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Abstract: Hematopoietic and lymphoid tumors are a heterogeneous group of diseases including
lymphomas, multiple myeloma (MM), and leukemias. These diseases are associated with systemic
involvement and various clinical presentations including acute neurological deficits. Adult patients with
hematologic malignancies (HM) are at risk for developing a wide array of acute conditions involving the
nervous system. HM in adults may present as tumoral masses responsible for mass effect, possibly resulting
in acute neurological signs and symptoms caused by tumor growth with compression of central nervous
system (CNS) structures. Moreover, as result of the hematologic disease itself or due to systemic treatments,
hematologic patients are at risk for vascular pathologies, such as ischemic, thrombotic, and hemorrhagic
disorders due to the abnormal coagulation status. The onset of these disorders is often with acute neurologic
signs or symptoms. Lastly, it is well known that patients with HM can have impaired function of the immune
system. Thus, CNS involvement due to immune-related diseases such as mycotic, parasitic, bacterial, and
viral infections linked to immunodeficiency, together with immune reconstitution inflammatory syndrome,
are frequently seen in hematologic patients. Knowledge of the etiology and expected CNS imaging findings
in patients with HM is of great importance to reach a fast and correct diagnosis and guide treatment choices.
In this manuscript, we review the computed tomography (CT) and magnetic resonance findings of these

conditions which can be related to the disease itself and/or to their treatments.
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Introduction

Hematologic malignancies (HM) include a wide

and heterogeneous array of disorders. They can be

classified according to the clinical findings, morphology,
immunophenotype and genetic features of cancer cells
as defined by the 4th edition of the World Health

Organization Classification of Tumors of Hematopoietic

and Lymphoid tissues (1).

More commonly, these entities are grouped based on
their tissue of origin:

% Lymphomas: neoplasms arising from lymphocyte
precursors or mature lymphocytes, presenting as
discrete tumoral masses with nodal or extra-nodal
involvement. Clinical manifestations are caused by
tumor growth and/or systemic changes (2).

% Plasma cell neoplasms: neoplasms arising from mature
B lymphocytes. These include multiple myeloma (MM),
plasmacytoma and Waldenstrom macroglobulinemia
(WM) (3). More specifically, MM is characterized
by an uncontrolled proliferation of plasma cells in
the bone marrow with production of monoclonal
immunoglobulin, detectable in the serum and/or urine.

% Leukemias: neoplastic proliferation of hematopoietic
cells with a typical involvement of bone marrow and
often presenting with a high number of malignant
cells in the blood and, rarely, growth of solid tumoral
masses. The most frequent clinical manifestations
are anemia, immunosuppression, or coagulation
disorders, depending on the altered status of
hematopoietic function (2).

Nervous system involvement in patients affected by HM
is a serious complication that deserves rapid diagnosis and
treatment, because it could lead to acute clinical worsening
with or without lethal outcome as well as chronic sequelae.

The nervous system can be involved directly by
proliferation of tumor cells or, indirectly, as a result of
systemic malfunction induced by HM. Furthermore, the
nervous system is also exposed to treatment-related toxicity
by chemotherapeutic drugs, radiation therapy and/or bone
marrow transplantation (2,4).

Neurological signs and/or symptoms related to the
above-mentioned disorders often present with sudden onset
and require prompt and correct diagnosis driven by clinical
status, laboratory data and imaging techniques such as
computed tomography (CT) as first imaging, and magnetic
resonance imaging (MRI) in unclear cases (5).

Neuroimaging plays an essential role in solving clinical
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questions and promptly guide the correct treatment when
HM affects the nervous system. Non-contrast brain CT is
usually the first imaging modality when patients with HM
present with a focal neurological deficit. Depending on the
clinical scenario and associated findings, it may be followed
by a contrast-enhanced study including CT angiography
and CT perfusion. Although CT remains the most
accessible and fast technique, magnetic resonance (MR), due
to its superior sensitivity in investigating brain parenchyma
and meninges, is the gold standard in imaging. Contrast-
enhanced MR and diffusion-weighted imaging (DWI)
are usually part of the standard protocol and extremely
important to better define the spatial location and suggest
the tissue nature. Additionally, MR is the best technique to
follow-up and monitor treatment response (2,6,7).

The purpose of this pictorial review is to illustrate and
discuss imaging findings in common and uncommon acute
disorders involving the nervous system in adults with HM,
with discussion of findings that should be kept in mind by
radiologists facing these entities.

The most common HM which can involve central nervous
system (CNS), related imaging findings, and major research
studies included are summarized in Tables 1-3 (11).

Primary CNS lymphoma (PCNSL)

PCNSL is an extra-nodal form of lymphoma, confined
to the cranio-spinal axis without systemic involvement.
It accounts for approximately 5% of all non-Hodgkin
lymphomas (NHLs), whereas the isolated involvement
of CNS by Hodgkin lymphoma is extremely rare. The
most prevalent histologic subtype is diffuse large B-cell
lymphoma (90%), followed by high-grade Burkitt-like B-cell
lymphoma (10%) (7,33). The main risk factor is congenital
or acquired immunodeficiency. In fact, PCNSL corresponds
to one of the acquired immunodeficiency syndrome
(AIDS)-defining malignancies, accounting for about 20% of
all NHL cases in AIDS patients (8,9).

