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Abstract

Purpose Miliary enhancement refers to the presence of multiple small, monomorphic, enhancing foci on T1-weighted post-
contrast MRI images. In the absence of a clear clinical presentation, a broad differential diagnosis may result in invasive
procedures and possibly brain biopsy for diagnostic purposes.

Methods An extensive review of the literature is provided for diseases that may present with miliary enhancement on T1-
weighted brain MR images. Additional disease-specific findings, both clinical and radiological, are summarized and categorized
by the presence or absence of perivascular space involvement.

Results Miliary pattern of enhancement may be due to a variety of underlying causes, including inflammatory, infectious,
nutritional or neoplastic processes. The recognition of disease spread along the perivascular spaces in addition to the detection
or exclusion of disease-specific features on MRI images, such as leptomeningeal enhancement, presence of haemorrhagic
lesions, spinal cord involvement and specific localisation or systemic involvement, allows to narrow the potential differential
diagnoses.

Conclusion A systematic approach to disease-specific findings from both clinical and radiological perspectives might facilitate
diagnostic work-up, and recognition of disease spread along the perivascular spaces may help narrowing down differential
diagnoses and may help to minimize the use of invasive diagnostic procedures.

Keywords Magnetic resonance imaging - Brain - Contrast - Miliary - Virchow—Robin spaces

Key points The correct diagnosis of a disease with brain miliary
enhancement is often challenging and may be due to a variety of
underlying conditions, including inflammatory, infectious, nutritional or
neoplastic causes. A systematic clinical and radiological approach in
diagnostic work-up could prevent unnecessary brain biopsy. Analysing
for the presence of perivascular space involvement and other imaging
features like leptomeningeal enhancement, systemic involvement, pres-
ence of haemorrhagic lesions, spinal cord involvement and specific
localisation are often key diagnostic features in these conditions.
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Introduction

Contrast-enhanced MRI of the CNS is routinely used in clin-
ical practice. Parenchymal enhancement after intravenous
contrast administration is not disease-specific and may there-
fore be associated with many pathological processes, as it
reflects either the breakdown of the blood—brain barrier or
the presence of one or more lesions within or surrounding
the vessels [1]. Depending on the pathological substrate and
anatomical structure, the patterns of enhancement, as seen on
post-gadolinium T1-weighted images, may vary or mimic
each other. Miliary refers to the size of a millet seed, and it
is generally used to describe a pattern of multiple punctate
uniform enhancements with monomorphic dot-like lesions
with a diameter smaller than 3 mm [2]. The designation mil-
iary is descriptive, non-specific with respect to aetiology, and
it may be due to a variety of underlying conditions, ranging
from inflammatory, infectious, nutritional to neoplastic pro-
cesses. When confronted with a non-specific clinical presen-
tation and such a pattern of lesion appearance on MRI, a broad
differential diagnosis for the neuroimaging findings remains.
A systematic approach in diagnostic work-up could prevent
unnecessary brain biopsy. To our knowledge, only one previ-
ously published report has addressed this miliary enhance-
ment pattern of small vessel lumen or its perivascular areas
in case of blood-brain barrier disruption [2], describing punc-
tate and linear enhancing brain lesions within three different
pathological conditions. In this paper, we describe a more
extensive differential diagnosis of diseases and elaborate also
on diseases that may present with miliary enhancement out-
side the perivascular spaces (PVS).

Firstly, the medical history and physical examination
should pay attention to less prominent symptoms of systemic
disease, and laboratory findings, especially CSF analysis,
should be scrutinized.

Secondly, the miliary enhancement pattern on MRI should
be analysed to determine whether distribution along the PVS,
also known as Virchow—Robin spaces, is present (Fig. 1). The
PVS are pial-lined interstitial fluid-filled spaces in the brain
that surround perforating vessels positioned along the
lenticulostriate arteries entering the basal ganglia, along the
medullary arteries over the high convexities and at the level
of the mesencephalon-diencephalic junction [3]. This intrace-
rebral compartment drains interstitial fluid and communicates
with CSF spaces through active transport mechanisms. PVS
are non-enhancing after the intravenous administration of
gadolinium-based contrast agent. In some disorders, miliary-
enhancing brain lesions may be seen along the PVS with or
without additional linear enhancement, while others do not
(Table 1, Fig. 1).

It is hard to distinguish the aetiology of pathological en-
hancement purely on the basis of the presence or absence of
PVS disease spread; however, this may be used as an extra
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Fig. 1 a Axial post-contrast T1-weighted MRI at the level of the corona
radiata in a 39-years-old male affected by vitamin B;, deficiency. Note
the miliary-enhancing nodules in addition to linear enhancement along
the pathway of perforating vessels, suggestive for PVS involvements. In
this patient, brain abnormalities totally resolved after vitamin B,
suppletion therapy. b Note on a T2-weighted MRI in a different and
healthy subject the T2 hyperintense prominent PVS identical to the
enhancement pattern

distinguishing imaging feature (Figs. 2 and 3). Other imaging
features including leptomeningeal enhancement, presence of
haemorrhagic lesions, spinal cord involvement, specific
localisation in CNS or systemic involvement are also helpful
for narrowing down the differential diagnosis (Figs. 4, 5, 6 and
7).

Finally, in case of follow-up imaging, one could determine
the possible response to corticosteroids to further narrow the
differential diagnosis (Fig. 8). Brain biopsy should be consid-
ered as the last resort in the case of inconclusive clinical and
radiological findings.

To demonstrate the role of PVS involvement to narrow
down the differential diagnosis, we will discuss the diseases
which may show miliary-enhancing brain lesions according to
the presence or absence of a PVS distribution pattern of en-
hancement on post-contrast MRI.

Miliary-enhancing brain lesions
and distribution within PVS

CNS lymphoma

CNS lymphoma might be either secondary to systemic
lymphoma (the most common disease causing a military
enhancement pattern) or primary CNS lymphoma
(PCNSL), in which the tumour is restricted to the brain,
leptomeninges, spinal cord and/or eyes, without involve-
ment of tissues outside the CNS [4].

Aggressive non-Hodgkin lymphoma is the most fre-
quent cause of secondary CNS lymphoma.
Approximately two thirds of the patients with cerebral in-
volvement in aggressive non-Hodgkin lymphoma present



Neuroradiology

Table 1

Differential diagnosis of miliary enhancing brain lesions according to PVS involvement

PVS involvement

Non-PVS involvement

Metastatic disease

Infectious diseases: Lyme’s disease, Candida albicans, Cryptococcus, PML-IRIS

CNS lymphoma
Neurosarcoidosis

CNS vasculitis

Erdheim Chester’s Disease
Vitamin B12 deficiency
CLIPPERS

Behget’s disease

GFAP meningoencephalomyelitis
NMOSD

Metastatic disease
Infectious diseases: Tuberculosis, Histoplasmosis

Susac’s syndrome

with leptomeningeal spread, while one third show paren-
chymal disease [4]. Leptomeningeal spread often affects
the cranial nerves, spinal cord and spinal roots, and it
may present as cranial or spinal neuropathies [5].
Headache is reported in almost half of the patients with
leptomeningeal metastases, and it may be caused by in-
creased intracranial pressure from metastatic obstruction
of CSF flow/absorption [4]. The common neuroimaging
features of meningeal metastases include arachnoidal,
subependymal, dural or cranial nerve enhancement; super-
ficial cerebral lesions; and communicating hydrocephalus
[5]. Parenchymal metastases from non-Hodgkin lymphoma
often appear as single or multiple enhancing lesions and
can be accompanied by leptomeningeal metastases or, spo-
radically, with a pattern of miliary enhancement character-
ized by multiple CNS punctate and curvilinear lesions [4,
6, 7]. Cytology of the CSF usually shows malignant cells
[8]. CNS lymphoma is very responsive to treatment with
corticosteroids, shrinking dramatically within a few days
of steroid administration due to their combined cytotoxic
(reducing the neoplastic mass) and anti-oedema effects [8].

PCNSL typically affects patients older than 50 years, and
male-to-female ratio is approximately 2:1 [2]. CSF examina-
tion occasionally shows malignant cells and increased protein
concentration [9], and the treatment of choice relies on corti-
costeroids and chemotherapy [8, 9]. PCNLS can affect both
immunocompetent and immunodeficient patients. In immu-
nocompetent patients, PCNSL typically presents as a solitary
homogeneously enhancing parenchymal mass, even though
multiple lesions are reported in the 20-40% of the cases and
ring-like enhancement in 0—13% [4]. Linear enhancement
along perivascular spaces is highly suggestive of PCNSL
[10]. Most lesions are located in central hemispheric or
periventricular cerebral white matter, but superficial location
adjacent to the meninges is also common [4]. The brainstem,
cerebellum and spinal cord can also be affected [4]. The

presence of haemorrhages or calcifications within the tumour
is quite a rare finding [11]. On the other hand, immunodefi-
cient patients with PCNSL are often diagnosed with multifo-
cal lesions (30—80% of patients with AIDS-related PCNSL)
[4]. Because many lesions exhibit necrotic regions, contrast
enhancement is commonly irregular or peripheral, with a ring-
like appearance. The basal ganglia and corpus callosum are
frequently involved and spontaneous haemorrhage in PCNSL
lesions may be more frequent than in immunocompetent pa-
tients [4].

Lymphomatoid granulomatosis is a rare angiocentric and
angiodestructive lymphoproliferative disease [12]. The gran-
ulomatous reaction targets mostly the lungs, but it may also
involve the kidneys, skin and the CNS [13]. In the rare case of
isolated CNS-lymphomatoid granulomatosis, prognosis is
better than systemic lymphomatoid granulomatosis with
CNS involvement [12]. On MR imaging, enhancing mass-
type lesions may be seen, but multiple miliary and linear en-
hancements seem to be the more specific findings, as the dis-
ease affects preferentially perivascular tissues and the walls of
vessels [12]. In addition, leptomeningeal enhancement and
dural and cranial nerve enhancement have been reported [12].

Neurosarcoidosis

Sarcoidosis usually presents as a systemic granulomatous dis-
ease with lymphadenopathy, pulmonary infiltration, cardiac
and musculoskeletal manifestations and lesions in the skin,
liver and eye [14]. Young adults aged 25-45 are most com-
monly affected, and the incidence depends on age and geog-
raphy, being higher in non-Caucasian ethnicities and women
[14]. About 5% of patients with systemic sarcoidosis may
show CNS involvement, whereas isolated neurosarcoidosis,
i.e. strictly confined to the CNS, is rare [15]. Diagnostic
work-up for systemic sarcoidosis should include serum
angiotensin-converting enzyme and human soluble
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Fig. 2 Examples of diseases with brain miliary enhancement with PVS
pattern. a, b Axial post-contrast T1-weighted MRI at the level of the
corona radiata. a A 53-year-old female with skin biopsy—proven
neurosarcoidosis. b A 24-year-old female affected by Erdheim—Chester
disease. Both patients show miliary-enhancing nodules scattered in the
brain parenchyma with a PVS pattern along the course of perforating
vessels. ¢, d Axial post-contrast T1-weighted MRI at the level of the
posterior fossa. Please note the different orientations of the PVS in the
brainstem and cerebellum. ¢ A 55-year-old male with CLIPPERS with
miliary enhancement, ‘peppering’ the pons, with spread to the cerebellum
and subtle linear enhancement along the PVS. Brain abnormalities totally
resolved in this case after corticosteroid therapy. d A 57-year-old male
with PACNS shows miliary enhancement in the pons, cerebellar
peduncles and cerebellar hemispheres. Angiography (not shown) was
unremarkable in this brain biopsy—proven case of primary CNS angiitis

interleukin-2 receptor/CD25, ophthalmological examination,
conjunctival biopsy, chest X-ray or CT scan, hand X-ray,
bronchial lavage, bronchoscopy and biopsy and lymph node
biopsy [14]. Therapy relies on corticosteroids [14].

