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White Matter Diseases with Radio-
logic-Pathologic Correlation1

White matter diseases include a wide spectrum of disorders that 
have in common impairment of normal myelination, either by 
secondary destruction of previously myelinated structures (demy-
elinating processes) or by primary abnormalities of myelin forma-
tion (dysmyelinating processes). The pathogenesis of many white 
matter diseases remains poorly understood. Demyelinating disor-
ders are the object of this review and will be further divided into 
autoimmune, infectious, vascular, and toxic-metabolic processes. 
Autoimmune processes include multiple sclerosis and related 
diseases: tumefactive demyelinating lesions, Balo concentric scle-
rosis, Marburg and Schilder variants, neuromyelitis optica (Devic 
disease), acute disseminated encephalomyelitis, and acute hemor-
rhagic leukoencephalopathy (Hurst disease). Infectious processes 
include Lyme disease (neuroborreliosis), progressive multifocal 
leukoencephalopathy, and human immunodeficiency virus (HIV) 
encephalopathy. Vascular processes include different types of small-
vessel disease: arteriolosclerosis, cerebral amyloid angiopathy, cere-
bral autosomal-dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy (CADASIL), primary angiitis of the central 
nervous system, Susac syndrome, and neurolupus. Toxic-metabolic 
processes include osmotic myelinolysis, methotrexate leukoen-
cephalopathy, and posterior reversible encephalopathy syndrome. 
The imaging spectrum can vary widely from small multifocal white 
matter lesions to confluent or extensive white matter involvement. 
Understanding the pathologic substrate is fundamental for under-
standing the radiologic manifestations, and a systematic approach 
to the radiologic findings, in correlation with clinical and laboratory 
data, is crucial for narrowing the differential diagnosis.
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After completing this journal-based SA-CME 
activity, participants will be able to:

 ■ Recognize the imaging appearances of 
white matter diseases.

 ■ Describe the histologic substrate of 
white matter diseases.

 ■ Discuss the key differentiating features 
between different white matter diseases.

See www.rsna.org/education/search/RG.

SA-CME LEARNING OBJECTIVES

Introduction
White matter diseases affect the pattern of normal myelination and 
include a large diversity of congenital and acquired processes. They 
can be divided into demyelinating (secondary destruction of normal 
myelin) or dysmyelinating (primary abnormality of myelin forma-
tion) processes. Demyelinating diseases can be further divided into 
autoimmune, infectious, vascular, and toxic-metabolic categories.

Demyelinating processes are commonly separated into primary 
and secondary types according to their cause. Primary demyelinating 
disorders are of (currently) unknown etiology, and their prototype is 
multiple sclerosis (MS). Secondary demyelinating diseases include a 
variety of known causes. Independent of their cause, the underlying 
condition of all demyelinating disorders is damage to the myelin or 
to the cells that produce the myelin, the oligodendrocytes (1). This 
review explores the clinicopathophysiology of white matter demyelin-
ating disorders using radiologic-pathologic correlation.

This copy is for personal use only. To order printed copies, contact reprints@rsna.org



RG  •  Volume 36  Number 5  Sarbu et al  1427

Autoimmune  
White Matter Diseases

The autoimmune entities can be multiphasic—the 
classic prototype is MS and related diseases: tume-
factive demyelinating lesions (TDLs), Balo concen-
tric sclerosis, Marburg and Schilder variants, and 
neuromyelitis optica (NMO). Other autoimmune 
entities are monophasic, like acute disseminated 
encephalomyelitis (ADEM) and its more aggres-
sive variant, acute hemorrhagic leukoencephalitis or 
leukoencephalopathy (Hurst disease).

Multiple Sclerosis
MS is a primary demyelinating disease of un-
known etiology (autoimmune category), character-
ized by perivenular inflammation/demyelination 
with relative axon preservation, manifesting as 
periventricular, juxtacortical, infratentorial, and 
spinal cord lesions at magnetic resonance (MR) 
imaging. MS is the leading cause of nontraumatic 
neurologic disability in young adults. Both genetic 
and environmental factors seem to be involved in 
the etiology. The prevalence of MS varies widely in 
different regions of the globe, from 15 to 250 per 
100 000. Geographic variability shows MS being 
more common in regions located further from 
the equator, such as northern Europe. Women are 
more frequently affected than men (2:1). Clini-
cal onset is usually between the ages of 20–40 
years with a peak at 30 years but can occur at any 
age. The clinical manifestations are nonspecific, 
overlapping with those of other inflammatory and 
noninflammatory entities, and consist of motor, 
sensory, and autonomic dysfunction. More than 
half of patients are no longer full ambulatory after 
20 years of disease, and overall life expectancy is 
reduced by 7–14 years (4,5).

The MS spectrum includes radiologically 
isolated syndrome, clinically isolated syndrome, 
and clinically definite MS. Clinically definite MS 
can have a relapsing-remitting course (most fre-
quent); other clinical phenotypes include second-
ary progressive, primary progressive, or progres-
sive relapsing (least common) (6).

The typical yet nonspecific pathology of MS 
shows plaques—regions of loss of the normal 
white matter myelination, usually with preserva-
tion of the axons. Classic MS lesions are well-
defined, elongated, or oblate, following a peri-
venular distribution. Plaques are associated with 
macrophage infiltration, lymphocyte perivascular 
cuffing, fibrin accumulation, and reactive mi-
croglia (Fig 1). High iron deposits in the central 
nervous system have been found in MS and have 
been associated with disease activity. While iron 
deposits in the gray matter were rather diffuse, in 
the white matter they were usually identified at 
sites of perivenous inflammation (7).

Normal White Matter
The central nervous system is composed of neu-
rons and glial cells. Myelinated axons together 
with glial cells are the main components of the 
normal white matter. The myelin sheath is pro-
duced by oligodendrocytes and is the component 
responsible for the color and the imaging char-
acteristics of normal white matter. Myelin has 
a water content of about 40%, and the dry part 
(60%) is mainly composed of lipids (70%–85%), 
with a smaller component of proteins (15%–
30%). Spinal cord myelin has an even higher 
lipid-to-protein ratio than the brain. The major 
lipid components of myelin are cerebrosides and 
lecithin, and the main protein elements of myelin 
are proteolipid protein and myelin basic protein, 
which are more specific to the central nervous 
system and may serve as antigenic targets in 
autoimmune processes. For the same reason, 
another important protein component is myelin 
oligodendrocyte glycoprotein, which is involved 
in the formation and maintenance of myelin 
sheaths and is located in the outermost layer of 
myelin, serving as a potential target for autoim-
munity (2,3).

TEACHING POINTS
 ■ White matter diseases affect the pattern of normal myelina-

tion and include a large diversity of congenital and acquired 
processes. They can be divided into demyelinating (second-
ary destruction of normal myelin) or dysmyelinating (primary 
abnormality of myelin formation) processes. Demyelinating 
diseases can be further divided into autoimmune, infectious, 
vascular, and toxic-metabolic categories.

 ■ MS is a primary demyelinating disease of unknown etiology 
(autoimmune category), characterized by perivenular inflam-
mation/demyelination with relative axon preservation, mani-
festing as periventricular, juxtacortical, infratentorial, and spi-
nal cord lesions at magnetic resonance (MR) imaging.

