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Clinical Intravoxel Incoherent
Motion and Diffusion MR
Imaging: Past, Present, and Future'
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Denis Le Bihan, MD, PhD e concept of diffusion magnetic resonance ( ) im-

aging emerged in the mid-1980s, together with the first
images of water diffusion in the human brain, as a way to
probe tissue structure at a microscopic scale, although the
images were acquired at a millimetric scale. Since then,
diffusion MR imaging has become a pillar of modern clin-
ical imaging. Diffusion MR imaging has mainly been used
to investigate neurologic disorders. A dramatic applica-
tion of diffusion MR imaging has been acute brain ische-
mia, providing patients with the opportunity to receive
suitable treatment at a stage when brain tissue might still
be salvageable, thus avoiding terrible handicaps. On the
other hand, it was found that water diffusion is aniso-
tropic in white matter, because axon membranes limit
molecular movement perpendicularly to the nerve fibers.
This feature can be exploited to produce stunning maps
of the orientation in space of the white matter tracts and
brain connections in just a few minutes. Diffusion MR im-
aging is now also rapidly expanding in oncology, for the
detection of malignant lesions and metastases, as well as
monitoring. Water diffusion is usually largely decreased in
malignant tissues, and body diffusion MR imaging, which
does not require any tracer injection, is rapidly becoming
a modality of choice to detect, characterize, or even stage
malignant lesions, especially for breast or prostate cancer.
After a brief summary of the key methodological concepts
beyond diffusion MR imaging, this article will give a re-
view of the clinical literature, mainly focusing on current
outstanding issues, followed by some innovative proposals
for future improvements.
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n 1905 Albert Einstein published

four important articles and set the

stage for all of modern physics. One
of his annus mirabilis articles (also his
PhD thesis dissertation) unexpectedly
gave birth to a powerful medical imag-
ing modality, diffusion magnetic reso-
nance (MR) imaging (1). The concept
of diffusion MR imaging emerged in
the mid-1980s, together with the first
images of water molecular diffusion in
the human brain (2), as a way to probe
tissue structure at a microscopic scale,
although images were acquired at a
millimetric scale (3). Since then, diffu-
sion MR imaging has become a pillar
of modern clinical imaging. Diffusion
MR imaging is both a method and a
powerful concept, as diffusing water
molecules provide unique information
on the tissue functional architecture.
Diffusion MR imaging has mainly been
used to investigate neurologic disor-
ders. A dramatic application of diffu-
sion MR imaging has been acute brain
ischemia, following the discovery that

® Diffusion MR imaging has
become a pillar of modern clin-
ical imaging, mainly to investi-
gate the diseased brain, but is
also increasingly been used in
the body, notably in oncology.

B [mportant issues must be consid-
ered when interpreting diffusion
MR imaging results: diffusion
anisotropy, non-Gaussian diffu-
sion, intravoxel incoherent
motion, and noise effects.

® Some issues still need to be
addressed for diffusion MR im-
aging to become a clinical bio-
marker, especially standardiza-
tion of acquisition protocols and
models used for quantitative
image analysis.

B [n the future, methods may allow
tissue features to be obtained
directly from a limited set of dif-
fusion MR imaging signals based
on their signature, substantially
reducing acquisition and process-
ing times.

water diffusion drops immediately after
the onset of an ischemic event, when
brain cells undergo swelling through
cytotoxic edema. With its unmatched
sensitivity, water diffusion MR imaging
provides patients with the opportunity
to receive suitable treatment at a stage
when brain tissue might be still salvage-
able, thus avoiding them permanent
loss of function. On the other hand, it
was found that water diffusion is aniso-
tropic in white matter, because axon
membranes limit molecular movement
perpendicularly to the nerve fibers.
This feature can be exploited to pro-
duce stunning maps of the orientation
in space of the white matter tracts and
brain connections in just a few minutes,
as well as to provide information on
white matter microstructure and integ-
rity. With water diffusion MR imaging
it has been suggested that some psychi-
atric disorders, such as schizophrenia,
might result from faulty brain connec-
tions. Further work has shown (4) that
diffusion MR imaging can work well in
the body with free breathing and back-
ground signal suppression. Use of the
technique is now also rapidly expand-
ing in oncology for the detection of ma-
lignant lesions and metastases, as well
as monitoring therapy. Water diffusion
is substantially decreased in malignant
tissues, and body diffusion MR imag-
ing, which does not require any tracer
injection, is rapidly becoming modality
of choice to detect, characterize, or
even stage malignant lesions, especially
breast and prostate cancer. Since its
introduction, diffusion MR imaging has
enjoyed a quasi-exponential growth,
with about 24000 articles referenced in
PubMed in 2014 and 725 000 entries
in Google Scholar (Fig 1). However,
as MR imaging scanner gradient coil
systems, a key hardware component
for diffusion MR imaging, have been
greatly improved over the recent years,
new trends have emerged beyond the
original apparent diffusion coefficient
(ADC) concept: IVIM is entering the
clinical field to evaluate tissue perfusion
without use of contrast agents, and the
ability to analyze non-Gaussian diffu-
sion through high diffusion weighting is
boosting sensitivity to tissue features.

After a brief summary of the key
concepts beyond diffusion MR imaging,
we will give a review of key areas of
clinical application. This review is of
necessity not comprehensive, given the
huge amount of literature on the sub-
ject. Rather, it will focus on current
outstanding issues, followed by some
proposals for future improvements.

Key Concepts to Understand and

Interpret Diffusion and IVIM MR
Imaging

Diffusion and Brownian Motion

Brownian motion refers to the spon-
taneous random motion of particles
suspended in a fluid. This phenome-
non is named after the botanist Robert
Brown, who in 1827 observed through
a microscope that pollen grains moved
through the water. Independently, the
phenomenon of diffusion, referring to
the net movement of a substance from a
region of high concentration to a region
of low concentration, had been fully
characterized by the Fick laws. Einstein
explained later in his PhD thesis and
its companion article (1) how Brownian
motion was explained by the particles
being moved by individual molecules,
and how their displacement was linked
to the diffusion coefficient (D) of the
Fick laws, bridging for the first time the
macroscopic diffusion and microscopic
Brownian motion concepts. This expla-
nation of Brownian motion served as
definitive confirmation that atoms and
molecules actually exist and was further
verified experimentally in 1908 by Jean
Perrin, who used it to determine the
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Abbreviations:

ADC = apparent diffusion coefficient
D = diffusion coefficient

D* = pseudodiffusion coefficient

DTI = diffusion-tensor imaging

FDG = fluorodeoxyglucose

fIVIM = flowing blood volume fraction
IVIM = intravoxel incoherent motion
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Avogadro number and the size of the
water molecule (5).

