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Abstract

Diffusion-weighted imaging (DWI) is a well-established MRI sequence for diagnosing early stroke and provides therapeutic
implications. However, DWI yields pertinent information in various other brain pathologies and helps establish a specific
diagnosis and management of other central nervous system disorders. Some of these conditions can present with acute
changes in neurological status and mimic stroke. This review will focus briefly on diffusion imaging techniques, followed
by a more comprehensive description of the utility of DWI in common neurological entities beyond stroke.
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DWI Diffusion-weighted imaging TBI Traumatic brain injuries
RSNA Radiological Society of North America MS Multiple sclerosis
ADC Apparent diffusion coefficient PRES Posterior reversible encephalopathy
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CNS Central nervous system CLOCC Cytotoxic lesions of the corpus callosum
FA Fractional anisotropy PCA Posterior cerebral artery
GBM Glioblastoma multiforme SE Status epilepticus
MR Magnetic resonance rCBV Relative cerebral blood volume
HIV Human immunodeficiency virus PCNSL Primary CNS lymphoma
CID Creutzfeldt Jakob disease
EEG Electroencephalography
sCID Sporadic Creutzfeldt Jakob disease
vCID Variant Creutzfeldt Jakob disease
FLAIR Fluid-attenuated inversion recovery
HSV Herpes simplex virus
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Introduction

History and technical aspects of diffusion imaging

Diffusion-weighted imaging (DWI) was first presented by
Denis LeBihan, MD, Ph.D., at the Radiological Society of
North America (RSNA) annual meeting in 1985. Although
initially utilized in liver imaging, it was soon incorporated
in neuroimaging. It became the first imaging technique using
physiology to reveal imaging characteristics and found util-
ity in the diagnosis of stroke imaging and abscess [1, 2].
DWI characterizes the water motion in the human body.
Normal water motion in the brain is predominantly random
or Brownian, with no direction predilection. This is termed
isotropic diffusion. However, myelin sheaths’ orientation can
create a preferential movement of water molecules parallel
to the fibers and hence an “anisotropic diffusion.” Diffu-
sion imaging involves a slight modification of T2-weighted
sequences. Two diffusion sensitizing gradients of equal
strength (termed the b value) are applied in opposing direc-
tions before and after a 180° refocusing pulse (Fig. 1). The
first gradient pulse causes a phase shift, and the second pulse
will “rephase” the initial phase shift. For stationary water
molecules, there is no loss of phase and signal by the gradi-
ent pulses. Moving water molecules have a net dephasing
effect by the gradient pulses and will result in phase shift and
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signal loss [3]. DWI needs to be acquired rapidly as adjacent
bulk motion from vessels can degrade the study. Echo planar
imaging (EPI) facilitated DWI (EPI-DWI) provides rapid
generation of diffusion gradients and can generate 1 slice in
100 ms; however, EPI-DWI suffers from image degradation
due to each echo being acquired at a different echo time,
resulting in image blurring. A Turbospin (TS-DWI) tech-
nique introduces a new RF refocusing pulse and has longer
T2 relaxations than the EPI-DWI technique. This results in
less magnetic field susceptibility and image blurring [4]. The
disadvantages of TS-DWI techniques include a longer scan
time [5]. EPI-DWI techniques are limited due to bowel peri-
stalsis. EPI-DWI technique remains the standard of choice
for brain imaging.

DWI constitutes the influence of T2 signal on the qualita-
tive assessment of diffusion. Apparent diffusion coefficient
(ADC) images provide the opportunity to estimate the mag-
nitude of water diffusion (in mm?/sec) by calculating the net
diffusion of water both before and after application of dif-
fusion gradients based on the following formula ADC=—b
In(DWI/b0). In this equation, b represents the applied gradi-
ent strengths, and b0 is the signal with no diffusion gradients
applied. Since the ADC calculates the net diffusion, it is not
influenced by T2 effects. Since a negative sign precedes the
calculation, decreased diffusion is demonstrated as a dark
signal [6].

Higher b values result in greater contrast; however,
they also result in lost absolute signal creating a low

High b-value images

180°

Diffusion-sensitizing gradient

A Normal tissue

B Pathologic tissue

i
_

Fig.1 Application of 2 gradients in equal but opposite directions in a T2 sequence results in net signal loss in moving water molecules but

bright signal from water with restriction of motion
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signal-to-noise ratio [7]. Diffusion bright signal is consid-
ered “true” when there is a corresponding dark ADC signal
(suggesting less T2 effects). “False” diffusion signal or T2
shine through denotes bright DWI signal with accompanying
bright ADC signal.