 ■ TDLs can be mistaken for high-grade enhancing neoplasms—
possible clues to the diagnosis include an incomplete ring 
of enhancement and/or restricted diffusion reflecting the 
advancing front of demyelination, a paucity of perilesional 
edema, relative lack of mass effect for lesion size, and lower 
cerebral blood volume at perfusion imaging.

 ■ HIV encephalopathy shares some features with PML: both 
cause confluent white matter lesions without significant mass 
effect or enhancement, but more peripheral and asymmetric 
in PML (infecting oligodendrocytes) versus more central and 
symmetric in HIV encephalopathy (infecting microglia).

 ■ Small-vessel disease is by far the leading cause of white mat-
ter disease and can be divided into six types: arteriolosclero-
sis (type 1); cerebral amyloid angiopathy (type 2); inherited 
vasculopathies (type 3) (eg, CADASIL, MELAS [mitochondrial 
myopathy, encephalopathy, lactic acidosis, strokelike epi-
sodes], Fabry disease); inflammatory vasculitides (type 4) (eg, 
primary angiitis of the central nervous system [PACNS], Susac 
syndrome, connective tissue disorders such as systemic lupus 
erythematosus [SLE] and Sjögren syndrome); venous collage-
nosis (type 5); and other (type 6) (eg, radiation therapy).
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Figure 2. MS diagnostic criteria in a single MR imaging examination. (a) Axial T2-weighted fluid-attenu-
ated inversion-recovery (FLAIR) image shows periventricular (white arrow) and juxtacortical (black arrows) 
WMHs, consistent with dissemination in space. (b) Axial contrast-enhanced T1-weighted image shows 
enhancing (white arrow) and nonenhancing (black arrows) lesions, consistent with dissemination in time.

Figure 1. MS in a 37-year-old woman. (a) Sagittal postcontrast T1-weighted MR image shows typical Dawson fingers: 
periventricular lesions perpendicular to the ependymal surface with a perivenular distribution. (b) Photomicrograph 
shows perivenular lymphocytic infiltration and demyelination. (Hematoxylin-eosin stain; original magnification, 3200.)

were related to inflammatory activity; the contrast 
enhancement could last for a variable period, the 
average being around 3 weeks (11).

Periventricular WMHs in MS are usually ovoid 
and perpendicular to the ventricle, with perivenu-
lar topography—these are the classic Dawson 
fingers. They abut the ependymal surface, which 
potentially allows differentiation from nonspecific 
WMHs and small-vessel disease. MS lesions can 
also be located around the temporal horn of the 
lateral ventricle, a region usually spared by small-
vessel disease. Using a T2* sequence, a central 
vein was identified in 45% of MS lesions at 3 T 

MR imaging is the most important paraclini-
cal tool for diagnosing and monitoring MS (8). 
The 2010 revised McDonald criteria refer to the 
geographic and chronologic distribution of MS: 
dissemination in space requires at least one white 
matter hyperintensity (WMH) in at least two 
typical locations such as periventricular, juxta-
cortical, infratentorial, and spinal cord; dissemi-
nation in time requires both contrast-enhancing 
and nonenhancing lesions in a single MR imag-
ing examination or development of new lesions 
at follow-up MR imaging (Fig 2) (9,10). New 
T2 hyperintense and contrast-enhancing WMHs 
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and 87% of MS lesions at 7 T, versus only 8% of 
nonspecific WMHs at 7 T in healthy volunteers 
(12). Lesions that are dark on T1-weighted im-
ages (“black holes”) correlate with severe histo-
logic damage, higher degree of demyelination, 
and axonal loss (13). Owing to iron accumulation 
in MS, intralesional susceptibility signal may be 
observed on T2* images (8,14).

Corpus callosum lesions in early MS are char-
acteristically found at the callososeptal interface, 
are usually focal and discrete producing the 
subcallosal “dot-dash” appearance, and are often 
easier to visualize on sagittal T2-weighted images. 
They have been reported more frequently in the 
genu and body of the callosum (15). The differ-
ential diagnosis of corpus callosum involvement 
(Table 1) (Fig 3) includes other primary or sec-
ondary demyelinating processes (NMO, ADEM, 
CADASIL, Susac syndrome, PML, Marchiafava-
Bignami disease), neoplasms (lymphoma, glioma, 
gliomatosis cerebri—the latter may mimic white 
matter disease only by its extension), and trau-
matic injury (traumatic/diffuse axonal injury).

Isolated juxtacortical WMHs in MS involve 
the subcortical U-fibers and are another classic 
location. Cortical lesions, on the other hand, have 
become increasingly recognized in MS and are 
expected to have more prognostic and diagnos-
tic value in the future. They occur early, have 
been found in clinically isolated syndrome, and 

have been associated with cognitive impairment. 
Cortical lesions are small and more conspicuous 
on double inversion-recovery images and at high 
magnetic field strengths (16–18).

The McDonald diagnostic criteria also include 
infratentorial location. Brainstem lesions in MS 
are characteristically peripheral (as opposed to 
central in small-vessel disease), are commonly 
asymmetric or unilateral, and are usually well-
defined (19). Cerebellar lesions usually affect the 
larger white matter structures—like the brachium 
pontis (middle cerebellar peduncle)—although 
the smaller cerebellar peduncles and hemispheric 
white matter may also be affected.

Spinal cord lesions are reported in 30%–40% 
of cases of clinically isolated syndrome and up 
to 90% of cases of clinically definite MS (13). 
The cervical cord is most frequently involved 
and sometimes is the cause of death (Fig 4). 
Typically, the lesions are well-defined, less than 
one to two vertebral segments in craniocaudal 
dimension, and less than 50% of the cross-sec-
tional area of the spinal cord in the axial plane, 
often affecting the peripheral white matter. 
Extensive spinal cord swelling is uncommon. 
Active lesions may enhance, albeit less frequently 
than brain lesions. Occasionally cord atrophy 
is seen, especially in upper segments, in long-
standing and progressive MS (20). The homo-
logue of MS regarding the chronic multiphasic 

Table 1: Corpus Callosum Involvement: Differentiating Features of More Common Causes

Disease* Location Imaging Characteristics

MS More frequently the genu and  
body of the callosum

Origin at callososeptal interface

Small separate lesions (“dot-dash”) initially
Enhancing in acute phase

NMO More frequently the splenium
Entire thickness

Larger, overlapping (“marbled”)
Enhancing in acute phase

ADEM Origin at periventricular white  
matter when present, not from  
callososeptal interface

Larger
Enhancing in acute phase; all the lesions may 

enhance at the same time (monophasic)
CADASIL Entire thickness or central Usually not enhancing
PML More frequently the genu and  

splenium
Usually not enhancing

Susac syndrome Entire thickness or central Enhancing in acute-subacute phase; inflammation 
and microinfarcts

Marchiafava-Bignami 
disease

Middle layers of genu and  
splenium

Diffusion restriction in acute phase, atrophy in 
chronic phase

Glioma More frequently the genu and  
splenium

Enlarged, heterogeneous enhancement, necrosis

Lymphoma More frequently the genu and  
splenium

Enlarged, homogeneous enhancement (unless 
immunocompromised)

Traumatic/diffuse axonal 
injury

Splenium > genu, grade II  
disease

Blooming on T2*-weighted images
Diffusion restriction in acute phase

*CADASIL = cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy, 
PML = progressive multifocal leukoencephalopathy.
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course, but involving the peripheral nervous 
system, is chronic inflammatory demyelinating 
polyradiculoneuropathy.