With diffusion MR imaging one
usually investigates the self-diffusion
of water molecules in tissue water (dif-
fusion of other molecular moities may
also be studied with MR spectroscopy).
Diffusion-driven displacements of water
molecules are encoded in the MR im-
aging signal through variations of the
magnetic field in space (6,7) caused
by magnetic field gradient pulses. The
degree of sensitivity to diffusion is de-
scribed by the so-called b value, which
was introduced (2,8) to take into ac-
count the intensity and time profile of
the gradient pulses used both for diffu-
sion encoding and MR imaging spatial
encoding. The overall effect of diffusion
in the presence of those gradient pulses
is signal attenuation, and the MR imag-
ing signal becomes diffusion weighted.
The signal attenuation is more pro-
nounced when large b values are used
and when diffusion is fast.

Diffusion Anisotropy

A first important consequence of the
diffusion MR imaging encoding process
(compared with other approaches) is

that diffusion, although a three-dimen-
sional process, is only measured along
one direction at a time determined by
the orientation in space of the gradi-
ent pulses. Most often diffusion is iso-
tropic (the same in all directions), so
that this spatial orientation does not
matter. In some tissues, however, such
as brain white matter or muscle fibers,
diffusion is anisotropic, and diffusion
effects strongly depend on the direction
of the gradient pulse. It is often thought
by those in clinical practice and by MR
imaging manufacturers that one gets a
“mean” diffusivity effect by averaging
images sequentially acquired with gradi-
ents oriented along three perpendicular
directions. It can easily be shown that
this is only an approximation (7), which
may lead to a large overestimation of
the true mean ADC in tissues experi-
encing anisotropic diffusion, especially
when diffusion pulses are set on several
axes at the same time (to minimize echo
time and increase signal-to-noise ratio).
For instance, even if the diffusion-en-
coding gradient pulses are set only to
the x-axis, any gradient pulse present
on the y- or z-axis will combine with the
diffusion-encoding pulses on the x-axis
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Graph shows the number of articles (vertical axis) published on diffusion and intravoxel incoherent motion

and also contribute to the diffusion
signal if diffusion-coupling terms (Dxy,
Dxz) exist, which is the case when the
tissue feature axes do not coincide with
the gradient directions used for mea-
surements. This mean ADC is then not
rotationally invariant. Anisotropic diffu-
sion cannot be correctly described by
three diffusion coefficients along three
directions, but requires the acquisition
of diffusion-weighted images along at
least six different directions (diffusion-
tensor imaging [DTI] [9]). With DTI,
one can get the trace of the diffusion
tensor, which represents the true mean
diffusivity, indexes of the degree of an-
isotropy (such as fractional anisotropy),
and so-called eigenvectors, which point
to the directions along which diffusion
is the fastest or the lowest, correspond-
ing in general to the directions parallel
or perpendicular to the tissue fibers,
respectively (7). DTI has served as the
basis for brain white matter tractog-
raphy, but more advanced techniques
are currently used to take into account
voxels with multiple fiber orientations
(6). DTT must be used in tissues where
water diffusion is anisotropic, mainly
in the heart, muscle, and brain white
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matter, but other tissues may unex-
pectedly also show signs of anisotropy,
such as the breast or the kidney, due to
the presence of spatially oriented ducts
(10,11).

The ADC Concept

Another important point is that the
Einstein equation, which has been used
as a basis for diffusion MR imaging, as-
sumes free diffusion, as can be found in
a glass of water. With free diffusion, the
distribution of diffusion-driven molecu-
lar displacements obeys Gaussian law.
In those conditions only the diffusion
coefficient, which can be obtained by
processing diffusion-weighted images, is
the true diffusion coefficient. This coef-
ficient, which depends on temperature
(2.4% change per 1°C), is around 3.0
X 1073 mm?/sec at 37°C. In biologic
tissues, however, diffusion is no longer
free, but becomes hindered by obsta-
cles such as cell membranes, fibers, or
macromolecules or is confined by at-
tractive centers such as electric charges
at the proteins or cell membrane sur-
faces, making diffusion MR imaging
exquisitely sensitive to tissue structure
in various pathologic or physiologic
conditions. The molecular displace-
ment distribution then deviates from a
Gaussian law and the diffusion effect on
the MR imaging signal is no longer ade-
quately described by the Einstein equa-
tion. Consequently, the diffusion coef-
ficient derived from diffusion-weighted
images is no longer the true diffusion
coefficient, but reflects interaction of
water with tissue features. The model-
ing of such diffusion effects on the sig-
nal had been investigated by pioneers
such as Stejskal, Tanner, Hazlewood,
and others (12) well before the advent
of MR imaging, but this issue remains
a complex and hot topic of investiga-
tion today (13). The ADC concept was
introduced along with the diffusion MR
imaging concept to avoid those diffi-
culties in a clinical setting (2). The idea
was to still use the Einstein equation
to simply model diffusion MR imaging
signals (as if water diffusion was Gauss-
ian), but to describe the results as an
ADC to emphasize that results would
differ from the true diffusion coefficient

if that were measureable. This concept
has proved extremely powerful and du-
rable, and the ADC is still widely used
today (14).

The IVIM Concept

The ADC concept was also introduced
to encompass all types of incoherent
motion present within each image vox-
el (hence, the acronym IVIM), which
could contribute to the signal attenu-
ation observed with diffusion MR im-
aging, such as blood microcirculation
in the capillary networks (perfusion),
and not only molecular diffusion (13).
Indeed, flow of blood water in randomly
oriented capillaries (at voxel level)
mimics a random walk (pseudodiffu-
sion), which results in a signal atten-
uation in the presence of the diffusion-
encoding gradient pulses. The effect is
seen at very low b values only, because
the pseudodiffusion coefficient, D*, as-
sociated with blood flow is higher than
the water diffusion coefficient. For this
reason, the ADC obtained by includ-
ing very-low-b-value signals is usually
higher than when larger values are
used (14). On the other hand, the one
order of magnitude or so difference
between true diffusion and pseudo-
diffusion allows them to be separated
(15,16). The idea to use diffusion and
IVIM MR imaging to get images of per-
fusion has been found ground-breaking
(17), however very controversial at the
beginning, and it took more than 20
years before the concept was applied
in clinical practice. Indeed, IVIM MR
imaging has experienced a remarkable
revival for applications throughout the
body over the last few years (3) (Fig
1), especially in the field of cancer im-
aging. A key feature of IVIM diffusion
MR imaging is that it does not involve
contrast agents, and it may serve as an
interesting alternative to perfusion MR
imaging in some patients with contrain-
dications to contrast agents or patients
with renal failure at risk for nephro-
genic systemic fibrosis (18,19) or for
gadolinium deposits in brain basal gan-
glia (20). Still, a deeper insight into the
IVIM concept and a clear understanding
of the strengths and limitations of the
concept are necessary to fully garner

the benefit of the method in the clinical
setting. Specifically, the relationship of
IVIM parameters (D* and flowing blood
volume fraction [fIVIM]) with blood
volume and blood flow estimates using
other approaches needs to be clarified.
Separation of perfusion from diffusion
requires high signal-to-noise ratios, and
there are some technical challenges to
overcome, such artifacts from other
bulk flow phenomena. Vascular and
tubular flow may be difficult to dis-
entangle in some tissues, such as the
kidney (21). Active transport resulting
from glandular secretion (breast ducts,
salivary glands and pancreas) may also
be difficult to separate from microcapil-
lary perfusion. One also has to keep in
mind that IVIM imaging has a differen-
tial sensitivity to vessel sizes, according
to the range of b values that are used.