Central nervous system involvement is very variable, with
lesions potentially involving the pachymeninges and
leptomeninges (seen in up to 40% of cases), pituitary gland
and hypothalamus, cranial nerves and brain parenchyma [15,
16]. Therefore, headache and cranial nerve palsy are common
clinical presentations (30-50% of cases), and the facial nerve
is very frequently involved, followed by the optic and the
vestibulocochlear nerves [14]. Spinal sarcoidosis is relatively
common and can manifest with intramedullary, intradural—
extramedullary or extradural lesions; cauda equina syndrome;
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Fig. 3 Examples of diseases with brain miliary enhancement without
PVS pattern. Axial post-contrast T1-weighted MRI of the supratentorial
region. a A 35-year-old female with neurotuberculosis (proven by
bronchoalveolar lavage culture). Multiple miliary-enhancing nodules
are visible at the white—grey matter junction. Note the faint
leptomeningeal enhancement visible at the right parietal operculum
(arrow) and the pachymeningeal involvement visible in this slice in the
frontal and occipital right lobes (arrowheads). b A 20-year-old female
affected by Susac’s syndrome. Note the typical corpus callosum
involvement and small enhancing nodules without PVS distribution are
scattered through the supratentorial brain. ¢ A 72-year-old male with lung
adenocarcinoma. Multiple miliary-enhancing nodules are detectable at
the level of the basal ganglia, right temporal and occipital lobes and left
parietal operculum in random distribution without clear PVS distribution.
Please also note the slight variability size of nodules. d A 27-year-old
male from Central America with lung biopsy—proven histoplasmosis.
Multiple miliary-enhancing nodules are visible at the grey—white matter
junction and in the cortex, besides few bigger enhancing nodules in the
occipital right lobe. Leptomeningeal enhancement is recognizable in the
left insula and left parietal operculum. Note the enlargement of the
ventricle system, caused by secondary hydrocephalus due to basilar
leptomeningeal involvement (not shown in this slice)

and arachnoiditis [15]. CSF analysis is non-specific, showing
increased protein concentration, pleiocytosis and oligoclonal
bands. The spectrum of brain MRI abnormalities consists of
pachymeningeal involvement, leptomeningeal enhancement
(with pituitary, hypothalamic and cranial nerve involvement)
and parenchymal lesions (Fig. 4a) [15, 16]. Parenchymal in-
volvement is the most common finding and can manifest in
different ways, including extension of leptomeningeal inflam-
mation along PVS, periventricular white matter lesions similar
to multiple sclerosis and enhancing masses and nodules [16,
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Fig. 4 Leptomeningeal enhancement. a A 35-year-old male affected by
skin biopsy—proven neurosarcoidosis. Axial post-contrast T1-weighted
MRI at the level of the basal ganglia shows extensive parietal
leptomeningeal enhancement (arrow), more evident on the right side,
with multiple miliary-enhancing nodules with a distribution pattern
suggestive of PVS involvement in the left occipital lobe (arrowhead).
The same patient also shows extensive irregular leptomeningeal
enhancement at the level of the cervical spinal cord. b A 26-year-old
female with neurotuberculosis. Axial post-contrast T1-weighted MRI at
the level of the 4th ventricle demonstrates an extensive leptomeningeal
involvement at the ventral pons, fifth cranial nerves (arrows) and the
petroclinoid ligaments. Note the non-PVS pattern of the miliary nodules
scattered at random throughout the temporal lobes and cerebellum. Note
the 4th ventricle dilatation, caused by secondary hydrocephalus due to the
extensive basilar leptomeningeal involvement. ¢ A 37-year-old female
with cranial nerve VII neuritis due to Lyme disease. Axial
magnification of the cerebellopontine angle post-contrast T1-weighted
MRI shows intense contrast enhancement of the cisternal segment of
the right facial nerve (arrow)

17]. A distribution pattern consistent with PVS involvement
has been reported [16, 17], and also in our experience, in-
volvement of the PVS is common (Fig. 2a).

Erdheim-Chester disease

Erdheim—Chester disease (ECD) is a rare systemic non-
Langerhans form of histiocytosis affecting especially the long
bones, the lungs and the retroperitoneum [18]. Characteristic
X-ray images of long tubular bones show patchy sclerotic

lesions with symmetrical involvement of both metaphysis
and diaphysis and epiphyseal sparing (Fig. 5e) [18].
Although the age range of patients is wide, ECD typically
affects middle-aged or elderly (mean age of 53) males, with
a male-to-female ratio of 3:1 [19]. Clinical manifestations are
non-specific bone pain and neuroendocrine disturbances, es-
pecially diabetes insipidus, which is caused by hypothalamic—
sellar masses [19]. Neurological involvement is encountered
in less than 50% of cases with the most common localisation
including hypothalamic—pituitary axis, brain parenchyma, or-
bits, meninges and paranasal sinuses [19]. Meningeal involve-
ment occurs in 23% of patients, presenting as single or multi-
ple dural masses that are ‘meningioma-like’, or diffuse
pachymeningeal thickening [19]. CSF analysis is non-specif-
ic, showing increased protein concentration, low glucose
levels and normal cell count. Lumbar puncture is not revealing
since ECD histiocytes are rarely present in the CSF and, so far,
there are no effective treatment options [20]. Neuroimaging
findings include mostly extra-axial, intracranial lesions in the
retro-orbital space, pituitary stalk, cerebellopontine angle,
choroidal plexus, dura and falx. Spinal cord involvement has
also been described [18]. Perivascular distribution has been
reported, including extension along the PVS at the level of the
basal ganglia, the pons and dentate nuclei, to be possible
(Fig. 2b) [2].

Vitamin B, deficiency

Vitamin B, deficiency can affect both sexes, all economic
classes and all ages. High levels of suspicion of inherited
vitamin B, metabolism defects should be maintained in chil-
dren, while elderly individuals might demonstrate the defi-
ciency due to pernicious anaemia or alcohol abuse. In the
adults, the condition frequently appears as a result of malab-
sorption of vitamin B, due to small intestine diseases or ther-
apies which interfere with B, absorption [21, 22]. Also, rec-
reational use of nitrous oxide is spreading rapidly as a cause in
young adults [23]. In combination with folic acid, By, is con-
sidered crucial in proliferation, maturation and regeneration of
neural cells [22]. Serum active By, is the earliest detectable
marker that will reveal a deficiency, and methyl malonic acid
will increase when vitamin B, storages are depleted [22]. In
adulthood, neurological manifestations due to vitamin B,
deficiency occur in both sexes across age groups, but the me-
dian age range in large series is 70 years to 80 years [22]. The
most common clinical finding is symmetric and progressive
peripheral neuropathy [21, 22, 24]. CSF analysis could show
low levels of transcobalamin II and vitamin B,,. The admin-
istration of vitamin B, supplement may lead to the resolution
of the spinal and cranial abnormalities [22]. Cognitive impair-
ment has also been reported as a result of vitamin B, defi-
ciency neurological syndrome, even though replacement ther-
apy is ineffective at this stage [21]. Spinal cord MRI
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Fig. 5 Systemic involvement. a A 26-year-old female with
neurotuberculosis. Sagittal post-contrast T1-weighted MRI with fat
saturation shows collapse of thoracic vertebrae, destruction of the
interposed vertebral disc, prevertebral and intervertebral fluid collection
with peripheral enhancing margins and diffusely enhancing remainder of
the thoracic vertebrae, suggesting spondylodiscitis with abscess
formation, known as Pott’s disease. Due to displacement and mass
effect narrowing of the spinal canal with compression of the spinal
cord. b Axial high-resolution CT scan (right lung) in the same patient

classically shows dorsal column involvement (Fig. 6a, b) and,
at a later stage, cord atrophy [24]. Brain involvement might
demonstrate extensive areas of a high-intensity signal in the
periventricular white matter, and in children with inherited
cobalamin-related diseases, brain damage is characterized by
white matter loss with delayed myelination [25]. We did not
find reports describing miliary PVS enhancement; however, in
our experience, this may be seen (Fig. 1).

Primary and secondary CNS vasculitis

The two CNS vasculitis described with brain miliary enhance-
ment at MRI are primary angiitis of the central nervous system
(PACNS) and secondary CNS vasculitis due to chronic graft
versus host disease [26, 27].

PACNS, also known as granulomatous angiitis or isolated
cerebral vasculitis, leads to a wide spectrum of clinical mani-
festations including diffuse or focal throbbing headaches, fo-
cal or generalized seizures, encephalopathy, brainstem events,
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showing ‘miliary tuberculosis’ with innumerable small pulmonary
nodules with centrilobular distribution. ¢ A 37-year-old female with a
typical erythema migrans, as a disease-specific finding in Lyme disease.
d A 20-year-old female affected by Susac’s syndrome with branch retinal
artery occlusion. Fundus photography of the left eye shows ischaemic
retinal oedema and narrowed branches of the superior and inferior
temporal arteries. e A 24-year-old female affected by Erdheim—Chester
disease with a sclerotic metaphyseal lesion in the tibia as a disease-
specific finding

stroke-like episodes, aphasia, myelopathy and diffuse neuro-
logical dysfunction [26]. Although vessels of any size may be
involved, small- and medium-sized ones are most commonly
targeted [28]. Males are affected twice as often as females and
the onset usually occurs after 40 years of age [26].
Leptomeningeal biopsy can provide a definitive diagnosis,
but this procedure is not routinely performed also in light of
the fact that a negative biopsy does not rule out the condition
[26]. CSF examinations reveal pleiocytosis and increased pro-
tein levels [26]. Both clinical and radiological improvements
are achieved after high-dose corticosteroids and cyclophos-
phamide administration [26]. An unremarkable MRI is a very
strong argument against the diagnosis of PACNS, and it might
serve to exclude it from the differential diagnosis. MRI find-
ings in PACNS include multiple bilateral supratentorial le-
sions affecting both the grey matter and the white matter,
occasionally in combination with diffusion restriction [28].
Leptomeningeal enhancement occurs in 10-15% of the cases
[29]. Frequently, segmental vascular lesions may complicate
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Fig. 6 Different patterns of spinal cord involvement. A 39-year-old male
with vitamin B, deficiency (see also Fig. 1 for brain images). a Sagittal
T2-weighted MRI of the cervical spine showing an extensive
multisegmental involvement of the dorsal column of the spinal cord
without obvious swelling. b Axial T2-weighted MRI of the cervical
spine in the same patient clearly shows the dorsal column involvement
of the spinal cord, as a typical finding in vitamin B, deficiency. ¢ Sagittal
post-contrast T1-weighted MRI of the cervical and thoracic spine in a 27-
year-old male from Central America with lung biopsy—proven
histoplasmosis shows a nodular enhancement in the spinal cord at the
C7-T1 level. d Sagittal post-contrast T1-weighted MRI of the thoracic
spine in a 57-year-old male with brain biopsy—proven PACNS shows a
miliary pattern of intramedullary spinal cord enhancement

into stenoses, occlusions and infarctions [28], which are often
accompanied by white matter hyperintensities [29].
Angiography is considered the gold standard for imaging
evaluation, but its sensitivity in detecting PACNS remains
limited to the 50-90% range [29]. Angiography may reveal
multiple arterial abnormalities such as avascular areas, includ-
ing uncommon cases of cerebral infarctions along small arte-
rial territories, segmental stenoses, intracerebral aneurysms
and narrowing of intracranial vessels eventually alternated
by focal dilatations forming a so-called ‘string of beads’ ap-
pearance [29, 30]. Aneurysmal rupture leads to either sub-
arachnoid or parenchymal haemorrhage [28]. Salvarani et al.
[31] documented spinal cord involvement in about 5% of