Optic neuritis is usually a clinical diagnosis, 
and the necessity for MR imaging depends on the 
clinical context. If the diagnosis of MS is already 
established, imaging of the optic nerve is not 
required unless atypical symptoms are present, 
when MR imaging may be performed to rule out 
alternative diagnoses. On the other hand, when 
optic neuritis is the first presentation, the role of 
MR imaging is mainly to assess the brain for ad-
ditional lesions.

Figure 3.  Differential diagnosis of corpus callosum lesions. (a) Susac syndrome: sagittal postcontrast T1-weighted image shows 
a large “snowball” lesion that involves the entire thickness of the body of the corpus callosum. (b) CADASIL: sagittal T1-weighted 
image shows multiple lesions in the corpus callosum; note the involvement of the entire callosal thickness and the low T1 signal 
intensity (“black holes”). (Courtesy of John H. Rees, MD, Partners Imaging Center, Sarasota, Fla.) (c) Marchiafava-Bignami disease: 
axial diffusion-weighted image shows restricted diffusion in the splenium of the corpus callosum. (d) PML: axial T2-weighted FLAIR 
image shows a confluent right occipital subcortical white matter lesion, with extension across the splenium of the corpus callosum. 
(Courtesy of Jacqueline A. Bello, MD, Montefiore Medical Center, Bronx, NY.)

Figure 4. MS. Autopsy specimen shows 
extensive demyelination (lighter regions) 
involving the medulla oblongata. (Luxol 
fast blue stain.)

Overall, diagnosis of MS is based on the clini-
cal history, cerebrospinal fluid analysis (oligo-
clonal bands, immunoglobulin G), visual evoked 
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Figure  5.  TDLs in a 49-year-old man. (a) Axial T2-weighted 
FLAIR image shows bilateral confluent hyperintense areas in the 
subcortical and periventricular white matter, which extend toward 
the genu of the corpus callosum and abut the ependymal surface. 
(b) Axial postcontrast T1-weighted image shows incomplete or 
open ring enhancement (arrows), consistent with the advancing 
front of demyelination. Note the lack of any significant perilesional 
edema or mass effect, given the size of the lesion. (c) Axial ap-
parent diffusion coefficient (ADC) map shows a peripheral rim of 
subtle restricted diffusion (arrows), likely related to inflammatory 
hypercellularity. (d) Photomicrograph shows scattered foamy/vac-
uolated macrophages (arrows). (Hematoxylin-eosin stain; original 
magnification, 3200.)

potential abnormalities, MR imaging, and “no 
better explanation.” Nevertheless, misdiagnosis 
of MS is frequent, mainly due to MR imaging 
pitfalls, leading to use of MS-modifying therapy 
in about one-fourth of these patients otherwise 
without MS. Top causes in patients misdiagnosed 
with MS based on brain MR imaging findings are 
nonspecific WMH, ischemic small-vessel disease, 
migraine, NMO, CADASIL, and ADEM (21).

Relatives or Variants of MS

Tumefactive Demyelinating Lesions.—TDLs are 
defined as large demyelinating lesions (>2 cm) 
and can be solitary or few in number. Difficulty 
in making the correct diagnosis may lead to bi-
opsy, and the extensive presence of macrophages 
and myelin loss could suggest a demyelinating 
process. Nevertheless, the pathologic findings 
at biopsy are nonspecific and could be confus-
ing because of hypercellularity, atypical reactive 
astrocytes, and mitotic figures, which are also 
observed in glial neoplasms.

Thus, TDLs can be mistaken for high-grade 
enhancing neoplasms—possible clues to the 

diagnosis include an incomplete ring of enhance-
ment and/or restricted diffusion reflecting the 
advancing front of demyelination, a paucity of 
perilesional edema, relative lack of mass effect for 
lesion size, and lower cerebral blood volume at 
perfusion imaging (Fig 5). Also, TDLs are inflam-
matory processes and may have a higher quantity 
of water than many tumors, which translates 
into lower attenuation at computed tomography 
(CT) and higher signal intensity on T2-weighted 
images. They do not always produce proportional 
mass effect—“nontumefactive” TDL—thus, the 
term tumefactive can be a misnomer. MR spec-
troscopy could show elevated choline or lactate 
peaks with higher inflammatory activity, but this 
is nonspecific and can also be seen in neoplasms. 
Follow-up MR imaging, especially after immuno-
suppressive treatment, frequently demonstrates 
diminution of the lesions (22–24).

Marburg Variant.—This rare variant represents 
the classic fulminant form of idiopathic inflamma-
tory demyelination and usually occurs in young 
adults (aka acute fulminant MS). Pathologically, it 
is characterized by massive macrophage infiltration 
with severe inflammation, necrosis, and extensive 
destruction. Classic MR imaging findings are mul-
tifocal WMHs with confluence into larger areas 
and extensive dissemination. Death usually occurs 
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from brainstem involvement. To some degree, it 
resembles severe forms of ADEM (23).

Balo Concentric Sclerosis.—This rare and severe 
acute monophasic process is characterized by 
concentric rims of myelin destruction and re-
pair, frequently involving the centrum semiovale 
and corona radiata. These alternating layers of 
demyelinated, remyelinated, and normal myelin-
ated white matter give the typical appearance of 
hyperintense-isointense-hypointense concentric 
rings on T2-weighted images (“onion bulb”) 
(Fig 6). Peripheral restricted diffusion and con-
trast enhancement are common and represent 
the advancing front of demyelination (23).

Schilder Disease.—Schilder disease (diffuse 
myelinoclastic sclerosis) is a rare variant that 
usually affects children and is characterized by 
acute or subacute evolution, which may respond 
to corticosteroids. Pathologic, radiologic, and 
clinical features are somewhat similar to those 
of TDL, raising the hypothesis that it just might 
be a childhood form of TDL. Unlike Marburg 
disease, it usually spares the brainstem (23).

Neuromyelitis Optica
NMO (Devic disease) is a demyelinating disease 
of autoimmune etiology induced by NMO–im-
munoglobulin G, an autoantibody against 
aquaporin-4 water channels. The aquaporin-4 
channel is found in astrocytes, belongs to the 
family of integral membrane proteins that con-
duct water through the cell membrane, and has 
higher expression along the pathway between 
the third and fourth ventricles. The antibodies 
seem to target the regions where the blood-brain 
barrier is weaker and the expression of aquapo-

Figure 6. Balo concentric sclerosis 
in a 32-year-old woman. (a) Axial 
T2-weighted image shows exten-
sive hyperintense lamellated white 
matter lesions in both cerebral 
hemispheres (arrows), with involve-
ment of the subcortical U-fibers, 
and mild mass effect in the left 
frontal region. (b) Gross specimen 
shows bandlike areas of demyelin-
ation alternating with normal my-
elination (arrows). (c) Photomicro-
graph shows concentric bands of 
demyelination and remyelination. 
(Luxol fast blue stain; original mag-
nification, 3200.)

rin-4 is higher. The spinal cord and optic nerve 
are preferential targets, probably because of the 
increased permeability of the blood-brain bar-
rier at these levels. The underlying pathogenesis 
has not been completely elucidated; the disease 
is mainly sporadic, and some viruses share im-
munogenic features of aquaporin-4.