The b-Value Effect

Another important feature is that diffu-
sion compared with other parameters,
such as T1 or T2, is a genuine physical
process occurring in tissues on its own,
not linked to MR imaging (MR imaging
is merely a means to investigate it), as
opposed to T1 or T2, which are only
defined in the MR imaging context and
depend heavily, for instance, on the field
strength and MR imaging sequences. In
contrast, the results of diffusion MR
imaging, such as the ADC, should be,
in principle, equivalent across centers
using different MR imaging systems or
sequence parameters. Unfortunately,
this is true only to some extent: Prob-
lems may arise, as noted above, be-
cause diffusion in tissues in not free.
With free (Gaussian) diffusion, the
ADC remains the same whichever set
of b values are used to measure it (only
the accuracy of the ADC estimates
will change with the b values, and it
is well known that the optimal b value
for brain tissue, for instance, is around
1000 sec/mm?). When diffusion is
non-Gaussian, the degree of diffusion-
related signal attenuation decreases
when the b value increases (Fig 2),
in other words, the ADC value de-
creases when high b values are used.
It is, thus, mandatory to indicate which
b values have been used to acquire
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Figure 2:  Diffusion MR imaging signal attenuation. Left: The natural logarithm of the signal attenuation shows a triple

curvature. At low b values (< 200 sec/mm?), the curvature results from IVIM (blood microcirculation) effects (here the

fIVIM has been set to 10%). At very high b values, the signal reaches a “noise floor,” which produces a curvature that

needs to be removed before signal analysis. The curvature visible at high b values after noise correction (deviation

from the straight line expected for free diffusion) is produced by hindrance effects (notably from membranes), which

make diffusion non-Gaussian. The kurtosis model is one approach that allows this non-Gaussian diffusion effect to be

quantified. At lower b values the signal attenuation is nearly straight, as with Gaussian diffusion. The slope obtained by

using two b values (such as 200 and 1000 sec/mm?) is smaller than the Gaussian diffusion component of the signal

ADC,, which is obtained by removing the non-Gaussian component, for instance, using the kurtosis model (Eq [1]).

Right: Since the IVIM effect is usually small, more images are often acquired at low b values than for diffusion at high

b values. However, it may be difficult to visually qualify the goodness of the diffusion and IVIM fits using the standard

0 500 1000

attenuation plot: In(S) as a function of b value, as in the left plot, where Sis signal intensity. An attractive alternative
would be to plot S as a function of In(b) to visually exaggerate the contribution of IVIM effects at very low b values.

data if one wishes to make meaningful
comparisons across literature. In fact,
not only the b values, but the precise
timing of the gradient pulses (which set
the diffusion time) used for diffusion
encoding must be provided, as different
time profiles could lead to different dif-
fusion effects while sharing the same b
value. This is due to the fact that water
molecules will have more chances to in-
teract with tissue microscopic features
when long diffusion times are used than
when short diffusion times are used,
leading to lesser signal attenuation and,
thus, to a smaller ADC at long diffusion
times (22).

Non-Gaussian Diffusion Models

Such non-Gaussian diffusion effects
become visible, however, only when
high b values are used, which is now
possible thanks to the progress made
in gradient hardware. While achievable
b values in the mid-1980s were in the
range of 100 sec/mm?, they extended
to around 1000 sec/mm?2 in the 1990s,
to easily reach 3000 sec/mm? today,
or even above 20000 sec/mm? in some
prototype gradient systems made avail-
able for the Human Connectome Pro-
ject (23) or in preclinical systems where
gradient amplitudes of 1000 mT/m are
not uncommon (compared with 30-80

mT/m in clinical systems). By using
such high b values, the ADC concept
(also often referred to as the monoex-
ponential model) reaches its limitation,
as it cannot give a proper account of
the curvature of the signal attenuation
(in semilog coordinates) that becomes
apparent at high b values (Fig 2). In-
deed, some extremely valuable infor-
mation on tissue structure can be found
in this curvature (14), and several
models have been suggested to empir-
ically handle this non-Gaussian behav-
ior, such as the polynomial or kurtosis
model (24) (also called diffusion kur-
tosis imaging [25]), the biexponential
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model (26), the statistical model (27),
the stretched exponential model (28),
and others (29,30). With such models
new parameters have emerged beyond
the ADC, such as the kurtosis for dif-
fusion kurtosis imaging, which have
shown great potential to characterize
pathologic or physiologic conditions,
although they only give empirical in-
formation on the degree of diffusion
non-Gaussianity and nothing specific
on tissue features. These models have
been used to evaluate cerebral infarc-
tion (31), liver fibrosis (32), and tumor
characterization (33,34). Other models
have been designed not just to mathe-
matically describe the signal decay with
b values, but to provide more insight-
ful, explanatory information on the tis-
sue features, mainly in the brain, such
as the axon diameter in white matter
(composite hindered and restricted
model of diffusion, or CHARMED (35),
and AxCaliber models [36]) or for the
gray matter neurite distribution (neu-
rite orientation dispersion and density
imaging, or NODDI, model [37]). How-
ever, those extremely refined models
require strong assumptions on the un-
derlying tissue structure, sophisticated
modeling and analysis, and still must
be validated across the full range of
clinical conditions. It is understandable
that clinicians might be puzzled by this
array of diffusion models and the va-
riety of ways to process the diffusion-
weighted images they require. However,
clinically relevant images can be de-
rived from parametric maps produced
by combining images acquired with a
range of b values according to the rel-
evant physical models by using one’s
preferred software, either in-house or
provided by vendors. Such maps often
allow one, in particular, to assess lesion
heterogeneity.

Data Analysis and Noise Effects

A last important issue to consider is
the effect of noise on the output pro-
duced by such models if one wants to
get meaningful information. There is
still another cause of curvature of the
signal attenuation than non-Gaussian
diffusion at high b values: noise. At high
b values, because of the nature of the

MR imaging signal (a magnitude signal
that cannot be negative), there is al-
ways some background noise signal left
and the diffusion signal remains above
a threshold, the noise floor (Fig 2), in-
stead of asymptotically approaching O,
thus mimicking a curvature effect (16).
Such noise effects must be corrected,
if present, to avoid over- or underes-
timation of the model outputs (ADC,
kurtosis, fIVIM, etc), which is not a
trivial matter. Several approaches have
been proposed to correct this noise at
high b values, either by retrieving sig-
nal values from noise-corrupted data
(38-42) or by using a simple proce-
dure where a noise-correction factor is
estimated through a phantom calibra-
tion process (16). As a matter of fact,
alcanes should be preferred to build
phantoms, as they offer a wide range
of ADC values mimicking biologic tis-
sues or diseases and are less prone
to artifacts than water or ice (43) (fat
suppression must be turned off during
measurements, though, as the alcanes
resonant frequency is close to that of
fat). Those noise effects may explain
discrepancies among the various diffu-
sion MR imaging and IVIM parameter
values in the literature.

