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18Microstructural Features 
and Functional Assessment 
of the Kidney Using Diffusion MRI

Suraj D. Serai, Sila Kurugol, Pim Pullens, 
Zhen Jane Wang, and Eric Sigmund

�DWI in the Kidney: Background

Diffusion is a physical process that results from 
the thermally driven, random motion of water 
molecules. Diffusion-weighted imaging (DWI) 
provides an image contrast that is dependent on 
the molecular motion of water (diffusion), which 
is called Brownian motion. After Stejskal and 
Tanner [1] described a DW SE T2-weighted 
pulse sequence in NMR spectroscopy with two 
extra gradient pulses equal in magnitude and 
opposite in phase accumulation (Fig.  18.1), it 
took several decades for that sequence to become 
clinically feasible [2] due to limitations of MR 

equipment and imaging trajectories. In pure 
water, molecules undergo free, thermally agitated 
diffusion (with a three-dimensional Gaussian dis-
tribution). The width of the Gaussian distribution 
expands with the elapsed time, and the average 
square of this width per unit time gives the units 
of the apparent diffusion coefficient (ADC). In 
tissues, the term “apparent diffusion” is utilized 
since the movement of water molecules is modi-
fied by their interactions with cell membranes, 
macromolecules, and flow processes. Through 
measurement of this apparent diffusion, diffusion 
MRI provides insight into the microscopic details 
of tissue architecture and microcirculation.

DWI provides an image contrast using a “dif-
fusion weighted” spin echo T2-weighted pulse 
sequence with two extra gradient pulses equal in 
magnitude and opposite in phase accumulation. 
This is done by modifying a standard 
T2-weighted imaging sequence by applying a 
symmetric pair of diffusion sensitizing gradients 
on either side of the 180° refocusing pulse. 
Moving water protons acquire a phase shift from 
the first diffusion-sensitizing gradient, which, as 
a consequence of motion, is not entirely rephased 
by the second gradient, resulting in attenuation 
of the measured signal intensity. Hence, the 
presence of water diffusion is observed as signal 
loss on diffusion-weighted MR images. However, 
it took several decades for that sequence to 
become clinically feasible [2] due to limitations 
of MR equipment, especially the gradient hard-
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Fig. 18.1  Timing 
diagram of Stejskal–
Tanner based diffusion 
acquisition sequence

ware. With recent advances in gradient hardware 
technology, high field scanners, RF coil design 
improvements, and image reconstruction inno-
vations, DW MR imaging is reaching a potential 
for clinical use in the abdomen, particularly in 
the kidney. DW MR imaging is an attractive 
technique for multiple reasons: it can potentially 
add useful qualitative and quantitative informa-
tion to conventional imaging sequences; it is 
rapid (performed within a breath-hold or can be 
performed free breathing with respiratory gat-
ing) and can be easily incorporated to existing 
clinical protocols.

�Diffusion Measurements and ADC

In the most common and first approximation to 
the magnetization behavior with diffusion-
weighting in tissue, the signal intensity (SI) of a 
diffusion-weighted image is best expressed as

	

S
S

b ADC
0

= − ⋅( )exp
	

(1.1)

where S0 is the signal intensity on a T2-weighted 
(b = 0) image, and b is the diffusion weighting 
factor, which is directly proportional to the square 
of the gyromagnetic ratio, the square of the mag-
nitude of the gradient pulses, and three powers of 

gradient duration. The degree of diffusion 
weighting applied to an image is expressed by its 
b-value. The b-values are limited by the gradient 
hardware, but values of several hundreds to thou-
sands are easily achievable on clinical MRI scan-
ners (Fig. 18.2).

Diffusion is often not isotropic (same in all 
directions) in biological tissues since water dif-
fuses more easily along the direction of globally 
aligned microstructural elements (such parallel 
tubules in renal medulla) rather than across them 
(diffusion anisotropy) [3, 4]. Because cellular 
structures are distributed anisotropically, the 
measurement of diffusion is also direction-
dependent [4], emphasizing the need for measur-
ing diffusion in several directions (Fig.  18.3). 
Thus, to obtain a rotationally invariant estimate 
of isotropic diffusion, diffusion-weighted images 
must be acquired in at least three orthogonal 
directions. The postprocessing of these images 
begins with the calculation of the natural loga-
rithms of the images, which should be averaged 
to form a rotationally invariant (or “trace-
weighted”) resultant image. Using a linear least-
squares regression on a pixel-by-pixel basis, the 
resultant image and the natural logarithm of the 
reference T2-weighted image are fitted to the 
b-values to calculate ADC, which is the negative 
slope of the fitted line.

S. D. Serai et al.
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Fig. 18.2  Representative images of kidneys with increasing b-values and corresponding ADC map

Fig. 18.3  Schematic representation of directionality. Rate of diffusion depends on the direction

�IVIM (Microcirculation/
Microstructure)

Given the prominent role that both perfusion and 
tubular flow play in the filtration process, one of 
the key extensions of the single compartment 
ADC representation for renal tissue is the inclu-
sion of microcirculatory motion in addition to 
hindered Brownian motion. The most common 
approach to do so is the intravoxel incoherent 
motion (IVIM) model, one of the first signal 
descriptions in the history of DWI that has in the 
prior decade experienced a renaissance of use as 
technology has permitted its application to highly 
perfused organs [5–8]. The biophysical model of 
IVIM is a two-compartment description: molecu-
lar diffusion in tissues and microcirculatory 
motion in vessels/tubules. This approximation 
describes flow of blood through capillaries as a 
diffusion process (albeit a much faster one), due 
to the often-distributed orientations of flow 
within a capillary network. To separate the effects 
of diffusion and perfusion on the DW signal, a 
biexponential model is employed:

S
S

f bD f bD
0

1= −( ) + −( ) −( )∗
exp exp

	
(18.2)

where f is the flowing blood fraction, D* is the 
pseudo diffusion coefficient associated with 
blood microcirculation, and D the apparent dif-
fusivity in the tissue space. In most cases, the 
pseudo diffusion coefficient associated with 
blood microcirculation is much larger (about ten 
times larger) than the water diffusion coefficient 
in tissues. The basic interpretation of the IVIM 
parameters are that (a) D reflects microstructure 
of the extravascular parenchymal space from 
restricted/hindered diffusion, (b) f represents 
flow volume, and (c) D* reflects a combination of 
blood velocity and microcirculatory 
architecture.