Within the brain parenchyma, there are variable diffu-
sion signals with white matter displaying increased diffu-
sion compared to the cortex. Normal average ADC values
of white matter and cortex are 0.84 x 10~ mm/sec and
0.76 x 107> mm/sec, respectively. ADC values of cerebro-
spinal fluid (CSF) is about 2.40 +4.40 x 10> mm/sec [8].

Axial imaging is the preferred plane for brain imaging.
Thinner slices (3 mm) and sagittal plane imaging increase
the sensitivity for detection of small brain stem strokes [9].
Combined coronal and sagittal DWI also improve the sen-
sitivity for detection of brain stem strokes [10]. However,
thinner slices can increase scan time. In an effort to reduce
scan time, the parallel technique has been implemented with
thinner slices (3 mm), where complex spatial encoding by
the receiver coils is partially replaced, thus reducing the scan
time [11].

Bacterial brain abscess

Brain abscesses can be bacterial, parasitic, or fungal. A bac-
terial infection constitutes four stages: (1) early cerebritis
(days 1-4); (2) late cerebritis (days 4-10); (3) early cap-
sule formation (days 11-14); and (4) late capsule formation
(after 14 days). The early cerebritis can show patchy areas
of diffusion restriction which progress with late cerebritis.
On conventional imaging, a mature abscess would demon-
strate a rim enhancing lesion with a T2 hypointense rim
and associated vasogenic edema, appearing similar to cystic
or necrotic neoplasms and subacute hematomas. However,
a pyogenic abscess would show restricted diffusion with
decreased signal on the ADC map due to the presence of
inflammatory cells and bacteria, which restricts the water
molecules diffusion (Fig. 2A). An abscess cavity has lower
ADC and higher fractional anisotropy (FA) in contrast to
cystic glioblastomas and metastases. It has been reported
that low ADC values can differentiate abscess from cystic
glioblastoma multiforme (GBM) and metastasis with sen-
sitivity and specificity of 96% [12], possibly secondary
to high viscosity from inflammatory macrophages, white
blood cells, and decaying or viable macrophages [13]. [12,
14]. DWI is more sensitive than other magnetic resonance
(MR) sequences to differentiate the abscesses from cystic
neoplasms [15]. DWI and ADC maps also can help to dif-
ferentiate the post-surgical abscesses from the spontaneous
ones; the ADC value of the spontaneous abscesses is usually
lower than post-surgical abscesses [16].

Diffusion imaging is the most sensitive technique for
detecting extension of infection into the ventricles spontane-
ously or from ruptured abscesses into the ventricles. Debris
within the ventricles is the most common finding and best
identified as a bright signal on DWI [17, 18] (Fig. 2B). [19].
[20, 21].

Fungal brain abscess

Fungal abscesses have variable diffusion signals. The fungal
abscess cavity can have circumferential projections repre-
senting mycelia which can show low ADC while the center
demonstrates increased diffusion and higher ADC values
[22] (Fig. 2C). The mean ADC value of bacterial abscesses
(0.11-0.76 x 10> mm?/sec) is lower than fungal abscesses
(0.35-0.97 x 107> mm*/sec) [23].

Toxoplasmosis

Toxoplasmosis can show variable diffusion signal (Fig. 2D),
and DWI signal changes cannot accurately differentiate a
toxoplasma abscess from lymphoma, which is another
common cause of ring-enhancing lesion in immunocom-
promised/human immunodeficiency virus (HIV) infected
patients [24]. It is believed that the “ eccentric target sign”
(an enhancing mural nodule within the rim-enhancing
lesions) is pathognomonic for toxoplasmosis [25].

Neurocysticercosis

Neurocysticercosis is a common parasitic infection world-
wide. It can present in various radiological stages. Neuro-
cysticercosis can present as vesicular, vesicular nodular,
granular nodular, and finally calcified nodular stages in
order of appearance. The first two stages present as cysts of
varying sizes, usually in the cortex or subarachnoid space
or rarely the ventricles. In vesicular stage, the cysts con-
tain viable numbers of parasites in the vesicular stage with
increased diffusion, similar to CSF [26]. In the vesicular
nodular stage, the parasites are dying, inciting an inflamma-
tory reaction, and the “entire” cyst content becomes turbid
and can demonstrate different DWI signals. DWI hyper sig-
nal has been reported in 5% of cysts in the colloidal vesicular
stage and 3% of the cysts in the granular nodular phase [27].
DWI is more helpful to detect the scolex. The scolex is a
small eccentric DWI hyperintense dot/curvilinear structure
seen in 29% of lesions in the vesicular phase, 19% of col-
loidal vesicular, 22% of subarachnoid lesions, and 14% of
the intraventricular lesions [27].
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Fig.2 A cerebral pyogenic
abscess demonstrating diffusion
restriction (A). Ventriculits
demonstrates as bright signal in
the right lateral ventricle (B).
Cerebral blastomycosis (C)
abscess in the midbrain with