Patients can present with general symptoms such as
weight loss, nights sweats and fever, but also signs of
cerebral and cerebellar involvement, like focal neurologic
deficit, seizures, headache, increased intracranial pressure
with headache and nausea. In case of spinal involvement
symptoms could include back pain and sensory or motor
alterations (34). Cerebrospinal fluid examination is the most
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Table 1 Imaging findings of the most common HM with potential nervous system involvement

Disease Location CT MRI

Primary Parenchymal lesion, solitary or Unenhanced: T1:

CNS multiple (40%) - Hypo- or isodense - Hypo- or isointense in relation to gray matter

lymphoma  Common: parenchymal lesions T2/FLAIR:

(8-10) - Periventricular (50%) and Post-contrast: - Hypo-intense (rarely as hyperintensities with no enhancement

superficial white matter in the
supratentorial brain

Less common:

- Corpus callosum and
thalamus/basal ganglia

- Cerebellum, brainstem,
spinal cord and leptomeninges
(less common)

Secondary  Parenchymal (25%):

CNS - Paraventricular or superficial
lymphoma  Leptomeningeal (75%)
2,7,11) Sub-ependymal

Dural

Cranial nerve

MM (12-14) Leptomeningeal disease (60%)
Cranial nerve
Dural disease or direct
extension into the CNS
from bone (skull or vertebral
myelomatous lesions
penetrating at least to the
subdural space)
Intraparenchymal lesions

Leukemia Leptomeningeal
(2,15) Cranial nerve
Dura-based focal masses

- Homogeneous moderate-
marked enhancement

- Heterogeneous and
irregular “ring-like”
(necrosis)

on post contrast) in relation to gray matter

DWI:

- Markedly restricted diffusion with low ADC (more than in
high-grade gliomas or metastases)

GRE T2*/SWI:

Moderate vasogenic edema - Not signs of hemorrhage or calcifications

Communicating
hydrocephalus
Post-contrast:

- Enhancing lesions

T1 C+ (Gd):

- Homogeneous moderate-marked enhancement

- Heterogeneous and irregular “ring-like” (necrosis)

- Linear enhancement along Virchow-Robin perivascular
spaces is considered highly suggestive of PCNSL
Moderate vasogenic edema

T1 C+ (Gd):
- Enhancing lesions
Communicating hydrocephalus

Diffusely thickened linear or T1:

nodular pachymeningeal
Single or multiple masses
Post-contrast:

- Enhancing lesions

Unenhanced:

- Iso/hyperattenuating
lesions

- Thickening of
leptomeninges, nerve root
and optic nerve
Post-contrast:

- Enhancing lesions

- Hypointense or isointense, to bone marrow, in case of diffuse
involvement

T2 with fat-suppression:

- Hyperintense

DWI/ADC:

- Mildly restricted diffusion (high signal on high b-value -

DWI compared to the very low signal of normal background
marrow)

T1 C+ (Gd):

- Homogeneous enhancement

T2/FLAIR:

- Hyperintense compared with white matter
DWI/ADC:

- Restricted diffusion

T1 C+ (Gd):

- Homogeneous enhancement

HM, hematologic malignancies; CT, computed tomography; MRI, magnetic resonance imaging; CNS, central nervous system; T1, T1-
weighted; T2, T2-weighted; FLAIR, fluid-attenuated inversion recovery; DWI, diffusion weighted imaging; ADC, apparent diffusion
coefficient; GRE T2*, gradient echo T2*; SWI, susceptibility-weighted imaging; T1 C+ (Gd), post-contrast T1-weighted; PCNSL, primary

CNS lymphoma; MM, multiple myeloma.
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Table 2 Imaging findings of the most common nervous system infections in patients with HM

Category Etiology and location

Imaging findings

Bacterial (16,17)

Meningitis Streptococcus pneumoniae
Neisseria meningitidis
Listeria monocytogenes (immunocompromised
patients)
B
Pseudomonas aeruginosa (neurosurgery patients)

Abscess Nocardiosis
B

Parasitic (16,17) Toxoplasma gondii (ALLO-HSCT patients, after organ
transplantation or ingestion of contaminated food)
Location:
- Basal ganglia and thalami
- Corticomedullary junction and posterior fossa

Viral (17,18)

Encephalitis HSV-1 (most common in adults)
Location:
- Bilateral asymmetric cortical and sub-cortical
- Anterior and medial temporal lobes, insular cortex,
cingulate gyri
- Widespread cortical involvement, brainstem, or
posterior fossa, in immunocompromised patients

HHV-6 (post stem cells transplantation)

Location:

- Limbic encephalitis

- Mesial temporal lobes, sparing parahyppocampal
gyri

EBV
Location:
- Mesial temporal lobe and subcortical white matter

Subarachnoid spaces

-T1: isointense

-T2/FLAIR: hyperintense with cerebral edema
-DWI/ADC: restricted diffusion

-T1 C+ (Gd): leptomeningeal enhancement
-Hydrocephalus

Round/ovoid lesion

-T1: hypointense

-T2/FLAIR: hyperintense, with perilesional vasogenic edema
-DWI/ADC: homogenous diffusion restriction of the necrotic
core

-GRE T2*/SWI: dual rim appearance of the capsule (peripheric
hypointensity and relatively hyperintense inner rim)

-T1 C+ (Gd): peripheral rim enhancement

Multifocal mass lesions

-T1: hypointense

-T2/FLAIR: hyperintense or laminated, with perilesional
vasogenic edema

-DWI/ADC: peripheral diffusion restriction

-GRE T2*/SWI: peripheral hemorrhage occasionally

-T1 C+ (Gd): rim enhancement, with internal eccentric mural
nodule (“eccentric target sign”)

T1: patchy regions of hyperintensity as petechial hemorrhages
T2/FLAIR: hyperintensity of affected white matter and cortex
GRE T2*/SWI: hypointensity with “blooming”

DWI/ADC: early: patchy cortical/subcortical diffusion restriction
T1 C+ (Gd): sub-acute: gyriform enhancement

T1: absent hemorrhage
DWI/ADC: diffusion restriction
T1 C+ (Gd): absent enhancement

Non-specific findings
T2/FLAIR: hyperintensities

Table 2 (continued)
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Category Etiology and location Imaging findings
Ependymitis, CMV (in immunosuppressed patients) Retinitis, ependymitis
retinitis, Location: -T1: hypointensity peri-ventricular
encephalitis - Ependyma -T2/FLAIR: hyperintensity peri-ventricular
- Periventricular regions -DWI/ADC: diffusion restriction of affected ependyma
- Retina -T1 C+ (Gd): nodular thickening enhancement
Diffuse encephalitis
-T2/FLAIR: widespread patchy hyperintense lesions
-T1 C+ (Gd): space-occupying lesion with rim-enhancement
and surrounding vasogenic edema
PML (19-21) JC polyomavirus (in HIV patients) T1: hypointensity

