imaging, and may involve prospective planning (e.g., phase-reversal
images) [58] as well as retrospective processing (e.g.,
registration) [59].

Additional DWI protocols, such as those including flow com-
pensation [60], alternate strategies to EPI readout [53, 61], and
steady-state free precession sequences [62–64] and the influence of
physiological factors on the DWI [65], have been reported in
literature and may provide tools for ameliorating specific physio-
logical and instrumental factors.
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6 Notes

1. The specifics of diffusion imaging data acquisition and
intended analysis strongly influence each other, and thus
both should be borne in mind while planning a new study.
Whenever possible, overly specific acquisition protocols should
be avoided to allow for data reuse through additional retro-
spective analysis, and cross-study comparisons.

2. Many acquisition parameters influence the resulting diffusion-
related parameters, making comparison across studies challeng-
ing. In the absence of widely accepted standardized protocols,
it may be advantageous to consider the extent to which com-
parison with other studies will be possible.

3. As with all MRI studies, but of particular importance in diffu-
sion imaging, care should be taken to report the adopted
protocol as completely as possible. This necessarily includes
the acquisition scheme and parameters, but also extends to
the analysis algorithms.

4. The majority of diffusion models contain a parameter that
attempts to capture the underlying tissue diffusion—ADC,
(IVIM) D, (DTI) MD, and so on. While superficially similar
and reflective of tissue structure, they are not precisely equiva-
lent given the different assumptions implicit in the models they
derive from.

5. The most common readout for diffusion imaging is the echo
planar imaging (EPI) sequence, which is susceptible to artifacts
and distortion; an adequate post-processing scheme is
required. Analysis of DWI is discussed in more detail in the
chapter by Jerome NP et al. “Analysis of Renal Diffusion-
Weighted Imaging (DWI) Using Apparent Diffusion Coeffi-
cient (ADC) and Intravoxel Incoherent Motion (IVIM)
Models.”

6. Since diffusion contrast is created by deliberate dephasing and
thus loss of the MR signal, sufficient signal-to-noise ratio is
critical to ensure good quality data and successful analysis.
Failure to assess the signal-to-noise ratio or account for the
noise floor may introduce bias in the estimate of diffusion
parameters.
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