no diffusion restriction typical
of fungal abscesses. Cerebral
toxoplasmosis: cerebral abscess
in the left cerebellum showing
concentric layers of varying
diffusion typical of toxoplasmo-
sis (D)

Creutzfeldt Jakob disease (CJD)

CJD is a CNS infection resulting from prion particles.
Intracellular prion deposition causes cellular vacuolization,
which is felt to cause diffusion changes. Diffusion changes
occur early in the disease course and can precede electro-
encephalography, CSF, and the typical clinical symptoms
[28]. CID is known to have subtypes, with the most common
type called sporadic (sCJD). Variant (vCJD) is attributed
to the spread from animals (mostly cows). In sCJD, there
is restricted diffusion in the basal ganglia, insular cortex,
hippocampus, and cerebral cortex (Fig. 3C). While the dis-
tribution is bilateral, it also can be asymmetric. The peri-
rolandic cortex is typically spared. Cerebellar atrophy can

@ Springer

happen, but diffusion restriction of the cerebellum is rare.
While both fluid-attenuated inversion recovery (FLAIR) and
DWI are sensitive for detecting basal ganglia abnormalities,
cortical signal changes are better identified on DWI (Fig. 3C
and D).As the disease progresses, resultant gliosis causes
normalization or increased diffusion [29]. In vCID, diffu-
sion signal changes are classically described in the posterior
thalamus (termed Pulvinar sign) or dorsomedial thalamus
(termed Hockey stick sign) [29]. In sCJD, DWTI hyper signal
intensity is rarely seen in the precentral gyrus, and isolated
DWTI hyperintensity of limbic system rarely happens [28,
30]. DWI is the most diagnostic test to differentiate CJD
from its differential diagnosis (Alzheimer’s disease, demen-
tia with Lewy bodies, genetic neurodegenerative disorders,
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Fig.3 A 61-year-old woman
with a history of SLE, RA,
Sjogren syndrome, and hypo-
thyroidism presents with left
hemiparesis, altered mental
status and right frontotemporal
seizures. CSF studies yielded
a diagnosis of HSV. Initial
DWI (A) revealed cytotoxic
edema in the insular cortex
which progressed to involve
the hippocampus and cingulate
gyrus on a MRI performed

8 days later (B) A 45-year-old
female with rapidly progressive
cognitive decline over the past
6 months. DWI (C) demon-
strates symmetric diffusion
abnormality in the cerebral
cortex with corresponding low
ADC (D) suggesting CJD. The
patient was confirmed to have
prion disease

immune-mediated encephalopathy, lymphoma, hepatic
encephalopathy, and progressive multifocal leukoencepha-
lopathy)[31].

Application of DWI in the diagnosis
of encephalitis

Encephalitis is defined as inflammation of the brain [32,
33]. It is always challenging to find the cause of encepha-
litis, and the etiology usually remains unknown. The two
most common causes of encephalitis include infections
and immune-mediated conditions. Infectious encephalitis
is most commonly caused by viruses like herpes simplex
virus (HSV) type 1, varicella-zoster virus, enterovirus [34],
and recently coronavirus 2019 (COVID-19)[35]. Immune-
mediated encephalitis includes paraneoplastic encephalitis
syndrome and encephalitis syndrome associated with anti-
bodies against neuronal cells (i.e., autoimmune encephalitis)
[12]. In the early phase of encephalitis, diagnosis is very
challenging; it is based on clinical presentation, laboratory
analysis, electrophysiologic assessment, and neuroimaging

(i.e., fever, CSF pleocytosis, EEG changes, and MRI abnor-
mality, respectively). Conventional MR sequences may
be normal or nonspecific in the early stage of encephalitis
(i.e., high FLAIR signal in cortical and subcortical regions)
[36]. DWI can be useful in both infectious and autoimmune
encephalitis.