Behcet’s disease

Fig. 7 Preferentially infratentorial localisation. A 35-year-old male
diagnosed with Behget’s disease (small intestine biopsy proven) shows
in a axial FLAIR MRI at the level of the crus cerebri a heterogeneous left
mesodiencephalic lesion with oedema, typically sparing the red nucleus,
and in b coronal post-contrast T1-weighted MRI at the level of the pons
miliary enhancement and one larger nodule. ¢ Axial post-contrast T1-
weighted MRI of a 55-year-old male diagnosed with CLIPPERS,
showing miliary-enhancing nodules and slight linear enhancement
along the PVS in the pons, dentate nuclei and spreading through the
cerebellum and a d complete resolution of the infratentorial lesions after
corticosteroid therapy

cases in a study involving 101 patients (Fig. 6d). PVS distri-
bution of miliary-enhancing nodules has been described in
PACNS (Fig. 2d) [28].

Secondary vasculitis due to chronic graft versus host dis-
ease after haematopoietic stem cell transplantation may also
show military enhancement on brain MRI. Terada et al. [27]
and Sostak et al. [32] described a brain miliary enhancement
along the path of the PVS likely due to the small vessel dis-
ruption, either by the direct injury of the endothelial cells or by
angiocentric infiltrates composed of various combinations of
T lymphocytes, B lymphocytes and histiocytes.

Chronic lymphocytic inflammation with pontine
perivascular enhancement responsive to steroids

Chronic lymphocytic inflammation with pontine perivascular

enhancement responsive to steroids (CLIPPPERS) is a
pontine-predominant encephalomyelitis, and it was first
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Fig. 8 Diagnostic decision tree. Flow chart showing diseases with brain miliary enhancement according to age, PVS distribution patterns and the
responsiveness in variable degrees to corticosteroid therapy (PACNS usually needs additional cyclophosphamide therapy)

described in a small group of 8 patients in 2010 as a clinically
and radiologically distinct entity [33]. A review by Dudesek
et al. [34] described 56 cases worldwide in 2014, with a male
predilection and a median age at onset of 52 years (range 16—
86 years). Clinical manifestations include ataxia, diplopia,
dizziness, nausea, dysgeusia and pseudobulbar affect among
others, but there were no reports on systemic symptoms such
as weight loss, fever or lymphadenopathy [33, 34]. The path-
ogenesis remains still unknown, but it could be autoimmune
or inflammatory-mediated, and CSF analysis may reveal ele-
vated oligoclonal bands [34].

Recent diagnostic criteria published by Tobin et al. [35] in
2017 include clinical, radiological and pathological features to
discriminate CLIPPERS from non-CLIPPERS aetiology, in-
cluding the presence of (a) homogenous, gadolinium-
enhancing nodules without ring enhancement or mass effect
predominating in the pons and cerebellum, measuring < 3 mm
in diameter and a pattern consistent with PVS involvement
(Fig. 2c¢); (b) marked improvement in abnormal gadolinium
enhancement after corticosteroid treatment (Fig. 7); (c) ho-
mogenous T2 signal abnormality not significantly exceeding
the size of the area of gadolinium enhancement; and (d) spinal
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cord lesions with similar T2 and gadolinium-enhancing le-
sions as above [35]. Recently, these diagnostic criteria have
been evaluated by Taieb et al. [36] and suggested to consider
nodular enhancement as an unusual finding more than a red
flag for excluding the diagnosis of CLIPPERS.

In addition to MRI of the brain and the spinal cord, various
additional imaging investigations have been performed in
CLIPPERS patients and usually revealed no decisive findings.
PET-CT of the brain showed no change or minor hypermetab-
olism of contrast-enhancing areas, considerably less than the
findings usually reported in lymphoma [34].

Neuromyelitis optica spectrum disorders

Neuromyelitis optica spectrum disorders (NMOSD) are inflam-
matory disorders of the CNS characterized by severe, immune-
mediated demyelination and axonal damage predominantly
targeting optic nerves and spinal cord, in which the high speci-
ficity of aquaporin-4 (AQP4)—immunoglobulin G (IgG) has
allowed to recognize other sites of CNS involvement not restrict-
ed to the optic nerves and spinal cord as well as diencephalon,
brainstem and the brain [37]. Typical MRI findings in NMOSD
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have been reported as confluent, asymmetric T2 hyperintensities
usually distributed in periependymal areas, following the
ependymal lining of the lateral, third and fourth ventricles, par-
ticularly close to the cerebral aqueduct. The ependymal surfaces
of the corpus callosum, diencephalic region and brainstem have
also been assumed as typical locations for NMOSD brain lesions
[37]. NMOSD scans may occasionally show a ‘cloud-like’ pat-
tern of gadolinium enhancement, with a patchy and inhomoge-
neous appearance and poorly defined margins; also,
periependymal and leptomeningeal enhancements are common
[38]. Leptomeningeal enhancement may be thick or linear and is
possibly due to AQP4 channel impairment on the pial and
subpial surfaces [38]. Pekcevik and Izbudak [39] described a
perivascular enhancement pattern during an acute optic neuritis
attack in a patient with NMOSD diagnosis, suggesting that PVS
enhancement may be seen in NMOSD patients in addition to
periependymal and leptomeningeal enhancements. Therapeutic
options for acute presentation as well as long-term immunosup-
pressive treatment include azathioprine, rituximab, immunoglob-
ulins and corticosteroid [37].

Glial fibrillary acidic protein
meningoencephalomyelitis

Glial fibrillary acidic protein (GFAP) meningoencephalomyelitis
is a relapsing, autoimmune, corticosteroid-responsive disorder,
which sometimes develops as a paraneoplastic autoimmune
meningoencephalomyelitis [40]. The detection of GFAP-IgG in
serum is a pathognomonic finding [40], while the presence of
neuronal, glial or skeletal muscle—specific IgG in serum or CSF
aids diagnosis and guides therapy [40, 41]. Fang et al. [41] de-
scribed a case series of 103 patients with a wide age range (21—
73 years, median age of 42 years) and no sex predominance.
Clinical manifestations included headache, subacute encephalop-
athy, optic papillitis, inflammatory myelitis, postural tremor and
cerebellar ataxia. Imaging revealed linear perivascular enhance-
ment that resembles the filamentous pial, subventricular and
perivascular immunostaining pattern recognisable on murine
models [40]. Other enhancement patterns observed less frequent-
ly included leptomeningeal and ependymal [40].

The most frequent spinal MRI finding of GFAP autoimmu-
nity is a longitudinally extensive T2-hyperintense lesion, with
thin and linear enhancement along the course of the central
canal [40].

Behcet's disease

Behget’s disease is a multisystem inflammatory disease of
unknown origin, presumably autoimmune in nature and most-
ly affecting patients from Japan or Mediterranean countries
[42]. Onset before the age of 10 and after the age of 50 is rare.
The disease shows a male predominance in the Mediterranean
region while women are more commonly affected in the Far

East [42, 43]. CNS involvement occurs in 10-30% of
Behget’s patients, generally 4-6 years after the disease onset
[42, 44]. The clinical presentation of systemic Behget’s dis-
ease shows recurrent oral aphthae (at least 3 times per year in
97% of cases), accompanied by any two of the following:
genital ulcers which heal with scarring, erythema nodosum
(in 60% of cases), folliculitis, uveitis, skin reactions and
hyper-reactivity [42, 45]. Behget’s disease is responsive to
corticosteroid administration [42].

Neuro-Behget’s disease most commonly presents with bi-
lateral pyramidal signs, hemiparesis and behavioural changes
[42]. CSF findings are non-specific, revealing increased pro-
tein concentration and pleiocytosis [45]. Typically, the lesions
are clustered in the brainstem with a preference for the
mesodiencephalic or pontobulbar regions (with typical spar-
ing of the red nuclei), basal ganglia and cerebellar peduncles,
and spinal cord involvement is very rare (Fig. 7) [46]. In later
stages, brainstem atrophy is a characteristic feature [42].
Furthermore, meningeal involvement, venous thrombosis
and delayed intracerebral haemorrhages have been reported
[42, 44]. Increased intravascular pressure caused by thrombot-
ic occlusion of the proximal venules and sustained extravasa-
tion of erythrocytes via the disrupted walls of small vessels
have been proposed as possible causes of the delayed hema-
toma development typical of Behget’s disease [44]. This is a
different mechanism from arterial haemorrhages, which cause
sudden and rapid neurologic deteriorations, or from
haemorrhagic transformation of arterial infarctions, also
showing an acute onset [44]. Histopathologically, perivascular
inflammation has been described in Behget’s disease [44, 45,
47], but a PVS pattern of enhancement has not yet been re-
ported as an MRI feature. One explanation could be that the
absence of endothelial degeneration supports a perivascular
inflammatory process as opposed to a vasculitis, and this is
not sufficient to cause an evident perivascular enhancement
[47]. Given the vascular aetiology of the disease, we decided
to consider neuro-Behget’s disease as part of the group with
PVS distribution of enhancement. Moreover, in our case se-
ries, we found a CLIPPERS-like infratentorial pattern of mil-
iary enhancement, which can support the thesis of its vascular
involvement also in brain imaging.

Infectious diseases

Different infectious diseases might present with a miliary pat-
tern of cerebral enhancement, and immunocompromised pa-
tients are subjects at high risk [2]. The most frequent infec-
tious disorders which present with miliary enhancement are
Lyme disease, Candida albicans, Cryptococcus, progressive
multifocal leukoencephalopathy (PML) caused by the oppor-
tunistic infection by John Cunningham (JC) virus in immuno-
compromised patients or patients with MS treated with
natalizumab therapy, neurotuberculosis and histoplasmosis,
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the last two without a PVS pattern of enhancement. CNS
infections do not respond to corticosteroid therapy, but they
need specific antibiotic or antifungal therapies. As
neurotuberculosis and histoplasmosis show an atypical en-
hancement pattern with respect to all other infectious diseases,
they will be described in the following paragraphs.

