
Application of Diffusion
Weighted Imaging and

Diffusion Tensor Imaging in the
Pretreatment and Post-
treatment of Brain Tumor

Ranliang Hu, MDa, Michael J. Hoch, MDb,*
KEYWORDS

� ADC � Anisotropy � Brain mapping � Glioma � Neurosurgery � Tractography

KEY POINTS

� Clinical diffusion weighted imaging exploits the random motion of water molecules to generate
contrast between normal tissue and disease.

� Diffusion is a valuable sequence in the initial evaluation of intracranial tumors, which can narrow the
differential diagnosis and increase diagnostic confidence.

� Noninvasive presurgical mapping of eloquent white matter by diffusion tractography can reduce
operative complication rates.

� Interpreting radiologists should understand the common causes of nonvisualized fibers by clinical
tractography to better guide surgery.
INTRODUCTION and assumes a simple but clinically useful model
Diffusion MR imaging is a powerful technique that
exploits the diffusion properties of water to
generate contrast between normal tissue and pa-
thology. The relative restriction of random water
movement (diffusion) in vivo is measured using
paired diffusion sensitizing gradients, which
causes greater signal loss in diffusing relative to
stationary spins. Since its introduction 30 years
ago, diffusion MR imaging has transformed the
practice of radiology by demonstrating high sensi-
tivity and specificity for ischemic, infectious, toxic-
metabolic, and neoplastic conditions.1 In brain
tumor imaging, diffusion MR imaging has been
used to assess tumor type and grade, treatment
response, and guide surgical intervention.2–4

Diffusion weighted imaging (DWI) is the most
basic implementation of diffusion MR imaging
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of isotropic gaussian diffusion. DWI is “diffusion
weighted” because it is not a true map of diffusion
but also contains T2 and other contrasts; there-
fore, at least one additional set of images with no
or little diffusion weighting is also required to
calculate the apparent diffusion coefficient (ADC),
a semiquantitative measure that relates to the
actual diffusion coefficient and removes the contri-
bution of “T2 shine-through.”

Diffusion tensor imaging (DTI) expands on DWI
by fitting a tensor model of diffusion, taking into
account anisotropic diffusion in different directions
and enabling calculation of metrics, such as frac-
tional anisotropy (FA) (Table 1). Furthermore, DTI
has been used to produce models of white matter
bundles in the brain, or fiber tractography (FT),
which is useful for neurosurgical planning and
University, Emory University Hospital, 1364 Clifton
f Radiology, University of Pennsylvania, Hospital of
130, Philadelphia, PA 19104, USA

ra
di
ol
og
ic
.th

ec
li
ni
cs
.c
om

F MICHIGAN from ClinicalKey.com by Elsevier on May 26, 
ission. Copyright ©2021. Elsevier Inc. All rights reserved.

mailto:Michael.Hoch@pennmedicine.upenn.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rcl.2021.01.003&domain=pdf
https://doi.org/10.1016/j.rcl.2021.01.003
http://radiologic.theclinics.com


Table 1
Description of diffusion tensor–derived metrics

Metric Definition Notes

Axial diffusivity Diffusion magnitude along the
primary orientation of axonal
fiber bundles

Largest or principal eigenvalue

Radial diffusivity Diffusion magnitude perpendicular
to the axonal fiber bundles

Average of the two minor
eigenvalues

Mean diffusivity Directionally averaged diffusivity of
water in a voxel

Average of all 3 eigenvalues; equals
ADC

Fractional anisotropy Degree of coherent directionality of
intravoxel diffusivity

Values from 0 to 1
0 5 unrestricted
1 5 linear
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intraoperative navigation. Although there is much
exciting research in this area, a detailed physics
review of advanced diffusion methods is beyond
the scope of this article. The current clinical appli-
cations of diffusion imaging for evaluation of brain
tumors is our focus.