Another issue related to noise is
that model parameter estimates may
depend on the algorithms that are used
to fit the signals with the model equa-
tions. One may fit the model equation
at once (including IVIM, non-Gaussian
diffusion, and noise effects together),
for instance, by using an “Exhaustive”
search algorithm [16]), while a popular
way is to split the fitting into two steps,
one for diffusion and the other for IVIM
effects, to increase the robustness of it-
erative fitting algorithms. This is often
referred to as the biexponential ap-
proach (one for IVIM and one for diffu-
sion), but should not be confused with
the non-Gaussian biexponential diffu-
sion model (26). In fact, taking IVIM
and non-Gaussian diffusion altogether
one should rather think of triexponen-
tial or exponential-polynomial models.
An outstanding issue is then to decide
the threshold for the b value above
which IVIM effects can be considered
as negligible. This value is often thought

to be around 200-400 sec/mm?2, but
may extend to 600 sec/mm?in the brain
and is expected to vary across organs
and pathologic conditions. In addition,
images with b of 0 sec/mm? cannot be
acquired, as gradient pulses used for
imaging are responsible for some (tiny)
IVIM and diffusion effects (lowest b
value achievable is often around 5-10
sec/mm? or even sometimes 50 sec/
mm?). Hence, a very good estimation
of the theoretical signal at b of 0 sec/
mm? is required to get a meaningful
estimate of fIVIM. Furthermore, while
the IVIM effects reflecting microcircula-
tion are seen only at very low b values,
they are usually very small and require
a very good handling of the whole signal
curvature, even at very large b values
(including non-Gaussian diffusion and
noise floor correction) to give correct
estimates of parameters (16).

With those concepts in mind, we
will now briefly review the clinical field
of applications of diffusion and IVIM
MR imaging.

Review of Clinical Applications

Neuroimaging

Acute and chronic stroke.—There is no
doubt that the main application of diffu-
sion MR imaging has been for the diag-
nosis of acute cerebral infarction (44),
as well as the estimation of the time
course of ADC change in stroke (45).
The ADC decrease occurring minutes
after the ischemic insult is linked to cell
swelling through cytotoxic edema, but
the basic mechanisms remain unclear
(12,46,47). Diffusion MR imaging has
resulted in substantial changes to the
treatment of patients with stroke, al-
lowing physicians to customize thera-
peutic approaches (pharmacological or
interventional) for individual patients
(48), as well as monitoring patient pro-
gress on an objective basis (in both the
acute and the chronic phase [49]), to
help predict clinical outcome (48,50-
52). At high degree of diffusion weigh-
ing, as seen through the mean kurtosis,
sensitivity to tissue features increases,
improving the characterization of is-
chemic tissues (53). IVIM MR imaging
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also has potential for the management
of cerebral infarction (54) or to assess
the brain’s microvasculature pulsatility
on the cardiac cycle (55).

White matter diseases and tractog-
raphy.—DTI has mainly been used in
neuroscience (6); however, it is gain-
ing momentum as a clinical tool. DTI
can help estimate the relationship be-
tween tumors and nearby white matter
tracts for preoperative and intraopera-
tive planning (56). DTI is commonly
used to investigate white matter dis-
orders and has also revealed faulty
brain connections linked to psychiat-
ric disorders, such as schizophrenia,
bipolar disorder, and anxiety disorder
(57). Diffusion-weighted imaging and
DTI have been increasingly applied
to the clinical investigation of demy-
elinating disease, especially multiple
sclerosis, and correlations have been
shown between diffusion-weighted im-
aging findings and clinical symptoms of
multiple sclerosis (58). In addition, an
ADC decrease in acute disseminated
encephalomyelitis has been observed,
which becomes more prominent dur-
ing the subacute phase (59). The ADC
decrease in the hyperacute phase of a
demyelinating lesion might appear even
ahead of contrast enhancement (60).
Interestingly, tract-based spatial statis-
tics analysis of DTI data appears robust
than region-of-interest-based analysis
to predict motor outcome in primary
progressive multiple sclerosis (61) and
detect widespread white matter lesions
with a significant fractional anisotropy
decrease in patients with neuromyeli-
tis optica, which is useful for the bet-
ter understanding of the disease (62).
DTI also has been shown to be useful
to assess brain lesions after mild trau-
matic brain injury, which is associated
with cognitive and physical symptoms,
although there are no remarkable find-
ings on conventional MR or computed
tomographic (CT) images (63). A re-
cent study has revealed that fractional
anisotropy values in the cerebellum and
fusiform gyri were lower in patients
with mild traumatic brain injury and
vestibular symptoms, suggesting DTI
as a diagnostic tool for the evaluation
of concussion (64). Nonetheless, DTI

and resting-state functional connectiv-
ity MR imaging have shown some dis-
crepancies in their results, and further
investigation is needed to establish the
relationship between structural and
functional lesions associated with con-
cussion (65).

Oncology

Diffusion MR imaging has great poten-
tial as a tool in the treatment of can-
cer patients, allowing earlier detection,
diagnosis, staging, and monitoring of
disease progression or response to
therapy (66). This approach is comple-
mentary to fluorodeoxyglucose (FDG)
positron emission tomography (PET),
which seems to be more sensitive
in lungs and perhaps in lymph nodes
(67), but diffusion MR imaging, which
does not use ionizing radiation and any
tracer and affords a better spatial reso-
lution, appears promising for the man-
agement of breast, prostate, liver, and
thyroid cancers, as well as lymphomas
(68). Furthermore, diffusion MR im-
aging gives access to tissues obscured
by sites of physiologic FDG accumula-
tion, such as in the pelvis around the
bladder. Differences in findings are
expected with FDG PET and diffusion
MR imaging as both approaches are
based on completely different biophysi-
cal mechanisms. FDG PET shows areas
with increased glucose metabolism,
which can also be present in inflam-
mation (Fig 3). ADC values correlate
with tumor cellularity both in humans
(69-71) and animals (72,73), and a
very low pretreatment ADC is usually
associated with aggressive malignancy
(74,75), while relatively high pretreat-
ment ADC values might predict a poor
response to therapy (76-78). Some
studies have shown a correlation be-
tween ADC values and tumor grade in
humans (79,80) and animals (73). How-
ever, cell density is not the only histo-
logic indicator that sets tumor grade,
and other histologic features, such as
nuclear atypia, may account for the im-
perfect correlation. Necrotic or cystic
tumor components, which show high
ADC, could also reduce the association
between ADC and cell density. Whole-
body diffusion kurtosis imaging has the