The IVIM signature was observed in preclini-
cal renal MRI as early as 1991 [9], and many sub-
sequent studies explored its contrast in human 
kidney MRI. In particular, literature reviews [10–
12] have indicated that much of the reported vari-
ability in renal ADC values can be traced to the 
use of variable b-values across studies. Since the 
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single compartment ADC description does not 
capture the full IVIM signal behavior, measure-
ments from different b-value combinations admit 
differing amounts of perfusion effects into the 
ADC parameter, which confounds study com-
parison. For this reason, among others, consensus 
statements have encouraged standardized b-value 
choices for studies that are to be pooled or com-
pared to other trials.

As summarized in recent reviews [12, 13], 
IVIM metrics have been extensively reported in 
healthy and pathologic kidney tissue. Key find-
ings include correlation of diffusion metrics 
(often D* and f) with glomerular filtration rate 
(GFR), in some cases more strongly than that of 
ADC.  Several disease processes (allograft dys-
function, acute pyelonephritis, polycystic dis-
ease, obstruction, renal artery stenosis, and 
chronic kidney disease) have been investigated 
with IVIM in smaller-scale studies, with trends 
of useful biomarkers from the IVIM model 
emerging. Conversely, diversity of acquisition/
analysis parameters prevents large-scale 
conclusions given the current evidence, again 
supporting standardization efforts in the future.

�DTI (Anisotropy)

Another microstructural feature beyond the ADC 
description is that of anisotropy. Due to the com-
mon orientation of microstructural barriers to 
transport in some tissue types such as renal 
medulla, the rate of apparent diffusion depends 
on direction, with largest diffusion occurring par-
allel to, and lowest diffusion perpendicular to, 
oriented structures such as renal tubules in med-
ullary pyramids. The measurement and analysis 
framework that captures this behavior, as applied 
initially to the brain and later to many other 
organs (spine, muscle, breast, and kidney) is 
termed diffusion tensor imaging (DTI). DTI is 
based on the application of diffusion gradients in 
different directions in space, enabling the evalua-
tion of the movement of water molecules in 3D 
and whether there is a dominant direction to dif-
fusion restriction, which allows to determine 

fiber tracts according to the dominant direction of 
water movement in each voxel. DTI generalizes 
the ADC approach by incorporating images 
acquired with diffusion gradients in multiple 
directions to determine the directionality (i.e., 
anisotropy) of apparent diffusion. DTI metrics 
help provide rotationally invariant indices that 
describe the properties of the diffusion profile. 
DTI provides several quantitative parameters 
including fractional anisotropy (FA) and appar-
ent diffusion coefficient (ADC) and also allows 
to generate primary eigenvector maps (Fig. 18.4). 
The amount of diffusion is characterized by 
ADC, and the anisotropy of diffusion is charac-
terized by FA.  FA is a normalized, dimension-
less index that measures the properties of 
anisotropy of DTI.  Mathematically, at least six 
noncollinear directions are required given the 
need to calculate six independent elements of the 
symmetric 3  ×  3 diffusion tensor Dij [14], an 
anisotropic but still Gaussian description of water 
motion. The tensor is then diagonalized to its 
principal frame
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where its diagonal elements (eigenvalues) are the 
principal diffusivities, their average is the mean 
diffusivity (MD), and their corresponding eigen-
vectors (v1, v2, and v3) define the principal diffu-
sion directions [15]. The direction that 
corresponds to the largest eigenvalue (usually 
chosen to be λ1) is called the axial or parallel 
direction, while the other two directions are 
called the radial or perpendicular directions. The 
axial diffusivity is given by

	
D


≡ λ
1
,
	 (18.4)

and the radial diffusivity is given by

	
D⊥ ≡ +( )1

2
2 3

λ λ
	

(18.5)

Anisotropy indices are different combinations 
of the directional diffusion coefficients, such as 
the normalized variance called fractional anisot-
ropy (FA),
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Fig. 18.4  Example intravoxel incoherent motion (IVIM) 
and diffusion tensor imaging (DTI) maps from a healthy 
volunteer left kidney. Left: biexponential IVIM fitting of 
multiple b-value data provides maps of perfusion fraction 

(fp), tissue diffusion (Dt), and pseudo diffusity (Dp). Right: 
DTI tensor fitting of multidirectional data provides maps 
of mean diffusivity (MD), fractional anisotropy (FA), 
directivity, and principal diffusion orientation (v1)
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The FA varies from 0 to 1 and quantifies the 
degree to which a tissue is anisotropic. FA reflects 
how dominant one particular water movement 
direction in a voxel is and is measured from 0 to 

1; while ADC measures the directionally aver-
aged diffusivity. Low FA values imply similar 
diffusion along all directions, while higher FA 
implies that there is a marked directional depen-
dence such that diffusion occurs preferentially 
along one dominant direction.

In other organs such as the brain or skeletal 
muscle, optimization studies have been con-
ducted to determine b-value and number of direc-
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tions choices to minimize noise-induced bias or 
uncertainty [16, 17]; a minimum of 20 or 30 
directions are typically recommended, but it is 
advised to apply diffusion-weighted images in 
many directions as allowed by scan time limita-
tion [17, 18].

The “radial” pattern of tubule/duct orienta-
tion in the renal medulla is well known in dif-
fusion tensor imaging [19–23] following an 
initial demonstration by Ries et  al. [24]. In 
addition to depiction of this pattern in discrete 
images, another application of DTI is tractog-
raphy, which generates continuous streamlines 
as virtual representation of the anisotropic 
structures influencing apparent diffusion. 

While only a few examples have been pub-
lished [20, 22], they clearly illustrate the radial 
path from medullary pyramids through renal 
pelvis and ureter.

A wide range of studies have probed DTI 
methods in both healthy and diseased kidney [25, 
26]. Quantitatively, common findings are that 
glomerular filtration rate (GFR) correlates 
significantly with both mean diffusion MD and 
fractional anisotropy FA, consistent with their 
partial sensitivity to the vascular/tubular flow that 
affects filtration. Pathologic tissue often shows 
decreases in MD and FA, and often a decrease in 
corticomedullary differentiation in these param-
eters (Figs. 18.5 and 18.6).