Frequently fatal

No effective therapy

Location:

- Subcortical white matter of the

- Involvement of the subcortical U-fibers with
scalloped appearance

- Parietal, occipital and frontal lobes, or cerebellar

peduncles
- Distribution bilateral and asymmetric

Fungal (16,17)
Abscess,
meningitis,
ischemic stroke
or hemorrhage

Aspergillus
Location:

- Frontal lobes
Angio-invasive
Bone destructive

T2/FLAIR: patchy regions of hyperintensity

DWI/ADC: acute: diffusion restriction peripheral at the edge
demyelination

T1 C+ (Gd): absent, faint or present in the context of immune
reconstitution inflammatory syndrome

T2/FLAIR: central hyperintensity and peripheral hypo/
isointensity (hemorrhagic foci “target” pattern), due to blood
breakdown products or iron products

GRE T2*/SWI: focal microhemorrhages

T1 C+ (Gd): rim-enhancing lesions (abscess); solid enhancing
lesions (aspergilloma)

HM, hematologic malignancies; TB, tuberculosis; T1, T1-weighted; T2, T2-weighted; FLAIR, fluid-attenuated inversion recovery; DWI,
diffusion weighted imaging; ADC, apparent diffusion coefficient; T1 C+ (Gd), post-contrast T1-weighted; GRE T2*, gradient echo T2%
SWI, susceptibility-weighted imaging; ALLO-HSCT, allogeneic hematopoietic stem cell transplant; HSV, herpes simplex virus; HHV, human
herpesvirus; EBV, Epstein-Barr virus; CMV, cytomegalovirus; PML, progressive multifocal leukoencephalopathy; JC, John Cunningham;

HIV, human immunodeficiency virus.

sensitive technique to evaluate leptomeningeal disease.
CT, fluorodeoxyglucose-positron emission tomography
(FDG-PET), and mostly MRI contribute to the imaging
investigation in order to establish the diagnosis, prognosis,
and assessing response to treatments. In fact, MRI is the
imaging modality most widely used for treatment response
evaluation in patients with CNS lymphoma (7-9,11).

PCNSL appears as solitary or multiple parenchymal
lesions with surrounding vasogenic edema, occurring
more commonly in immunodeficient patients. Usually,
PCNSL has a predilection for the periventricular (50%)
and superficial white matter in the supratentorial brain
(Figure 1), but also for the corpus callosum, thalamus and
basal ganglia. Brain lesions of PCNSL are often located
either superficial subpial or deep subependymal.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

In PCNSL less common sites are the cerebellum,
brainstem, spinal cord, leptomeninges, and rarely ventricles
(9,22,34). Unenhanced CT typically demonstrates iso- or
slightly hyperdense parenchymal lesions with respect to
the cortex. MRI shows lesions as hypo- or isointense on
unenhanced T'1-weighted images, with a variable degree of
hypointensity on T2-weighted images with respect to gray
matter, with surrounding vasogenic edema. Rarely PCNSL
can present as an isolated white matter hyperintensity on
T2-weighted sequences with no enhancement on post-
contrast T'1-weighted sequences (33).

A characteristic feature of PCNSL is true restricted
diffusion with low apparent diffusion coefficient values on
DWI, due to tumor hypercellularity. This feature is often
more pronounced in PCNSL than in high-grade gliomas or
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Authors, year Country  Aim/rationale Patients Main conclusions
Wang et al., Shanghai, To assess the value of CT findings in 84 Halo sign and pleural involvement are independent
2021 (22) China predicting survival of patients with prognostic factors for OS
| B-cell NHL
pulmonary 5-ce Number of lung lesions, cross-lobe sign, and pleural
involvement are correlated with PFS
Peters et al., Kiel, To prove diagnostic benefit of SWI 15 Better differential diagnosis between glioblastomas and
2012 (23) Germany lymphomas
Radbruch Heidelberg, To evaluate appearance of ITSS on 132 Better differential diagnosis evaluating ITSS of
etal.,2013 (8) Germany SWI to differentiate glioblastoma and glioblastoma and B-cell PCNSL
B-cell PCNSL
Kawase etal., Kagawa, To compare uptake of MET and FDG 13 No significant difference between T/N ratios using MET-
2011 (24) Japan in patients with CNS lymphoma PET and FDG PET
Uptake of MET in CNS lymphoma was significantly lower
than that of FDG
MET PET demonstrated equal sensitivity to FDG PET for
primary lesions in CNS lymphoma
Puranik et al., Mumbai,  To assess the utility of FET-PET in 27 Good results of FET-PET in differentiating high-grade glial
2019 (25) India differentiating between high-grade tumors from other high-grade brain lesions when the MRI
brain lesions (i.e., high grade gliomas, features are equivocal
metastases, PCNSL)
Schmitz et al., Vancouver, To develop and validate a risk score 2,164 CNS-IPI is a highly reproducible tool to estimate the risk of
2016 (26) Canada for relapse in the CNS in patients with CNS relapse/progression in patients with DLBCL treated
DLBCL with R-CHORP (i.e., rituximab plus cyclophosphamide,
doxorubicin, vincristine, and prednisone) chemotherapy
Sunetal., Zhengzhou, To assess quantification of tumor 95 Quantitative whole-body functional MRI examination may
2021 (27) China burden in MM patients using whole- be used as an effective complement for diagnosis and
body MRI and to find prognostic evaluate tumor burden in MM
biomarkers
Jietal., 2021 Tianjin, To investigate correlation between 35 ADC value combined with water-fat separation parameters
(28) China ADC values from whole-body DWI could be used for evaluating thoracolumbar bone marrow
and water/fat MRI signals from T1- infiltration in MM
ighted water-fat tion i
welg P.' wateria separ.a I.on |r.1 ) All parameters correlated with the proportion of BMPC
evaluating bone marrow infiltration in
MM
Shietal., 2010 Shanghai, To evaluate clinical usefulness of a 39 Electrophysiological abnormalities and reduced
(29) China classification scheme of CES based saddle sensation: indices of early diagnosis. Bilateral
on symptoms, imaging signs and radiculopathy or sciatica: early stages and indicate a high
electrophysiological findings risk of development of advanced CES
Preclinical and early stages have better functional recovery
than patients in later stages after surgical decompression
Edenetal., Birmingham, To evaluate cerebral thrombotic 10 Patients with ALL in treatment with L-asparginase have
2016 (30) UK complications associated with higher risk of cerebral thrombotic complications