potential to extract more microstruc-
tural information than the ADC (34), as
a high-degree diffusion weighting (high
b values) increases the effect on the
signal of obstacles to free diffusion pre-
sent in tissues, notably cell membranes.
IVIM (fIVIM) appears correlated with
vessel density (72,81), and recent stud-
ies have shown a correlation between
flowing blood volume fraction and ce-
rebral blood volume derived from dy-
namic susceptibility contrast-enhanced
MR imaging in gliomas (82,83) or dy-
namic contrast-enhanced-derived pa-
rameters in renal tumors (84), head
and neck tumors (85), or breast tumors
(86). In light of these promising results,
diffusion MR imaging has been investi-
gated as a potential clinical biomarker
for the assessment of new drug devel-
opment, as well as for monitoring drug
response in clinical practice (68). To
achieve this goal, several issues remain
to be addressed (87) notably about the
standardization of the acquisition pro-
tocols (in particular fat suppression, as
the very low diffusion coefficient of fat
may mimic low ADC lesions [4]) and
the models used for data processing.
Investigations on the relationship be-
tween the IVIM and diffusion parame-
ters and the underlying tissue structure
at microscopic level, as well as changes
induced by therapy, must be pursued.
Reliability and reproducibility of diffu-
sion MR imaging results must also be
assessed to facilitate monitoring disease
progression or response to therapy in
individual patients.

Brain tumors.—The ADC has been
found useful for the differentiation of
brain tumors (88), as well as tumor
grading (89), and DTI has mainly been
used to characterize tumor infiltration
or displacement to the white matter
around the brain tumor (90). The po-
tential of the ADC to serve as a sur-
rogate marker for treatment response
efficacy has emerged (91,92), and, in
combination with IVIM, to differenti-
ate high- from low-grade glioma (93).
Moreover, regardless of tumor grade,
lower ADC values correlated with poor
prognosis in malignant astrocytomas
(94). Histogram analysis of IVIM pa-
rameters may help in differentiating
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recurrent tumor from treatment effect
in glioblastoma (83). Diffusion-weight-
ed imaging and DTI have the potential
to help determine the optimal radiation
treatment volumes (95).

Head and neck.—The evaluation of
the head and neck region with MR im-
aging is hampered by susceptibility ar-
tifacts, because of the contiguity of the
soft-tissue components with air-filled
structures and bone. In addition, some
specific movements (eg, jaw move-
ments, swallowing, speaking, coughing,
or breathing), as well as respiration,
often result in severe motion artifacts.
Some methods have been proposed to
decrease motion artifacts (96) and to
overcome distortion artifacts, such as
read-out segmented echo-planar imag-
ing (97). Many studies have confirmed
a significant difference in ADC between
benign and malignant lesions in this
region, but ADC values often overlap
between benign and malignant lesions.
Parameters derived from non-Gaussian
diffusion MR imaging and IVIM might
mitigate this limitation for the primary
and nonmetastatic head and neck tu-
mors (33). Diffusion and IVIM MR
imaging have been applied to salivary
gland lesions for the differentiation of
benign and malignant tumor, as well
as squamous cell carcinomas and lym-
phomas (98-100). The combination of
IVIM and diffusion parameters, each
with own threshold for malignancy, re-
sults in a better diagnostic ability (98).

The detection of lymph nodal metas-
tases, an important factor for treatment
planning, (ie, defining the radiation
field or the surgical neck dissection),
remains challenging. ADC in malignant
nodes seems substantially lower than
in benign nodes (101). Primary head

and neck tumors have been reported to
have a higher IVIM perfusion fraction
and ADC compared with metastatic
lymph nodes, which could be useful in
the optimization of individualized treat-
ment planning (102). Indeed, as non-
surgical therapeutic approaches (radi-
ation therapy and/or chemotherapy)
are increasingly used in clinical practice
for head and neck cancer, it becomes
imperative to identify patients who fail
to respond to therapy as early as pos-
sible after treatment has been started,
so one can change or adjust the treat-
ment regimen if necessary. Although
the ADC has been found to increase
over the time-course of chemotherapy,
especially in squamous cell carcinoma
(103,104), its potential to serve as a
biomarker of treatment efficacy at an
early stage remains controversial and
still needs validation. The differentia-
tion of posttherapeutic changes from
tumor recurrence is also an important
clinical issue, and a recent study us-
ing the IVIM model has identified both
IVIM and ADC thresholds below which
tumor recurrence was likely (103).
Pancreas.—Improvement in gra-
dient hardware and radiofrequency
coil systems allowing a good signal-to-
noise ratio to be preserved within the
images while using high b values has
made diffusion MR imaging available
for the detection and characterization
of deep abdominal organs, such as
the pancreas. However, there are still
some challenges in using ADC values
to differentiate pancreatic cancer from
mass-forming pancreatitis, due to the
variable proportions of fibrosis and
inflammation in mass-foaming pancre-
atitis, fibrosis, necrosis, and cell den-
sity in tumors (106). IVIM MR imaging

seems especially promising as it allows
one to differentiate normal pancre-
atic parenchyma, pancreatic neoplasm
(107,108), and mass-foaming pan-
creatitis (109) with higher diagnostic
accuracy than do diffusion-weighted
imaging and ADC alone. IVIM MR im-
aging may also help identify pancreatic
adenocarcinoma from other pancre-
atic masses (neuroendocrine tumor
and chronic pancreatitis) (110) and
differentiate pancreatic adenocarci-
nomas from neuroendocrine tumors or
benign intraductal papillary mucinous
neoplasm (111).

Prostate.—There has been growing
interest in multiparametric MR imag-
ing including diffusion MR imaging in
the detection, staging, and treatment
of prostate cancer (112). Non-Gauss-
ian diffusion has already been inves-
tigated in the prostate with the kur-
tosis (113,114), biexponential (113),
or Gamma distribution (116) models.
Kurtosis has a better diagnostic ability
than simple ADC in differentiating
healthy and cancerous peripheral pros-
tate tissues (114) or low- and high-
grade prostate cancer (113) (Fig 4).
Results have been mixed regarding the
diagnostic utility of IVIM in the diag-
nosis of prostate cancer (117,118),
although perfusion-free diffusion coef-
ficient might have a better diagnostic
ability than ADC (119). In fact, IVIM
perfusion fractions in cancer and nor-
mal tissue, as well as their differences,
are highly variable within the literature
(114,117,118,120-124) (Table E1 [on-
line]), and the application of IVIM in
the diagnosis of prostate cancer still
needs further validation. Diffusion MR
imaging has also great potential in the
active surveillance of low-risk patients,

