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KEY POINTS

e Intravoxel incoherent motion, IVIM, perfusion imaging extracts information of blood motion in bio-

logical tissue from diffusion-weighted MR images.

e IVIM measures local perfusion in a quantitative manner and does not require the injection of an
intravenous contras agent.

e Currently, the clinical interpretation of IVIM perfusion maps should be predominantly done on the
IVIM perfusion fraction maps.

e Improvements in image quality of the IVIM pseudo-diffusion maps, using advanced postprocessing
tools involving artificial intelligence, could provide additional local perfusion information in the clin-
ical setting, not otherwise available with other perfusion techniques.

e D* maps should be interpreted with caution in tissue with low perfusion, because D* would be the
pseudo-diffusion coefficient of an “empty compartment,” and is therefore not properly defined.

e Partial volume effects between brain parenchyma and the cerebrospinal fluid compartment and tur-
bulence within the cerebrospinal fluid compartment might lead to “artefactually increased perfusion

fraction.”

INTRODUCTION

Magnetic resonance diffusion-weighted signal
measures the relative loss of signal in the tissue
due to the incoherent motion of water molecules.’
At high b-values, those incoherent motions occur
are mostly occurring due to by thermal diffusion,
but at low b-value below 200 s/mm?, a measurable
portion occurs due to blood motion inside the
vascular bed, mainly in the smaller vessels and
the capillaries.? Intravoxel incoherent motion
(IVIM) is a mathematical method that uses, in its
original and most applied form, a bi-exponential
signal equation model to distinguish the microcir-
culatory effects from the thermal diffusion effects.
The various IVIM perfusion parameters are ob-
tained by fitting the signal equation model to the

measured signal at various b-values, wherein usu-
ally half of them is obtained at values below 200 s/
mmZ. Although the standard approach to process
the IVIM signal involves a two-step segmented
approach, several algorithms have been proposed
to improve the IVIM parameter estimation quality,
including Bayesian inference algorithms®* and
deep learning strategies.>® Simplified methods’-®
and models combining IVIM and diffusion tensor
imaging have been proposed.®°

In the last decade, a large body of evidence has
been published, which demonstrates the feasibility
of IVIM perfusion imaging. This includes theoretic
calculations, phantoms studies, ex vivo studies,
correlation with histology, correlation with physio-
logically and pharmaceutically induced perfusion
state changes, correlation with standard perfusion
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parameters, and demonstration of clinical applica-
bility.”” The main domain of clinical application of
IVIM is oncology, ' where IVIM can provide useful
information on tumor microvascular structural and
functional abnormality. In neurology, IVIM can be
used to study cerebral perfusion changes at the
microvascular level in various neurologic disor-
ders, such as in diabetes,’ small vessel dis-
ease,' stroke,’”® or for predicting cerebral
hyperperfusion after carotid endarterectomy'®
IVIM found application in clinical setting where
perfusion imaging is relevant, but contrast injec-
tion contraindicated, such as in placenta imag-
ing,"” for example, for discriminating intrauterine
growth restriction,’® and in kidney diseases, for
example, to determine delayed graft functions in
following kidney transplantation.™ Overall, IVIM
is a promising technique that has the potential to
provide valuable insights into tissue microstruc-
ture and perfusion in various clinical settings. In
this article, the author describes the IVIM parame-
ters and their clinical meaning and reviews several
known interpretation pitfalls.

UNDERSTANDING THE INTRAVOXEL
INCOHERENT MOTION PERFUSION
PARAMETERS IN NORMAL TISSUE

The IVIM parameters consist of the diffusion coef-
ficient D and the IVIM perfusion parameters,
which are the perfusion fraction f, the pseudo-