Lyme disease

Systemic borreliosis is considered the most common
vector-borne illness caused by spirochetes of the
Borrelia burgdorferi species [48, 49]. Multiple organ sys-
tems may be involved, including the heart, joints, skin,
eyes and the CNS, in which case it is referred to as
neuro-Lyme disease [48]. Three stages of Lyme disease
are identified. First is a prodromal stage with flu-like
symptoms and an expanding annular rash, also referred
to as erythema migrans (Fig. 5¢), 2-30 days after the tick
bite. Secondly, both cardiac and neurological symptoms
manifest 1-4 months after the bite, followed by arthritis
and chronic neurological symptoms which are present af-
ter one or more years [49]. The neurological manifesta-
tions include peripheral neuropathies, radiculopathies,
myelopathies, encephalitis, meningitis, cerebellar signs,
cognitive and movement disorders and cranial nerve
palsies [49]. Facial nerve palsy is common in neuro-
Lyme disease, with bilateral involvement in 50% of cases,
and it is considered a rather disease-specific finding
(Fig. 4c) [49]. CSF analysis shows reduced glucose
levels, increased protein concentration and pleiocytosis,
and it is therefore non-specific [48]. Treatment of choice
is based on antibiotics [48]. MRI rarely reveals brain le-
sions, but both meningeal and nerve root involvements
are relatively common features [50, 51]. Focal hyperin-
tense T2 multiple sclerosis—like lesions of cerebral white
matter have also been reported [50]. Spinal cord involve-
ment by Borrelia burgdorferi, on the other hand, is very
rare [52]. Cerebral vasculitis in neuro-Lyme disease can
affect small-sized as well as medium- and large-sized in-
tracranial arteries, a recent study report on predominant
anterior circulation vasculitis in addition to reported
PVS involvement [51].

Candida albicans

Candida albicans is a severe fungal infection affecting mostly
immunocompromised hosts suffering from HIV and leukae-
mia, patients with indwelling catheters and premature neo-
nates with significant low birth weight [53]. Reported mortal-
ity rates can be as high as 35% of infected cases. Candida
albicans species demonstrate tropism to a variety of tissues
of different organs, including the brain. During the hemato-
logic dissemination phase, known as candidemia, the fungus
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travels along the bloodstream, with the potential of infecting
all the perfused organs [53, 54]. Clinical presentation consists
of mucocutaneous candidiasis and systemic candidiasis lead-
ing to isolated organ failure or multiorgan failure such as men-
ingitis, endocarditis, peritonitis, osteomyelitis and septic ar-
thritis [54]. Diagnosis can be based on CSF analysis, showing
pleiocytosis, decreased glucose and increased protein concen-
trations and CSF cultures, with positivity estimated around
80% [53]. Management requires antifungal therapy, prefera-
bly based on a combination of amphotericin B and
flucytosine, and supportive care [54]. Meningitis occurs fre-
quently, and it is classically characterized by headache, neck
stiffness and fever. The presence of multiple intracranial
(micro) abscesses has also been reported [53]. Mouse studies
have revealed adhering and binding of Candida albicans to
the endothelium of cerebral blood vessels followed by the
invasion of the brain parenchyma [55, 56], which might ex-
plain intracranial abscesses. Autopsy studies demonstrated
that the supratentorial grey—white joint at the level of the basal
ganglia is the most affected area in CNS candidiasis [57]. To a
lesser extent, Candida can cause the development of mycotic
aneurysms resulting in intracerebral haemorrhage or sub-
arachnoid haemorrhage, thrombosis in small perforating arte-
rioles resulting in ischaemic stroke, cerebral macro-abscesses
and cerebral vasculitis [54].

Cryptococcosis

CNS cryptococcosis results from the infection of the CNS
by the yeast-like fungus Cryptococcus neoformans, and it
is the most common fungal infection and the second most
common opportunistic infection of the CNS [58]. The
strongest risk factor for infection is T cell dysfunction,
especially due to HIV infection. The fungal spores in the
dehydrated state are small enough to be inhaled and cause
an asymptomatic lung infection followed by meningitis
[58]. The most common clinical findings in CNS crypto-
coccal infection are headache, nausea and fever. Less
common manifestations are meningism, altered mental
state, seizures, visual symptoms and focal neurological
deficits [59]. The brain regions most commonly affected
are the basal ganglia and meninges. In the basal ganglia, a
localized cluster of organisms may develop gelatinous
pseudocysts [58]. Cryptococcomas (accumulations of fun-
gi, inflammatory cells and gelatinous mucoid material)
appear during the infection and can extend to the paren-
chyma as focal masses with a tumour-like appearance
[59]. Duarte et al. [59] aimed to describe the imaging
patterns associated with CSN infection with
Cryptococcus species in relation to the patient’s immune
status (immunocompetent and immunocompromised), de-
scribing the dilatation of the perivascular spaces as a com-
mon finding in both groups of patients but finding also a
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perivascular miliary nodule enhancement pattern in one
HIV patient with AIDS. Spinal cord infection caused by
Cryptococcus is rare but might be seen in immunocom-
promised hosts [60].

Progressive multifocal leukoencephalopathy with immune
reconstitution inflammatory syndrome (PML-IRIS)

PML is a progressive demyelinating disorder that results
from a viral infection of the myelin-producing oligoden-
drocytes by the JC papovavirus [61]. PML develops from
a latent JC virus infection during childhood or early ado-
lescence, which can be reactivated in the setting of immu-
nodeficiency, currently most frequently in multiple sclero-
sis patients treated with natalizumab [61]. The risk of
natalizumab-associated PML increases proportionally to
the duration of treatment, with the greatest risk after
2 years of therapy [61]. PML typically results in progres-
sive neurological decline, cognitive impairment, altered
mental status and personality changes. Motor and sensory
changes also occur, and patients may develop seizures
[61]. Spinal cord involvement is extremely rare and only
occasionally reported [62].

Current prophylaxis and treatment of PML focus on
restoration of immune responses to JC virus infection
and interruption of treatment with natalizumab, which
might cause an over-reaction of the immune system. The
associated immune reconstitution inflammatory syndrome
(PML-IRIS) is clinically characterized by new clinical
symptoms and/or worsening of existing clinical symptoms
mirrored by progressive imaging findings of active in-
flammation, like contrast enhancement and rapid progres-
sion of existing PML lesions showing mass effect with
swelling and oedema [63]. PML-IRIS is treated with
high-dose glucocorticoids [64]. Since even in early stages
PML and PML-IRIS can occur simultaneously, it is cru-
cial to have an early correct imaging-based diagnosis be-
cause glucocorticoid therapy for a false-positive PML-
IRIS at the stage of productive JC virus infection might
lead to PML re-activation and progression [65]. Wattjes
et al. [63] described the early PML-IRIS imaging findings
in a clinical cohort of 24 subjects with natalizumab-
associated PML-IRIS, discovering that, in approximately
one third of subjects, one of the earliest signs of PML-
IRIS was the presence of small punctuate foci of contrast
enhancement with a PVS distribution, peripherally with
respect to the main PML lesion. These features were de-
scribed also by Langer-Gould et al. [66], and this imaging
phenomenon is supported by histopathology data demon-
strating an inflammatory reaction of B cells as well as
CDS8* T lymphocytes outside the main PML lesions, par-
ticularly in the PVS of patients with PML-IRIS [67].

Miliary-enhancing brain lesions
and distribution outside PVS

Neurotuberculosis

Tuberculosis can occur at any age, most often in the first three
decades of life, with no sex predominance [68]. Frequently
reported manifestations of tuberculosis involving the CNS are
alterations of consciousness, focal neurological signs, behav-
ioural changes, intracranial hypertension and seizures [68,
69]. CSF examination could show a positive polymerase chain
reaction (PCR) and positive culture for TB [68]. Treatment of
choice consists of a multidrug approach with isoniazid, rifam-
picin and pyrazinamide; corticosteroids will not produce an
adequate response and are contraindicated [68]. Intracranial
tuberculosis can be broadly divided into meningeal and paren-
chymal patterns of involvement, and any combination of the
patterns can occur [70]. Meningeal tuberculosis can be either
leptomeningeal or pachymeningeal. Tubercular
leptomeningitis is the most common manifestation of CNS
tuberculosis, and it is frequently associated with complica-
tions like hydrocephalus, ventriculitis and choroid plexitis
(Fig. 4b) [70]. Parenchymal tuberculosis, instead, consists of
tuberculomas, cerebritis, abscesses, thombencephalitis and
encephalopathy [70]. Parenchymal tuberculomas are the most
common form of intracranial parenchymal tuberculosis due to
conglomeration of tubercular microgranulomas, which tend to
occur at the grey—white matter junction due to arrest of the
haematogenous spread caused by a reduction in the calibre of
the vessels in that region [70]. Miliary tuberculomas, mostly
seen in immunocompromised patients, are usually diffusely
scattered in the brain parenchyma, are predominantly located
at the grey—white matter junction and occur when the infection
reaches the brain through haematogenous spread, usually
from a pulmonary focus (Fig. 3a) [69, 70]. No PVS involve-
ment has been reported. Extra-axial spinal tuberculosis could
manifest as tuberculous spondylodiscitis (Fig. Sa) [69].

The term ‘miliary tuberculosis’ refers to an uncommon
pulmonary manifestation of tuberculosis and represents hema-
togenous dissemination of uncontrolled tuberculous infection
with a poor prognosis (Fig. 5b) [69].

Histoplasmosis

Histoplasmosis is mainly a pulmonary disease caused by the
inhalation of'the spores of the fungus Histoplasma capsulatum
[71]. Patients on immunosuppressive agents, transplant recip-
ients and those affected by either AIDS or haematological
malignancies are at risk because of their ineffective immune
defences [71]. This fungus is endemic in Northern and Central
America, Asia and Africa, which have the highest prevalence,
but it also exists in other parts of the world [71]. Usually, this
disease is asymptomatic, but older and immunosuppressed
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patients might present pulmonary findings such as cavitary
lesions, granulomatous necrotic mediastinitis and mediastinal
fibrosis [72]. In the case of disseminated disease, other organs
such as the liver, spleen, bone marrow, lymphoreticular sys-
tem and, less commonly, the skin are affected [73].
Approximately 5-10% of patients with disseminated histo-
plasmosis have clinically apparent CNS involvement [71].
Clinical presentation generally reflects the effects of single
or multiple space-occupying brain lesions, with headache, fo-
cal deficits, altered mental state, stroke-like syndromes and
encephalitis [71]. Most lesions clear with antifungal therapy
in which posaconazole is most effective [73]. CSF analysis
might reveal elevated antibodies against Histoplasma
capsulatum, and non-specific findings like increased protein
concentration, depressed glucose levels and pleiocytosis [71].
Chronic, mainly basilar, meningitis and multiple small ring- or
nodular-enhancing lesions throughout the brain and spine are
the common findings in CNS involvement (Figs. 3d and 6c)
[72]. In the appropriate endemic context, cerebral histoplas-
mosis should be a diagnostic consideration when imaging
studies show multiple brain lesions [73]. There have been no
reports of distribution along the PVS.