Fig. 18.5  DTI-based tractography shows microstructural disarrangement in kidneys with ureteropelvic junction 
obstruction [25]

S. D. Serai et al.
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Fig. 18.6  Box and whisker plot of mean FA in normal 
kidneys vs patients with ureteropelvic junction (UPJ) 
obstruction. Horizontal lines within boxes represent medi-
ans, and vertical lines and whiskers represent the lowest 
and highest observations within 1.5 interquartile ranges of 

lower and upper quartiles, respectively. Mean FA values 
were significantly lower (0.31 ± 0.07; n = 22) in kidneys 
with UPJ obstruction than normal kidneys (0.40 ± 0.08; 
n = 118) [25]

�Advanced/Hybrid Models

While signatures of microcirculation and anisot-
ropy are now unmistakable in renal DWI, their 
interpretation, biologic validation, and modifica-
tion by disease remain topics of research. In par-
ticular, multiple circulatory networks coexist in 
renal cortex and medulla (glomeruli, vasa recta, 
proximal/distal tubules, loops of Henle, and col-
lecting ducts) and disentangling their individual 
contributions to the DWI signal is nontrivial. A 
variety of advanced approaches have been pur-
sued to do so, either combining existing methods 
(IVIM and DTI) or varying acquisition parame-
ters (echo time, diffusion time, cardiac phase, 
and gradient waveform).

�Flow Anisotropy

Intuitively, microscopic flow contributes to med-
ullary anisotropy just as microstructure does, as 
indirectly suggested by DTI studies showing ele-

vated anisotropy when lower b-values were 
employed [23]. Directly, several studies have 
now shown that the flow term shows a similar ori-
entation pattern. One experimental demonstra-
tion employed multiple b-value, multiple 
direction data to illustrate this collinear anisotropy 
of structural, and pseudo diffusion in a combined 
IVIM/DTI scheme [27], showing a pseudo diffu-
sion anisotropy comparable to that of microstruc-
ture. This approach also yielded diagnostic 
potential in the assessment of renal function in 
pre-surgical renal mass patients [28]. One of the 
measures most sensitive to asymmetric laterality 
in kidney diffusion—reflecting the compensatory 
redistribution of flow in response to a neoplasm—
was axial medullary pseudo diffusion. Another 
approach employed an intravoxel oriented flow 
(IVOF) model incorporating an apparent flow 
fraction tensor to capture the microcirculation 
and microstructural anisotropy in medullary tis-
sue [29]. Another study employed a separate ten-
sorial description for all three IVIM parameters 
(D, f, D*) and showed high fractional anisotropy 
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for all three in the medullary compartment [30]. 
These studies have confirmed that the best repre-
sentation of water transport in kidney should 
incorporate directionality in both flow and struc-
tural degrees of freedom.

�Encoding Variations

As with other organs, diffusion contrast varies 
with various MRI encoding or acquisition 
parameters, in a way that may be exploited to 
improve the biophysical interpretation of the 
approach. Not surprisingly, given the strong role 
of perfusion in renal DWI, the cardiac phase has 
been shown to be a powerful modulator of renal 
DWI metrics in cardiac-gated imaging studies. 
These have included ADC [31, 32], IVIM [33, 
34], and DTI [35] studies that show pseudo dif-
fusion, perfusion fraction, and anisotropy all 
maximizing in systolic phase compared to dia-
stolic phase.

Diffusion time, or the duration allotted for 
water spins to explore the microenvironment, is 
another variable that affects diffusion contrast. 
Microstructural barriers reduce water diffusion 
below the thermodynamic free diffusion value, 
such that apparent diffusion tends to decrease 
with increasing diffusion time. If the timescale 
associated with dominant hindrance scales l 
(t  ~  l2/2D) approximates accessible diffusion 
times, this provides a means of contrast modula-
tion and potential biophysical modeling. 
Conversely, microcirculatory flow that gives rise 
to pseudo diffusion effects can also induce a dif-
fusion time dependence as spins advance through 
the network. This trend is typically opposite to 
the microstructural one as pseudo diffusion 
increases in a short-time ballistic limit and finally 
saturates in a long-time pseudo diffusive limit. 
While very little systematic variation of diffusion 
time has been performed for renal DWI, recent 
work [36] employing both spin echo and stimu-
lated echo DTI measurements suggests that in the 
diffusion time range of 20–125 ms, microcircula-
tion effects predominate and apparent diffusion 
and anisotropy increase with diffusion time. This 
observation, which could be further explored 

with quantitative modeling or increased sam-
pling, is another example of the key importance 
of microcirculation in renal tissue water 
transport.

Finally, as discussed above, the known physi-
ology of renal tissue clearly indicates that the 
conventional IVIM representation of one micro-
circulatory and one parenchymal compartment is 
only a first-order approximation to the reality. 
Multiple sources of microcirculation, both vascu-
lar (arteries, veins, capillaries, glomeruli, and 
vasa recta) and tubular (proximal/distal convo-
luted tubule, loops of Henle, and collecting 
ducts), contribute to pseudo diffusion, and sepa-
rating their influences might dramatically 
improve specificity. One approach to doing so is 
via rate of pseudo diffusion, and several studies 
have shown that three compartments [37] or more 
generally a spectrum of diffusion coefficients 
[38, 39] are more descriptive of renal tissue than 
the conventional IVIM model. In these studies, 
the fastest component is typically assigned to 
vascular volume, while the intermediate rate 
compartment is interpreted as tubular flow.

Another effect on DWI contrast is through 
gradient waveform, which can be chosen to mod-
ulate the degree of sensitivity to steady flow (i.e., 
flow encoding or compensation). Specifically, 
constant velocity motion induces a phase shift 
proportional to the first moment of the gradient 
waveform (M1), and in the presence of heteroge-
neous flow, these phase shifts interfere and induce 
IVIM contrast. Gradient waveforms, by varying 
or nulling M1 (flow compensated, M1  =  0), can 
correspondingly vary this attenuation, which can 
aid IVIM signal analysis and biophysical model-
ing. Flow compensated IVIM measurements 
have been shown in phantom [40–42], brain [43–
45], liver [46–48], placenta [49], and heart [50] 
studies; in one study of the liver, a continuous 
range of gradient moments M1 was implemented 
for more complete contrast variation and tissue 
modeling [46]. In the case of renal tissue, only 
pilot studies have been performed [47, 51] that 
modulate M1, and their analysis regarding multi-
ple flow compartments is still in development. 
However, this variable may prove promising in 
disentangling renal flow compartments.