DIFFUSION WEIGHTED IMAGING
Pretreatment

DWI is a useful sequence in the initial evaluation of
intracranial tumors and tumor-like lesions.
Restricted diffusion, as demonstrated by
increased DWI signal and correspondingly
reduced ADC, is caused by decreased free motion
of water molecules, either because of high cellular
density (eg, lymphoma and medulloblastoma) or
high protein content (eg, epidermoid cyst). When
used in conjunction with clinical history and other
imaging features, DWI can help narrow the differ-
ential diagnosis and increase diagnostic
confidence.

Extra-axial masses
Meningiomas are the most commonly encoun-
tered extra-axial lesion in clinical practice and
can have a variable appearance on DWI. Qualita-
tively, some meningiomas can have slightly
increased signal on DWI compared with the adja-
cent brain parenchymal. Lower ADC values have
been reported to be associated with high-grade
(atypical or malignant) meningiomas.5 Similarly,
there are also preliminary reports of using ADC
to differentiate between hemangiopericytomas
from meningiomas (higher ADC in the former),
but further study is needed to confirm these
findings.6

Dermoid and epidermoid cysts are along the
histologic spectrum of ectodermal inclusion cysts
and are classified depending on the presence of
only epidermal component (epidermoid) or
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epidermal and dermal appendages (dermoid).
Desquamated keratin in epidermoid cysts gives
them the characteristic high DWI signal, enabling
it to be readily differentiated from similar cystic le-
sions, such as arachnoid cyst.7 Dermoid cysts can
have variable high DWI signal depending on
amount of desquamated keratin, but they also
have high T1 signal because of their lipid content.
Practically, clear distinction between dermoid and
epidermoid at imaging is not crucial, because it
does not alter management of these related
benign entities.
Intra-axial masses
Diffusion imaging is helpful in the evaluation of pe-
diatric and adult intra-axial tumors. In children,
medulloblastomas and other embryonal tumors
typically demonstrate high DWI signal and
reduced ADC because of their high cellularity
and nuclear-to-cytoplasmic ratio. This enables
reliable distinction from other posterior fossa
masses, such as ependymoma (Fig. 1) and pilo-
cytic astrocytoma, which tend to have intermedi-
ate or facilitated diffusion.8 Atypical teratoid/
rhabdoid tumor is an aggressive embryonal tumor
that also demonstrates restricted diffusion, but
typically presents in a younger age group than me-
dulloblastomas (<2 years vs mid to later
childhood).
DWI plays a key role in the differentiation of gli-

omas and lymphomas, two of the most commonly
encountered adult brain tumors. Central nervous
system lymphoma are usually homogeneously
hyperintense on DWI and has significantly lower
ADC than glioblastoma, 0.630 � 0.155 � 10�3

mm2/s versus 0.963� 0.119� 10�3 mm2/s.9 Diffu-
sion within glioma varies from intermediate to high
and correlates with histologic grade, with higher-
grade tumors, such as anaplastic astrocytomas
and glioblastoma, demonstrating lower ADC than
IGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 1. Two different fourth ventricle tumors demonstrating heterogeneous enhancement on T1 postcontrast im-
ages. Medulloblastoma (A) demonstrating high signal intensity on DWI (B) and lower ADC than adjacent cere-
bellum (C). Ependymoma (D) demonstrating intermediate signal on DWI (E) but high ADC compared with the
cerebellum (F).
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low-grade gliomas (World Health Organization I
and II).10 Glioblastomas, in particular, are more
heterogeneous than untreated lymphoma, with
solid enhancing component demonstrating mild
hyperintensity on DWI because of a combination
of T2 shine-through and intermediate diffusion,
and necrotic components demonstrating facili-
tated diffusion. Intratumoral hemorrhage is also
more common in glioblastoma, and its associated
susceptibility artifact can produce erroneous high
DWI signal that must be recognized to avoid
misinterpretation.