Susac’s syndrome

Susac’s syndrome is a rare and presumably autoimmune-
mediated disease affecting the small arteries of the brain, inner
ear and retina. The clinical triad comprising brain involvement
with encephalopathy, hearing loss and branch retinal artery
occlusions (Fig. 5d) is considered pathognomonic but is com-
plete only in a minority of patients at disease onset [74]. Other
manifestations include headache, confusion, memory loss,
dysarthria, behavioural changes, tinnitus and vertigo [75].
Susac’s syndrome mainly affects women aged 2040 (male-
to-female ratio of 1:3) [75]. CSF findings are non-specific,
showing pleiocytosis and increased protein concentration
[74, 75]. Therapy of choice is corticosteroids; cyclophospha-
mide can be added as a second-line treatment when cortico-
steroids fail to produce an adequate response. A review of 27
patients by Susac et al. [76] describes typical involvement of
the corpus callosum, the periventricular and subcortical white
matter and white matter in the centrum semiovale (100% of
cases) (Fig. 3b). Grey matter involvement is less frequent
(70% of cases) as well as the presence of enhancing grey
and white matter lesions (also 70% of cases).
Leptomeningeal enhancement is reported in 33% of cases
[76]. The widespread white and grey matter involvement ap-
pears not to show a distribution pattern along the PVS. Due to
the rarity of Susac’s syndrome, MRI spinal cord involvement
has not been well characterized likely due to a lack of routine
spinal MRI being performed, but it has been rarely described
[77].
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Miliary-enhancing brain lesions
and distribution within or outside PVS

Metastatic disease

Miliary dissemination is a rare manifestation of brain metas-
tases, and it presents as diffuse miliary spread of punctate
tumour nodules often with a PVS distribution without inva-
sion of the brain parenchyma, but a non-PVS distribution is
also possible (Fig. 3¢) [78]. A limited number of autopsy
studies confirmed miliary-enhancing lesions in metastatic dis-
ease. This rare presentation has been reported mostly in met-
astatic lung adenocarcinoma [79], but it has been also de-
scribed in metastatic melanoma [80] and in other types of
adenocarcinoma, including breast carcinoma, pancreatic, gas-
tric and salivary gland tumours [78]. Usually, the grey—white
matter junction is the preferred site of metastatic carcinoma-
tous cells and metastases may vary in size [79].
Leptomeningeal carcinomatosis resulting from diffuse infiltra-
tion in the subarachnoid space also occurs in about 3% of
patients with malignancy, usually from the lung, breast or
gastric carcinomas [79]. CSF analysis in metastatic disease
shows low levels of glucose, increased protein concentration
and pleiocytosis and, occasionally, the presence of tumour
cells [79]. Treatment of choice should be based on the clinical
picture, but it often includes chemotherapy possibly in com-
bination with whole-brain radiotherapy. The administration of
corticosteroids might temporarily reduce the perilesional
vasogenic oedema and hence relieve symptoms [79].

Conclusions

The analysis of an MRI scan with brain lesions with a
miliary enhancement pattern should always follow a se-
quential diagnostic algorithm (see Box 1). The review
of the medical history together with the identification of
disease-specific clinical and lab findings may give im-
portant clues to narrow the differential diagnosis
(Table 2).
Box 1 Diagnostic checklist

* Age

- Childhood: vitamin B, deficiency

- Adulthood and geriatric population: CNS lymphoma, metastases and
vitamin By, deficiency

* Sociodemographic information

- Behget’s disease is common in young males from Mediterranean
regions, while women are more commonly affected in the Far East

- Neurosarcoidosis has a high incidence in non-Caucasian populations

- H. capsulatum is endemic in Northern and Central America, Asia and
Africa

* Medical history and physical examination: non-neurologic symptoms
should raise the suspicion of a systemic disease
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- Susac’s syndrome (vision and hearing complaints, encephalopathy,
headache)

- Behget’s disease (oral and genital ulcerations and uveitis)

- ECD (bone pain and neuroendocrine disturbances)

- Sarcoidosis (pulmonary, mediastinal, cardiac, musculoskeletal
manifestations)

* Inmunocompromised patient or clinical signs suggestive for
infection: consider CSF

- PML-IRIS is highly suspected in PML subjects after discontinuation of
natalizumab

* Imaging findings

- Localisation: CLIPPERS and neuro-Behget’s disease usually present
with an infratentorial localisation

- Enhancement with or without PVS pattern (see Table 1)

- Haemorrhagic lesions: typical imaging feature of CNS vasculitis,
Candida albicans infection and Behget’s disease

- Meningeal enhancement: common in CNS lymphoma, adenocarcinoma
metastases, neurosarcoidosis, NMOSD and infectious diseases
(neurotuberculosis, Lyme disease, histoplasmosis, Candida infection)

- Spinal cord involvement: frequent imaging feature in neurosarcoidosis,
vitamin B, deficiency, CLIPPERS and GFAP
meningoencephalomyelitis. Neurotuberculosis and Candida infection
may present with osseous vertebral involvement

* Positive response to corticosteroids

- CLIPPERS

- CNS lymphoma

- CNS vasculitis

- NMOSD

- GFAP meningoencephalomyelitis

- Behget’s disease

- Neurosarcoidosis

- PML-IRIS

- Susac’s syndrome

* Biopsy of non-brain tissue (e.g. lymph nodes)

An accurate medical history, including socio-
demographic findings and physical examination, is the
first step to identify the diseases with a multiorgan in-
volvement, such as Susac’s syndrome, Behcet’s disease,
ECD, sarcoidosis and CSN lymphoma. The latter is prob-
ably the most common cause of cerebral miliary enhance-
ment in the Western world. The classic triad of Behget’s
disease consists of oral and genital ulcerations and ocular
manifestations, and it is more common in the Middle East
and East Asian countries [42]. Susac’s syndrome is clini-
cally characterized by two out of the three features of its
clinical triad: acute or subacute encephalopathy, bilateral
sensorineural hearing loss and branch retinal arterial oc-
clusions [76]. ECD affects multiple organs like long
bones, the lungs, the retroperitoneum and the neuroendo-
crine system [18]. The lungs and the skin are primarily
involved in sarcoidosis [14] in combination with pulmo-
nary, mediastinal, cardiac, musculoskeletal and eye in-
volvement [14].

\In the paediatric population, work-up for inherited vitamin
B, metabolism defects should be performed. Vitamin B,
deficiency should also be sought in elderly people with an
imbalanced diet, pernicious anaemia and alcohol abuse. In
the adult and elderly populations, metastases should always

be ruled out from the differential diagnosis before considering
more rare diseases. Lung adenocarcinoma is the most frequent
tumour histotype presenting with cerebral metastases with a
miliary enhancement pattern [79], followed by breast carcino-
ma, pancreatic tumour and salivary gland tumour [78].

The presence of an underlying infectious disease
should be considered in immunocompromised patients or
in the case of suggestive clinical signs and symptoms
such as fever and cutaneous rash. The identification of
disease-specific clinical and lab findings will help to nar-
row down the possible differential diagnoses (Table 2).
Evidence of CSF positivity to specific antibodies, the de-
tection of pathogens through CSF culture or PCR would
point towards a diagnosis of CNS infection, although a
high level of suspicion should be maintained in the case
of Lyme disease as the CSF findings may be non-specific
[48].

After ruling out age-specific differential diagnoses, imag-
ing features like PVS enhancement pattern, preferential
localisation (infratentorial and supratentorial), haemorrhagic
lesions, leptomeningeal enhancement and spinal cord involve-
ment are helpful in the diagnostic assessment (Table 3).

CLIPPERS and Behget’s disease commonly display an
infratentorial distribution, while Behget’s lesions typically in-
volve the mesodiencephalic or pontobulbar regions, basal
ganglia, internal capsule and peduncles with sparing of the
red nucleus [46], CLIPPERS lesions involve the pons and
extend to the spinal cord, towards the basal ganglia and cere-
bellum [33]. Moreover, symmetrical T2 hyperintensities in the
dentate nuclei and peridentate regions should raise the suspi-
cion of ECD.

The distribution pattern of the enhancement should be in-
vestigated to establish whether it is consistent with PVS en-
hancement or not. The presence of PVS enhancement pattern
has a highly positive predictive value, but if not detected, the
whole differential diagnoses should be considered. In this set-
ting, Behget’s disease deserves a specific mention, because the
PVS enhancement pattern in MRI case series of Behget’s dis-
ease has never been reported, even though analyses of patho-
logical specimens have proven involvement of vessels’ walls,
making it theoretically possible to mimic PVS pattern in brain
imaging.

If haemorrhagic lesions are present, PACNS, Candida
albicans and Behget’s disease should be considered primarily,
as they cause cerebral vasculitis which may result in intrace-
rebral or subarachnoid haemorrhage [28, 44, 54].

Leptomeningeal enhancement is frequent in—but not lim-
ited to—CNS lymphoma, adenocarcinoma metastases,
neurosarcoidosis, NMOSD and infectious diseases
(neurotuberculosis, Lyme disease, histoplasmosis, Candida
albicans) that present with meningitis [49, 53, 70, 71].
Leptomeningeal involvement is not reported for vitamin B,
deficiency and PML-IRIS, but if this imaging feature is
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Table 2  Clinical information and additional findings
Disease Sex  Age (years) Symptoms and signs Corticosteroid CSF Additional tests/
responsiveness imaging/
information
Neurosarcoidosis F>M 2040 Symptoms of increased intracranial — + Non-specific Chest CT, BAL
pressure due to hydrocephalus and
cranial nerve palsy, and systemic
symptoms
CNS vasculitis M>F Average 50, wide Throbbing headache, stroke-like + Non-specific DSA
range
CNS lymphoma M >F Middle age or elderly Headache, symptoms of increased ~ + Malignant cells, PET-CT
(>50) intracranial pressure due to increased protein
hydrocephalus concentration
ECD M>F Middle age or elderly Bone pain, neuroendocrine disorders — Non-specific X-rays of long
(>50) bones
Lyme disease M=F Two peaks: 2-15and Erythema migrans, cranial nerve - Non-specific Dermatological
30-55 palsy exam, serology
Vitamin By, M=F All ages Anaemia, peripheral neuropathy - | vitamin By, Spine MRI
deficiency (uncommon,
usually tested in
serum)
CLIPPERS M=F Average 50 (wide Gait ataxia, diplopia, dizziness, + Rarely oligoclonal Spine MRI,
range) nausea bands PET-CT
Candidiasis M=F Preterm neonates and Meningism, (multi)organ failure - CSF culture Echocardiogram,
immunocompro- DSA
mised adults
Cryptococcosis M=F Immunocompromised Meningism, focal neurological + CSF culture Chest CT
adults deficit
PML-IRIS =F Immunocompromised New and/or worsening of existing ~ + PCR JC virus -
adults clinical symptoms of PML
(cognitive, motor, sensorial)
GFAP M=F Average 40 (wide Meningoencephalomyelitis + IgG anti-GFAP Serum GFAP-IgG
range)
NMOSD F>M Average 35 Unilateral or bilateral optic neuritis, + AQP4-1gG Spine MRI
(adolescence — 60) area postrema syndrome, (uncommon,
longitudinally extensive myelitis usually tested in
serum)
Behget’s disease M >F 10-50 Pyramidal signs, behavioural + Non-specific DSA
changes
Neurotuberculosis M =F Any age, commonly  Focal neurological signs, intracranial — PCR, CSF culture Chest CT
<30 hypertension, behavioural
changes, seizures
Histoplasmosis M=F Immunocompromised None, cough - Antibodies Chest CT
adults or at any age anti-H. capsulatum
in endemic areas (uncommon,
usually tested in
serum)
Susac’s syndrome F>M 2040 Encephalopathy, hearing loss and + Non-specific Ophthalmological
visual disturbance and
audiological
exam
Metastases M=F Elderly Headache, focal neurological deficit +/— Malignant cells PET-CT

BAL bronchoalveolar lavage, DSA digital subtraction angiography, PCR protein chain reaction, PML-IRIS progressive multifocal leukoencephalopathy—
immune reconstitution inflammatory syndrome, ECD Erdheim—Chester disease, CLIPPERS chronic lymphocytic inflammation with pontine
perivascular enhancement responsive to steroids, JC John Cunningham, GFAP glial fibrillary acidic protein, NMOSD neuromyelitis optica spectrum
disorders

present, Susac’s syndrome, Behget’s disease, PACNS, ECD
and GFAP meningoencephalomyelitis should also be main-
tained in the differential diagnosis [4, 15, 40, 76].