S. D. Serai et al.
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Both evidence generation and modeling in the 
space of advanced kidney DWI continue to 
evolve, as does their interpretation. However, it 
seems likely the conventional IVIM description 
will eventually give way to a more nuanced treat-
ment for maximum biological specificity.

�Advanced Readouts (SMS, RS-EPI, 
rFOV, Non-Cartesian)

The most common readout for kidney DWI is 
single shot echo-planar imaging (ss-EPI), in 
which all required lines of k-space are acquired 
in a single echo train, typically in a Cartesian pat-
tern. The EPI technique is used to achieve very 
fast image acquisition in order to minimize the 
effects of subject motion and to retain high SNR 
[52, 53]. As EPI is a 2D imaging technique, vol-
umes are acquired slice-by-slice with repetition 
times (TR) being set sufficiently long to both 
minimize T1 contrast and accommodate the 
whole volume of interest. Due to the length of the 
echo train in comparison with the transverse 
relaxation time T2*, however, ss-DWI suffers 
blurring, distortion, and ghosting, which limit 
spatial resolution and reduce image quality. 
Image post-processing can ameliorate these 
issues to some extent, such as EPI image dewarp-
ing via reversed phase encoding acquisition as 
has been shown in several kidney DWI studies 
[54–56]. Beyond correcting EPI, however, a vari-
ety of alternatives has therefore been deployed 
throughout the body, some of which have been 
applied to kidney imaging. Some are based on 
single-shot turbo spin echo (TSE) acquisitions, to 
avoid the gradient echo-based sensitivities of EPI 
[57, 58]. Multiband approaches such as simulta-
neous multi-slice (SMS) acquisition have been 
used to accelerate the slice dimension [59–65], as 
in other organs [66–68]. Reduced field of view 
(rFOV) DWI captures a smaller subvolume to 
limit EPI echo train length and associated arti-
facts, providing high resolution DWI in the kid-
ney [58, 69–71].

Multi-shot DWI EPI techniques offer higher 
spatial resolution but are susceptible to motion-

induced phase errors since each individual shot 
may have suffered different slight coherent 
motions from pulsation, respiration, etc. Without 
correction, this results in ghosting artifacts, pixel 
misregistration, and low image resolution with 
poor diffusion contrast in the reconstructed 
images [72], resulting in inaccurate measure-
ments. Readout-segmented EPI (rs-EPI) alters 
the conventional EPI trajectory by acquiring all 
phase encodes but restricting the readout acquisi-
tion in each shot as a means of limiting suscepti-
bility artifacts [73, 74]. Each of these methods, 
either as modifications or alternatives of standard 
EPI-DWI, broadens the available toolbox of kid-
ney DWI and provides hope for higher spatial 
resolution, which is often crucial for proper 
quantification when corticomedullary differenti-
ation deteriorates with reduced renal function. 
However, the variability in execution, parameter 
choice, and interpretation limits their broad util-
ity now such that concerted efforts for broad 
translation of one alternative or another would be 
a valuable next step.

�Diffusion Data Acquisition Methods

Acquisition method standardization is an impor-
tant milestone in the validation of DWI-based 
parameters as imaging biomarkers for renal dis-
ease. The international collaboration on renal 
imaging (PARENCHIMA) has proposed techni-
cal recommendations on three variants of renal 
DWI, mono-exponential DWI, IVIM, and DTI, 
as well as associated MRI biomarkers (ADC, D, 
D*, f, FA, and MD) to aid ongoing international 
efforts on methodological harmonization. In their 
recommendations, reported DWI biomarkers 
from 194 prior renal DWI studies were extracted 
and Pearson correlations between diffusion bio-
markers and protocol parameters were computed. 
Based on the literature review, surveys were 
designed for the consensus building. Survey data 
were collected via Delphi consensus process on 
renal DWI preparation, acquisition, analysis, and 
reporting (Table 18.1). Consensus was defined as 
≥75% agreement. Summary of the literature and 
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Table 18.1  Imaging protocol recommendations for 
image acquisition of renal diffusion dataset

Protocol option Recommendation
Patient 
preparation

Normal hydration status

Field strength 1.5 T or 3 T
Sequence Single shot EPI
Orientation Oblique coronal
Matrix size >128
In-plane 
resolution

2–3 mm

Slice thickness >4 mm
Coverage Full kidney
Parallel 
imaging factor

2

Fat 
suppression

SPAIR

TR (s) 4
TE (msec) Minimum (<100)
No. of 
averages

3

Breathing 
mode

Respiratory gated

Cardiac gating Not required
Diffusion 
gradients

Monopolar

ADC IVIM DTI
No. of 
b-values

4 or 5 >6 2 or 
more

Suggested 
b-values

0, 100, 
200, 400, 
800

0, 30, 70, 
100, 200, 
400, 800

0, 400, 
800

No. of 
directions

3 3 12 or 
more

Distortion 
correction

Yes

Image 
registration

Yes

Diffusion units 10−3 mm2/s

survey data as well as recommendations for the 
preparation, acquisition, processing, and report-
ing of renal DWI were then provided in a pub-
lished manuscript [12]. Diffusion tensor 
properties among field strength 1.5  T and 3  T 
were also highlighted (Fig. 18.7).

The following sections contain guides for car-
rying out each of these protocols on clinical scan-
ners; these guides are stated in general terms as 
precise implementations may vary amid different 
vendor solutions.

�DW-EPI for ADC

Sequence: Select a spin echo-based sequence 
with echo-planar imaging (EPI) readout with 
a diffusion preparation module. While single 
refocused monopolar is suggested for consen-
sus, twice-refocused spin echo (TRSE) with 
bipolar gradients is acceptable.

b-values: The diffusion weighting factors b and 
gradient sensitizing directions are then 
adjusted.

Choose your b-values to the following values: 0, 
100, 200, 400, 800 s/mm2 over three orthogo-
nal directions; this is often labeled as Trace-
weighted or three-scan trace encoding.