The prevalence ranges from 0.5 to 4.4 per 
100 000, being more common in Asian, Indian, 
and African populations. The age of onset varies 
widely, with an average age of 41 years in the 
United States. Women are more commonly af-
fected, with a ratio of 6.5:1. Up to 90% of cases 
have a recurrent course with more dramatic 
relapses than MS. If misdiagnosed and treated 
as ordinary MS, a further exacerbation can be 
produced. The classic triad of NMO consists of 
myelitis, optic neuritis, and positive NMO–im-
munoglobulin G. The optic neuritis can be 
unilateral or bilateral (Fig 7). NMO–immuno-
globulin G has more than 90% specificity and 
70%–90% sensitivity for the disease (25–28). My-
elitis and optic neuritis may occur synchronously 
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with a predilection for periependymal regions, 
the hypothalamus, and the pathway between the 
third and fourth ventricles. Longitudinal corti-
cospinal tract lesions have also been reported. 
Recent studies have described tiny WMHs in the 
subcortical white matter, usually not traversed 
by a central venule at high magnetic field imag-
ing (30). Furthermore, advanced MR imaging 
techniques such as diffusion tensor imaging 
have demonstrated abnormalities in otherwise 
normal-appearing white and gray matter. Corti-
cal and basal nuclei lesions were uncommon, 
and brain lesions were more commonly reported 
in Asians (25,26).

Corpus callosum lesions in NMO preferentially 
involve the splenium. Compared with those in 
MS, they are larger, more confluent, more edema-
tous, and more heterogeneous. The “marbled 
pattern” represents multiple overlapping heteroge-
neous lesions in the corpus callosum and has been 
described in the acute phase of NMO (31).

Acute Disseminated Encephalomyelitis
ADEM is also mediated by antigen-antibody 
complexes and usually occurs in children (typi-
cally <15 years old), often within 2 weeks after 
an antigenic challenge—either an infection 
(50%–75%, frequently upper respiratory) or a 
vaccination. The incidence of ADEM has been 
reported to be 0.4 per 100  000 person-years. 
ADEM partially overlaps with other demyelinat-
ing diseases, although there are some differenti-
ating features (Fig 8). In contrast to the female 
predilection of MS and NMO, ADEM has little 

Figure 7.  NMO in a 39-year-old woman. (a) Coronal T2-weighted image shows hy-
perintensity and swelling of the right optic nerve due to optic neuritis (circle). (b) Sag-
ittal T2-weighted image shows patchy hyperintensity involving the medulla oblon-
gata and cervical cord (arrow), consistent with myelitis. (c) Autopsy specimen shows 
areas of demyelination in the prechiasmatic portions of the optic nerves (arrow). The 
granular appearance of the optic nerves suggests demyelination from NMO. (d) Mag-
nified cross-section views through the chiasm show a more gelatinous demyelination 
(arrows), which may also occur in MS. (Fig 7c and 7d courtesy of Robert E. Schmidt, 
MD, PhD, Washington University, St Louis, Mo.)

or metachronously, and episodes of one without 
the other occur in many patients.

Unlike MS, myelitis in NMO is longitudinally 
and transversally extensive, often involving three 
or more vertebral segments, and is more fre-
quently inhomogeneous. “Bright spotty lesions,” 
a newly described spinal finding in NMO, refers 
to this heterogeneous appearance on axial T2-
weighted images and can help differentiate NMO 
from MS (29).

Brainstem lesions in NMO are typically dorsal 
(up to 90%) and in the periaqueductal regions 
due to the higher concentration of aquaporin-4. 
NMO has a higher frequency of medulla oblon-
gata lesions but lower frequency of pons lesions 
compared with MS and ADEM. NMO lesions 
typically have poorly defined margins (90%). 
Brainstem lesions in NMO are usually asymmetric 
or unilateral (up to 90%) (19).

NMO was named for selective involvement 
of the spinal cord and optic nerves, with rela-
tive sparing of the brain, in contrast to MS. This 
is generally valid for early stages, when brain 
lesions are either absent or few and nonspecific. 
However, usually later, brain lesions do occur, 
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Figure  9.  ADEM in a 12-year-old girl. Axial 
T2-weighted FLAIR image shows bilateral hy-
perintense lesions involving the deep gray mat-
ter nuclei and periventricular-subcortical white 
matter. (Courtesy of Steven J. Goldstein, MD, 
Lexington, Ky.)

to no gender predilection (slightly more frequent 
in males) (32). Common clinical manifestations 
are encephalopathy, fever, headache, seizure, 
multiple focal deficits, and meningeal signs.

The course is monophasic in 90% of cases, but 
there is the possibility of relapses within the first 
3 months. Anti-MOG (myelin oligodendrocyte 
glycoprotein) immunoglobulin G antibodies are 
present in one-half of patients with ADEM, and 
cerebrospinal fluid pleocytosis is frequently pres-
ent. The outcome of ADEM is variable; most pa-
tients experience complete recovery, with notable 
improvement or complete remission at follow-up 
MR imaging, although mortality in the initial 
phase can be as high as 10%–20% (23,27,33). It 
is also believed that a subset of patients will later 
progress to MS, although this could also mean 
that the first presentation of MS was initially 
misdiagnosed as ADEM.

Although initially considered not to be a 
perivenular process like MS, recent pathologic 
advances have revealed a diffuse perivenular 
inflammation as the underlying process leading to 
confluent areas of demyelination (19,23).

The lesions in ADEM are multiple and bilat-
eral and can involve both brain and spine, both 
white matter and gray matter. Compared with 
MS lesions, ADEM lesions can be more rounded 
and larger with poorly defined margins and more 
prominent involvement of the deep gray matter 
nuclei, thalamus, and brainstem (Fig 9). Subcor-
tical WMHs and U-fiber involvement are fre-
quently observed. Corpus callosum involvement 
in ADEM can sometimes be seen; the lesions are 
larger than in MS and do not usually arise from 
the callososeptal interface.

As a reflection of the monophasic course of 
ADEM, MR imaging should not reveal signs 
of previous white matter demyelination and the 

lesions may enhance at the same time, unless re-
lapses occur in the first 3 months. As in the other 
inflammatory processes, the advancing front of 
demyelination can appear as a peripheral rim of 
contrast enhancement or restricted diffusion. In 
more severe cases of ADEM, petechial hemor-
rhages can be seen (Fig 10). As in TDL, elevated 
choline and lactate levels can be observed at MR 
spectroscopy in lesions with higher inflamma-
tory activity. Brainstem lesions in ADEM more 
frequently involve the ventral midbrain and are 
usually bilateral and symmetric with poorly de-
fined margins (19).

Myelitis, included in the names of both NMO 
and ADEM, is virtually always present and is a 

Figure 8. Differential di-
agnosis of ADEM, MS, and 
NMO. CSF = cerebrospinal 
fluid, GM = gray matter, 
IgG = immunoglobulin G, 
WM = white matter.
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Figure 11. AHL manifesting as the diffuse form (a), with extensive bilateral hemorrhagic areas involving the 
cerebral white matter, or the pseudotumoral form (b), with localized hemorrhage and necrosis.