Spinal cord involvement is frequent in NMOSD as well as
in neurosarcoidosis, vitamin B, deficiency, CLIPPERS, his-
toplasmosis and GFAP meningoencephalomyelitis [15, 24,
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Table 3  Radiological findings
Disease PVS Localisation Leptomeningeal Haemorrhages Spinal cord involvement
pattern enhancement

Neurosarcoidosis Supratentorial and infratentorial + Rare +

CNS vasculitis Supratentorial and infratentorial + Rare

CNS lymphoma Supratentorial and infratentorial Rare in +

immunocompetent

ECD Supratentorial and infratentorial + - Rare

Lyme disease Supratentorial and infratentorial + - +

Vitamin B, Supratentorial and infratentorial - +

deficiency

CLIPPERS Infratentorial - - +

Candidiasis Supratentorial and infratentorial + — (vertebral bodies)

Cryptococcosis + Mostly supratentorial - Rare
(immunocompro-
mised)

PML-IRIS + Supratentorial and infratentorial - -

GFAP + Supratentorial and infratentorial + -

NMOSD + Supratentorial and infratentorial + -

Behget’s disease + Infratentorial + + -

Neurotuberculosis  — Supratentorial and infratentorial + - — (vertebral bodies)

Histoplasmosis - Supratentorial and infratentorial + - +

Susac’s syndrome  — Mostly supratentorial (100% corpus + - Rare

callosum)
Metastases +— Supratentorial and infratentorial + +— +

PML-IRIS progressive multifocal leukoencephalopathy—immune reconstitution inflammatory syndrome, ECD Erdheim—Chester disease, CLIPPERS
chronic lymphocytic inflammation with pontine perivascular enhancement responsive to steroids, GFAP glial fibrillary acidic protein, NMOSD neuro-

myelitis optica spectrum disorders

34, 40]. Myelitis is not a conclusive finding since it has also
been reported for the other pathologies described in this re-
view, even though in the latter cases, spinal cord involvement
would be rare and not typical. Neurotuberculosis and Candida
albicans may be present with osseous vertebral involvement,
but spinal cord is usually spared [69, 81].

Limitations with regard to the detection of these small miliary-
enhancing lesions mainly lie within slice thickness and contrast
dose used. Applying double- or triple-dose gadolinium and 1-
mm-thin slice post-contrast 3D T1-GRE or 3D FLAIR se-
quences may increase the detection rate of the small enhancing
nodules or leptomeningeal enhancement [82].

Applying diffusion-weighted imaging (DWI) may be useful to
differentiate between lesions showing diffusion restriction com-
pared to T2 shine through, for example CNS lymphoma or small
ischaemic lesions in vasculitis compared to Susac’s syndrome.

Unfortunately, for lesions smaller than 3 mm, both single- and
multivoxel 'H-magnetic resonance spectroscopies are not feasi-
ble. Other advanced MR techniques such as perfusion studies
with arterial spin labelling and diffusion tensor imaging are often
inconclusive unless a bigger and measurable lesion is present.

In the case of ongoing uncertainty regarding the definitive
diagnosis, response to empirical immunosuppressive

medication with corticosteroids could further drastically nar-
row down the differential diagnosis (refer to the flow chart,
Fig. 8). With systemic diseases remaining within the differen-
tial diagnosis, biopsy of non-brain tissues, such as lymph
nodes, should therefore always be considered before consid-
ering to proceed to brain biopsy.

Funding Information No funding was received for this study.

Compliance with ethical standards

Conflict of interest FB is supported by the NIHR Biomedical Research
Centre at UCLH. All other authors have no conflict of interest.

Ethical approval  All procedures performed in the studies involving human
participants were in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964 Helsinki Declaration
and its later amendments or comparable ethical standards.

Informed consent This was not a research study, and therefore, in-
formed consent was not required.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source,

@ Springer



Neuroradiology

provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated oth-
erwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

11.

12.

13.

14.

Montagne A, Toga AW, Zlokovic BV (2016) Blood-brain barrier
permeability and gadolinium: benefits and potential pitfalls in re-
search. JAMA Neurol 73:13-14. https://doi.org/10.1001/
jamaneurol.2015.2960

Taieb G, Duran-Pefia A, de Chamfleur NM, Moulignier A,
Thouvenot E, Allou T, Lacour A, Hoang-Xuan K, Pelletier J,
Labauge P (2016) Punctate and curvilinear gadolinium enhancing
lesions in the brain: a practical approach. Neuroradiology 58:221—
235. https://doi.org/10.1007/s00234-015-1629-y

Rasmussen MK, Mestre H, Nedergaard M (2018) The glymphatic
pathway in neurological disorders. Lancet Neurol 17:1016-1024.
https://doi.org/10.1016/S1474-4422(18)30318-1

Haldorsen IS, Espeland A, Larsson EM (2011) Central nervous
system lymphoma: characteristic findings on traditional and ad-
vanced imaging. Am J Neuroradiol 32:984-992. https://doi.org/
10.3174/ajnr.A2171

Malikova H, Burghardtova M, Koubska E, Mandys V, Kozak T,
Weichet J (2018) Secondary central nervous system lymphoma:
spectrum of morphological MRI appearances. Neuropsychiatr Dis
Treat 14:733—740. https://doi.org/10.2147/NDT.S157959
Epaliyanage P, King A, Hampton T, Gullan R, Ashkan K (2014)
“Brain on fire”: a new imaging sign. J Clin Neurosci 21:2015—
2017. https://doi.org/10.1016/j.jocn.2014.04.013

Faivre G, Lagarde J, Choquet S, Maillart E, Lubetzki C (2014) CNS
involvement at diagnosis in mantle cell lymphoma with atypical
MRI features. J Neurol 261:1018-1020. https://doi.org/10.1007/
s00415-014-7295-x

Ferreri AIM (2011) How I treat primary CNS lymphoma. Blood
118:510-522. https://doi.org/10.1182/blood-2011-03-321349
Chiavazza C, Pellerino A, Ferrio F et al (2018) Primary CNS lym-
phomas: challenges in diagnosis and monitoring. Biomed Res Int
2018:1-16. https://doi.org/10.1155/2018/3606970

Koeller KK, Smirniotopoulos JG, Jones RV (2013) Primary central
nervous system lymphoma: radiologic-pathologic correlation.
RadioGraphics 17:1497-1526. https://doi.org/10.1148/
radiographics.17.6.9397461

Mansour A, Qandeel M, Abdel-Razeq H, Abu Ali HA (2014) MR
imaging features of intracranial primary CNS lymphoma in immune
competent patients. Cancer Imaging 14:1-9. https://doi.org/10.
1186/1470-7330-14-22

Lucantoni C, De Bonis P, Doglietto F et al (2009) Primary cerebral
lymphomatoid granulomatosis: report of four cases and literature
review. J Neuro-Oncol 94:235-242. https://doi.org/10.1007/
s11060-009-9834-3

Kim I (2012) Lymphomatoid granulomatosis with spinal involve-
ment after childhood acute lymphoblastic leukemia. Korean J Spine
9:32-36. https://doi.org/10.14245/kjs.2012.9.1.32

Ganeshan D, Menias CO, Lubner MG et al (2018) Sarcoidosis from
head to toe: what the radiologist needs to know. RadioGraphics 38:
1180-1200. https://doi.org/10.1148/rg.2018170157

Bathla G, Singh AK, Policeni B, Agarwal A, Case B (2016)
Imaging of neurosarcoidosis: common, uncommon, and rare. Clin
Radiol 71:96-106. https://doi.org/10.1016/J.CRAD.2015.09.007

@ Springer

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Ginat DT, Dhillon G, Almast J (2011) Magnetic resonance imaging
of neurosarcoidosis. J Clin Imaging Sc 1:1-9

Bathla G, Watal P, Gupta S et al (2018) Cerebrovascular manifes-
tations in neurosarcoidosis: how common are they and does
perivascular enhancement matter? Clin0 Radiol 73:907.e15—
907.e23. https://doi.org/10.1016/j.crad.2018.05.018

Kumar P, Singh A, Gamanagatti S, Kumar S, Chandrashekhara SH
(2018) Imaging findings in Erdheim-Chester disease: what every
radiologist needs to know. Pol J Radiol 83:54-62. https://doi.org/
10.5114/pjr.2018.73290

Pan Z, Kleinschmidt-DeMasters BK (2017) CNS Erdheim-Chester
disease: a challenge to diagnose. J Neuropathol Exp Neurol 76:
986—996. https://doi.org/10.1093/jnen/nlx095

Mazor RD, Manevich-Mazor M, Shoenfeld Y (2013) Erdheim-
Chester disease: a comprehensive review of the literature.
Orphanet J Rare Dis 8:1. https://doi.org/10.1186/1750-1172-8-137
Langan RC, Goodbred AJ (2017) Vitamin B, deficiency: recogni-
tion and case management. Am Fam Physician 96:384-389
Stabler SP (2013) Vitamin By, deficiency. N Engl J Med 368:149—
160. https://doi.org/10.1056/NEJMcp1113996

Stockton L, Simonsen C, Seago S (2017) Nitrous oxide-induced
vitamin B, deficiency. Proceedings (Baylor University Medical
Center) 30:171-172. https://doi.org/10.1080/08998280.2017.
11929571

Jain KK, Malhotra HS, Garg RK, Gupta PK, Roy B, Gupta RK
(2014) Prevalence of MR imaging abnormalities in vitamin B,
deficiency patients presenting with clinical features of subacute
combined degeneration of the spinal cord. J Neurol Sci 342:162—
166. https://doi.org/10.1016/J.JNS.2014.05.020

Briani C, Torre CD, Citton V et al (2013) Cobalamin deficiency:
clinical picture and radiological findings. Nutrients 5:4521-4539
Abdel Razek AAK, Alvarez H, Bagg S, Refaat S, Castillo M (2014)
Imaging spectrum of CNS vasculitis. RadioGraphics 34:873-894.
https://doi.org/10.1148/rg.344135028

Terada M, Nakamagoe K, Obara N et al (2017) Chronic graft-
versus-host disease presenting with multiple punctate intracranial
lesions on contrast-enhanced magnetic resonance imaging. Intern
Med (Tokyo, Japan) 56:363-368. https://doi.org/10.2169/
internalmedicine.56.7329