diffusion coefficient D*, and the blood flow-
related parameter fD*. It is important to under-
stand that diffusion coefficient D is not equal to
the thermal diffusion coefficient, but should rather
be understood as the “perfusion-free apparent
diffusion coefficient.” The perfusion coefficient f
can be interpreted as the portion of volume
(more precisely of signal generating volume) of
blood flowing incoherently in a given voxel. The
pseudo-diffusion coefficient D* provides informa-
tion on the speed of blood flow in the tissue, in
a similar way that the diffusion coefficient D pro-
vides information on the speed of water mole-
cules in the tissue. Note that D* also includes
thermal motion of the blood constituents, but
those can be considered negligible in most situa-
tions. Note that the information contained in D
and D* should be differentiated for the ballistic
speed but should rater be understood as the
“mixing” speed of the particles under consider-
ation. The blood flow-related parameter fD* as
been shown, as its name indicates, to be related
to blood flow. Of all three IVIM perfusion parame-
ters, by far the most used in the clinical setting is
the perfusion fraction f. The pseudo-diffusion co-
efficient D* maps are often very noisy, and the fD*
maps do in our experience, seldomly provide
additional information compared with the f
maps, but its use has been relatively limited in
the literature.?°
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Fig. 1. Hyperperfusion due to neoangiogenesis is a well-known landmark of high-grade tumors compared with
low grade. In this example, a hyperperfused ring can be easily seen on both DSC and IVIM in the high-grade tu-
mor, whereas the low-grade tumor does not show any sign of hyperperfusion.



Fig. 2. Some cases of cerebral lymphoma might be difficult to differentiate from high-grade glioma. Perfusion
imaging can be helpful to differential those two entities, as lymphoma is constituted of densely packed white
blood cells, without any hyperperfusion due to neoangiogenesis as in high-grade glioma. In this case, the imag-
ing findings of homogeneous contrast uptake, decreased apparent diffusion coefficient (ADC), and reduced IVIM
perfusion fraction (arrow) were suggestive of lymphoma, which was confirmed on the biopsy.

UNDERSTANDING THE INTRAVOXEL
INCOHERENT MOTION PERFUSION
PARAMETERS IN PATHOLOGIC TISSUE
Oncology

Changes in blood flow characteristics are an
important landmark of many tumors. Blood flow
measurements can be used, for example, for tu-
mor diagnosis, tumor grading, therapy monitoring,
and prognosis assessment. Several antiangio-
genic drugs were developed to control tumor
growth by restricting the formation of new vessels.
IVIM has been shown to provide relevant clinical
perfusion information for grading brain glioma
(Fig. 1),222 differentiating high-grade glioma
from lymphoma (Fig. 2),® monitoring treatment
response,®* and predicting survival and clinical
outcome.?%727

Further, a particular and unique property of the
IVIM perfusion method can be exploited and can
shine in the context of oncology: its direct depen-
dence on the underlying microvascular network

IVIM Perfusion Imaging in the Brain

architecture.? Therefore, it can be hypothesized
that relevant perfusion information, not visible
with other perfusion methods, could be revealed
by IVIM, for example, early tumor recurrence
(Fig. 3, see also Fig. 6 in ref®3), but insufficient
knowledge on this topic is currently available and
should be further investigated.

Stroke

The application of IVIM to stroke is more chal-
lenging compared with oncology, because the
quality of the IVIM fit depends on the perfusion
fraction.?® D and f have been shown to be more
robust in the context of low perfusion, compared
with D*?° In low-perfused tissue, D* maps should
be interpreted with caution, because D* becomes
the pseudo-diffusion coefficient of an “empty
compartment,” and is therefore not properly
defined.

Consistent with the known pathophysiology of
strokes, the perfusion fraction has been shown
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Fig. 3. Because of the particularities of the IVIM method to measure perfusion, it can be hypothesized that rele-
vant perfusion information, not visible with other perfusion methods, could be revealed by IVIM. In those two
cases, hyperperfusion suggestive of tumor recurrence was observed with IVIM but not DSC, in the posterior
part of resection cavity of those high-grade glioma, suggestive of tumor recurrence.

to be reduced in the stroke core (Fig. 4).°° Further,
the fact that IVIM measures perfusion locally, that
is, independently of speed and path of the blood
flow to the tissue, is a particularly appealing prop-
erty in the context of stroke. Indeed, this property
could be of high value in assessing regions of pre-
sumed low collateral flow within the penumbra in
hyperacute stroke.®" In a preliminary study, within
the penumbra of hyperacute stroke, regions with
“visually evident penumbra perfusion lesions”
were observed, which all converted to infarcted re-
gions on follow-up imaging, regardless of throm-
bectomy treatment.'® Therefore, IVIM has the

potential to refine the boundaries of the viability
of penumbral tissue and improve selection criteria
for successful revascularization treatment.®!
Finally, IVIM could be of clinical interest to confirm
cerebral death, as it can demonstrate in such
cases lack of cerebral perfusion with retained
perfusion in the territory of the external carotid ar-
tery,3? therefore excluding a technical deficiency in
the intracerebral measurement.