Other central nervous system tumors, especially
those in the category of “small-blue-round-cell”
tumors, such as primitive neuroectodermal tumor,
germ cell tumor, and retinoblastoma, can demon-
strate restricted diffusion. These are rarer and their
characteristic locations can often provide helpful
clues. Metastatic brain tumors can have variable
appearance on DWI, depending on their primary
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source. Some have reported that the peritumoral
edema of metastatic lesions have higher ADC
than the nonenhancing component of gliomas,
presumably because of higher cellularity of the
latter.11

Nonneoplastic processes, such intracranial ab-
scess and tumefactive demyelination, can often
mimic tumor and demonstrate restricted diffusion.
In contrast to lymphoma and other tumors, howev-
er, it is the central necrotic component of the ab-
scess that demonstrates intense restricted
diffusion rather than the solid cellular portion.
Intracranial abscesses also tend to have relevant
history and laboratory findings that aid in diag-
nosis. However, tumefactive demyelination can
pose a diagnostic dilemma and appear similar to
brain tumors, but its diffusion restriction is often
along a “front” of active demyelination, occurring
in a characteristic incomplete rim rather than a
solid mass (Fig. 2).
F MICHIGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 2. Central nervous system lym-
phoma with foci of restricted diffusion
(arrows) as shown on DWI (A) and ADC
(B) along the left caudate and sple-
nium, and extensive surrounding
edema that demonstrates T2 shine-
through (asterisks). (C, D) Tumefactive
demyelination involving the splenium
and periventricular white matter, with
a thin rim of restricted diffusion along
a front of active demyelination (ar-
rows). Note the relative paucity of sur-
rounding edema and mass effect
despite a larger lesion in the case of tu-
mefactive demyelination.
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Post-treatment

A challenge in post-treatment imaging of brain tu-
mors is the differentiation of treatment effects,
from true tumor progression. Diffusion imaging
can play a helpful role in this task when interpreted
with detailed knowledge of tumor type and treat-
ment history. In the immediate postsurgical
setting, devitalized tissue along the resection cav-
ity is expected to demonstrate restricted diffusion.
Sometimes, however, the extent of restricted diffu-
sion can extend beyond the surgical cavity and
may involve large vascular territories, raising
concern for perioperative infarction. This is more
common when the mass is close to or encases vi-
tal vascular structures. Susceptibility artifact asso-
ciated with postsurgical blood products can
produce apparent hyperintensity on DWI and
must be differentiated from true restricted
diffusion.
Radiation therapy induces complex changes to

the tumor and surrounding brain, which is depen-
dent on tumor genetics, radiation dose, concurrent
chemotherapy, and time. Paradoxic worsening of
conventional image findings (enhancement and
FLAIR) can occur within the first 3 months of
completion of chemoradiation of high-grade
Downloaded for Anonymous User (n/a) at UNIVERSITY OF MICH
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gliomas, especially among tumors with IDH-1 mu-
tation and methylation of the MGMT promoter.12

This phenomenon is termed pseudoprogression
and reflects an inflammatory response to tumor
necrosis and connotes improved survival. A retro-
spective series evaluated the role of ADC ratio
(minimal ADC in lesion/contralateral normal-
appearing white matter) in differentiation between
pseudoprogression and true progression, and
found diagnostic accuracy of 86.7% when using
ADC ratio alone, and 93.3% when used in a multi-
parametric model combined with dynamic sus-
ceptibility contrast perfusion and MR
spectroscopy.13 Interval increase in ADC after ste-
reotactic radiosurgery of brain metastases has
also been shown to be predictive of pseudoprog-
ression, with accuracy of 77% according to one
report.14

Radiation necrosis commonly occurs 3 months
to a year following radiation and may be delayed
for up to multiple years. Differentiation of radiation
necrosis and tumor progression is difficult based
on conventional imaging appearance, and addi-
tion of DWI has been shown to improve diagnostic
accuracy. A recent study showed that addition of
ADC cutoff of 1 � 10�3 mm2/s to Brain Tumor
Reporting and Data System improved its
IGAN from ClinicalKey.com by Elsevier on May 26, 
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diagnostic performance either alone (area under
the curve, 0.76–0.88), or in combination with dy-
namic susceptibility contrast (area under the
curve, 0.92).15 Complex techniques that consider
heterogeneity within a lesion, such as volume-
weighted voxel-based multiparametric clustering
of diffusion and perfusion features, improved diag-
nostic accuracy over single imaging parameters.16

With the growth of machine learning and radio-
mics, there will undoubtedly be newer algorithms
that incorporate conventional and advanced imag-
ing features to classify tumor outcome. However,
heterogeneity within treated tumor itself, where ra-
diation necrosis often coexists with viable tumor,
poses a challenge to the development and imple-
mentation of automated techniques.