L-asparaginase treatment for ALL

Table 3 (continued)
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Authors, year Country Aim/rationale Patients Main conclusions
Tanetal., Baltimore, To describe types of PML in relation 54 Immune reconstitution following combined antiretroviral
2009 (19) USA to IRIS and the effects of steroid use therapy may lead to activation of an inflammatory
response to detectable or latent JC virus infection
Early and prolonged treatment with steroids may be useful
Gust et al., Washington, To identify risk factors for 133 Endothelial dysfunction, increased BBB permeability, high
2017 (31) USA neurotoxicity in patients in treatment serum concentrations of IL-6 and MCP-1 within
with after CD19 CAR-T cells 24 hours of CAR-T cell infusion are present in neurotoxicity
Masch et al., Michigan, To compare differences in DTI 22 Combined assessment of DTl and DSC MR perfusion
2016 (32) USA and DSC MR perfusion imaging properties of new contrast-enhancing lesions is helpful in

characteristics of recurrent neoplasm

and radiation necrosis in brain tumors

previously treated with radiotherapy
with or without surgery and
chemotherapy

distinguishing recurrent neoplasm from radiation necrosis

CT, computed tomography; NHL, non-Hodgkin lymphoma; OS, overall survival; PFS, progression-free survival; SWI, susceptibility-
weighted imaging; ITSS, intratumoral susceptibility signals; PCNSL, primary central nervous system lymphoma; MET, 11-C methionine;
FDG, fluorodeoxyglucose; CNS, central nervous system; PET, positron emission tomography; FET, 18-fluoride-fluoro-ethyl-tyrosine;
MRI, magnetic resonance imaging; DLBCL, diffuse large B-cell lymphoma; IPI, international prognostic index; R-CHOP, rituximab
plus cyclophosphamide, doxorubicin, vincristine and prednisone; MM, multiple myeloma; ADC, apparent diffusion coefficient;
BMPC, bone marrow plasma-cells; CES, cauda equina syndrome; ALL, acute lymphoblastic leukemia; PML, progressive multifocal
leukoencephalopathy; IRIS, Immune reconstitution inflammatory syndrome; JC, John Cunningham; BBB, blood-brain barrier; DTI, diffusion
tensor imaging; DSC, dynamic susceptibility contrast; MR, magnetic resonance.

metastases (7,8,11).

Susceptibility-weighted imaging (SWI) sequences have
been proposed as important MR tool possibly helping to
differentiate between glioblastomas and lymphomas, that
should be added to the clinical MR tumor protocol (23).
SWI usually do not show signs of hemorrhage or
calcifications, which are less common findings in PCNSL.
However, intratumoral susceptibility signals were found
within the T-cell PCNSL, suggesting this feature to be
more common for this kind of PCNSL (8).

Post-contrast CT and MRI studies, typically show
homogeneous moderate to marked enhancement, despite
heterogeneous and irregular “ring-like” enhancement, can
sometimes be seen too, due to central necrosis, especially in
immunocompromised patients (7,10).

FDG PET/CT, but also methionine PET, have been
found useful in staging, prognosis, therapeutic monitoring,
but also in the detection of occult systemic lymphoma in
patients presenting with CNS involvement. On this respect,
no differences in sensitivity (i.e., 100%) were found between
tumor-to-contralateral normal brain tissue ratios between
11C-methionine (MET) PET and 2-deoxy-2-["*F] FDG

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

PET in assessing PCNSL, despite the uptake of MET
being significantly lower (24).

PCNSL usually presents greater metabolic activity
than high-grade gliomas or metastases. Interestingly,
the utility of 18-fluoride-fluoro-ethyl-tyrosine positron
emission tomography (FET-PET) in discriminating high-
grade brain lesions with overlapping MR features among
glioma, metastases, and PCNSL has been tested (25).
Authors evaluated tumor-to-contralateral white mater ratio,
applied receiver operating characteristic curve analysis, and
estimated a cutoff of 1.9 to differentiate between tumor
of glial or non-glial origin (sensitivity =93.8%; specificity
=91%) (24,25,35).

Regarding spatial location, differential diagnosis of
lesions involving the corpus callosum and periventricular
white matter is wide, including glioma, metastases,
toxoplasmosis, tuberculosis, but also cerebral vasculitis and
multiple sclerosis.

Treatment of PCNSL varies according to age,
comorbidities, and performance status of the patients.
There are different options based on high dose multidrug
chemotherapy that the penetrate blood-brain barrier

Quant Imaging Med Surg 2023;13(11):7530-7551 | https://dx.doi.org/10.21037/qims-22-1201



Quantitative Imaging in Medicine and Surgery, Vol 13, No 11 November 2023 7537

Figure 1 An 82-year-old man with primary CNS lymphoma presenting with mental confusion and upper limb weakness. Axial and coronal

post-contrast T1 MRI images (A,B) show a solid right temporal mass with intense post-gadolinium enhancement (red arrowheads), with

intralesional hemorrhage and intralesional areas of restricted diffusion (green arrowheads) shown in the axial DWI images and ADC map

(C,D), surrounded by vasogenic edema (blue arrowhead) (A-D). There is also mass effect with right lateral ventricle compression and

midline shift to the left (yellow arrowhead). CNS, central nervous system; T1, T1-weighted; MRI, magnetic resonance imaging; DWI,

diffusion weighted imaging; ADC, apparent diffusion coefficient.