Boulouis G, de Boysson H, Zuber M, Guillevin L, Meary E,
Costalat V, Pagnoux C, Naggara O, French Vasculitis Group
(2017) Primary angiitis of the central nervous system. Stroke 48:
1248-1255. https://doi.org/10.1161/STROKEAHA.116.016194
Birnbaum J, Hellmann DB (2009) Primary angiitis of the central
nervous system. Arch Neurol 66:704-709. https://doi.org/10.1007/
978-3-319-14871-7_17

Abdelrasoul AA, Elsebaie NA, Gamaleldin OA, Khalifa MH,
Razek AAKA (2019) Imaging of brain infarctions: beyond the
usual territories. ] Comput Assist Tomogr 43:443-451. https:/doi.
org/10.1097/RCT.0000000000000865

Salvarani C, Brown RD, Calamia KT et al (2007) Primary central
nervous system vasculitis: analysis of 101 patients. Ann Neurol 62:
442-451. https://doi.org/10.1002/ana.21226

Sostak P, Padovan CS, Eigenbrod S, Roeber S, Segerer S, Schankin
C, Siegert S, Saam T, Theil D, Kolb HJ, Kretzschmar H, Straube A
(2010) Cerebral angiitis in four patients with chronic GVHD. Bone
Marrow Transplant 45:1181-1188. https://doi.org/10.1038/bmt.
2009.323

Pittock SJ, Debruyne J, Krecke KN, Giannini C, van den Ameele J,
de Herdt V, McKeon A, Fealey RD, Weinshenker BG, Aksamit AJ,
Krueger BR, Shuster EA, Keegan BM (2010) Chronic lymphocytic
inflammation with pontine perivascular enhancement responsive to
steroids (CLIPPERS). Brain 133:2626-2634. https://doi.org/10.
1093/brain/awq164

Dudesek A, Rimmele F, Tesar S et al (2014) CLIPPERS: chronic
lymphocytic inflammation with pontine perivascular enhancement


https://doi.org/10.1001/jamaneurol.2015.2960
https://doi.org/10.1001/jamaneurol.2015.2960
https://doi.org/10.1007/s00234-015-1629-y
https://doi.org/10.1016/S1474-4422(18)30318-1
https://doi.org/10.3174/ajnr.A2171
https://doi.org/10.3174/ajnr.A2171
https://doi.org/10.2147/NDT.S157959
https://doi.org/10.1016/j.jocn.2014.04.013
https://doi.org/10.1007/s00415-014-7295-x
https://doi.org/10.1007/s00415-014-7295-x
https://doi.org/10.1182/blood-2011-03-321349
https://doi.org/10.1155/2018/3606970
https://doi.org/10.1148/radiographics.17.6.9397461
https://doi.org/10.1148/radiographics.17.6.9397461
https://doi.org/10.1186/1470-7330-14-22
https://doi.org/10.1186/1470-7330-14-22
https://doi.org/10.1007/s11060-009-9834-3
https://doi.org/10.1007/s11060-009-9834-3
https://doi.org/10.14245/kjs.2012.9.1.32
https://doi.org/10.1148/rg.2018170157
https://doi.org/10.1016/J.CRAD.2015.09.007
https://doi.org/10.1016/j.crad.2018.05.018
https://doi.org/10.5114/pjr.2018.73290
https://doi.org/10.5114/pjr.2018.73290
https://doi.org/10.1093/jnen/nlx095
https://doi.org/10.1186/1750-1172-8-137
https://doi.org/10.1056/NEJMcp1113996
https://doi.org/10.1080/08998280.2017.11929571
https://doi.org/10.1080/08998280.2017.11929571
https://doi.org/10.1016/J.JNS.2014.05.020
https://doi.org/10.1148/rg.344135028
https://doi.org/10.2169/internalmedicine.56.7329
https://doi.org/10.2169/internalmedicine.56.7329
https://doi.org/10.1161/STROKEAHA.116.016194
https://doi.org/10.1007/978-3-319-14871-7_17
https://doi.org/10.1007/978-3-319-14871-7_17
https://doi.org/10.1097/RCT.0000000000000865
https://doi.org/10.1097/RCT.0000000000000865
https://doi.org/10.1002/ana.21226
https://doi.org/10.1038/bmt.2009.323
https://doi.org/10.1038/bmt.2009.323
https://doi.org/10.1093/brain/awq164
https://doi.org/10.1093/brain/awq164

Neuroradiology

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

responsive to steroids. Review of an increasingly recognized entity
within the spectrum of inflammatory central nervous system disor-
ders. Clin Exp Immunol 175:385-396. https://doi.org/10.1111/cei.
12204

Tobin WO, Guo Y, Krecke KN, Parisi JE, Lucchinetti CF, Pittock
SJ, Mandrekar J, Dubey D, Debruyne J, Keegan BM (2017)
Diagnostic criteria for chronic lymphocytic inflammation with pon-
tine perivascular enhancement responsive to steroids (CLIPPERS).
Brain 140:2415-2425. https://doi.org/10.1093/brain/awx200

Taieb G, Mulero P, Psimaras D et al (2019) CLIPPERS and its
mimics: evaluation of new criteria for the diagnosis of
CLIPPERS. J Neurol Neurosurg Psychiatry 0:1-12. https://doi.
org/10.1136/jnnp-2018-318957

Dutra Garbugio B, da Rocha AJ, Janior RH, Junior ACMM (2018)
Neuromyelitis optica spectrum disorders: spectrum of MR imaging
findings and their differential diagnosis. RadioGraphics 38:169—
193

Pekcevik Y, Orman G, Lee IH, Mealy MA, Levy M, Izbudak I
(2016) What do we know about brain contrast enhancement pat-
terns in neuromyelitis optica? Clin Imaging 40:573-580. https:/
doi.org/10.1016/j.clinimag.2015.07.027

Pekcevik Y, Izbudak I (2015) Perivascular enhancement in a patient
with neuromyelitis optica spectrum disease during an optic neuritis
attack. J Neuroimaging 25:686—687. https://doi.org/10.1111/jon.
12198

Flanagan EP, Hinson SR, Lennon VA, Fang B, Aksamit AJ, Morris
PP, Basal E, Honorat JA, Alfugham NB, Linnoila JJ, Weinshenker
BG, Pittock SJ, McKeon A (2017) Glial fibrillary acidic protein
immunoglobulin G as biomarker of autoimmune astrocytopathy:
analysis of 102 patients. Ann Neurol 81:298-309. https://doi.org/
10.1002/ana.24881

Fang B, McKeon A, Hinson SR, Kryzer TJ, Pittock SJ, Aksamit
AJ, Lennon VA (2016) Autoimmune glial fibrillary acidic protein
astrocytopathy: a novel meningoencephalomyelitis. JAMA
Neurology 73:1297-1307. https://doi.org/10.1001/jamaneurol.
2016.2549

Mehdipoor G, Davatchi F, Ghoreishian H, Arjmand Shabestari A
(2018) Imaging manifestations of Behcet’s disease: key consider-
ations and major features. Eur J Radiol 98:214-225. https://doi.org/
10.1016/j.ejrad.2017.11.012

Leonardo NM, McNeil J (2015) Behcet’s disease: is there geo-
graphical variation? A review far from the silk road. Int J
Rheumatol 2015:1-7. https://doi.org/10.1155/2015/945262

Lee WIJ, Choi C, Kim JM, Jung KH, Roh JK (2017) Delayed
symptomatic intracerebral hemorrhages in neuro-Behcet’s disease.
J Neurol 264:394-396. https://doi.org/10.1007/s00415-016-8363-1
Matsuo K, Yamada K, Nakajima K, Nakagawa M (2005) Neuro-
Behcet disease mimicking brain tumor. AJNR 26:650-653

Liu HM, Dong C, Zhang YZ et al (2017) Clinical and imaging
features of spinal cord type of neuro Behget disease: a case report
and systematic review. Medicine (United States) 96:1—4. https:/doi.
org/10.1097/MD.0000000000007958

Kokturk A (2012) Clinical and pathological manifestations with
differential diagnosis in Behget’s disease. Pathol Res Int 2012:1—
9. https://doi.org/10.1155/2012/690390

Stanek G, Wormser GP, Gray J, Strle F (2012) Lyme borreliosis.
Lancet 379:461-473. https://doi.org/10.1016/B978-0-444-63596-
9.00022-0

Shapiro ED (2014) Clinical practice. Lyme disease. N Engl J Med
370:1724-1731. https://doi.org/10.1056/NEJMcp1314325
Agarwal R, Sze G (2009) Neuro-Lyme disease: MR imaging find-
ings. Radiology 253:443-452

Lindland ES, Solheim AM, Andreassen S, Quist-Paulsen E,
Eikeland R, Ljestad U, Mygland A, Elsais A, Nygaard GO,
Lorentzen AR, Harbo HF, Beyer MK (2018) Imaging in Lyme
neuroborreliosis. Insights Imaging 9:833-844

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Hildenbrand P, Craven DE, Jones R, Nemeskal P (2009) Lyme
neuroborreliosis: manifestations of a rapidly emerging zoonosis.
Am J Neuroradiol 30:1079-1087. https://doi.org/10.3174/ajnr.
A1579

Shih RY, Koeller KK (2015) Bacterial, fungal, and parasitic infec-
tions of the central nervous system: radiologic-pathologic correla-
tion and historical perspectives: from the radiologic pathology ar-
chives. RadioGraphics 35:1141-1169. https://doi.org/10.1148/rg.
2015140317

Sharma RR (2010) Fungal infections of the nervous system: current
perspective and controversies in management. Int J Surg 8:591—
601. https://doi.org/10.1016/j.ijsu.2010.07.293

Liu Y, Mittal R, Solis NV et al (2011) Mechanisms of Candida
albicans trafficking to the brain. PLoS Pathog 7:1-13. https:/doi.
org/10.1371/journal.ppat.1002305

Zarrin M, Mahmoudabadi AZ (2009) Invasive candidiasis; a review
article. Jundishapur J Microbiol 2:1-6

Nakayama H, Shibuya K, Kimura M et al (2010) Histopathological
study of candidal infection in the central nervous system. Jpn ] Med
Mycol 51:31-45

Starkey J, Moritani T, Kirby J (2014) MRI of CNS fungal infec-
tions: review of aspergillosis to histoplasmosis and everything in
between. Clin Neuroradiol 24:217-230. https://doi.org/10.1007/
s00062-014-0305-7

Duarte BSL, Oshima MM, Mesquita JVDA et al (2017) Magnetic
resonance imaging findings in central nervous system cryptococco-
sis: comparison between immunocompetent and immunocompro-
mised patients. Radiol Bras 50:359-365

Koshy JM, Mohan S, Deodhar D, John M, Oberoi A, Pannu A
(2016) Clinical diversity of CNS cryptococcosis. J Assoc
Physicians India 64:15-19

Bloomgren G, Richman S, Hotermans C, Subramanyam M, Goelz
S, Natarajan A, Lee S, Plavina T, Scanlon JV, Sandrock A, Bozic C
(2012) Risk of natalizumab-associated progressive multifocal
leukoencephalopathy. N Engl J Med 366:1870-1880. https:/doi.
org/10.1056/NEJMoal107829