In infectious encephalitis, such as viral encephalitis, DWI
shows high sensitivity, which can be used in early diagnosis
[37-39] (Fig. 3B). DWI can diagnose HSV-1 encephalitis as
early as 40 h after the onset of symptoms and may be more
sensitive than the T2-weighted sequence (Fig. 3A and B)
[40]. In other less common causes of infectious encephalitis,
such as enterovirus 71, DWI is also a reliable technique for
detecting encephalitis. These studies have shown that early
reversible cytotoxic edema is a feature of viral encephalitis
[36]. In immune-mediated encephalitis, especially in lim-
bic encephalitis, diffusion changes have been reported along
with FLAIR abnormalities [41-43]. Pathology in limbic
encephalitis is felt to be due to vasogenic edema, and the
DWI hyper signal intensities are felt to be due to T2 shine
through effect.

@ Springer



20

Neuroradiology (2022) 64:15-30

Trauma (axonal injury)

DWI is a promising tool for depicting post-traumatic brain
injuries (TBI) and outcome prediction in adults and pedi-
atrics [44—46]. It can be used to detect axonal injuries not
visualized on FLAIR, T2-weighted, and T2*-weighted GRE
sequences [44, 47]. The volume of lesions depicted by DWI
can predict the clinical outcome; moreover, the presence of
DWI lesions in the corpus callosum are the most important
predictive MRI variable in patients with severe TBI [48].
Diffuse axonal injury can present with DWI bright foci
(Fig. 4A) with ADC dark signal (cytotoxic edema) or ADC
bright signal (vasogenic edema) and may also contain hem-
orrhage (Fig. 4B). These changes can present in the first
24 h, and patients with cytotoxic edema are associated with
more severe TBI [49]. Hemorrhagic lesions on SWI or GRE
recalled images may not display DWI changes and are asso-
ciated with moderate TBI [48].

Another distinct injury to the brain is cerebral fat embo-
lism (CFE) related to long bone fractures or sickle cell
anemia. Various patterns of CFE are identified on imag-
ing depending on the time interval from initial neurological
symptoms. In the acute stage, there are tiny diffusion abnor-
malities scattered in the deep cerebral white matter and basal
ganglia (type 1: starfield pattern). In the subacute phase,
diffusion restriction is more confluent in the periventricular
white matter (type 2A: confluent cytotoxic edema). [50]

Fig.4 A 70-year-old patient
with diffuse axonal injury,
multiple hemorrhagic foci (B) at
gray white matter demonstrating
restricted diffusion (A), which is
associated with greater degree
of traumatic brain injury

@ Springer

Demyelination

Demyelinating lesions, in particular multiple sclerosis
(MS) plaques, show imaging diversity both on conventional
sequences and on DWI [51, 52]. Application of DWI in MS
is of benefit to establish a differential diagnosis with other
abnormalities, such as tumors, acute infarction, and inflam-
matory/infectious conditions [53, 54]. In multiple sclero-
sis, the ADC value is different among various lesions, and
they tend to change over a short period of time. ADC values
range from 1.03 X 10~* mm?*/sec in the enhancing portion of
the active lesion to 2.14 x 10~> mm?*/sec in the cystic lesion.
Decreased ADC value is the marker of the acute demyelina-
tion in MS (Fig. 5A and B), followed by rapid normalization
of the ADC value secondary to vasogenic edema [55]. Vari-
able ADC values among different demyelinating lesions can
potentially differentiate MS from neoplasms, infections, and
ischemic lesions [53]. The other application of DWI is the
depiction of the demyelination plaques earlier than other MR
sequences. DWI findings can precede contrast enhancement
and biomarkers for an acute attack, disease severity, and
clinical deterioration [53, 55, 56]. There can be occasion-
ally restricted diffusion in a demyelinating plaque before T2
signal changes or enhancement appears. Once conventional
sequences for MS are positive, the DWI hyper signal inten-
sity is because of T2 shine through effect (Fig. 5C and D).

Chronic MS plaques demonstrate increased diffusion
(Figs. 5E and F). However, diffusion changes in MS are
subject to variability resulting in varying confidence among
interpreters to use DWI changes for age determination of
the plaque.
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Fig.5 A 40-year-old male with
active demyelination: Diffu-
sion restriction (A on ADC)
and enhancement (B) at the
margin of the demyelinating
plaque with increased diffusion
elsewhere on ADC. An 18-year-
old female patient with MS:

T2 shine through on DWI (C)
and ADC (D). A 40-year-old
male with chronic demyelinat-
ing plaque in the posterior right
frontal lobe demonstrating
increased diffusion (E and F)

Metabolic (includes hypoxic-ischemic
encephalopathy, reversible cytotoxic lesion
of corpus callosum)

Diffusion imaging has shown remarkable value in diagnos-
ing metabolic conditions.