Repetition time (TR): choose at least 4 s for suf-
ficient signal-to-noise per time (SNR/t) effi-
ciency. TR will be limited by the length of the 
excitation pulse, length of echo train, and the 
number of slices you acquire.

Echo time (TE): use the shortest TE allowable 
given all b-values selected.

Acquisition bandwidth (BW): This should be 
chosen as a balance between short inter-echo 
spacing and therefore minimum echo time on 
the one hand, and sufficient signal-to-noise 
ratio on the other. If the bandwidth is too slow, 
long readout duration will lead to T2-weighted 
signal loss; if it is too high, then high fre-
quency noise can overwhelm the primary sig-
nal. For clinical renal MRI, a typical 
compromise is ~2 kHz/pixel.

Fat saturation: Choose a method of fat satura-
tion, using chemical shift contrast, T1 con-
trast, or both. The recommended approach is 
spectral adiabatic inversion recovery (SPAIR) 
to combine both chemical shift and T1 con-
trast for fat suppression.

Respiratory gating: This is essential to reduce 
motion artifacts, motion blurring, and 
unwanted intensities variations among the 
images acquired with different b-values. If 
this is not available, consider retrospective 
motion correction with dedicated software 
(see section below).

Geometry: Choose as phase-encoding direction 
the L-R direction and adapt the geometry so 
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a

b

c

d

Fig. 18.7  Diffusion properties at 1.5 T and 3 T do not 
show significant differences. (a) ADC maps: ADC of the 
cortex is significantly higher than ADC of the medulla 
both at 1.5 T and 3 T. (b) FA maps: FA of the medulla is 
significantly higher than of the cortex both at 1.5 T and 
3 T. In FA maps, the renal pelvis appears smaller, because 
cortex and pelvis both exhibit an almost isotropic diffu-

sion, so that discrimination between both compartments is 
hampered. (c) The color-coded FA maps allows identifica-
tion of the diffusion direction (red: left-right; blue: head-
foot; green: anterior-posterior). (d) Tractography reveals a 
typically radial diffusion direction in the medulla reflect-
ing the radial organization of anatomic structures like ves-
sels and tubules [75]
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that the FOV in this direction includes the 
entire region. Use frequency encoding in 
head-feet (rostral-caudal) direction to avoid 
severe aliasing.

Averages: Increase the number of averages to 
improve signal-to-noise ratio by a factor of 
√averages, especially important for higher 
b-values (use three averages as a 
recommendation).

�DW-EPI for IVIM

Load the DW-EPI sequence with the same param-
eters as DWI-EPI for ADC (TE, TR, matrix size, 
averages, and bandwidth). Increase the number 
of b-values to at least 6 (e.g., 0, 30, 70, 100, 200, 
400,800  s/mm2) to probe fast diffusion from 
microcirculation.

�DW-EPI for DTI

For DTI acquisitions, employ the same imaging 
parameters as suggested for ADC imaging above, 
use several b-values (suggested 0, 400, 800  s/
mm2), and select multiple gradient directions for 
each b-value. At least six noncollinear directions 
are required for DTI analysis, with more typi-
cally acquired for improved tensor estimation 
(recommended at least 12 for kidney DTI).

�Motion Management

Kidney DW-MRI is sensitive to physiological 
motion (respiratory, peristaltic, and pulsatile). 
For instance, when using multi-shot acquisitions 
where different portions of k-space are obtained 
following separate signal excitations, severe arti-
facts may appear, due to the presence of inconsis-
tent motion-related phase offsets across shots 
[76]. Therefore, kidney DW-MRI acquisition is 
typically performed with rapid single shot echo 
planar imaging sequences. With this type of 
acquisition, each image is acquired very fast, 
minimizing the effect of motion within a slice. 
However, rapid pulsatile motion may still lead to 

artifacts and signal void in the image [77]. Also, 
during the acquisition of the entire set of DW-MR 
images, respiratory motion causes displacement 
of the kidneys and misalignment of slices 
acquired at the same position across different 
repetitions and diffusion encodings. This mis-
alignment reduces the accuracy and robustness of 
quantitative parameter maps obtained from 
DW-MR images. Also, image quality degrades 
due to blurring because of motion, when averag-
ing multiple repetitions of misaligned images to 
increase signal-to-noise ratio.

To minimize the effects of motion, DW-MR 
images are commonly either acquired during a 
breath-hold period, at the expense of the signal-
to-noise ratio and spatial coverage, which may 
not even be feasible for some patients, or using 
respiratory triggering methods at the expense of 
increased scan time and remaining effect of 
motion in triggered acquisitions [78]. Respiratory 
triggering can be performed either using a respi-
ratory belt type sensor wrapped around the abdo-
men or with an image navigator located at the 
diaphragm [79]. The triggering technique does 
not always perform well if the respiratory rhythm 
is irregular as in the case of anxious awake chil-
dren who are breathing rapidly or irregularly. 
Residual motion artifacts may remain in respira-
tory triggered scans, and triggered scans have 
low efficiency as no data is acquired in most parts 
of the breathing cycle.

Another alternative approach used to compen-
sate for respiratory motion is to either retrospec-
tively perform triggering by accepting data from 
a certain phase of the breathing cycle and dis-
carding the rest or sort each repetition into dis-
crete motion states over the breathing cycle [80] 
based on the trajectory of periodic respiratory 
motion from the navigator signal. However, inac-
curacies of the navigator signal can hinder cor-
rect sorting of the data into motion states. Also, 
volumes for certain motion states can have miss-
ing slices due to lower sampling rate per motion 
state. Irregular respiratory rhythm or rapid 
breathing can exacerbate these problems.

Another approach is non-rigid image registra-
tion of individual images for alignment. A simple 
approach is using non-rigid registration of a sin-
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gle image slice in 2D to the corresponding slice 
in the reference volume. A normalized mutual 
information metric may be used to register 
images acquired with different diffusion encod-
ings and therefore have different contrast. 
However, single slice registration methods can-
not correct for the motion between slices.