(e.g., methotrexate, cytarabine), monoclonal antibody
therapy (e.g., rituximab) and whole brain irradiation, with
corticosteroids and osmotic agents to reduce vasogenic
edema (9,10,23,36). In case of Burkitt lymphoma, extra-
nodal involvement is frequent with bone marrow invasion
in 70% and leptomeningeal in 40% of adults at the time
of diagnosis. The potential rapid progression and the poor
prognosis make of paramount importance early diagnosis

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

and treatment with high dose systemic or intra-thecal

therapy (35).

Secondary CNS lymphoma

It is more common than the primary form, typically
originating as systemic diffusion in 10-15% of patients with

aggressive subtypes of NHL, such as diffuse large B-cell
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lymphoma, Burkitt lymphoma, mantle cells lymphoma.
Additionally, secondary CNS lymphoma often presents as
relapsed disease (80%) (2,7,11,35).

Depending on the location of the primary site, the
risk for CNS involvement is different. Primary orbital,
paranasal sinus and testis lymphomas show a higher risk for
CNS dissemination, together with elevated levels of lactate
dehydrogenase, involvement or more than one extra-nodal
site, and advanced disease (i.e., stage III-IV) (26).

Patients can show symptoms and signs arising from
multiple sites in the neuroaxis, such as cranial or spinal
neuropathies, but also headache, often determined by
the increased intracranial pressure due to obstruction of
cerebrospinal fluid (CSF) flow/absorption (40%). The most
common form of CNS involvement in secondary lymphoma
leptomeningeal disease (75%), which can determine an
involvement of cranial nerves, spinal cord, and nerve roots.
CT is less sensitive than contrast-enhanced MRI, which
is the gold standard for the detection of leptomeningeal
disease. Other findings are parenchymal enhancing
lesions with paraventricular or superficial location, similar
to PCNSL, or leptomeningeal, sub-ependymal, dural,
and cranial nerve enhancement. Associated obstructive
hydrocephalus can be present (2,9,11).

Standard combination therapy used in systemic
lymphoma is not effective for secondary CNS lymphoma.
Instead, patients are treated with methotrexate with or
without radiation therapy (2).

Angiocentric intravascular lympboma

Angiocentric intravascular lymphoma is a rare subtype
of CNS lymphoma, histologically characterized by
proliferation of large malignant lymphocytes cells, located
in the lumen of small blood vessels of the brain, often
determining multifocal ischemic lesions. It may present
with neurologic symptoms, such as altered consciousness,
sensory or motor deficits, or progressive dementia. CT
and MRI manifestations are suggestive for small vessels
related to ischemia or demyelination. Patients have a poor
prognosis, partly due to a challenging and delayed diagnosis.
Treatments is the same as in aggressive NHL (37).

Plasma cell neoplasms

MM represents 15% of HM and it is the most common
primary malignant bone malignancy in adults. MM

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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hallmarks are neoplastic proliferation of plasma cells in the
bone marrow producing monoclonal immunoglobulins.
The most common symptom is bone-related pain, caused by
lytic lesions, often leading to pathologic fractures. Systemic
manifestations are also present, such as, fatigue, weakness,
anemia, and renal failure (12,13). The diagnosis is based
on serum and urine electrophoresis to quantify M protein,
counts of plasma cells in the bone marrow, and a skeletal
survey by low-dose CT, MRI or PET scan. Different
variants of MM include classical MM, plasma cell leukemia,
and solitary plasmacytoma which can be intra- or extra-
medullar solitary tumor, without systemic involvement
(Figure 2). Skull and vertebrae are the most common bone
sites of involvement (36).

The most typical CNS involvement is diffuse or localized
leptomeningeal enhancement (60%). Other manifestations
are extra-axial dura-based masses, solitary or multiple
intraparenchymal lesions and cranial nerve enhancement.
In the spinal canal MM usually presents as an epidural
soft-tissue mass, contiguous or non-contiguous with bone.
Between HM, MM has the highest risk of spinal cord
compression (SCC) (8%) of all form of HM, usually caused
by vertebral collapse, an infiltrating paravertebral mass
or leptomeningeal involvement. Symptoms include pain
(80-90% of patients), acute sensory-motor impairment at
various levels and/or autonomic dysfunction (38).

CT without contrast shows osteolytic bone involvement,
fractures, and spinal narrowing. To better evaluate spinal
cord involvement, including myelopathy and compression
MRI is the imaging technique of choice (38).

Epidural soft tissue lesions of MM usually appear
hypointense to isointense on T'1-weighted images compared
to skeletal muscle, isointense to hyperintense on T2-weighted
images, and show homogeneous enhancement (27,28).

The goals of treatments are to maintain neurological
function, control pain and prevent myelopathy. Initial
therapy for MM includes steroids in association with
proteasome inhibitors (e.g., bortezomib, carfilzomib) and/
or immunomodulant (e.g., thalidomide, lenalidomide) drug
and monoclonal antibody (e.g., daratumumab), with or
without autologous stem cell transplantation based on age
and performance status of the patients. Besides, in patients
with SCCs or lytic lesions of the axial skeleton, radiation
therapy, bisphosphonate, and percutaneous vertebroplasty
could be useful to prevent vertebral collapse leading to
serious complications. Radiation therapy is also an option
for treatment of plasmacytoma (39).
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Figure 2 A 61-year-old man with solitary plasmacytoma of the cranial vault determining compression of the brain. Coronal, sagittal

and axial T'1 post-contrast MRI images (A,B,D) showing expansile bone lesion with inhomogeneous post-gadolinium enhancement (red

arrowheads). This lesion presents with mixed appearance in the coronal T2-weighted images (red arrowhead in C). T1, T1-weighted; MRI,

magnetic resonance imaging.

Leukemia

Leukemia is a term that indicates a group of hematopoietic
malignancies originating from myeloid and lymphoid cell
lineage, involving the bone marrow, and typically causing
anemia, bleedings, and infections. CNS leukemia is
caused by an hematogenous spread with a leptomeningeal
dissemination, or, indirectly, due to extension from cranial
bone involvement (2).