Toxic encephalopathies

Common exogenous toxins resulting in encephalopathy are
carbon monoxide (CO), opioids, methotrexate, and metroni-
dazole. Endogenous toxic encephalopathy includes posterior
reversible encephalopathy (PRES), acute hepatic encepha-
lopathy, and uremic encephalopathy. All toxic encephalopa-
thies typically cause diffusion changes from either cytotoxic
or vasogenic edema.

Carbon monoxide poisoning causes symmetrical bright
T2 signals in the globus pallidus and periventricular white
matter. However, these changes initially appear as restricted
diffusion (Fig. 6A), in the hyperacute phase, and diffusion
changes rapidly normalize as T2 changes persist [57].

Opioids cause brain injury mainly to the globus pal-
lidus, cerebral, and cerebellar white matter with early dif-
fusion restriction. Methotrexate and metronidazole cause
reversible diffusion and T2 signal changes. Methotrexate
typically causes diffusion signal changes in the cerebral

white matter, while Metronidazole favors the dentate
nucleus and splenium of the corpus callosum (Fig. 6B).
DWI abnormalities in metronidazole toxicity involving the
dentate nuclei typically have a bright ADC signal suggest-
ing T2 shine through [57].

Hepatic encephalopathy and uremic encephalopathy
can cause edema in the basal ganglia, cortex, and white
matter manifesting as T2/FLAIR hyperintensity. There is
a greater degree of vasogenic edema in these patients, and
hence, diffusion changes are not present in all cases [58].
The vasogenic edema and increased ADC value in chronic
hepatic encephalopathy have been attributed to chronic
astrocytic swelling, increased interstitial fluid, or chronic
demyelination [59]. On the other hand, in acute hepatic
encephalopathy, DWI hyper signal intensities tend to be
true because of intramyelinic edema, intracellular edema,
acute astrocytic swelling, or oligodendroglial injury [59].
DWI hyper signal intensities in acute hepatic encepha-
lopathy usually involve the thalami, periventricular white
matter, brainstem, and cerebral cortex. There is an associa-
tion between the plasma ammonia level and extension of
DWI hyper signal intensities. Also, diffusion restriction in
acute hepatic encephalopathy can be reversible [59-61].
On DWI and FLAIR sequences, symmetrical involvement
of the insula (most common), thalamus, posterior limbs
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Fig.6 A 29-year-old male with CO poisoning. Diffusion restriction in
the globus pallidus (A). A 63-year-old male with metronidazole tox-
icity: diffusion changes (B) within the dentate nucleus. A 23-year-old

of the internal capsule, and cingulate gyrus is classical for
acute hepatic encephalopathy [59, 62].

In uremic encephalopathy, vasogenic edema particularly
in the globus pallidus is common, so DWI hyper signal
intensity usually is secondary to the T2 shine effect; how-
ever, in a subset of the patients, cytotoxic edema can occur
in the central portions of the vasogenic edema with true
diffusion restriction. On rare occasions, true restricted diffu-
sion is present (Fig. 6C). There is no association between the
presence of diffusion restriction and creatinine levels [63].

PRES is a complex condition with many underlying eti-
ologies, including hypertension, collagen-vascular disease,

Fig. 7 Posterior reversible
encephalopathy syndrome
(PRES): no increased diffusion
(A) with increased FLAIR (B)
suggestive of vasogenic edema

@ Springer

male with hyperuremic encephalopathy. Extensive cytotoxic edema
symmetrically in bilateral cerebral cortex (C)

infection, and treatment by immunosuppressive agents or
cytotoxic medications. The common physiopathology of
these causes is the endothelial dysfunction and subsequent
vasogenic edema in the cortex and subcortical white mat-
ter. The most common locations involved are the parieto-
occipital lobes and posterior frontal cortex. PRES is usu-
ally associated with the bright signal on ADC and normal
DWI (Fig. 7a) but interstitial edema on FLAIR(Fig. 7b).
However, a small subset of patients develops severe
secondary vasoconstriction, leading to cerebral infarcts
and diffusion restriction. Patients with hemorrhagic
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transformation and diffusion restriction have irreversible
changes and tend to have poor clinical outcome [64].