Pearls and Pitfalls

When interpreting IVIM perfusion maps, it is impor-
tant to keep in mind that there can be multiple

Fig. 4. Example of a large extensive stroke of the left-sided posterior cerebral artery. The hypoperfusion in the
infarct core is clearly visible on the arterial spin labeling (ASL) CBF, dynamic susceptibility contrast (DSC) CBF,

and IVIM f.
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Fig. 5. Turbulence can lead to strong incoherent motions in the CSF, already visible at low values (arrow pointing
at the Foramen of Monro and the Sylvian cistern). Those turbulences lead to artifactually very high “perfusion
fraction” in the subarachnoidal and ventricular spaces, which can be removed by cropping the IVIM f maps be-

tween 0 and 0.3.

sources of incoherent motion in biological tissue.
IVIM is sensitive to blood motion in all vessels
within a voxel, not just capillaries. Various artifacts
may also occur, such as partial volume effects and
differences in relaxation times in different organs.
In the brain, the cerebrospinal fluid is a particular
source of artifacts on the IVIM perfusion maps.

First, turbulence in the CSF can lead to strong
incoherent motions (Fig. 5), but of course those
occur in the subarachnoidal and ventricular space
and are therefore easily identifiable. Because
those turbulence results in a very high f, much
larger than any observed physiologic f in the brain
parenchyma, the image can be made more

Fig. 6. Partial volume effects at the border of the CSF compartment and the brain parenchyma (arrows) results in
artifactually high perfusion fraction and should not be misinterpreted.
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Fig. 7. CSF effects on the IVIM signal can be decreased using CSF attenuation pulses such as T2 prep IVIM, which
can significantly increase the contrast of pathologies on the IVIM perfusion maps.

appealing by adding a cutoff for f, usually above
0.3 (see Fig. 5). Second, partial volume effects at
the border of the CSF compartment and the brain
parenchyma can result in artifactually high perfu-
sion fraction, because of the contrast between
the free diffusing water molecules of the CSF
compartment and the restricted diffusion in the
brain parenchyma (Fig. 6). Because of those cere-
bro-spinal fluid (CSF) effects on IVIM signal, the
use of MR imaging sequences including CSF
attenuation pulses has been suggested, to in-
crease the contrast of the IVIM perfusion maps
(Fig. 7). In particular, a T2 preparation (T2prep)
pulse can be used to suppress the CSF signal
while preserving a maximum the blood signal.®3
On the other side, IVIM can also be used for visu-
alizing slow cerebrospinal fluid motion®* and the
glymphatic system.®®

Pearls and pitfalls of clinical intravoxel
incoherent motion perfusion imaging

In stroke, cerebral death or other low-perfused
disease, one should avoid to interpret the D*
maps, because D* is the pseudo-diffusion coef-
ficient of a vanishing compartment.

Partial volume effects between brain paren-
chyma and the cerebrospinal fluid compart-
ment can lead to artifactually increased
perfusion fraction.

Turbulent cerebrospinal flow, in particular at
the foramina of Monroe and in the depth of
different sulci, can lead to "artefactually
increased perfusion fraction,” but can be easily
interpreted through their anatomic localiza-
tion.

DISCUSSION AND SUMMARY

The IVIM method is of interest to provide perfusion
information in the clinical context of various pa-
thologies. In general, the higher the perfusion frac-
tion, the better the quality of the images. For this
reason, the IVIM method is particularly adequate

for the evaluation of hyperperfused lesions, such
as high-grade brain tumor, but as seen above,
clinical application of IVIM in disease with reduced
perfusion such as stroke and cerebral death is
possible. Different properties of the IVIM method
can be of higher relevance depending on the pa-
thologies, such as the dependence of the IVIM
signal on the structure of the microvascular
network for high-grade brain tumor and the inde-
pendence of the incoming flow for stroke. Several
pitfalls should be remembered when reading
cases with IVIM perfusion maps, in particular that
partial volume with the CSF compartment can
lead to artifactually high perfusion fraction and
that in hypoperfused region, D* is not properly
defined anymore and therefore should be inter-
preted with caution.
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