CNS involvement can be observed in acute lymphoblastic
leukemia (ALL) because leukemic cells might invade
meninges through arachnoid veins with subsequent CNS
involvement. Leukemic meningitis can affect the cerebral
hemispheres, cranial nerves and more often, the optic
nerve or spinal cord. Common symptoms are headache and
changed mental status (30,40).

Mass lesions are uncommon in leukemia, however,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

occasionally chloromas can be detected as solid tumors
composed of myeloid leukemic blasts cells adjacent to the
skull or facial bones often with a dural attachment. They
can be also found in other non-CNS anatomical sites, and
their presence is usually associated with aggressive systemic
leukemia (41).

Diagnosis is achieved by cerebral spinal fluid
examination, while MRI can be helpful for detection and
extension evaluation. MR findings in nervous system
leukemia include leptomeningeal enhancement, thickening
and abnormal enhancement of nerve roots and/or optic
nerves, and dural-based focal masses, possibly appearing as
iso/hyperattenuating on unenhanced CT (Figure 3). MR
shows T2-hyperintense lesions compared with white matter,
with restricted diffusion. At post-contrast CT or MRI
these lesions usually present marked and homogeneous
enhancement (40).
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Figure 3 A 28-year-old man with acute lymphoid leukemia, presenting with epileptic seizures and ITII-IV cranial nerves palsy. Axial post-

contrast T'1 images (A,B) demonstrating diffuse meningeal enhancement due to extensive leukemic meningitis (red arrowheads) as confirmed

by CSF cytology and microbiology. T'1, T'1-weighted; CSEF, cerebrospinal fluid.

Treatment of choice is with chemotherapy, and/or
intrathecal chemotherapy (41).

Etiopathogenetic classification

According to the underlying etiopathogenetic mechanism,
we propose a classification of the acute conditions involving
the nervous system in adult patients affected by HM. These
can be grouped into three categories: tumoral mass effect,
vascular and immune-related.

Tumoral mass effect

Mass-forming HM with potential nervous system
involvement usually show compressive and/or infiltrative
behavior, with slowly progressive or fast growth (42).
Acute clinical onset with focal or generalized neurological
symptoms including headache, focal deficit, pain, motor
or sensory impairment, cranial nerves palsies, changes in
mental status, seizures, and coma (Figures 1,2,4,5).

Elevated intracranial pressure (EIP)

EIP needs to be managed rapidly, because it could lead to
irreversible neurological deficit or even death. Any rise
in the volume content of the non-expandable calvarium

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

will cause increased intracranial pressure. EIP can have
various causes. It is mainly provoked by a mass lesion
(e.g., brain tumor, abscess), by obstructive hydrocephalus
due to leptomeningeal disease, by obstruction of venous
outflow due to venous thrombosis, or also as a consequence
of vasogenic edema, accompanying primary and
secondary tumors, or cytotoxic edema, in cases of stroke
or meningoencephalitis (43). As a result of an increased
pressure gradient, the main severe sequelae of EIP are
decreased cerebral decreased blood flow with possible
secondary ischemia and herniation of brain structures into
adjacent compartments. The first non-specific symptom
is usually headache, but it can present with many other
symptoms including nausea, vomiting and diplopia. In
more advanced stages, involvement of the brainstem can
be associated with Cushing’s triad (i.e., hypertension,
bradycardia, and irregular breathing). CT and MRI can
reveal signs of increased EIP such as enlarged ventricles,
volume reduction of subarachnoid spaces and brain
herniation, but also the underlying causes such as tumors,
abscesses, and hematomas (44,45).

Scc

SCC is reported in about 10% of hematologic patients,
with MM being the most common etiology (8%). SCC
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Figure 4 A 67-year-old woman with multiple myeloma. Acute onset of hypoesthesia of the lower limbs and gait disturbances. In the T2-

weighted sagittal and post-contrast fat-suppressed T'1-weighted sagittal and axial MR images (A-C), a pathologic mass arising from the bone

at T6 to T8 invades the vertebral canal with spinal cord compression and myelopathy (light blue arrows). There is also pathologic vertebral

fracture of T8 contacting the anterior aspect of the spinal cord (red arrows). MR, magnetic resonance.

can be caused by many conditions including vertebral
collapse and bone destruction, common in metastasis and
MM, infiltrating paravertebral mass, especially in case of
lymphoma, leptomeningeal involvement, but also pyogenic
spinal infections or epidural hematomas. Usually, the earliest
and most common symptom is pain (90%), often with an
increasing intensity and progressive disability. Functional
symptoms and signs, such as, weakness, sensory loss and

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

autonomic dysfunctions can also be present (12,38,46). A
good physical examination allows to detect the anatomic
level of SCC; however, imaging is fundamental to assess the
cause, extension, and severity of this condition. Contrast
enhanced MR is the most accurate diagnostic tool, allowing
imaging of the entire spine. It provides information about
the level of SCC. Multilevel involvement is seen in about
30% of patients, presence of spinal cord complications such
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Figure 5 A 71-year-old woman affected by multiple myeloma, presenting at the emergency department with right hypoglossal and

facial nerves palsies. MRI shows a tumoral mass at the skull base on the right side (red arrows) slightly hyperintense in T2 (A,B), with

homogeneous contrast enhancement in post-contrast T'1 images (C,D), infiltrating the right hypoglossal and facial nerves. MRI, magnetic

resonance imaging; T2, T2-weighted; T'1, T1-weighted.

as edema or ischemia (29,38,39).