Figure 10.  ADEM in a 28-year-old woman. Coronal T2-weighted FLAIR image (a) and correlative gross speci-
men (b) at a similar level show extensive periventricular and subcortical white matter involvement. Note the 
multiple scattered foci of microhemorrhage at the corticosubcortical interface, visible only at pathologic analysis.

criterion for diagnosing NMO, yet is seen in only 
up to one-third of patients with ADEM. Spinal 
cord lesions in ADEM can have a confluent ap-
pearance with swelling or a pattern similar to that 
of transverse myelitis. The homologue of ADEM 
regarding the acute monophasic course, but 
involving the peripheral nervous system, is acute 
inflammatory demyelinating polyneuropathy 
(AIDP or Guillain-Barré syndrome).

Longitudinal MR imaging could be used to 
support the diagnosis, usually showing notable im-
provement or remission in ADEM, while frequently 
new lesions will occur over time in MS and NMO.

Acute Hemorrhagic Leukoencephalitis
AHL (Hurst disease) is a rare and more aggres-
sive form of ADEM, typically with fulminant 
evolution to death in a few days to weeks. As 
in ADEM, a previous upper respiratory tract 

infection is common. Pathologically, extensive 
inflammation, necrosis, and petechial hemor-
rhages are observed. Imaging features of AHL 
are similar to those of ADEM but typically 
larger in extent, with more mass effect, brain 
swelling, and foci of restricted diffusion. Hemor-
rhages, better depicted on T2*-weighted images, 
are key findings due to autoimmune vascular 
injury in AHL. While hemorrhages can also 
be seen in severe cases of ADEM, they should 
always be present in AHL, if not at imaging then 
at autopsy in either diffuse or localized/pseudo-
tumoral forms (Fig 11) (23).

Infectious White Matter Diseases
The infectious leukoencephalopathies can be 
multifocal (eg, Lyme disease) or may be confluent 
in appearance (eg, PML and human immunodefi-
ciency virus [HIV] encephalopathy).
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cally, there are confluent asymmetric lesions with 
a predilection for peripheral white matter and 
subcortical U-fibers. Typically, there is relatively 
little mass effect, given the size of the lesion (Fig 
12). Classically, there is no significant contrast 
enhancement, although it can be seen in sub-
sequent immune reconstitution inflammatory 
syndrome (IRIS) after initiation of antiretroviral 
therapy for AIDS, in PML related to MS-specific 
therapy (eg, natalizumab), and has been linked 
to improved survival. PML may also involve the 
corpus callosum (34).

Figure 12. PML in a 65-year-old woman. 
(a) Axial T2-weighted image shows a large 
asymmetric confluent WMH, with involve-
ment of the subcortical U-fibers and with-
out mass effect. (b, c) Coronal postcontrast 
T1-weighted image (b) and correlative gross 
specimen at a similar level (c) show greater 
involvement of the right than the left frontal 
white matter (arrow in b) with extension to 
the subcortical U-fibers (red line in c) and 
corpus callosum. Note the sparing of the 
gray matter (typical) and an adjacent rim of 
contrast enhancement (atypical). Bx in b = 
biopsy. (d) Photomicrograph shows staining 
of the JC virus–infected glial nuclei (arrows). 
(Anti-SV40 antibody immunohistochemis-
try; original magnification, 3200.)

Progressive  
Multifocal Leukoencephalopathy
PML is an infection related to reactivation of 
John Cunningham (JC) virus in the context of 
cellular immunodeficiency (eg, HIV infection/
AIDS [acquired immunodeficiency syndrome], 
lymphoproliferative diseases, or transplantation). 
JC virus is a polyomavirus (family Polyomaviri-
dae). This is a ubiquitous virus, with asymp-
tomatic infection in the normal population and 
latent persistence in the kidney and cerebrum. 
Patients with a CD4 cell count below 100 are at 
higher risk for reactivation of the JC virus. PML 
has been found in 5% of autopsies in AIDS. The 
diagnosis is supported by the presence of JC an-
tigen in cerebrospinal fluid. Survival was histori-
cally poor at 2–6 months but has improved with 
antiretroviral therapy, now up to 3–4 years.

In patients with PML, JC virus is present in 
circulating B lymphocytes and is responsible for 
infection and lysis of oligodendrocytes, which 
leads to failure in producing myelin and large 
geographic areas of demyelination. Radiologi-
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HIV Encephalopathy
HIV encephalopathy is also known as AIDS 
dementia complex (ADC). It is a consequence 
of direct infection of microglia by HIV. Despite 
improved survival as a consequence of effective 
antiretroviral therapies, HIV encephalopathy oc-
curs in 15%–20% of AIDS patients and is a ma-
jor cause of morbidity. Patients with a lower CD4 
cell count, longer disease duration, and older age 
are at higher risk. Indirect effects of infected mac-
rophages include the release of neurotoxic agents 
(quinolinic acid).

Pathologically, diffuse and marked periventricu-
lar demyelination, neuronal loss, astroglial prolifer-
ation, and vacuolar changes are observed. Imag-
ing studies show diffuse bilateral and symmetric 

periventricular WMH, preferentially affecting the 
more central white matter without mass effect or 
enhancement. Brain atrophy is a hallmark of the 
disease (Fig 13). HIV encephalopathy shares some 
features with PML: both cause confluent white 
matter lesions without significant mass effect or 
enhancement, but more peripheral and asymmet-
ric in PML (infecting oligodendrocytes) versus 
more central and symmetric in HIV encephalopa-
thy (infecting microglia) (34).

Lyme Disease
Borreliosis (Lyme disease) is a zoonosis trans-
mitted by tick bite (Ixodes species) and is the 
most common vector-transmitted disease in 
the United States, with an incidence of 9.7 per 
100 000 person-years. It is usually caused by 
the spirochete Borrelia burgdorferi in the United 
States and B garinii or B afzelii in Europe. Initial 
manifestations include erythema migrans (tar-
getlike rash) and flulike syndrome. Neurologic 
and cardiac anomalies can be seen after weeks 
to months. Central nervous system involvement 
seems to be the result of an abnormal auto-
immune reaction and occurs in 10%–15% of 
patients with Lyme disease, less common in the 
United States (<10%) than in Europe (>35%).

Cerebrospinal fluid analysis may show pleo-
cytosis with lymphocyte predominance and 
elevated protein level. Detection of serum or 
cerebrospinal fluid antibodies supports the diag-
nosis. Imaging findings include multifocal WMH 
with variable enhancement, most commonly in 
the frontal and parietal regions, sometimes in 
the basal nuclei and brainstem. Corpus callosum 
lesions may sometimes occur, mimicking MS. 
Leptomeningeal and cranial nerve enhancement 
may also be present, which can help in differen-
tiation from MS (Fig 14) (35).

Figure 13.  HIV enceph- 
alopathy in a 27-year-
old man. (a) Axial T2-
weighted FLAIR image 
shows symmetric peri-
ventricular white matter 
involvement with some 
prominence of ventric-
les for the age of the 
patient. (b) Gross speci-
men shows diminution 
of global brain volume.

Figure 14. Lyme disease in a 21-year-old man. 
Coronal postcontrast T1-weighted image shows en-
hancement of the trigeminal nerves (arrows). Abnor-
mal leptomeningeal enhancement may serve as a 
distinguishing feature from MS (WMHs can be seen 
in both diseases).
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Vascular White Matter  
Diseases: Small-Vessel Disease

Small-vessel disease is by far the leading cause of 
white matter disease and can be divided into six 
types: arteriolosclerosis (type 1); cerebral amyloid 
angiopathy (type 2); inherited vasculopathies (type 
3) (eg, CADASIL, MELAS [mitochondrial my-
opathy, encephalopathy, lactic acidosis, strokelike 
episodes], Fabry disease); inflammatory vasculi-
tides (type 4) (eg, primary angiitis of the central 
nervous system [PACNS], Susac syndrome, 
connective tissue disorders such as systemic lupus 
erythematosus [SLE] and Sjögren syndrome); ve-
nous collagenosis (type 5); and other (type 6) (eg, 
radiation therapy) (36).