A more accurate approach is using a rigid 3D 
slice-to-volume image registration separately for 
each kidney. This approach uses the image fea-
tures of 2D slices, each acquired in about 200 ms 
[81]. This rapid acquisition of each slice allows 
effective estimation of physiological motion via a 
slice-to-volume image registration algorithm 
[55], which was first developed for the brain [82]. 
A 3D motion-free reference volume is registered 
to each 2D slice including the region of interest 
for each kidney using a rigid transform 
(Fig.  18.8). The approach is most effective in 
coronal acquisitions where the motion is happen-
ing mostly in plane, and a motion-free reference 
volume is selected among one of the acquired 

b = 0 volumes. However, slice to volume registra-
tion is an ill-posed problem. Therefore, the rigid 
motion parameters can be tracked and regular-
ized based on the information content of the 
sequentially acquired DW-MRI slices, using a 
robust state estimation with Kalman filtering 
instead of predicting the motion parameters for 
each slice independently [81]. The estimated 
motion parameters are then applied to correct the 
position of each slice in 3D. As a result of apply-
ing the estimated transformation to each 2D slice 
for motion correction, a scattered 3D point cloud 
is obtained for each 3D volume. It is possible to 
resample these scattered points to a regular 3D 
grid to reconstruct a motion-corrected 3D vol-
ume. Alternatively, a quantitative model such as 
IVIM or DTI can be fitted using a 3D neighbor-
hood of points around each grid point using a 
kernel function for weighting each point based on 
their distance to the grid center and using least 
squares fitting to estimate the model parameters. 
The rigid 3D SVR will correct for the rigid 

Fig. 18.8  Left panel shows an original b  =  0 image 
acquired in coronal plane. The axial and sagittal views 
show that the slices in the original image are misaligned 
due to motion. Right panel shows the resultant motion-
corrected b = 0 image. The rigid motion parameters are 
estimated with 3D slice to volume registration and regu-

larized based on the information content of the sequen-
tially acquired DW-MRI slices using Kalman filtering. 
The resultant 3D rigid transforms are then applied to each 
slice and the data is reformatted to a grid. On the right 
panel, both axial and sagittal views show that the slices 
are aligned after motion correction
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motion for each kidney. However, remaining 
non-rigid motion such as pulsatile motion may 
need to be corrected by a non-rigid 
transformation.

Motion compensation using 3D non-rigid 
image registration can also be used to bring the 
volumes acquired at different repetitions and dif-
fusion encodings into the same physical coordi-
nate space before fitting a signal decay model 
[83, 84]. However, each b-value image has differ-
ent contrast; as a result, independent registration 
of different b-value images to a reference image 
(usually b = 0 image) can be challenging, espe-
cially for high b-value images where the signal is 
significantly attenuated and the signal-to-noise 
ratio is low. In [85], quantitative MR images are 
registered without using any predefined model by 
utilizing a PCA-based groupwise image registra-
tion technique. However, the PCA-based 
representation is only applicable to data from a 
simplified single exponential decay rather than 
data with an underlying complex signal decay 
composed of a bi-modal distribution of fast and 
slow diffusion components. Alternatively, signal 
decay model (such as IVIM) driven registration 
methods that perform simultaneous image regis-
tration and model estimation were proposed to 
account for this problem [86]. These approaches 
jointly solve for the image registration and quan-
titative parameter estimation problems. The 
images are registered to the corresponding vol-
ume reconstructed from the signal decay model 
at each b-value, which eliminates the problem of 
contrast differences between the moving image 
and the reference image during registration. Note 
that non-rigid registration can be challenging for 
acquisitions with axial slice orientation with a 
slice thickness of around 5–6 mm as these acqui-
sitions have low resolution in the main direction 
of respiratory motion. On the other hand, acquisi-
tions with coronal slice orientation are affected 

by susceptibility artifacts leading to image distor-
tion and moreover, distortion fields change with 
motion; therefore, motion and distortion correc-
tion needs to be addressed simultaneously to cor-
rect such acquisitions [55].

Common techniques for distortion correction 
for DW-MRI assumes that there is no motion 
throughout the acquisition of DW-MR images 
with different diffusion encodings, and therefore, 
the distortion field is static. The distortion field is 
then estimated once from a single pair of images 
acquired with opposite phase encoding directions 
and, hence, have opposite distortion effects [56, 
87]. This assumption does not hold for kidney 
DW-MRI acquired during free-breathing due to 
presence of motion. Distortion field changes 
across images acquired at different positions of 
the organs. A distortion field then needs to be 
computed for each slice. A dual echo EPI acqui-
sition can be used where two EPI readouts of the 
same slice can be acquired with opposite phase 
encoding directions at two echo times and used to 
estimate a distortion field and a distortion-
corrected image for each slice [88]. This tech-
nique has been applied to DW-MRI of kidneys 
[55], where two EPI readouts of the same slice 
with left to right (L- > R) and right to left (R- > L) 
directions were acquired and used to estimate a 
distortion field for each slice. Figures  18.9 and 
18.10 show how this technique was corrected for 
distortion in kidneys for each coronal slice. After 
distortion correction, the 3D slice to volume reg-
istration and motion tracking was applied to cor-
rect for the effect of motion retrospectively for all 
slices. Fig.  18.11 shows the effect of motion 
compensation and the estimated rigid motion 
parameters for all slices. Figure  18.12 shows 
IVIM and DTI parameters estimated on the origi-
nal data without processing and after distortion 
and motion compensation (top rows) for a repre-
sentative subject.
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Fig. 18.9  The comparison of the reference T2-HASTE 
image of two subjects and DW-MR images (for two b-
values) before and after distortion correction for two rep-
resentative subjects. The T2-HASTE reference (left 
column), original L-  >  R image (middle left), original 
R-  >  L image (right), and distortion-corrected image 
(middle right) are shown. Red arrows indicate areas where 

distortion is present. The original images present large 
distortion, particularly in the upper part of the kidneys and 
near the bowel, indicated with red arrows. After distortion 
correction, the distortion is reduced in most of the kidney, 
although there are some remaining errors in the right kid-
ney of subject 2 near the bowel, also indicated by the red 
arrows
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Fig. 18.10  Reference T2-HASTE image and the seg-
mented kidney masks from the DW images are shown for 
the L- > R and R- > L images without correction on the 
left and for the distortion-corrected image on the right. 