In hypoglycemia, diffusion changes related
to”excitotoxic” edema (increased extracellular amino acids
provoking cytotoxic edema) can be seen in the internal cap-
sules, hippocampi, and cerebral white matter in addition to
the cerebral cortex (Fig. 8A and B). Diffusion changes can
mimic ischemia and present in different patterns. Diffusion
changes can present either with a low ADC (true restriction)
or a normal ADC map (likely T2 shine through). In hypogly-
cemia, the DWI hyper signal intensities tend to be bilateral
[65]. Early diffusion changes without FLAIR signal changes
are usually associated with a favorable prognosis [66]. More
extensive white matter changes and cortical involvement
carry a less favorable prognosis. Hypoglycemic coma can
mimic hypoxic injury but the appropriate history and white
matter involvement clue in the diagnosis [67].

Osmotic demyelination (ODM) is caused by rapid
hyponatremia correction and presents with decreased con-
sciousness, seizures, and bulbar palsy, although presentation
can be varied. There is a presumption that there is early
cytotoxic edema within the myelin cells which is potentially
reversible. As such, diffusion changes in the central pons

Fig. 8 White matter diffusion
changes. A 50-year-old male
with severe hypoglycemia. DWI
was reversible. There is involve-
ment of white matter (A) and
internal capsule (B) specific to
hypoglycemia in addition to the
cortical edema. A 61-year-old
female with OMD (C). Revers-
ible CLOCC: 25-year-old male
with fever and high opening
pressure on lumbar puncture.
DWI (D) reveals restricted
diffusion in the splenium of
corpus callosum. Follow-up
MRI 4 months later (E) reveals
normal corpus callosum

(Fig. 8C), basal ganglia, thalamus, cerebellum, and cerebral
white matter may present within 24 h while signal changes
on other sequences manifest later, and in some cases, after
a few days.

Diffusion restriction usually resolves by 3 weeks after the
symptom onset [68—70]. In comparison, the pontine involve-
ment is quite specific for ODM; rare cases present with only
extrapontine ODM. Clinical history in such cases is support-
ive of the diagnosis [71]. There is an association between
the presence of the diffusion restriction in the basal ganglia
and the severity of symptoms [68].

Cytotoxic lesions of the corpus callosum

The cytotoxic lesions of the corpus callosum (CLOCC) pre-
sent secondary to many underlying neurological or systemic
conditions such as infections, malignancy, medications, sub-
arachnoid hemorrhage, or seizures. This condition has been
known by a variety of terms including mild encephalopathy
with reversible splenial lesions (MERS), reversible splenial
lesion syndrome, reversible splenial lesions, transient sple-
nial lesions, clinically silent lesions in the splenium of the
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corpus callosum, and transient focal lesions in the splenium
of the corpus callosum. These aforementioned stressors lead
to increased extracellular cytokines and glutamates, which
result in increased intracellular sodium and calcium levels
promoting intracellular edema. The splenium is most vul-
nerable due to the increased concentration of glutamate. On
imaging, there is diffusion restriction in the splenium of the
corpus callosum (Fig. 8D). T2 and FLAIR signal changes
are modest, but there is no mass effect or enhancement.
Diffusion changes are reversible (Fig. 8E). It is pertinent
to look for the underlying etiology if identifiable on imag-
ing. Differential possibilities would include a posterior cer-
ebral artery (PCA) territory infarct; therefore, any diffusion
abnormalities in the PCA vascular distribution would favor
ischemia [72].

Post-seizure-related activity

Diffusion restrictions can be observed in patients follow-
ing single epileptic seizures but are more commonly seen
after status epilepticus [73, 74]. The findings are relevant
to the location of ictal activity and are highly concordant
with the electroclinical abnormalities [75]. A combination
of DWI and EEG analysis can provide valuable informa-
tion regarding seizure localization and propagation [76].
DWI hyper signal intensities are usually located ipsilat-
eral to the epileptogenic lesions [76, 77]. Within the first
24 h after seizure onset, 4% of patients with an episode
of seizure (excluding SE) exhibit diffusion abnormalities.
The presence of the DWI signal alteration is associated
with identifiable epileptogenic lesions on other sequences
(compared to the group with no DWI findings) [73]. DWI/
ADC and arterial spin labeling perfusion imaging (ASL)
are the most sensitive MR techniques in the depiction of

changes secondary to epilepsy, but both techniques have
lower sensitivity than electroencephalogram (EEG) [78].