Small-vessel disease is a common cause of 
cognitive and physical disability, contributing to 
up to 45% of dementias—second only to Al-
zheimer disease. It also accounts for around 20% 
of strokes (37).

Small-Vessel Disease  
Related to Arteriolosclerosis
This is an extremely common condition, related to 
aging and vascular risk factors (eg, hypertension). 
Pathologic analysis demonstrates fibrohyaline mate-
rial in the vessel wall with lipohyalinosis, microath-
eroma, fibrinoid necrosis, thickening of the walls, 
and narrowing of the lumen. Muscle loss from the 
media leads to loosening of the wall and microan-
eurysm formation. Since it is a systemic process, 
similar findings are seen in other targets for small-
vessel disease, such as the retina and kidneys (36).

Despite considerable advances, small-vessel 
disease mechanisms are incompletely elucidated. 
Besides diagnosing and reflecting the degree 
of involvement, imaging could give important 
insights into the pathologic substrate. A problem 
that hampers progress is the wide heterogeneity 

of the radiologic language (37). In an attempt to 
overcome this, an international task force drafted 
a consensus, classifying small-vessel disease as 
WMHs, recent small subcortical infarcts, lacunes, 
microbleeds, and brain atrophy (37).

WMHs occur in 80% of whites over the age of 
60 years, with a predilection for the frontal and 
parietal regions (38). The degree of WMH can 
be rated as focal, beginning confluent, and dif-
fuse confluent (Fig 15) (39,40). WMHs occur in 
vascular end zones, which at the supratentorial 
level are located in the basal nuclei, corona radiata, 
and centrum semiovale (41). In the brainstem, they 
appear centrally due to the centripetal pattern of 
feeding vasculature, with the vascular end zone in 
the deeper brainstem (42). WMHs are considered 
the “tip of the iceberg,” reflecting an underlying 
process with no visible boundaries at MR imaging. 
WMHs have been correlated with cognitive, behav-
ioral, gait, and urinary impairment and have been 
shown to progress over time (36,43,44).

Recent small subcortical infarcts or acute 
lacunar infarcts are defined as infarcts less than 
20 mm; they can progress to lacunes or WMHs 
without cavitation or may disappear (45). Lacu-
nes are defined as round/ovoid cavities of 3–15 
mm that follow the signal intensity of cerebrospi-
nal fluid (37). Recent small subcortical infarcts 
occur in the territory of perforating arterioles 
and may evolve into lacunes in the chronic phase; 
these small fluid-filled lesions often appear next 
to WMHs, reflecting an interrelated pathogenic 
substrate for both lacunes and WMHs (ie, small-
vessel disease of perforating arterioles) (41). 
Perivascular spaces (Virchow-Robin) also have 
the signal intensity of cerebrospinal fluid and fol-
low the course of penetrating vessels, but appear 
linear when imaged parallel to the vessel and 
the shortest diameter is often less than 3 mm, 

Figure 15.  Axial T2-weighted FLAIR images show the WMH rating scale for small-vessel disease.
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Figure 16. Cerebral amyloid an-
giopathy in a 77-year-old man. 
(a) Axial susceptibility-weighted 
image shows microbleeds at the 
corticosubcortical interface (ar-
rows). (b) Gross pathologic speci-
men shows a peripheral lobar he-
matoma in the right frontal region 
(arrow). (c) Photomicrograph 
shows b-amyloid deposits in the 
vessel wall. (Congo red stain; orig-
inal magnification, 3200.)

although spaces larger than 1 cm are occasionally 
observed. Another differentiating feature could 
be a surrounding rim of hyperintensity on T2-
weighted FLAIR images, typically accompanying 
lacunes but not perivascular spaces. Multiple 
perivascular spaces involving the basal nuclei 
are known as “état criblé” and can be seen with 
atrophy and aging (37,46).

Cerebral microhemorrhages are defined as 
small (up to 5-mm) areas of signal void/blooming 
on paramagnetic-sensitive images (T2*-weighted 
gradient-echo or susceptibility-weighted imaging), 
while usually not visible with other sequences or 
at CT. When related to chronic hypertension and 
arteriolosclerosis, they are typically found in the 
deep gray matter and must be differentiated from 
calcifications, normal vessels, iron deposits from 
other causes, hemorrhagic metastases, and trau-
matic brain injury (37,47).

Another manifestation of small-vessel disease 
is brain atrophy, defined as generalized enlarge-
ment of cerebrospinal fluid spaces. It is best 

evaluated on axial T2-weighted FLAIR images, 
and reading scales are available (48). Tissue loss 
from large-vessel infarcts, trauma, or other focal 
lesions is not classified as small-vessel disease–re-
lated brain atrophy (37).

Cerebral Amyloid Angiopathy
Cerebral amyloid angiopathy is a vasculopathy 
caused by β-amyloid deposition in the media 
and adventitia of cortical and leptomeningeal 
arteries and seems to involve the occipital and 
frontal regions more frequently. Systemic amy-
loidosis is not a predisposing factor for this pro-
cess and is actually unrelated. Cerebral amyloid 
angiopathy typically occurs after the age of 55 
years, has a prevalence as high as 10%–40% in 
this group, and occurs in up to 80% of patients 
with Alzheimer disease. Both genders are simi-
larly affected.

Gross pathologic analysis can show lobar, 
corticosubcortical, and cortical hemorrhages of 
different ages and sizes, as well as signs of previ-
ous subarachnoid hemorrhage, all of these find-
ings being the hallmark of this disease. Histologic 
analysis (eg, Congo red stain) reveals β-amyloid 
in the vessel walls and wall thinning and loos-
ening, with luminal dilatation and perivascular 
inflammation. The vascular fragility explains the 
propensity to bleed, while the chronic hypoperfu-
sion leads to leukoencephalopathy.

Peripheral micro- and macrohemorrhages, 
atraumatic convexal subarachnoid hemorrhage, 
superficial siderosis, and WMH are common 
radiologic manifestations (Fig 16) (49). Follow-
ing the modified Boston criteria, the radiologic 
findings could suggest the diagnosis, but definitive 
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Figure 17.  CADASIL in a 65-year-old man. (a) Axial T2-weighted FLAIR image shows confluent periventricular 
WMHs, with typical involvement of the external capsules. (Courtesy of John H. Rees, MD, Partners Imaging 
Center, Sarasota, Fla.) (b) Photomicrograph shows thickening of the vessel walls, with deposition of granular 
material and narrowing of the lumen. (Periodic acid–Schiff stain.) (Courtesy of Alice Boyd Smith, MD, Uniformed 
Services University of the Health Sciences, Bethesda, Md.)

diagnosis of amyloid angiopathy requires postmor-
tem examination (50,51).