Each row corresponds to one representative subject. The 
kidneys are severely distorted in the original DW images. 
After distortion correction, the kidneys are in good align-
ment with the reference image
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a

b

Fig. 18.11  Temporal evolution of a line of voxels from 
one kidney over different DW acquisitions and the regis-
tration parameters of the consecutively acquired slices 
during the first 1.8 min for a representative subject. The 
leftmost column in (a) shows the images of the cropped 
kidneys with a red line indicating the selected line of vox-
els plotted on the right. The middle panel shows the line 
plot for the volume with distortion correction, but no 
motion compensation and right panel shows the line plot 

for the distortion and motion-corrected volume. Panel (b) 
shows the rotation and translation parameters (top and 
bottom). The time to acquire each volume (2.6 s) is indi-
cated with vertical lines. Without motion compensation, 
the line plot shows large oscillations due to breathing. On 
the other hand, motion compensation corrects these oscil-
lations and aligns the DW-MR volumes in the acquired 
sequence
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Fig. 18.12  IVIM and DTI parameters estimated on the 
original data without processing (no correction—bottom 
rows) and after distortion and motion compensation (top 
rows) for a representative subject. The columns corre-
spond to the slow diffusion (D), fast diffusion (D*), perfu-
sion fraction (f) of the IVIM model and the mean 
diffusivity (MD), and fractional anisotropy (FA) parame-

ters of the DTI model. The parameter maps obtained after 
distortion and motion compensation processing have 
fewer outliers and discontinuities. Moreover, the medulla 
and cortex can be better identified in the perfusion fraction 
(f) and fractional anisotropy (FA) maps of corrected 
images
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�Clinical Applications of Renal DWI

�Chronic Kidney Disease

Chronic kidney disease (CKD) is a global health 
problem, affecting more than 10% of the world’s 
population and more than half of adults over 
70 years of age [89]. Present treatment strategies 
focus on slowing the progression of CKD, which 
requires accurate monitoring of renal function in 
patients with CKD. Current clinical methods of 
estimating renal function, such as creatine and 
estimated glomerular filtration rate (eGFR), have 
limitations as these indicators cannot reliably 
assess early injury and they do not reflect mor-
phological changes in the kidneys.

There are numerous studies investigating the 
role of DWI in patients with CKD.  A meta-
analysis of DWI for staging CKD, as defined by 
eGFR, showed that patients with stage 1–2 CKD 
had lower renal ADC values than healthy sub-
jects, and those with stage 3 CKD had higher 
ADC than the ones with stages 4–5 CKD [90]. 
There was, however, no differences in ADC val-
ues between stage 3 and stages 1–2 CKD [90]. 
The studies included in the analysis were hetero-

geneous with respect to b values, scanning 
parameters and methods for defining region of 
interests (ROIs), and reliable threshold levels 
could not be derived from the analysis. 
Nonetheless, this meta-analysis provides 
evidence for DWI in the assessment of renal 
function in CKD.  In addition to ADC measure-
ment, other more advanced DWI techniques have 
also been investigated for assessing renal func-
tion. For example, preliminary study of DTI in 
renal disease patients showed that fractional 
anisotropy (FA) was significantly lower in CKD 
patients than healthy controls, regardless of 
whether eGFR was reduced (Fig.  18.13) [91]. 
This may be related to the early changes in tissue 
microstructure and suggests the potential of DTI 
for early diagnosis of CKD.

A hallmark of CKD is the presence of intersti-
tial fibrosis, which is critical for early diagnosis 
and treatment adaptation, and prognosis. Several 
clinical studies have demonstrated a good corre-
lation between renal ADC values and histopatho-
logical fibrosis scores [73, 92–94], supporting the 
usefulness of DWI as a noninvasive tool for 
assessing renal fibrosis and monitoring 
CKD.  Additionally, measuring the differences 

a b c d

e f g h

Fig. 18.13  Diffusion properties in healthy kidneys of the 
control group (a–d) and impaired kidneys of the study 
group (e–h). The coronal FA maps (a and e); A shows a 
higher cortico-medullary differentiation than E. The ADC 
maps show similar signal intensity in the cortex and 

medulla (b and f). The color-coded FA maps allow the 
identification of the direction of diffusion (red: left-right; 
blue: head-foot; green: anterior-posterior) (c and g). The 
FA maps illustrate by texture (d and h). Figure taken with 
permission
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between cortical and medullary ADC, termed 
delta-ADC, has been shown to decrease inter-
individual variability and to better correlate with 
fibrosis in CKD [73]. In human kidneys, 
perfusion-induced water mobility has been 
reported to be much larger than the true water dif-
fusivity [21]. Thus, IVIM imaging, which sepa-
rates the true water diffusion from pseudo 
diffusion induced by vascular perfusion and 
tubular flow, has also been utilized to interrogate 
renal fibrosis. For example, in a study of 85 CKD 
patients who underwent renal biopsy, all of the 
IVIM parameters had a significant negative cor-
relation with the histopathological fibrosis score 
[95].

The experience and promising results of DWI 
in kidney disease from prior studies have led to a 
number of ongoing multicenter clinical studies of 
DWI in CKD.  The AFiRM (Application of 
Functional Renal MRI to Improve Assessment of 
Chronic Kidney Disease) will recruit 450 partici-
pants to investigate if multi-parametric renal 
MRI including DWI can characterize patients 
with and without CKD progression 
(NCT04238299). As new therapies are being 
developed to treat CKD, DWI is also being uti-
lized for therapy response monitoring. The TOP-
CKD (Trial of Pirfenidone to Prevent Progression 
in Chronic Kidney Disease) study is an ongoing 
clinical trial (NCT04258397) where DWI is used 
as a biomarker for monitoring renal fibrosis in 
200 participants with CKD treated with 
Pirfenidone, an anti-fibrotic drug.

DWI has shown an overall outstanding poten-
tial in CKD, from early diagnosis of disease 
before renal functional decline to evaluation of 
the degree of tissue fibrosis and monitoring 
microstructure changes after treatment. To enable 
wider clinical adoption, standardizations of DWI 
acquisition and processing protocols, as well as 
large multi-center studies are necessary.

�Kidney Transplant

Kidney transplantation is the most effective way 
to treat end stage renal disease. However, chronic 

allograft injury remains one of the biggest chal-
lenges in kidney transplantation, resulting in 
20–30% of the allografts failing by 10 years [96]. 
While several etiologies lead to chronic allograft 
injury, similar to native kidney diseases, the final 
common pathway is interstitial fibrosis and tubu-
lar atrophy. Currently, biopsy remains the stan-
dard for assessing kidney allograft pathology, 
either via surveillance or indication biopsies. 
Improved monitoring and timely diagnosis of 
allograft injury are needed to improve long-term 
allograft survival.