DWTI and FLAIR hyper signal intensity usually hap-
pens in both cortex and subcortical white matter (Fig. 9A
and B). Isolated gray matter or white matter DWI hyper
signal intensity is less common [77]. The prevalence of
the DWI hyper signal intensity has been reported in up to
85% of patients with status epilepticus [76]. Posterior cer-
ebral regions (parieto-occipital), hippocampi, and pulvinar
regions are the most common locations with DWI hyper
signal intensities. In SE, diffusion restriction of the hip-
pocampus and the pulvinar is common, but these regions
are not necessarily seizure onset locations [76]. These
DWI and FLAIR signal changes are reversible (Fig. 9C).

Miscellaneous conditions DWI abnormalities are identified
in many other conditions, and it is prudent that the reader be
aware of other various presentations. Diffusion tensor imag-
ing (DTI) can assess microstructural changes in many neu-
rodegenerative conditions even before MRI changes appear.
The review of these changes on DTI is beyond the scope
of this manuscript. DWI has been shown to demonstrate
increased diffusion in involved regions on DTI. DWI of the
putamen can discriminate between idiopathic Parkinson’s
disease (PD) from atypical Parkinson’s disease (APD), such
as progressive supranuclear palsy and corticobasal degenera-
tion, where it has been shown to have a higher ADC value
in APD [79]. Similar increased ADC values are seen in the
brain stem, optic radiations, and cerebellar peduncles in
patients with Friedreich’s ataxia [80].

Wallerian degeneration typically begins after 2 weeks in
the distal white matter tracks after a known acute event such
as stroke. Wallerian degeneration can present with diffusion
restriction and absent or T2 hypointense signal changes in

Fig.9 Transient seizure related cytotoxic edema: Abnormal diffusion (A) and FLAIR (B) signal immediately noticed after recent seizures but

resolved on follow up MRI (C)
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the early phase followed by T2 signal changes. These early
changes are felt to be due to intramyelinic edema [81].

In patients with cerebral amyloid angiopathy (CAA),
incidental DWI lesions in the cortex were associated with
chronic cortical microinfarcts (CMI) and superficial sidero-
sis on follow-up imaging, which are very unlikely to undergo
cortical hemorrhagic transformation [82]. DWI lesions can
provide a surrogate marker to the extent of CMI, which is
associated with greater cognitive dysfunction. CAA can be
associated with vasculitis, which is termed CAA-related
inflammation (CAA-ri). DWI changes are more likely to be
associated with CAA-ri [83].

DWI is of value in patients in idiopathic intracranial
hypertension where bilateral optic nerve head DWI restric-
tion has been correlated with papilledema. While this find-
ing is specific, it only has modest sensitivity [84].

Brain tumors

Brain tumors can show varying degrees of diffusion changes.
Diffusion changes reflect the cellularity of the tumor and
the nucleus-cytoplasmic ratio. In general, the higher grade
tumors have low ADC values.

Astrocytomas display heterogeneous diffusion signals,
which is attributed to the varying cellularity and grade, and
there is restricted diffusion in the regions of more aggressive
tumors (Fig. 10A and B).

ADC values alone or in the combination of MR perfu-
sion parameters relative cerebral blood volume (rCBV) can
accurately grade gliomas [85]. ADC value of grade II astro-
cytoma ( average of 1.299 +0.294) is significantly different

Fig. 10 Infiltrating GBM dem-
onstrating mild restricted diffu-
sion with increased diffusion in
the surrounding edema on DWI
(A) and ADC (B)

than grade III (average of 0.929+0.17). The average ADC
value of grade III is significantly different than grade IV
(average of 0.79 +0.17) [85]. In addition, the recent meta-
analysis by Wang et al. has indicated the high accuracy of
DWI/ADC to differentiate low-grade glioma (grade I and II)
from high-grade glioma (III and I'V) with an area under the
curve (AUC) of 0.91 [86].

The magnetic field and the b values have a significant
impact on the accuracy with higher magnetic fields and
higher b values (3000 versus 1000) associated with higher
accuracy [86]. Early evidence also suggests the ability of
ADC values in the prediction of the genetic status in glioma
including the glial fibrillary acidic protein, topoisomerase
Ila (Topo w) [85]. Diffusion imaging can predict the pro-
gression of both treated and untreated. Astrocytomas with
progression of diffusion restriction are likely associated with
recurrence and progression. In the same manner, increased
diffusion on serial follow-up correlates with decreased tumor
burden. ADC values also can differentiate tumor progression
(0.75-1.30, mean 1.14 +0.18) from post-radiation changes
(1.29-2.06, mean 1.57 +0.35) [87].