Cerebral Autosomal- 
dominant Arteriopathy with Subcor- 
tical Infarcts and Leukoencephalopathy
CADASIL is an inherited nonarteriosclerotic and 
amyloid-negative small-vessel disease with auto-
somal-dominant transmission related to a muta-
tion of the NOTCH3 gene on chromosome 19. It 
has a prevalence of two to four per 100 000 and 
occurs with similar frequencies in both genders, 
with clinical onset typically in the 3rd and 4th 
decades. Common manifestations are migraines, 
recurrent ischemic strokes, and progressive cog-
nitive impairment in young adults. CADASIL is 
the most frequent hereditary cause of subcortical 
vascular dementia. Pathologic analysis with elec-
tron microscopy reveals deposition of granular 
osmiophilic material around the vascular smooth 
muscles of small and medium-sized leptomenin-
geal arteries and long perforating arteries. This 
leads to loss of the normal smooth muscle cells, 
which leads to narrowing and obliteration of the 
small-vessel lumen (52–54).

The radiologic findings follow a characteris-
tic course. First, until the end of the 3rd decade, 
most patients present with WMHs in the temporal 
pole, which is a differentiating feature from other 
microvascular diseases. In the 4th decade, the 
WMHs progress to the posterior temporal, frontal, 
and parietal regions, as well as the basal nuclei and 
thalami. Subcortical U-fibers can be involved, and 

subcortical lacunar infarcts become a common 
finding. Involvement of the external capsule and 
corpus callosum, which are other important mark-
ers for CADASIL, can also be observed. Lastly, in 
the 5th decade, microbleeds develop, and con-
sequently, at age 50–60 years, extensive WMHs, 
lacunes, and microbleeds are often present (Fig 
17). Angiography should be avoided if possible, 
due to the high risk of complications (54).

Table 2 shows differentiating features between 
CADASIL, small-vessel disease related to arterio-
losclerosis, and autoimmune white matter diseases.

Primary Angiitis of  
the Central Nervous System
PACNS is a rare idiopathic vasculitis limited 
to the brain and spinal cord. It has been most 
frequently observed in the 5th and 6th de-
cades of life, with similar frequency in both 
sexes. The history is nonspecific; headache and 
encephalopathy are common manifestations, 
while stroke and hemorrhage can occasionally 
be seen. Laboratory findings may show elevated 
inflammatory markers and a high protein level 
in cerebrospinal fluid.

Pathologically, PACNS consists of inflammation, 
intimal proliferation, and occlusion and necrosis 
of the small and medium-sized arteries, frequently 
involving the leptomeningeal and cortical vessels 
(Fig 18). Although the radiologic findings are non-
specific, MR imaging is virtually always abnormal, 
meaning that a normal MR imaging study could 
help rule out PACNS. Common reported manifes-
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tations include multiple cortical-subcortical infarcts, 
hemorrhages, and parenchymal and leptomenin-
geal enhancement. Conventional angiography can 
sometimes demonstrate multifocal narrowing of the 
small and medium-sized vessels, but brain biopsy 
may be required to confirm the diagnosis (55,56).

Susac Syndrome
This is a rare but underdiagnosed small-vessel 
disease that occurs in young adults (20–40 
years), more common in women (2:1). Susac 
syndrome seems to be a form of vasculitis pro-
duced by antiendothelial antibodies to specific 

neural vessels. The immune attack results in 
endotheliopathy that involves the cochlea, retina, 
and brain, with consequent microinfarcts in 
these locations, explaining the clinical triad of 
the disease: hearing loss (sensorineural), visual 
loss, and encephalopathy. Ophthalmoscopy is 
a cornerstone of the diagnosis, demonstrating 
characteristic findings such as branch retinal 
artery occlusion with retinal infarcts, arterial 
hyperfluorescence, and leakage of fluorescein. 
Pathologically, damaged endothelial cells, 
thrombus formation, vascular occlusion, and 
vascular wall leakage have been described.

Table 2: Common Findings in CADASIL, SVD Related to Age and Risk Factors, MS, NMO, and ADEM

Findings or 
Locations CADASIL

SVD- 
Arteriolosclerosis MS NMO ADEM

Clinical  
course

Progressive Progressive Multiphasic Recurrent 
(~90%)

Monophasic 
(~90%)

Histologic Granular osmio-
philic material 
around vas-
cular smooth 
muscle

Arteriolo-
sclerosis, 
lipohyalino-
sis, fibrinoid 
necrosis

Perivenular (Daw-
son fingers)

Not peri-
venular

Perivenular

Periventricular Yes, includ-
ing external 
capsule

Yes
Symmetric
Less likely to 

abut epen-
dyma

Yes
Asymmetric
More likely to 

abut ependyma

Yes, usu-
ally later 
in disease 
course

Around third 
to fourth 
ventricles

Yes, larger le-
sions

Temporal pole Yes, typical and 
early

Uncommon Yes Uncommon Sometimes

Corpus callo-
sum lesions

Common (up to 
40%)

Uncommon Very common Common Uncommon

U-fibers Yes No Yes No Yes
Cortex Uncommon Uncommon Yes No Yes
Basal nuclei Yes Yes Uncommon Uncommon Yes
Optic nerve No No Yes Yes Uncommon
Brainstem Uncommon 

until late
Pons, central Pons, peripheral

Dorsal and ventral
Asymmetric
Well-defined

Medulla 
oblongata

Dorsal
Asymmetric
Poorly de-

fined

Midbrain and 
pons

Ventral
Bilateral and 

symmetric
Poorly defined

Spine No No Focal, peripheral, 
posterior, and 
lateral

Short segment

Longitudinal 
myelitis

Confluent
Longitudinal 

myelitis

Laboratory Genetic analysis: 
mutation of 
NOTCH3 
gene on chro-
mosome 19

Vascular risk 
factors (eg, 
hypertension, 
diabetes, 
migraines)

Oligoclonal bands 
(up to 90%)

High IgG (CSF)
Myelin basic 

protein

NMO-IgG 
(50%–
90%)

CSF pleocy-
tosis

CSF pleocy-
tosis

Anti-MOG 
IgG

Note.—CSF = cerebrospinal fluid, IgG = immunoglobulin G, MOG = myelin oligodendrocyte glycoprotein, 
SVD = small-vessel disease.
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Figure 19.  Susac syndrome in a 23-year-old man. Axial T2-weighted FLAIR images show hyperintense lesions involving the peri-
ventricular white and deep gray matter (a) and corpus callosum (b), with restricted diffusion on the diffusion-weighted image (c).

MR imaging shows multiple microinfarcts 
in different phases of evolution, some of them 
with diffusion restriction and contrast enhance-
ment. Leptomeningeal enhancement can be 
seen in one-third of patients, while parenchymal 
enhancement can be seen in two-thirds. Corpus 
callosum involvement is the rule. The central 
region of the corpus callosum is more frequently 
affected, rather than the callososeptal inter-
face, and the lesions are classically described as 
“snowball” and can extend to involve the entire 
thickness of the callosum (Fig 19). Some lesions 
are cerebrospinal fluid isointense and are more 
hypointense on T1-weighted images (“black 
holes”), reflecting more severe damage, which 
could lead to chronic atrophy of the corpus cal-
losum (57–59).