Cauda equina syndrome is another severe complication
determined by compression of descending lumbar and
sacral nerve roots, usually presenting with back pain and
a classic clinical triad including saddle anesthesia, bowel
and/or bladder dysfunction, and lower extremity weakness.
It is considered as a diagnostic and surgical emergency
because a delay in diagnosis could result in substantial
morbidity (29,46).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Vascular

Due to their often-associated state of impaired coagulation,
hematological patients have a higher risk of developing
acute cerebrovascular conditions, such as posterior
reversible encephalopathy syndrome (PRES), intracerebral
and subarachnoid hemorrhage, microbleeds, ischemic
stroke, and dural sinus and cerebral vein thrombosis (CVT)

(Figures 6-8). Hypercoagulability state or bleeding diathesis
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Figure 6 A 78-year-old woman with history of multiple myeloma, presenting with acutely with headache and seizure after high blood

pressure peak (200/130 mmHg). Diagnosis of hemorrhagic PRES was achieved. Axial and coronal CT images (A,D), axial and coronal T2-

weighted (B,E), axial FLAIR (C) and axial T2* (F) images, demonstrating bilateral parietal vasogenic edema (red arrows) with hemorrhagic

transformation on the right side (A, D, and green arrow in F). PRES, posterior reversible encephalopathy syndrome; CT, computed

tomography; FLAIR, fluid-attenuated inversion recovery.

can be a consequence of altered coagulation factors by
interference with production or accelerated breakdown,
either due to the disease itself or as a side-effect of
chemotherapeutic agents (30,47,48).

PRES

PRES is a rare neurologic disorder often involving
parieto-occipital regions, determined by the inadequate
autoregulation of posterior circulation in response to
sudden increase of systemic blood pressure (Figure 6).
Hypertensive peaks can exceed cerebral blood flow
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autoregulation capacity leading to hyperperfusion, with
consequent blood-brain barrier breakdown and vasogenic
edema, usually without infarction. The most common
symptoms are headache, focal neurological deficits,
seizure, and visual disturbances, presenting with a rapid
onset (47,49).

Intracerebral bemorrbage (ICH)

ICH is a potentially fatal cerebrovascular complication.
It is the second most common neurological complication
in adult patients with HM, accounting for 70% of
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Figure 7 A 35-year-old man with acute lymphoblastic leukemia, presenting with sudden onset of cauda equina syndrome due to the presence

of spontaneous lumbar epidural hematoma compressing nerve roots (red arrows). MRI shows posterior blood collection with hyperintense

foci in the sagittal T'1-weighted (A) image, with heterogeneous signal in the sagittal (B) and axial (C) T2-weighted images. MRI, magnetic

resonance imaging.

Figure 8 A 43-year-old woman with acute lymphoblastic leukemia treated with L-asparaginase, with acute onset of weakness in the left arm,

and MRI picture of extensive cortical venous thrombosis. Thrombi appear as hypointense filling defects (“empty delta sign”) in the superior

sagittal sinus in post-contrast T'1 sagittal images (red arrows in A). Thrombotic veins are enlarged and markedly hypointense in axial T2* (red

arrows in B and C). MRI, magnetic resonance imaging; T'1, T'1-weighted.

all cerebrovascular diseases in patients with acute
leukemia (i.e., acute promyelocytic—APL, monocytic
and ALL) and 10-20% of leukemic death. It may result
from thrombocytopenia, which is the main risk factor,
disseminated intravascular coagulopathy (DIC), common
in APL, blast crisis or hyperleukocytosis (2,50). There are
multiple underlying pathophysiologic mechanisms that can
contribute to develop this condition, including aneurysmal
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dilatation and bleeding due to extreme leukocytosis
leading to hyperviscosity and sludging of blast cells at the
venous or capillary bed (e.g., acute leukemia); clotting
systems imbalance due to liver infiltration by leukemia
cells; thrombocytopenia due to immune mediate platelet
destruction or chemotherapy; or impaired platelets function
(i.e., myeloproliferative disorders) or aggregation (i.e.,
elevate paraprotein) (2). Headache and altered mental status
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are the most common clinical presentations (50).

APL typically causes thrombocytopenia and DIC, with
a high risk of ICH as a major cause of death. Moreover,
drugs like Ibrutinib used for chronic lymphocytic leukemia
(CLL) can also cause thrombocytopenia and several platelet
inhibitory mechanisms as a side-effect, possibly contributing
to hemorrhage. This can be either intra- or extra-axial
(i.e., epi- or sub-dural, subarachnoid, intraventricular or
intracerebral) and often with multiple foci. The presence of
ICH deserves a close radiological and clinical follow-up (50).
In case of ICH in patients with HM, management is based
on thrombocytopenia correction with platelets transfusion,
coagulopathy with fresh frozen plasma or prothrombin
complex, and hypertension control. Surgical treatment is
for patients with severe mass effect, presence or imminent
risk of brain herniation, intraventricular ICH extension, and

hypertensive hydrocephalus (50).

Cerebral infarction

Less common than hemorrhage in HM patients, cerebral
infarction can be caused by intravascular coagulation,
tumor emboli, septic emboli (e.g., Aspergillus), and arterial
compression/infiltration by tumor cells. Acute leukemias
can cause ischemic stroke or hemorrhagic stroke and venous
infarction. Drugs such as L-asparaginase, used to treat
ALL and acute myeloid leukemia are known to produce
numerous hemostatic effects leading to reduced synthesis of
hemostasis proteins (i.e., proteins S, C and anti-thrombin
IIT) potentially triggering cerebrovascular disorders
(Figure §) (30). The treatment in this setting is quite
complex and includes administration of anticoagulants,
according to the platelets value, and anti-thrombin III
concentrate and cryoprecipitate together with serial CT or
MRI follow-up (30,51).

Cerebral venous thrombosis

HM are often prothrombotic conditions, due to
thrombocythemia, hypercoagulability, leukostasis, clotting
factor deficiencies and chemotherapeutic effect, such as the
case of L-asparaginase in patients with ALL. This condition
can cause dural venous, cortical vein or deep CV'T (Figure §8).
Hemorrhage due to venous infarction of the adjacent brain
structures may also be present accordingly. Frequently
neurological signs and symptoms are present, such as
headaches, altered conscious state, papilledema, focal
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neurological deficits and seizures (48).
This serious condition needs to be promptly treated with
anticoagulants and closely monitored.

Immune-related

Immunodeficiency often occurs in patients affected by
HM, as a consequence of systemic involvement by the
disease itself and/or as side-effects of antineoplastic
or immunosuppressive drugs. Immunocompromised
patients are on one hand at higher risk of developing CNS
infections and on the other hand of disorders like immune
reconstitution inflammatory syndrome, possibly leading to
worsening of the clinical picture often with acute onset of
signs and symptoms (Figures 9,10) (16,17,19).