Figure 3:  Comparison of diffusion-weighted (b value = 900 sec/mm? [b900]) whole-body imaging with background body signal suppression (DWIBS) and FDG PET in

a 62-year-old man with small cell lung cancer showing neuroendocrine differentiation. (a) Lateral and (b) frontal maximum intensity projection (MIP) images of DWIBS and
FDG PET (inverted MIP) performed on consecutive days. Grossly there is good concordance of high uptake on FDG PET scan with high-signal-intensity (b = 900 sec/mm?)
MIP images but there are differences on (c—€) fused PET/CT (left column) and fused DWIBS and T2-weighted (right column) images. (c) Images in the upper chest. The
FDG-avid right paratracheal lymph node is not seen as a high-signal-intensity lesion on fused DWIBS/T2-weighted image (third row, arrow). Also, normal left axillary and
right internal mammary nodes (fifth row, arrows) visible on fused DWIBS/T2-weighted images are not FDG avid; these lymph nodes are likely to be normal. (d) Images in the
lower chest and liver. Normal FDG uptake in the heart not seen on fused DWIBS/T2-weighted images (third row, arrow). Liver metastases are more clearly outlined on fused
DWIBS/T2-weighted images (fourth row, arrow). Bone deposits are also more clearly seen on fused DWIBS/T2-weighted images (third row, arrow). (€) Images in the pelvis.
Note increased FDG uptake in the lower anal canal is not seen on fused DWIBS/T2-weighted images (fifth row, arrow); this is presumed to be inflammatory. Bone deposits
are more clearly seen on fused DWIBS/T2-weighted images (second and fourth rows, arrows). (Image courtesy of Prof Anwar R. Padhani, Paul Strickland Scanner Centre,

Mount Vernon Cancer Centre, London, England.)
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Figure 4: Prostate cancer. Images in a 58-year-old man with a large prostate lesion involving both the left peripheral
and the transition zones (Gleason 4+4 tumor at biopsy). The panel shows the lesion on T2-weighted (T2I/)) and diffu-

sion-weighted, b value of 2000 sec/mm? (b

2000

) images (arrow), as well as ADC with combination of b values of 0, 1000

sec/mm? (ADC, . ...), ADC, (D), and kurtosis (k) maps. Signal plot shows the non-Gaussian diffusion curvature. (Image
courtesy of Prof Andrew Rosenkrantz and Prof Eric Sigmund, New York University School of Medicine, New York, NY.)

evaluation of treatment efficacy, and
prediction of disease recurrence.
Breast.—Accurate differential di-
agnosis of lesions, staging of malig-
nant lesions, as well as monitoring of
treatment efficacy, are essential in the
treatment of breast cancer. The poten-
tial of diffusion MR imaging to address
those questions is high, but results have
been sometimes inconsistent in the lit-
erature partly due to differences in the
study design (choice of b values and
acquisition methods, data analysis ap-
proaches, differences in patient popu-
lation). The majority of the clinical
diffusion-weighted imaging breast stud-
ies rely on a monoexponential analysis,
providing the simple ADC as the pa-
rameter analyzed. The combination of
b values (0 and 1000 sec/mm?2), which
include some non-Gaussian diffusion
effects, seems to yield the highest di-
agnostic ability to differentiate benign
from malignant lesions at 1.5 T (125).
Some groups have attempted to extract

both perfusion from IVIM and (Gauss-
ian) diffusion components (126-128),
leading to interesting results (Table E2
[online]). Recently, non-Gaussian diffu-
sion has also been considered, giving
promising results for the diagnosis of
breast cancer (16,129,130), as diffu-
sion kurtosis imaging parameters, in
particular, may reflect physiologic and
morphologic  alterations  associated
with breast tumor tissues, although the
mechanisms need to be elucidated (31).
Kurtosis is high in malignant lesions
compared with benign lesions and,
in addition to ADC and flowing blood
volume fraction, might improve diag-
nostic accuracy (16,129), for instance,
combining parameter thresholds (131).
Fibroadenomas and fibrocystic changes
were found to have significant differ-
ence only in kurtosis (132). The flowing
blood volume fraction is usually high in
malignant lesions, but there seems to
be a large overlap with benign lesions
(Table E2 J[online]). More complex

architectural patterns are often pre-
sent in complex fibroadenoma (with
sclerosing adenosis or other compo-
nents of fibrocystic change) (133) and
complicated cysts, where flow patterns
might erroneously result in an increase
of the flowing blood volume fraction.
Microscopic diffusion MR imaging of
specimens with a resolution down to
40 pm might give new insights to the
understanding of the microstructural
complexity (134). A particularly chal-
lenging problem for breast diffusion
MR imaging is the detection of non-
mass-enhancing lesions on dynamic
contrast-enhanced MR images. This ap-
pearance is typical of ductal carcinoma
in situ due to the tumor extension along
the breast ducts (135,136). Manual de-
lineation of regions of interest is very
time consuming, and there is a need
for more automatic segmentation algo-
rithms for diffusion MR imaging to be
used in this clinical situation. Diffusion
MR imaging has been evaluated in the
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detection of lymphadenopathy in breast
cancer; however, there is a significant
overlap of ADC values between benign
and malignant lymph nodes (137-141),
and diffusion MR imaging cannot yet re-
place surgery and sentinel lymph node
biopsy for lymph-node staging.

Lung.—The evaluation of lung nod-
ules is frequently performed by using
contrast-enhanced CT and FDG PET
(142). Lung lesions have not been con-
sidered suitable for diffusion MR imag-
ing due to severe susceptibility artifact
from air. Nonetheless, recent develop-
ments in fast imaging methods such as
echo-planar imaging and parallel imag-
ing have now made this possible. Quan-
titative ADC measurements in lung
cancer have been proposed to minimize
the need of risky biopsies (143), and
functional diffusion maps have been
suggested to serve as a biomarker for
early prediction of treatment response
in non-small cell lung carcinoma, with
a better performance than the con-
ventional size criteria (Response Eval-
uation Criteria in Solid Tumors, or
RECIST) (144). Still, to this date, the
results have been conflicting or incon-
clusive (145,146).

Liver.—Detection and character-
ization of hepatocellular carcinoma
and liver metastases, as well as pre-
diction of tumor response to ther-
apy, with MR imaging have benefited
from liver-specific contrast agents
(147,148). However, diffusion MR im-
aging has been actively investigated
as an alternative approach in patients
with severe renal failure (149). IVIM
and diffusion MR imaging in the liver
is degraded by artifacts due to cardiac
and respiratory motion (150) or to
air in the adjacent stomach or colon.
Hence, work remains to be done to
establish guidelines for the acquisition
protocols (eg, free breathing or respi-
ratory gating, navigation, etc) so as
to obtain good image quality and re-
producible IVIM and diffusion results
(150-153). Interestingly, the first IVIM
studies in the body were performed
in the liver by Yamada et al in 1999
(154). They showed the potential of
IVIM MR imaging to differentiate he-

patocellular carcinoma, hemangioma,

and cysts. Several studies have shown
the potential of IVIM MR imaging
for the evaluation of liver cirrhosis
(155,156) or fibrosis (157), as well as
for the tissue characterization of focal
liver lesions (158). Combination of
diffusion MR imaging and gadolinium
ethoxybenzyl diethylenetriamine pen-
taacetic acid may increase sensitivity
for the detection of hepatic lesions,
including liver metastases (159-162).
Still, use of ADC values solely for as-
sessing hepatic lesions is likely to be
challenging, as there is sometimes a
considerable overlap between benign
and malignant lesions and normal liver
tissue (32,154,163,164).