Diffusion changes can extend beyond the tumoral enhanc-
ing regions, reflecting the infiltrative spread pattern, typi-
cally of glioblastoma multiforme and astrocytoma (Fig. 11A
and B). These perimarginal diffusion changes can differ-
entiate glial tumors from solitary metastasis. One caveat
to remember is that the resection cavity’s margins in the
immediate postoperative period can demonstrate restricted
diffusion from infarction. In such circumstances, diffusion
changes evolve or normalize [88].

Primary CNS lymphoma (PCNSL) presents as a solid or
ring-enhancing lesion. PCNSL has the lowest ADC values
(Fig. 12) compared to other brain tumors such as metastasis
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Fig. 11 A 23-year-old male
with mostly necrotic GBM
demonstrating increased
diffusion. However, there is
restricted diffusion medial to
the lesion (arrows in A and B)
suggesting tumoral infiltration.
Other necrotic tumors such as
metastasis do not demonstrate
restricted diffusion extending
into surrounding white matter

i A TR

Fig.12 A 65-year-old female with PCNSL: restricted diffusion (A and B) corresponds to enhancing tumor (C), non-enhancing edema demon-

strates increased diffusion on ADC (arrows in B)

or GBM. This is due to the high cellularity, decreased inter-
stitial spaces, and greater nucleus to cytoplasmic ratio. Aver-
age ADC values in PCNSL are 0.73+0.13 x 10~ mm?/s
compared to 1.02 and 1.03 x 10~ mm?/sec for GBM and
metastasis, respectively [88]. Diffusion changes are homoge-
neous in PCNSL compared to other similar aggressive brain
tumors. It has been shown that there are significant correla-
tions between ADC value and the cellular Ki-67 expression
in biopsied portions of PCNSL, the low ADC values to be
indicative of increased proliferative activity of PCNSL [89].

DWI has shown to be helpful in differentiating pedi-
atric posterior fossa tumors. Medulloblastoma, juvenile

@ Springer

pilocytic astrocytoma (JPA), ependymoma, and brain
stem glioma are common pediatric posterior fossa
tumors. Medulloblastoma histologically contains more
compact sheets of cells and high cellularity, which dem-
onstrates low ADC compared to other tumors. Mean
ADC values have been shown to be significantly differ-
ent between the four groups of posterior fossa tumors
in children. Mean ADC values were as follows: JPA
(1.63 +£0.05x 107%), medulloblastoma (0.73 +0.06 x 107%),
ependymoma (1.15 +0.07 x 10~2), and brain stem glioma
(1.37£0.12x 1073), with a p value < of 0.05 [90].
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Future directions

Diffusion tensor imaging is a well-established DWI tech-
nique utilizing the anisotropic nature of water diffusion
to track white matter fibers. However, DTI is limited in
mapping tracts crossing each other and with curved tracts.
High angular resolution diffusion imaging (HARDI) was
introduced to offset these challenges, which provide more
detailed assessment of tracks [91].

While DWI assumes there is a Gaussian diffusion,
based on likely distribution in a bell curve, diffusion kur-
tosis imaging (DKI) is based on the non-Gaussian dis-
tribution, providing more accurate measurement of diffu-
sion. DKI has been shown to have clinical applications in
stroke, TBI, brain neoplasm, neurodegenerative disorders,
and demyelination [92]. The detailed techniques of these
advancements are beyond the scope of this manuscript, but
interested readers are encouraged to refer to the references
for more details.

Radiomics incorporates artificial intelligence (AI) in
brain tumors such as GBM assessment using computerized
data from images that provide subvisual radiological cues.
Radiomics information correlates with genomic informa-
tion providing information on tumor response to therapy
[93]. Initial research has shown that both diffusion and
perfusion imaging data included in radiomics provide bet-
ter prognostication of newly diagnosed GBM [94].

Conclusion

Many pathologies beyond stroke create diffusion restric-
tion either by cytotoxic edema or by compromising the
interstitial spaces within the brain. The resulting DWI
characteristics can help differentiate various pathologies.
DWI has proven to be dynamic in many pathologies, and
the evolution of diffusion changes can prognosticate or
characterize the underlying pathology.
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