Several studies have demonstrated the poten-
tial of DWI to detect allograft fibrosis. In a study 
including 118 patients with kidney allograft who 
had undergone allograft biopsy, delta ADC was 
highly correlated with interstitial fibrosis and 
eGFR [97]. In a separate study of 27 patients, 
ADC was shown to differentiate functioning kid-
ney allografts from fibrotic ones [98]. In addition, 
cortical ADC had good performance at predicting 
an eGFR decline of ≥4 mL/min/1.73 m2 per year 
at 18  months [98]. In another study of 103 
patients with renal allograft and who underwent 
indication biopsies, ADC was negatively corre-
lated with interstitial fibrosis and was able to dif-
ferentiate patients with versus without 50% 
fibrosis with an area under the curve of 0.88 [99]. 
Another recent study also investigated IVIM 
imaging in kidney transplant and found that 
IVIM-derived parameters allowed the stratifica-
tion of patients into categories in which kidney 
allograft biopsy results are or are not likely to 
change clinical management [98]. Thus, DWI 
may have a role in guiding clinical management 
of patients with kidney transplant by selecting 
those most likely to benefit from allograft 
biopsies.

�Kidney Cancer

The incidence of renal tumors has risen signifi-
cantly in the last 20  years, largely due to the 
increased utilization of imaging with incidental 
discovery of many localized tumors [100]. One 
unmet clinical need is to noninvasively and reli-
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ably distinguish benign tumors from renal cell 
carcinomas (RCCs) pre-operatively. Another 
unmet need is to noninvasively distinguish low 
grade indolent RCCs, which are amenable to 
active surveillance from high grade aggressive 
RCCs that require timely surgery or other defini-
tive treatment.

DWI has been evaluated extensively in renal 
tumor characterization. In a meta-analysis includ-
ing nine publications with 11 datasets encom-
passing 988 ADC measurements, DWI showed a 
relatively good diagnostic accuracy in differenti-
ating malignant (RCCs and transitional cell car-
cinomas) from benign renal lesions (oncocytomas, 
angiomyolipomas, and cysts), with pooled 
weighted sensitivity and specificity of 88% and 
72%, respectively [101]. Interestingly, the perfor-
mance of ADC did not differ significantly in sub-
group analysis including versus excluding renal 
cysts (Bosniak I-IIF cysts), despite the fact that 
cysts are known to demonstrate high ADC val-
ues. Also notably, a subgroup analysis found that 
studies, which excluded renal angiomyolipomas, 
had an obvious improvement in specificity from 
63% to 84%, likely related to the observation that 
angiomyolipomas have restricted diffusion due to 
muscle and fat components [102]. IVIM has also 
been utilized for subtyping renal tumors. 
Perfusion fraction (f) and tissue diffusivity (D) 
derived from IVIM have been shown to differen-
tiate among clear cell, papillary, chromophobe, 
and cystic RCCs, as well as benign entities like 
oncocytoma and angiomyolipoma [102–104]. A 
recent study also compared the performance of 
ADC and IVIM derived parameters in differenti-
ating between malignant and benign renal tumors, 
and found tissue diffusivity (D) derived from 
IVIM is the best parameter for differentiating 
clear cell RCCs from benign renal tumors, and 

perfusion fraction (f) is the best parameter for 
differentiating non-clear cell RCCs from benign 
renal tumors(Figs. 18.14 and 18.15) [105].

Clear cell RCCs are the most common sub-
type of RCCs, and noninvasive differentiation 
between low and high grade clear cell RCCs can 
help guide the selection of patients who may ben-
efit from active surveillance versus surgery. A 
meta-analysis including eight DWI studies with 
397 clear cell RCCs showed moderate diagnostic 
performance of ADC for differentiating low from 
high grade tumors, with pooled sensitivity and 
specificity of 0.78 and 0.86, respectively [105]. 
Substantial heterogeneity was observed among 
the studies included in the analysis, mainly 
attributed to the threshold effects with regard to 
the ADC cutoff value used to determine high 
grade tumors [105].

Similar to the case of diffuse renal disease, 
DWI has shown substantial promise for noninva-
sive characterization of localized renal tumors, 
which in turn will help guide clinical manage-
ment to match treatment to those most likely to 
benefit. Standardized protocols are necessary to 
better establish its performance and assess impact 
on patient outcomes.

DTI of the kidney in children: comparison 
between normal kidneys and those with uretero-
pelvic junction (UPJ) obstruction.

In a study by Serai et Al., 118 normal kidneys 
from 102 patients were compared to 22 kidneys 
from 16 patients with UPJ obstruction [25]. Mean 
FA values were significantly lower (0.31 ± 0.07; 
n = 22) in kidneys with UPJ obstruction than nor-
mal kidneys (0.40  ±  0.08; n  =  118). The study 
suggests that DTI derived metrics are potential 
biomarkers to differentiate kidneys with UPJ 
obstruction and assess renal parenchymal 
damage.
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Fig. 18.14  Dt maps and corresponding voxel-wise histo-
grams of six representative renal lesions. (a) ccRCC, (b) 
pRCC, (c) chRCC, (d) cyRCC, (e) Onc, and (f) 
AML.  Although ccRCC, chRCC, and Onc have similar 

mean Dt values, their distribution around the means are 
different, reflecting varying skewness (Reproduced with 
permission)
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Fig. 18.15  Mean fp values plotted against mean Dt values 
among six renal tumor subtypes. Data points represent 
mean values and error bars represent standard deviation 
(Reproduced with permission)

�Summary

This chapter has summarized the current state of 
renal DWI and its most common variants, as well 
as highlighted the next generation of innovations 
in the pipeline. Recent consensus efforts by the 
community have also begun to migrate the grow-
ing but heterogeneous evidence base for renal 
DWI to the next level of translation, so that tech-
niques and clinical data may soon be acquired 
sufficient to include renal DWI confidently in 
clinical trials of renal dysfunction (chronic kid-
ney disease, etc.). The educational basis provided 
herein should help promote literacy of renal DWI 
within the renal community (physicists, radiolo-
gists, physiologists, and nephrologists) to further 
facilitate this migration.
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