Takeda S, Yamazaki K, Miyakawa T, Takahashi H, Ikuta F, Arai H
(2009) Progressive multifocal leukoencephalopathy showing exten-
sive spinal cord involvement in a patient with lymphocytopenia.
Neuropathology 29:485-493. https://doi.org/10.1111/).1440-1789.
2008.00981.x

Wattjes MP, Wijburg MT, Vennegoor A et al (2015) MRI charac-
teristics of early PML-IRIS after natalizumab treatment in patients
with MS. J Neurol Neurosurg Psychiatry 87:879-884. https://doi.
org/10.1136/jnnp-2015-311411

Pavlovic D, Patera AC, Nyberg F, Gerber M, Liu M, Progressive
Multifocal Leukeoncephalopathy Consortium (2015) Progressive
multifocal leukoencephalopathy: current treatment options and fu-
ture perspectives. Ther Adv Neurol Disord 8:255-273. https://doi.
org/10.1177/1756285615602832

Wattjes MP, Verhoeff L, Zentjens W et al (2013) Punctate lesion
pattern suggestive of perivascular inflammation in acute
natalizumab-associated progressive multifocal
leukoencephalopathy: productive JC virus infection or preclinical
PML-IRIS manifestation? J Neurol Neurosurg Psychiatry 84:1176—
1177. https://doi.org/10.1136/jnnp-2013-304986

Langer-Gould A, Atlas SW, Green AJ, Bollen AW, Pelletier D
(2005) Progressive multifocal leukoencephalopathy in a patient
treated with natalizumab. N Engl J Med 353:375-381. https://doi.
org/10.1056/NEJMoa051847

Metz I, Radue E-W, Oterino A, Kiimpfel T, Wiendl H, Schippling
S, Kuhle J, Sahraian MA, Gray F, Jakl V, Héusler D, Briick W
(2012) Pathology of immune reconstitution inflammatory syn-
drome in multiple sclerosis with natalizumab-associated progres-
sive multifocal leukoencephalopathy. Acta Neuropathol 123:235—
245. https://doi.org/10.1007/s00401-011-0900-5

@ Springer


https://doi.org/10.1111/cei.12204
https://doi.org/10.1111/cei.12204
https://doi.org/10.1093/brain/awx200
https://doi.org/10.1136/jnnp-2018-318957
https://doi.org/10.1136/jnnp-2018-318957
https://doi.org/10.1016/j.clinimag.2015.07.027
https://doi.org/10.1016/j.clinimag.2015.07.027
https://doi.org/10.1111/jon.12198
https://doi.org/10.1111/jon.12198
https://doi.org/10.1002/ana.24881
https://doi.org/10.1002/ana.24881
https://doi.org/10.1001/jamaneurol.2016.2549
https://doi.org/10.1001/jamaneurol.2016.2549
https://doi.org/10.1016/j.ejrad.2017.11.012
https://doi.org/10.1016/j.ejrad.2017.11.012
https://doi.org/10.1155/2015/945262
https://doi.org/10.1007/s00415-016-8363-1
https://doi.org/10.1097/MD.0000000000007958
https://doi.org/10.1097/MD.0000000000007958
https://doi.org/10.1155/2012/690390
https://doi.org/10.1016/B978-0-444-63596-9.00022-0
https://doi.org/10.1016/B978-0-444-63596-9.00022-0
https://doi.org/10.1056/NEJMcp1314325
https://doi.org/10.3174/ajnr.A1579
https://doi.org/10.3174/ajnr.A1579
https://doi.org/10.1148/rg.2015140317
https://doi.org/10.1148/rg.2015140317
https://doi.org/10.1016/j.ijsu.2010.07.293
https://doi.org/10.1371/journal.ppat.1002305
https://doi.org/10.1371/journal.ppat.1002305
https://doi.org/10.1007/s00062-014-0305-7
https://doi.org/10.1007/s00062-014-0305-7
https://doi.org/10.1056/NEJMoa1107829
https://doi.org/10.1056/NEJMoa1107829
https://doi.org/10.1111/j.1440-1789.2008.00981.x
https://doi.org/10.1111/j.1440-1789.2008.00981.x
https://doi.org/10.1136/jnnp-2015-311411
https://doi.org/10.1136/jnnp-2015-311411
https://doi.org/10.1177/1756285615602832
https://doi.org/10.1177/1756285615602832
https://doi.org/10.1136/jnnp-2013-304986
https://doi.org/10.1056/NEJMoa051847
https://doi.org/10.1056/NEJMoa051847
https://doi.org/10.1007/s00401-011-0900-5

Neuroradiology

68.

69.

70.

71.

72.

73.

74.

75.

76.

Torok ME (2015) Tuberculous meningitis: advances in diagnosis
and treatment. Br Med Bull 113:117-131. https://doi.org/10.1093/
bmb/1dv003

Sanei Taheri M, Karimi MA, Haghighatkhah H et al (2014) Central
nervous system tuberculosis: an imaging-focused review of a
reemerging disease. Radiol Res Pract 2015:1-8. https://doi.org/10.
1155/2015/202806

Khatri GD, Krishnan V, Antil N, Saigal G (2018) Magnetic reso-
nance imaging spectrum of intracranial tubercular lesions: one dis-
ease, many faces. Pol J Radiol 83:628-639. https://doi.org/10.5114/
pjr.2018.81408

Wheat J, Myint T, Guo Y et al (2018) Central nervous system
histoplasmosis. Medicine 97:1-8

Kauffman CA (2007) Histoplasmosis: a clinical and laboratory up-
date. Clin Microbiol Rev 20:115-132. https://doi.org/10.1128/
CMR.00027-06

Orlowski HLP, McWilliams S, Mellnick VM, Bhalla S, Lubner
MG, Pickhardt PJ, Menias CO (2017) Imaging spectrum of inva-
sive fungal and fungal-like infections. RadioGraphics 37:1119—
1134

Kleffner I, Dorr J, Ringelstein M et al (2016) Diagnostic criteria for
Susac syndrome. J Neurol Neurosurg Psychiatry 87:1287-1295.
https://doi.org/10.1136/JNNP-2016-314295

Vishnevskia-Dai V, Chapman J, Sheinfeld R, Sharon T, Huna-
Baron R, Manor RS, Shoenfeld Y, Zloto O (2016) Susac syndrome:
clinical characteristics, clinical classification, and long-term prog-
nosis. Medicine 95:¢5223. https://doi.org/10.1097/MD.
0000000000005223

Susac JO, Murtagh FR, Egan RA et al (2003) MRI findings in
Susac’s syndrome. Neurology 61:1783—1788

Affiliations

Joseph CJ. Bot'

. Linda Mazzai '

Esther Sanchez-Aliaga’ - Frederik Barkhof '~

1

Department of Radiology and Nuclear Medicine, Amsterdam UMC,

Location VUmc, P.O. Box 7057, 1007, MB
Amsterdam, The Netherlands

Institute of Radiology, Department of Medicine (DIMED),
University of Padua, Padua, Italy

Haaglanden Medisch Centrum, The Hague, The Netherlands

@ Springer

71.

78.

79.

80.

81.

82.

Hua LH, Donlon SL, Okuda DT (2014) A case of Susac syndrome
with cervical spinal cord involvement on MRI. J Neurol Sci 337:
228-231. https://doi.org/10.1016/j.jns.2013.11.040

Iguchi Y, Mano K, Goto Y, Nakano T, Nomura F, Shimokata T,
Iwamizu-Watanabe S, Hashizume Y (2007) Miliary brain metasta-
ses from adenocarcinoma of the lung: MR imaging findings with
clinical and post-mortem histopathologic correlation.
Neuroradiology 49:35-39. https://doi.org/10.1007/s00234-006-
0152-6

Ogawa M, Kurahashi K, Ebina A, Kaimori M, Wakabayashi K
(2007) Miliary brain metastasis presenting with dementia: progres-
sion pattern of cancer metastases in the cerebral cortex.
Neuropathology 27:390-395. https://doi.org/10.1111/j.1440-1789.
2007.00782.x

Bekiesinska-Figatowska M, Kuczynska-Zardzewialy A, Klepacka
T, Bragoszewska H, Iwanowska B, Madzik J, Lipska I (2013)
Miliary brain metastases from papillary adenocarcinoma of the
lung—unusual MRI pattern with histopathologic correlation. Pol J
Radiol 78:57-60. https://doi.org/10.12659/pjr.889182

Richaud C, De Lastours V, Panhard X et al (2017) Candida verte-
bral osteomyelitis (CVO) 28 cases from a 10-year retrospective
study in France. Medicine 31:1-7

Furutani K, Harada M, Mawlan M, Nishitani H (2008) Difference
in enhancement between spin echo and 3-dimensional fast spoiled
gradient recalled acquisition in steady state magnetic resonance
imaging of brain metastasis at 3-T magnetic resonance imaging
time-dependent changes in the image contrast of brain

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

- Rogier E. Hagenbeek?

4

. Silvia Ingala’ @ - Bob van Oosten*® -

Department of Neurology, Amsterdam UMC, Location VUmc,
Amsterdam, The Netherlands

Institute of Neurology and Healthcare Engineering, UCL,
London, UK


https://doi.org/10.1093/bmb/ldv003
https://doi.org/10.1093/bmb/ldv003
https://doi.org/10.1155/2015/202806
https://doi.org/10.1155/2015/202806
https://doi.org/10.5114/pjr.2018.81408
https://doi.org/10.5114/pjr.2018.81408
https://doi.org/10.1128/CMR.00027-06
https://doi.org/10.1128/CMR.00027-06
https://doi.org/10.1136/JNNP-2016-314295
https://doi.org/10.1097/MD.0000000000005223
https://doi.org/10.1097/MD.0000000000005223
https://doi.org/10.1016/j.jns.2013.11.040
https://doi.org/10.1007/s00234-006-0152-6
https://doi.org/10.1007/s00234-006-0152-6
https://doi.org/10.1111/j.1440-1789.2007.00782.x
https://doi.org/10.1111/j.1440-1789.2007.00782.x
https://doi.org/10.12659/pjr.889182
http://orcid.org/0000-0003-3543-3706
http://orcid.org/0000-0003-3543-3706
http://orcid.org/0000-0003-3543-3706
http://orcid.org/0000-0003-3543-3706
http://orcid.org/0000-0003-3543-3706
http://orcid.org/0000-0003-3543-3706

	Brain miliary enhancement
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Miliary-enhancing brain lesions and distribution within PVS
	CNS lymphoma
	Neurosarcoidosis
	Erdheim–Chester disease
	Vitamin B12 deficiency
	Primary and secondary CNS vasculitis
	Chronic lymphocytic inflammation with pontine perivascular enhancement responsive to steroids
	Neuromyelitis optica spectrum disorders
	Glial fibrillary acidic protein meningoencephalomyelitis
	Behçet’s disease
	Infectious diseases
	Lyme disease
	Candida albicans
	Cryptococcosis
	Progressive multifocal leukoencephalopathy with immune reconstitution inflammatory syndrome (PML-IRIS)


	Miliary-enhancing brain lesions and distribution outside PVS
	Neurotuberculosis
	Histoplasmosis
	Susac’s syndrome

	Miliary-enhancing brain lesions and distribution within or outside PVS
	Metastatic disease

	Conclusions
	References