The vascular endothelial growth factor inhibitor
bevacizumab is commonly used in recurrent glio-
blastoma. This medication has antiangiogenic ef-
fects and reduces blood-brain barrier
permeability, thereby masking the enhancement
of viable tumor (pseudoresponse). Restricted
diffusion can occur in either the tumor bed or else-
where in the brain, presumably caused by
ischemic necrosis (Fig. 3). Restricted diffusion in
malignant gliomas treated with bevacizumab that
is persistent over time is usually associated with
Downloaded for Anonymous User (n/a) at UNIVERSITY O
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good outcomes.17 However, pathologic studies
have shown that progressive bevacizumab-
induced restricted diffusion is associated with
coagulative necrosis surrounded by viable tumor
and associated with poor outcomes.18 Thus, it is
important to evaluate serial changes in diffusion
restriction on follow-up imaging and to incorporate
all clinical and imaging data available to make the
most accurate assessment.
DIFFUSION TENSOR IMAGING
Pretreatment

To preserve functional tissue, state-of-the-art MR
imaging preoperative mapping of brain tumor pa-
tients has become the standard of care across
the country. Neuroradiology-generated preopera-
tive mapping of eloquent white matter tracts helps
the neurosurgeon balance morbidity with resect-
ing as much tumor as possible, which correlates
with improved patient survival.19 The emergence
of DTI with FT has allowed neurosurgeons to
resect tumors with decreased complication
rates20,21 and increased median survival rates.22

Knowledge of the technical basis of DTI com-
bined with white matter anatomy is essential in
the application of preoperative FT. DTI uses the
Fig. 3. Glioblastoma treated with beva-
cizumab demonstrating reduction of
enhancement on pretreatment (A)
and follow-up (B) T1 postcontrast im-
ages. Follow-up DWI (C) and ADC (D)
shows diffusion restriction in the left
temporal stem in the region of previ-
ous enhancement (arrows), corre-
sponding to ischemic necrosis.
Attention to this area on follow-up
diffusion imaging is needed to assess
for continued tumor response.

F MICHIGAN from ClinicalKey.com by Elsevier on May 26, 
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anisotropic diffusion of water along coherently
organized white matter tracts. FA value of 1 means
that diffusion happens along one axis and is
restricted in other directions (ie, axonal bundle).
Most clinical DTI protocols use at least 30
diffusion-encoded image sets at b 5 1000 s/
mm2 along noncollinear directions in addition to
b 5 0 s/mm2 image set with 2- to 3-mm isotropic
voxels to create the diffusion tensor. Deterministic
FT generates streamlines, originating from user-
defined seed points, along the dominant diffusion
direction of the tract in three-dimension (3D) from
voxel to voxel. Tracking parameters can then be
manipulated to constrain the streamlines to
anatomically represent eloquent white matter
pathways. Various technical aspects of FT have
been discussed previously and are an essential re-
view for anyone new to brain mapping.23–26