Systemic Lupus Erythematosus
SLE is a vasculopathy combining several patho-
genic mechanisms. Up to 50% of patients with 
lupus develop neuropsychiatric SLE (NPSLE), 
which represents a major diagnostic challenge, 
a main cause of morbidity, and the cause of 
death in approximately 19% of patients with 

SLE. Vascular disease is the hallmark of NPSLE. 
At the onset of symptomatic NPSLE, and at 
a mean age of 41 years, small-vessel disease is 
already present in more than 50% of patients, 
large-vessel strokes in 13%, and inflammatory-
type lesions in 6.5% (Fig 20) (60). Prospec-
tive large studies analyzing brain MR images, 
autopsy specimens, and histopathologic findings 
in NPSLE have shown correlation between MR 
imaging lesions and pathologic evidence of ac-
celerated arteriolosclerosis (type 1 small-vessel 
disease) as well as immune-mediated vasculopa-
thy (type 4 small-vessel disease) (61).

Toxic-Metabolic  
White Matter Diseases

Osmotic Myelinolysis
Osmotic myelinolysis occurs with osmotic stress, 
most often the rapid correction of hyponatre-
mia, especially in the context of alcohol abuse or 
anorexia. Disorientation, vomiting, spastic quad-
riplegia, unresponsiveness, and cranial nerve 
palsies are classic symptoms. Histologic analysis 
reveals edema and demyelination, sparing the 

Figure 18. PACNS. Photomicro-
graph shows a hyalinized vessel wall, 
granulomatous inflammation with 
multinucleated giant cells both inside 
and outside the vessel, and a small 
residual lumen; the adjacent brain pa-
renchyma was necrotic. (Hematoxy-
lin-eosin stain; original magnification, 
3200.)
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Figure 21. Osmotic myelinolysis after rapid hyponatremia correction in a 67-year-old man. (a) Axial T2-
weighted FLAIR image shows extensive central pontine hyperintensity sparing the periphery. (b) Gross speci-
men shows severe demyelination (white areas) sparing the peripheral part of the pons and the descending 
corticospinal tracts. (Luxol fast blue stain.)

blood vessels and frequently the long tracts (eg, 
corticospinal). In 65% of cases, it involves the 
pons and is typically central with sparing of the 
periphery. In other cases, it involves the thalami, 
basal nuclei, and subcortical white matter (Fig 
21). In the acute phase, diffusion restriction can 
be present (62).

Treatment-related 
Leukoencephalopathies
Many therapies are associated with brain changes. 
More commonly recognized are those associated 
with methotrexate, several chemotherapies (fluoro-
uracil, cytarabine), and antiepileptics (vigabatrin).

Methotrexate Leukoencephalopathy.—This is re-
lated to high doses of methotrexate, usually in the 
setting of hematologic malignancies, uncommon 
in rheumatologic diseases where the doses are 
lower. Typically this entity involves the frontopari-
etal white matter and centrum semiovale in small 

regions, but sometimes it can demonstrate ex-
tensive diffuse involvement of periventricular and 
deep white matter. It commonly shows no contrast 
enhancement or mass effect (Fig 22) (63).

Posterior Reversible  
Encephalopathy Syndrome
Posterior reversible encephalopathy syndrome 
(PRES) occurs as a result of a dysfunction in 
cerebrovascular regulation, which may be induced 
by hypertensive crisis, preeclampsia/eclampsia, or 
cytotoxic drugs. PRES typically involves the corti-
cal and subcortical white matter areas. Radiologi-
cally, it is characterized by bilateral areas of T2 
hyperintense edema, more frequently involving 
the parieto-occipital and posterior frontal regions 
(Fig 23). Although generally reversible with rapid 
treatment, PRES may be complicated by infarcts 
or hemorrhages. MR imaging can be performed to 
support the diagnosis, exclude other acute find-
ings, and evaluate for complications (64).

Figure 20.  Neuropsychiatric lupus in a 
36-year-old woman. Axial T2-weighted 
FLAIR image shows extensive hyperin-
tensity involving white and gray matter 
of the right anterior temporal lobe and 
right midbrain. Small foci of contrast en-
hancement and restricted diffusion were 
also present.
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Figure 24. Heroin-induced leukoencephalop-
athy in a 26-year-old man. Axial T2-weighted 
FLAIR image shows bilateral extensive involve-
ment of posterior white matter, the posterior 
arms of the internal capsule, and the splenium 
of the corpus callosum.

Figure 23.  PRES in a 28-year-old woman in the 
setting of preeclampsia. Axial T2-weighted FLAIR 
image shows subcortical edematous areas involv-
ing the bilateral occipital regions.

Figure 22. Methotrexate leukoencephalopa-
thy in a 7-year-old boy due to high doses of 
chemotherapy for lymphoblastic leukemia. Axial 
T2-weighted image shows an extreme case with 
extensive areas of high signal intensity involving 
the bilateral periventricular and deep white mat-
ter, without mass effect or atrophy.

Ethanol-related Diseases

Wernicke Encephalopathy.—The mechanism is 
related to the thiamine (vitamin B1) deficiency, 
which is responsible for the deficit in production of 
some key enzymes for the Krebs energy cycle. Clas-
sic symptoms includes ataxia, nystagmus, ophthal-
moplegia, and severe memory impairment. Typical 
locations are the mammillary bodies, periaqueductal 
gray matter, medial thalami, and tectal plate, with 
signal intensity anomaly preceding atrophic changes.

Marchiafava-Bignami Disease.—Chronic alcohol-
ism with consumption of large amounts of alcohol 
is responsible for this entity. Confusion and seizures 
are the classic presentation. Marchiafava-Bignami 
disease preferentially involves the middle layers 
of the body of the corpus callosum, although any 
part of it may be affected. There are two forms 
described: type A, with extensive lesions, swelling of 
the corpus callosum, and poor outcome; and type 
B, with smaller lesions, without callosal swelling, 
with better outcome. Other white matter connec-
tion tracts and the cortex can also be involved. 
Diffusion restriction of the corpus callosum in the 
acute phase has been recognized (Fig 3c) (65).

Illicit Drugs: Heroin Inhalation
This is produced by inhalation of the vapors that re-
sult from heating the heroin (“chasing the dragon”). 
Extrapyramidal and cerebellar syndromes are typi-
cal. Histologic analysis shows spongiform degenera-
tion of the affected regions. Commonly involved 

are the posterior white matter, internal capsule, 
brainstem, and cerebellar peduncles (Fig 24) (66).

Delayed Hypoxic Ischemic Injury
This could occur from different reasons, some of 
the most common being poisoning and recovery 
after cardiac arrest.

Carbon Monoxide Leukoencephalopathy
This is the most common type of unintentional 
poisoning in North America. The mechanism of 
hypoxia is directly related to the affinity of carbon 
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monoxide for hemoglobin, about 200 times 
greater than that of oxygen. The globi pallidi are 
typically involved, but periventricular white mat-
ter injury can be a delayed manifestation (66).

Radiation Leukoencephalopathy
This may occur in up to one-third of patients 
and is usually related to whole-brain radiation 
therapy and/or high doses (30–40 Gy). Most 
often, patients have additional risk factors: large 
target areas and associated treatments (chemo-
therapy). It frequently occurs months and even 
years after the radiation therapy. More severe 
damage could show necrotic changes with 
contrast enhancement. Radiation injury may 
also cause mineralizing microangiopathy with 
extensive calcifications (67,68).

Table 3 provides a summary of the main fea-
tures of white matter diseases.

Conclusion
A systematic approach combining imaging, clinical, 
and laboratory data is crucial for making the cor-
rect diagnosis in white matter disorders. Under-

standing the pathologic substrate is fundamental 
for understanding the radiologic manifestations.
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