CNS infections

Patients with HM are at increased risk of CNS infections,
due to abnormal immune function or treatment-related
immunosuppression. CSF analysis and biopsy are the
reference exams to obtain the diagnosis. However,
neuroimaging plays a fundamental role in guiding the
diagnosis and enabling fast patient management.

In patients with a septic state, but also in case of
headache, neutropenic fever, personality change, delirium
or seizure, CNS infections must be considered (7uble 2) (18).

Viral infections can also cause myelitis, and, in such
cases, MRI may show increased signal on T2-weighted
images and enhancement of the spinal cord. Aspergillus
and Toxoplasma gondii are the predominant causative
agents of CNS infections in immunocompromised patients,
especially in the context of allogeneic hematopoietic stemcell
transplantation. The anatomic location and extension of
infection are important variables influencing outcome. The
treatment is usually based on antifungal amphotericin B (52).
Bacterial CNS infections are less commonly diagnosed
in patients with HM, but more frequently occur after
neurosurgical interventions. In case of suspected intracranial
tuberculosis, MRI of the entire neuraxis should be performed
to fully investigate brain and spinal involvement (16,17,53).

These conditions should be diagnosed promptly and
treated with antimicrobial, antifungal or antiviral therapies.

Immune reconstitution inflammatory syndrome (IRIS)

IRIS is a paradoxical clinical worsening often seen in
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Figure 9 A 74-year-old man with acute myeloid leukemia, presenting with acute right faciobrachial hemiplegia and confusion due to

multiple fungal brain abscesses (Aspergillus). Two abscesses are depicted at the frontal lobes (green and red arrows), the largest on the left

side with peripheral “ring” enhancement demonstrated in the in T1 post-contrast axial, sagittal and coronal images (A,D,E), restricted

diffusion shown in the axial DWI images and ADC map (B,C), and surrounding vasogenic edema in the coronal T2-weighted image (light
blue arrow in C-F). T1, T1-weighted; DWI, diffusion weighted imaging; ADC, apparent diffusion coefficient.

immunodeficient patients affected by John Cunningham (JC)
virus-related progressive multifocal leukoencephalopathy
(PML) (19,54).

It is due to restoration of immunity where the immune
system abruptly responds to the infection itself, producing
an excessive inflammatory state. IRIS has been also
described in patients affected by HM previously treated
with natalizumab or rituximab (Figure 10) or rarely in
immunocompetent patients (20,21,55).

PML primarily manifests at MRI with bilateral and
asymmetrical lesions usually located in the subcortical
white matter, hyperintense on T2 weighted and FLAIR
sequences, without mass effect and contrast enhancement.
However, isolated, or associated involvement of the basal
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ganglia, external capsule, and posterior fossa structures
(cerebellum and brainstem) may be seen as well. In IRIS,
patchy gadolinium enhancement or mass effect on MRI,
atypical findings in PML, in association with worsening
neurologic symptoms, are usually present. Moreover, a
punctate pattern with milky way appearance has been
described in some patients (20,21,55).

Immune reaction to treatment

The introduction in the clinical setting of new treatment
leads to the development of new neurological complications.
Chimeric antigen receptor (CAR) T cellular therapy is a
treatment used in case of B-cell HM, which, however, can
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Figure 10 A 68-year-old woman with stage IV non-Hodgkin’s follicular lymphoma, previously treated with rituximab, who suddenly developed

weakness and hypoesthesia of the upper and lower limbs. MRI shows PML-IRIS, demonstrated by the presence of multiple confluent areas,

with an asymmetric bilateral distribution, mainly located at the left fronto-parietal white matter, hyperintense on FLAIR sequence (red arrows

in A,D) with patchy post-contrast enhancement on T1-weighted images (red arrows in B,C,E,F). MRI, magnetic resonance imaging; PML,

progressive multifocal leukoencephalopathy; IRIS, immune reconstitution inflammatory syndrome; FLAIR, fluid-attenuated inversion recovery.

lead to neurotoxicity. The pathophysiology is related to
endothelial activation, with subsequent DIC associated to
blood-brain barrier (BBB) dysfunction and passive diffusion
of cytokines into the brain (31,54). This condition can be
symptomatic with confusion, delirium, cognitive impairment,
and language disturbance such as expressive aphasia.

Brain MRI is usually normal, but thalami and brainstem
hyperintensity on T2/fluid-attenuated inversion recovery
(FLAIR) sequences, along with cerebral edema have been
reported. Steroids and immunosuppressive drugs are
treatment choice (31).

Other medications, such as blinatumomab, cytarabine
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or ifosfamide can lead to neurotoxicity, caused by different
mechanisms; sometimes these conditions can present with
diffuse cerebral white-matter abnormalities on MRI.

Radiation-induced changes

Radiation-induced changes can cause cognitive impairment
and can be categorized in:

% Acute or early delayed injury and long-term

sequelae, that present on T2-weighted/FLAIR MRI

sequences as confluent, periventricular white matter
hyperintensities.
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% Late delayed radiation necrosis, that can mimic
recurrent disease, appearing as a mass with
variable enhancement and central necrosis; hence
correlation with timing and treatment details is
fundamental to ensure an accurate interpretation
of findings. Moreover, advanced MRI techniques
such as diffusion tensor imaging (DTT), dynamic
susceptibility-weighted contrast (DSC), dynamic
contrast-enhanced (DCE), and arterial spin labeling
(ASL) brain perfusion imaging can be helpful in
discriminating between recurrent neoplasms and
radiation necrosis in patients with history of brain
irradiation (32,56).

Conclusions

Adult patients with HM are at risk of developing acute
conditions involving the nervous system. Clinically, there
can be generalized and nonspecific symptoms, which may
cause rapid deterioration and present as an emergency.
Since CNS involvement in patients affected by HM often
has a poor prognosis, a thorough knowledge of the etiology
as well as the expected CT and MRI findings is key in
making a prompt and correct diagnosis in order to start the
most appropriate treatment.
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