FT data are coregistered with volumetric struc-
tural sequences using various Food and Drug
Administration–approved post-processing soft-
ware for surgical navigation. The “buttonology”
of these platforms varies, but the concepts of
seed placement and tract titration are consistent.
For nonenhancing tumors, it is paramount to fuse
the tensor data with a 3D-FLAIR or T2 sequence.
For enhancing lesions, postcontrast 3D-T1 images
Fig. 4. Step-by-step CST tractography for a right parieta
postcontrast images fused with direction-encoded color FA
peduncle (blue) and precentral gyrus (pink). (C) Oblique a
both seed points. (D–F) Coronal images with different titr
sive streamlines, respectively. (G) Axial 3D-T1 postcontrast a
the 3D “burned-in” tract volume X mm from the enhanci
abnormality.
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should be included. Seeds are placed in the plane
perpendicular to the known trajectory of the
desired tract to obtain as many streamlines as
possible. A seed point can be drawn on several
adjacent slices as another method to capture
more streamlines. Our review focuses on two
white matter tracts most frequently requested by
our neurosurgical colleagues (corticospinal tract
[CST] and arcuate fasciculus [AF]). Using real ex-
amples, we describe relevant anatomy, seed
placement, and appropriate tract titration. A brief
discussion on the limitations of clinical determin-
istic FT is included.
Motor: corticospinal tract
The CST or pyramidal tract is responsible for con-
trolling movement in the contralateral torso, upper
and lower extremities. It descends from the pre-
central gyrus and converges through the posterior
limb internal capsule before traversing the brain-
stem.26 It decussates at the caudal medulla and
connects with spinal motor neurons. Using the
direction-encoded color FA maps as a guide, the
first seed is drawn in the axial plane to cover
the cerebral peduncle (Fig. 4A). Cover as much
of the peduncle as possible to ensure obtaining
the CST fibers. The purpose of the second seed
l pleomorphic xanthoastrocytoma. (A, B) Axial 3D-T1
maps show the locations for seed placement: cerebral
xial image shows inclusion of streamlines only within
ation thresholds show sparse, appropriate, and exces-
nd (H) sagittal 3D-T2 surgical navigation images show
ng tumor margin and along the nonenhancing signal

IGAN from ClinicalKey.com by Elsevier on May 26, 
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point is to constrain the tract to match known anat-
omy.27 The second seed is placed on axial images
to cover the precentral gyrus subcortical white
matter just inferior to the level of the hand knob
(Fig. 4B). In the case of the CST the second
seed point excludes the frontal pontine and parie-
tal pontine fibers (Fig. 4C).

After the initial tract is generated, we then titrate
our tract parameters to enhance the tract density
while at the same time minimizing spurious fibers.
An excellent review of CST parameter titration by
Parizel and colleagues28 provides suggested
values. Fig. 4D–F shows examples of sparse, suf-
ficient and excessive streamlines. A summary of
parameters altering fiber tracking is found in
Table 2. We report the smallest distance from
the lesion’s enhancing and nonenhancing margins
relative to the visualized tract (Fig. 4G, H).
Although this is not a universally accepted DTI
practice because of the deterministic tractography
limitations that are discussed later,29 acknowledg-
ment by surgeons that the tracts are estimated
representations of white matter makes this a
nonissue.

Language: arcuate fasciculus
The AF has been classically represented as the
connection between the putative Broca and Wer-
nicke language areas. Recent models of language
connectivity in human cadaver30 and DTI
studies31,32 favor the AF consisting of multiple
complex components including indirect semantic
and direct phonetic pathways. The AF extends
from the caudal aspect of the superior and middle
temporal gyri around the sylvian fissure and to the
ipsilateral dorsal prefrontal cortex. To virtually
dissect the AF, we place an initial seed on the
direction-encoded color FA maps in the proximal
frontal projections in the coronal plane at the level
of the isthmus of the corpus callosum (Fig. 5A).
Table 2
Summary of post-processing fiber tracking parameter

Parametera
Increasing Param
Fiber Density

FA threshold Decreases

Angle threshold Increases

Step length Decreases

Samples per voxel length Increases

FA threshold: fiber tracking will stop if FA is smaller than this
angle is larger than this value. Step length: for the streamli
the voxel size. If too small will cause much longer tracking tim
sample rate for user-defined seed region. Values larger than 4

a Not all parameters are available to manually adjust on dif
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The second seed is placed in the genu of the AF
in the axial plane at the level of the internal capsule
(Fig. 5B). When titrating, a higher angle threshold
(60�–80�) should be used to overcome the curved
portion of the tract.