Luciani et al (155) found that cir-
rhotic livers had significantly decreased
ADC and IVIM pseudodiffusion coef-
ficients compared with healthy livers,
while the IVIM perfusion fraction has
been shown as a potential biomarker of
nonalcoholic steatohepatitis (165,166).

Other Clinical Applications

IVIM and diffusion MR imaging have
also been used for a variety of other ap-
plications, each with its own challenges,
such as organ motion for cardiac dif-
fusion MR imaging and DTI (167,168).
Diffusion MR imaging has the potential
to differentiate benign from pathologic
vertebral body compression fractures
(169,170); however, large fat cells may
reduce the negative correlation between
tumor cellularity and ADC commonly
found in most solid tumors (171). In
the kidneys, IVIM parameters seem to
be more useful than diffusion param-
eters with the potential to predict the
extent of deterioration in renal function
(172): D* in the renal cortex is signif-
icantly lower in both mild and severe
renal dysfunction, while ADC values
decrease only in severe renal dysfunc-
tion. The perfusion fraction, fIVIM, and
the tissue diffusivity have shown better
diagnostic performance, separately,
than the overall ADC for the discrimi-
nation of enhancing from nonenhancing
renal lesions, with a good correlation
between fIVIM and perfusion-related
parameters using gadolinium-based
contrast agents (173). Furthermore,
histogram analyses of IVIM data have

been shown useful for the discrimina-
tion of malignant and benign tumors, as
well as renal tumor subtypes (174).

Future Prospects: Toward a Simplified,

Quantitative Approach for Clinical
Diffusion MR Imaging?

All those great applications have been a
vibrant demonstration of the huge clin-
ical potential of diffusion MR imaging,
but it is particularly surprising to real-
ize that many of those diffusion MR im-
aging “breakthroughs” have been based
on empirical experimental evidence and
have successfully moved into the clinical
area with great success, but without a
clear understanding of the mechanisms
responsible for those findings. Water
diffusion is modulated by cell size (de-
creasing with cell swelling, as observed
in stroke), cell density (falling with the
increase membrane content), or cell/
membrane orientation (diffusion an-
isotropy in white matter fibers). But
explanations for the observed find-
ings have remained often qualitative.
To better understand the basis of the
observed findings in diffusion MR im-
aging, some physical modeling comes
in as a necessity. Most models have
focused on geometric features of tis-
sues (eg, compartments such as the
intra- and extracellular compartments,
physical obstacles such as fibers, cell
membranes). Undeniably cellular com-
ponents are largely responsible for
the reduced diffusion coefficients in
biologic tissues compared with free
water, and there is growing evidence
that membranes, even if they are per-
meable, are likely the main actor that
“hinders” the water diffusion process,
directly or indirectly. However, data on
the physical properties of water and on
the status of water in biologic tissues
suggest that the biophysical mecha-
nisms of water diffusion in tissues may
not be limited to sole geometric fea-
tures (12). Beside protein-bounding, a
large amount of water forms molecular
networks through hydrogen bonding,
with properties, including diffusion,
which may also be altered in the vicin-
ity of charged membranes. Given the
important surface-to-volume ratio of
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most cells, water networks interacting
with cell membranes constitute an im-
portant fraction of tissue water. Hence,
any change in cell component’s shape,
size, or density, which induces large
variations in the membrane surface,
will impact the diffusion MR imaging
signal.

While it is very important to de-
velop such sophisticated models, we
should at the same time also make dif-
fusion MR imaging as simple and robust
as possible if one wants this outstanding
modality to expand further in the clinics
and become a standard, for instance, in
oncology, as it is today with acute brain
ischemia. The ADC concept has played
such a role (14), but we should now
also look at non-Gaussian diffusion and
IVIM effects, as they provide valuable
information on tissues. Unfortunately,
the accurate estimation of such non-
Gaussian diffusion and IVIM-related
parameters requires fitting the diffu-
sion-weighted MR imaging signal with
biophysical models using algorithms,
which are often prone to errors and
calculation-intensive, preventing real-
time analysis to be performed. Further-
more, accurate data fitting with models
also requires the acquisition of multiple
images with a large range of b values,
resulting in long acquisition times. Ide-
ally, one should aim at decreasing ac-
quisition and processing times and at
developing new, standard (across man-
ufacturers’ platforms) approaches that
enable automatic classification of tissue
types (ie, benign or malignant lesions)
in real time.

Key bValue and Synthetic ADC Concepts

Previous literature has explored the
optimization of b values in the kidney
(175,176), liver (177,178), prostate
(179), and the breast (180). However,
those key b values have been pro-
posed only to optimize the robustness
of the fitting results in the context of
the monoexponential model (Gaussian
diffusion) or to separate IVIM and dif-
fusion effects. A completely different
approach would be to consider key b
values directly aimed at differential
diagnosis, taking into account alto-
gether IVIM and non-Gaussian diffusion
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Figure 5:  Differential sensitivity of the overall IVIM/diffusion signal to each parameter according to b value
by using typical values shown in the table from reference 16. Low- and high-key b values can be identified
to optimize sensitivity to IVIM (fIVIM and D*) and to diffusion (virtual ADC that would be obtained when b
approaches 0 [ADC,Jand kurtosis [K]) effects, respectively.

effects on the diffusion-weighted signal.
Taking, for instance, the IVIM-kur-
tosis model, the signal intensity
S(b) can be written (ignoring noise
floor effects for the sake of simplicity)
as (16):

S(b) = S(O){fIVIM - exp(—=b - D¥)
+ (1 = fIVIM)
- exp[— b - ADC,
+ (b - ADC))? -K/6]}, (1)

where S(0) is the theoretical signal in-
tensity for b value of 0 sec/mm?, {IVIM
is the (T1-, T2-weighted) volume frac-
tion of incoherently flowing blood in
the tissue, b is the b value, D* is the
pseudodiffusion coefficient associated
with the IVIM effect, ADCO is the vir-
tual ADC that would be obtained when
b approaches 0, and K is the kurtosis
parameter. As an example, using typi-
cal values for fIVIM, ADC, K, and D*

found for malignant and benign lesions
in breast cancer (16), one can easily
see (Fig 5, Fig E1 [online]) that the rel-
ative contribution to the signal intensity
of each parameter strongly depends on
the b values, as expected from Equation
(1), but with a specific b value sensi-
tivity. For instance, the most sensitive
b values for fIVIM, D*, ADC,, and K
are around 400, 200, 800, and above
3000 sec/mm?, respectively. One can
also see that b values between 1600 and
2400 sec/mm? are good both for ADC
and K. It also appears that variations
in ADC; and K have a much greater
impact on the overall signal intensity
than variations in fIVIM and D* (Fig 3),
while at 400 sec/mm? IVIM and non-
Gaussian diffusion effects cancel each
other.