Most humans have left language lateralization
and the left AF is typically larger (Fig. 5D, E).33,34

It has been theorized that the left AF may play an
additional role in acoustic processing and will be
larger even in right language lateralized subjects.35

However, the right or nondominant AF should not
be regarded as trivial because it contributes to
prosody.36 In left-handed and ambidextrous pa-
tients that tend to have bilateral hemisphere con-
tributions to speech, use caution if relying on
tractography of the AF without functional MR im-
aging task data to predict language lateralization,
because there can be less AF asymmetry.34,37

Correlating the bilateral AF tractography pattern
with the Edinburgh Handedness Inventory score38

is essential for right-sided lesion cases for best
representation of the tracts.34 The putative Wer-
nicke area has a greater variability in location
compared with Broca area.39 In cases of sus-
pected atypical language center localization,
fusing the FT data to the functional MR imaging
task data can increase reporting confidence if
the data sets have common areas of involvement
(Fig. 6).

Challenges and limitations
Neuroradiologists need to understand the limita-
tions of tractography, such as patient motion,
signal noise, magnetic field geometric distortions,
and eddy-current artifacts. Neurosurgeons need
to know that once the craniotomy is performed
and debulking occurs, the brain shifts and the 3D
tracts loaded to the navigation software may no
longer align with the patient.40 Another major limi-
tation to the deterministic tensor model is the
s and suggested starting values for tract titration

eter Effect on
Suggested Starting Value

CST AF

0.16 0.12

40� 60�

1.5 mm 1.5 mm

2 3

value. Angle threshold: fiber tracking will stop if turning
ne marching algorithm; should be about one-quarter of
e with little increase in accuracy. Samples per voxel length:
may cause errors.
ferent software platforms.

F MICHIGAN from ClinicalKey.com by Elsevier on May 26, 
ission. Copyright ©2021. Elsevier Inc. All rights reserved.



Fig. 5. (A, B) Coronal and axial
direction-encoded color FA maps show
the typical locations for seed place-
ment for generating the left AF in a
volunteer: periventricular green trian-
gle and genu purple triangle. (C)
Sagittal 3D-T1 image shows only
streamlines included in both seed
points. Note the lack of frontal fibers
to the Broca area (arrow). (D, E) Axial
and coronal 3D-FLAIR images with
fused bilateral AF tracts show expected
asymmetry in a right-handed (Edin-
burgh Handedness 1100) individual
with an infiltrative left parietal lesion
(asterisk).
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inability to resolve multiple fiber orientations within
the imaging voxel.41,42 This is known as the
“crossing fiber problem.” The estimate of tensor
orientation is an average of the orientations of all
the axons contained within the voxel. When the
axons are coherently organized the tensor orienta-
tion reflects the underlying fibers. When the axons
are not highly coherent, the voxel-averaged esti-
mate of tensor orientation is not accurate and the
tract stops prematurely or can continue spuri-
ously. Although this issue is improved with higher
angular resolution diffusion acquisitions43 and
Downloaded for Anonymous User (n/a) at UNIVERSITY OF MICH
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probabilistic tractography,44 voxels containing
multiple-fiber orientations are likely whenever the
imaging resolution (2–3 mm) is larger than the
axon dimensions (several microns).
The lateral projections of the CST and the corti-

cobulbar tracts (movement of the face and tongue)
are notoriously nonvisualized because of crossing
the lateral aspect of the AF while entering the
corona radiata (Fig. 7).44,45 Routinely when gener-
ating the AF, the anterior component to Broca area
is truncated for unknown reasons (Fig. 5C). This
may be caused by crossing short frontal tracts
Fig. 6. Superimposing the DTI data to
the functional MR imaging task data
can increase confidence in mapping
atypical language centers. (A, B) Axial
and sagittal 3D-T2 images with coregis-
tered verb generation (blue) and se-
mantic decision (red) tasks for a left
parietal extraventricular neurocytoma.
There is a dominant receptive language
center (arrows) in an atypical location
in the supramarginal gyrus. Activity
was not seen in the classic Wernicke
location of posterior superior temporal
gyrus. (C) 3D-FLAIR fused with left AF
volume (purple) shows the streamlines
involving the receptive language cen-
ter (asterisk) increasing confidence.
There was impairment of phonologic
retrieval during intraoperative cortical
stimulation of this center.

IGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 7. (A) Coronal 3D-T1 fused with bilateral CST (blue) and AF (green) tracts in a volunteer shows the location of
missing lateral CST and corticobulbar streamlines (arrows) from crossing fibers. (B) Coronal 3D-T1 postcontrast of
a patient with a cavernoma shows missing lateral streamlines of the CST (purple) over the superior aspect of the
lesion (arrow). It is important to report expected locations of nonvisualized fibers before surgery.
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including the frontal aslant pathway.46 An electro-
corticography study combined with DTI of the AF
found that language-related sites in the temporal
lobe were far more likely to directly connect to
the inferior precentral gyrus rather than Broca
area.47 This may suggest the AF plays a support-
ing role and interacts with other language tracts
that have a direct connection to Broca area. Using
knowledge of white matter anatomy one can antic-
ipate where these classically “missing” fiber com-
ponents would be relative to the lesion and inform
the neurosurgeon in their report.

Absence of fibers may also occur when there is
extensive edema, tumor infiltration, or frank
destruction. Delineation of the two latter scenarios
is problematic because both may occur with the
same lesion. New research tractography ap-
proaches are able to overcome the “edema prob-
lem.”48 Until they are ready for widespread clinical
implementation, reducing the FA threshold to in-
crease visualization of absent fibers remains an
alternative, albeit not always successful. Tumor
imaging patterns with tractography have been pre-
viously described.26 In the case of frank destruc-
tion by tumor, a near zero anisotropy is seen and
the tract is not visualized no matter the decrease
in FA threshold. With tract infiltration by tumor,
the tract is deviated into an abnormal orientation
with an abnormally low FA. In cases of peritumoral
edema there is an abnormally low FA but no
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deviation in tract orientation. These three patterns
can each reduce FA, therefore one should not
confuse FA values with white matter integrity.
Observation of function during functional MR im-
aging training by the neuroradiologist or cortical
activation with relevant tasks is superior to
absence of DTI fibers (Fig. 8).
Post-treatment

Previous works have evaluated DTI as a means to
predict functional recovery after surgery. They
have evaluated distances and indirectly estimated
axonal health via DTI metrics, such as FA and
diffusivity. Lower FA averages and higher mean
diffusivity in the ipsilateral CST have been linked
to postoperative motor deficits.49 FA values of
interhemispheric connectivity were associated
with postoperative aphasia in left-sided perisylvian
brain tumors.50 A tumor distance of 1 cm or less
from the CST or AF most significantly predicts
the occurrence of new deficits with current surgi-
cal techniques.51 Furthermore, an intraoperative
subcortical motor stimulation study showed a 1-
cm gap of uncertainty between the bipolar elec-
trode tip and generated DTI tracts.52 Therefore
we favor clearly describing “impression worthy”
tracts that are 1 cm or less from the tumor margins
in our functional MR imaging reports. The DTI trac-
tography plans can improve safety of surgery by
F MICHIGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 8. (A) Axial and (B) coronal 3D-FLAIR images of a right parietal IDH-mutated glioma. The CST (pink) medial
fibers to the leg/foot area of the right precentral gyrus are not visualized because of decreased FA from tumor
infiltration. Foot motion was intact during patient training and superimposed functional MR imaging ankle
flexion task data (yellow) show activity (arrows). Reporting the medial CST fibers are functioning even though
not recognized by the tractography algorithm is crucial for surgical planning.

� Reduced ADC values are seen in highly
cellular brain tumors, such as lymphoma, me-
dulloblastoma, and atypical meningioma.

� Progressive reduced diffusion over time is
associated with poor outcomes in malignant
gliomas treated with bevacizumab.

� The arcuate fasciculi typically have greater
hemispheric asymmetry than the corticospi-
nal tracts and should be correlated with Edin-
burgh Handedness score.