Based on this differential sensitivity,
one may consider that some b values
(we call “key b values”) can be found to
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Figure 6: Sindex. (a) Combined sensitivity of diffusion-weighted MR imaging signal to all IVIM and diffusion parameters. (b)
Using only the signal (voxel or region of interest level) acquired at the two key b values, an absolute Sindex can be derived that
gives an indication on the tissue nature (color scale, left). The Sindex reflects the proximity of the lesion signal to the signal
signature of typical tissues (eg, malignant, benign, liquid, etc). Example of Sindex maps (four sections) and three-dimensional
rendering show tumor heterogeneity in a rat brain 9-L glioma tumor model. T2-weighted section and histologic slice (CD31
stain) are shown for reference (see reference 72 for experimental details).

maximize sensitivity to IVIM and diffu-
sion parameters, hence to best distin-
guish tissues. Using the above values
as an example, two key b values can be
identified (Fig 6a): around 100-200 sec/
mm? (“low” key b value, Lb) for IVIM
and around 1400-1800 sec/mm? (“high”
key b value, Hb) for non-Gaussian dif-
fusion (mixing ADCo and kurtosis con-
tributions). A b value above 3000 sec/
mm? also has a strong tissue differen-
tiation potential, but signal intensities
acquired at such high b values gener-
ally become very low with the gradient
hardware found on typical commercial
MR imagers, and the kurtosis model is
known to fail above such high b values.

In summary, optimal differentiation of
tissue types could be obtained from only
two b values (compared with many b
values when the IVIM and diffusion pa-
rameters have to be evaluated individu-
ally), resulting in a dramatic shortening
of the acquisition time, an important
concern for clinical protocols, especially
in noncooperative patients. Those two
key b values are, of course, organ spe-
cific (eg, body vs brain), but, according
to the existing literature, should be very
similar for most body tissues.

Following the ADC concept intro-
duced in the 1980s for Gaussian dif-
fusion, which is calculated from two b
values (0 and, for instance, 1000 sec/

mm? for brain tissue), one may now de-
fine a synthetic ADC (sADC), which is
calculated from those two key b values
(eg, 200 and 1500 sec/mm?) as follows:

SADC = In[S(Lb)/S(Hb)|/(Hb — Lb),(2)

where Lb is low-key b value, Hb is high-
key b value, and S is signal intensity.
This synthetic ADC will intrinsically in-
clude non-Gaussian diffusion and IVIM
effects in such a way as to maximize dif-
ferential sensitivity to tissue structure.

“Sindex” Concept

One may go even one step further, di-
rectly identifying tissue types based on
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their diffusion MR imaging signal pat-
terns compared with signature signals,
without the need to estimate any model
parameter. Once those key b values
have been identified, signature signals,
S,,(b) and S,(b), can be calculated at
those b values, once for all, for instance
by using Equation (1), for typical tis-
sues (eg, malignant [M], benign [B], re-
spectively). Taking now the normalized
signals, S, (b), from a voxel (or region of
interest) in a tissue under investigation
at the key b values, a “distance” (alge-
braic distance, correlation coefficient,
or scalar product, etc) can be calcu-
lated between the vector made of these
tissue signals and those of the signature
tissue signals using all key b values to
build a quantitative, absolute signature
index. In the simple case where only
two key b values are used, as for the
synthetic ADC, such a signature index,
SI(V), can be defined as:

SI(V) = max{[dS, (Hb)
- dSv(Lb)]/[dsm(Hb)
- ds,,(Lb)] 0}
- max {[dS, (Hb)
- S, (Lb)]/[dS, (1)
- dS,(Lb)].0}, 3)

where the relative “distance” quantities
dS,\5(b) =[Sy 5(b) = Sy(b)]/Sy(b) are
calculated between the signal of the
tissue under investigation, S, the ma-
lignant, S, and the benign, S,, tissue
signals, and a reference neutral tissue
signal, S (taken as an intermediate be-
tween malignant and benign signals).
Because malignant lesions are charac-
terized by high fIVIM, low ADCo, and
high kurtosis values, one can see that
for malignant tissues, the signature in-
dex is greater than O (1 for the typical
malignant tissue of Fig 5), while it is
less than O for benign tissues (—1 for
the typical benign tissue of Fig 5). The
signature index is O for a neutral (unde-
termined) tissue.

The signature index can further be
linearly scaled, if needed, for conve-
nience, for instance as Sindex = (SI +
1) X 25 + 25, which is now centered
at 50, so that Sindex is 75 for a typi-
cal malignant tissue and 235 for a typical
benign tissue. For normal tissues, the

Sindex is approximately 0-20, while
in very malignant tissues it is greater
than 100 (Fig 6b). For example, based
on results from a previously published
breast study (16), the average Sindex
was found to be 76 = 34 in malignant
lesions and 31 * 34 in benign lesions.
For a population of 46 patients with
head and neck tumors, the overall
performance (area under the receiver
operating characteristic curve) of this
Sindex to differentiate malignant from
benign tumors was 0.89 (sensitivity,
89%; specificity, 84%; positive predic-
tive value, 89%; and negative predictive
value, 84%) (181).

In practice, this absolute scale Sin-
dex derived from diffusion MR imag-
ing signals acquired at only two key b
values can be obtained at voxel level
or within a manually or automatically
drawn region of interest. Besides mean
Sindex statistics in regions of interest,
one may also generate histograms to
assess lesion heterogeneity and moni-
tor therapy response, for instance, by
using the standard deviation or more
advanced Sindex distribution descrip-
tors, such as skewness or kurtosis, or
determine a malignant charge by tak-
ing into account the lesion volume with
voxels for which Sindex is greater than
50. Color-encoded maps and three-
dimensional renderings of the lesions
based on the voxel-by-voxel Sindex can
also be generated for a better view of
lesion conspicuity and heterogeneity or
to provide spatial guidance for biopsy
sites (181) (Fig 6b, Movie [online]).

As opposed to current approaches
based on full fitting of MR imaging
signals, which require iterative calcu-
lations using complex equations, the
calculation of the Sindex is direct and
straightforward (Eq [3]), making the
processing time extremely short and
compatible with real-time processing
(Sindex results being obtained while the
patient is still lying in the MR imaging
scanner) and providing opportunities to
perform additional scanning depending
on the results. In short, tissues or le-
sions would be identified directly from
their IVIM and diffusion MR imaging
signal patterns without estimating any
model parameter. This approach could

facilitate the use of IVIM and diffusion
MR imaging in the clinical field, espe-
cially for the monitoring (diagnosis and
therapy assessment) of cancer lesions
(68,87). Of course, those are concepts
will have to be further developed and
validated by using large patient cohorts
involving various organs and lesion
types.

In conclusion, IVIM and non-Gauss-
ian diffusion MR imaging have the po-
tential to give a semiautomatic diagno-
sis of lesions with high accuracy without
using ionizing radiation and injection of
radioisotopes or contrast agents. Once
some stabilization has been reached in
acquisition protocol designs and in the
models and methods used for data pro-
cessing, this approach has great poten-
tial not only to investigate neurologic
and psychiatric disorders, but also in
oncology for the diagnosis or staging
of cancer lesions, as well as for drug
development to evaluate response to
therapy.
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