� Tumor infiltration and edema can reduce FA
values to the point that functioning fiber
tracts are not recognized by deterministic
tractography.

� Document eloquent fiber tracts that are 1 cm
or less from the tumor margin in the func-
tional MR imaging report impression.
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identifying challenging resection margins and
informing the surgeons when to brace for a
possible challenging postoperative recovery.
Diffusion tensor–derived quantitative measures

can act as biomarkers for worsening disease in
the absence of appreciable change on conven-
tional MR imaging sequences. Restriction on DTI
maps can detect low-grade glioma malignant
transformation (axial diffusivity having highest
sensitivity and specificity) at the same time point
or earlier compared with contrast-enhanced im-
ages.53 Significantly decreased FA at baseline in
the glioma peritumoral nonenhancing signal ab-
normality is a predictor of local enhancing tumor
recurrence.54 These findings may be important
for surgery or radiation planning. The toxic effects
of chemoradiation therapy on cerebral white mat-
ter linked to cognitive changes are assessed with
DTI. Connor and colleagues55 showed mean,
axial, and radial diffusivity significantly increased
with radiation time course and dose and corre-
sponding decrease in FA in white matter of high-
grade glioma patients. They postulated the
radiation-induced vascular permeability and neu-
roinflammation contributed to neurocognitive
decline. The structural integrity of white matter is
susceptible to the effects of chemotherapy. Me-
dulloblastoma patients treated with chemotherapy
Downloaded for Anonymous User (n/a) at UNIVERSITY OF MICH
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had decreased FA values in white matter struc-
tures compared with healthy age-matched control
subjects. Reductions in FA values were associated
with poor performance at school.56

CLINICS CARE POINTS
IGAN from ClinicalKey.com by Elsevier on May 26, 
Copyright ©2021. Elsevier Inc. All rights reserved.



Application of Diffusion Weighted Imaging 345
DISCLOSURES

The authors have nothing to disclose.
REFERENCES

1. Schaefer PW, Grant PE, Gonzalez RG. Diffusion-

weighted MR imaging of the brain. Radiology

2000;217(2):331–45.

2. Kono K, Inoue Y, Nakayama K, et al. The role of

diffusion-weighted imaging in patients with brain tu-

mors. AJNR Am J Neuroradiol 2001;22(6):1081–8.

3. Holodny AI, Ollenschlager M. Diffusion imaging in

brain tumors. Neuroimaging Clin N Am 2002;12(1):

107–24.

4. Hygino da Cruz LC Jr, Vieira IG, Domingues RC.

Diffusion MR imaging: an important tool in the

assessment of brain tumors. Neuroimaging Clin N

Am 2011;21(1):27–49.

5. Filippi CG, Edgar MA, Ulu�g AM, et al. Appearance

of meningiomas on diffusion-weighted images:

correlating diffusion constants with histopathologic

findings. AJNR Am J Neuroradiol 2001;22(1):65–72.

6. Shankar JJS, Hodgson L, Sinha N. Diffusion

weighted imaging may help differentiate intracranial

hemangiopericytoma from meningioma.

J Neuroradiol 2019;46(4):263–7.

7. Tsuruda JS, Chew WM, Moseley ME, et al. Diffusion-

weighted MR imaging of the brain: value of differen-

tiating between extraaxial cysts and epidermoid tu-

mors. AJNR Am J Neuroradiol 1990;11(5):925–31

[discussion: 932–4].

8. Rumboldt Z, Camacho DLA, Lake D, et al. Apparent

diffusion coefficients for differentiation of cerebellar

tumors in children. AJNR Am J Neuroradiol 2006;

27(6):1362–9.

9. Toh C-H, Castillo M, Wong AM-C, et al. Primary ce-

rebral lymphoma and glioblastoma multiforme: dif-

ferences in diffusion characteristics evaluated with

diffusion tensor imaging. AJNR Am J Neuroradiol

2007;29(3):471–5.

10. Hilario A, Ramos A, Perez-Nuñez A, et al. The added
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