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Simple Summary: The updated 4th edition WHO classification of lymphoid malignancies released
in 2016 contains pivotal new terminology and information that is important for radiologists to
understand. In spite of these updates, some lymphoproliferative disorders included in this update
have been rarely discussed in the radiology literature. Many of these disorders have distinct clinical
and imaging features, overlapping with more common disorders, thus causing a delay in diagnosis
and management. Early diagnosis of many of these disorders is key as many of these are potentially
treatable because early intervention may be lifesaving. The purpose of this manuscript is to provide
guidance for radiologists regarding certain rare variants of B-cell lymphoproliferative disorders, in
terms of clinical, histologic, and imaging findings, as well as to incorporate the new and updated
terminology of some disorders included within the 4th edition of the WHO classification of lymphoid
neoplasm.

Abstract: Lymphoproliferative disorders (LPD) are conditions characterized by the uncontrolled
proliferation of B or T-cell lines. They encompass a wide spectrum of abnormalities, which may
be broadly classified as reactive processes or malignant diseases, such as lymphoma, based on
their cellular clonality and clinical behavior. While some of these disorders are rare, they may
be encountered sporadically in clinical practice, causing diagnostic dilemmas owing to overlap
in their clinical and imaging features with more common disorders. The updated 4th edition
WHO classification of lymphoid neoplasms was released in 2016 to incorporate the rapid clinical,
pathological, molecular biology and cytogenetic advances of some of these disorders. Despite these
updates, very little information is presented in the literature from the radiology perspective. The
aim of this article is to familiarize radiologists and other physicians with certain rare variants of
B-cell lymphoproliferative disorders with a focus on imaging features of these disorders, as well as to
provide an overview of some important updates contained within the new WHO classification of
lymphoid neoplasms.

Keywords: updates; WHO classification of hematologic malignancies; lymphoproliferative disorders;
rare B-cell lymphomas; 18F-FDG PET/CT
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1. Introduction

Lymphoproliferative disorders (LPD) are heterogenous conditions characterized by
the uncontrolled proliferation of B or T-cell lines. They encompass a wide spectrum of
abnormalities with varied clinical, pathologic, and imaging features. They are broadly
classified as reactive or malignant diseases based on their cellular clonality and clinical
behavior and include lymphomas and other hematologic malignancies [1]. Lymphomas are
the most common adult hematological malignancies that arise from the lymphoid lineage
cells or their precursors. Lymphomas can be broadly classified as Hodgkin’s lymphoma
(HL) and non-Hodgkin’s lymphoma (NHL). NHL can be further subclassified as either
B-cell lymphoma (BCL) or T-cell lymphoma (TCL) based on the cell of origin. Virtually any
organ can be involved at any stage of the disease. However, at onset, nodal and splenic
involvement is more common in HL, while extranodal disease is more frequent in NHL.
The incidence of extranodal involvement in NHL is rising due to various factors including
increases in human immunodeficiency virus (HIV) and indolent viral infections such as
Epstein–Barr virus (EBV) [2].

Imaging plays a pivotal role in the management of lymphomas, most notably when
using 18F-FDG PET/CT. The use of 18F-FDG PET/CT changes the staging of disease in
nearly one-third of cases, frequently resulting in tumor upstaging by detecting occult
sites not seen on conventional imaging with modalities such as CT or MRI. 18F-FDG
PET/CT can clinically help to further subclassify lymphomas into aggressive or indolent
subtypes based on standardized uptake values (SUVs) and the heterogeneity of disease
involvement. Aggressive lymphomas often display higher SUVs (>10–13) at baseline,
with disease manifesting with focal increased metabolic activity in nodal or extranodal
sites [3]. 18F-FDG PET/CT can also provide information about the most amenable sites
for biopsy to accurately diagnose and classify lymphomas. 18F-FDG PET/CT can also
suggest whether two separate clonal tumors coexist in the same patient, manifesting
with multiple lesions showing separate patterns of SUVs on the same imaging exam,
thus revealing a need to biopsy two different sites to confirm separate clonal tumors by
histological and molecular analysis [4]. During therapy, treatment-induced change in
metabolic activity allows for the assessment of early tumor response, even before a change
in tumor volume is appreciated. 18F-FDG PET/CT can also help predict which lymphomas
are most likely to achieve early complete metabolic response, thus obviating the need for
further consolidation therapy or high-intensity treatment protocols, decreasing unnecessary
risk of treatment toxicity [4] 18F-FDG PET/CT can also suggest lymphoma transformation
by detecting an increase in SUVs of lymphomatous masses despite adequate treatment
received, although definitive confirmation of disease transformation requires confirmation
by histopathologic and molecular analysis. After completion of therapy, some aggressive
lymphomas, such as classic Hodgkin’s lymphoma (CHL) or primary mediastinal large
B-cell lymphoma (PMLBCL), may show residual masses containing necrotic and/or fibrotic
tissue with residual occult neoplastic cells. 18F-FDG PET/CT has been shown to be useful
in identifying active residual sites of disease by the demonstration of persistent metabolic
activity within one or more lesions [3,4].

2. Changes Contained in the Updated 2016 WHO Classification of B-Cell
Lymphoproliferative Disorders (B-Cell LPD)

In 2016, the World Health Organization (WHO) updated the 2008 classification of
tumors of hematopoietic and lymphoid tissue. This new update accounts for significant
advances in knowledge of lymphoma behavior since 2008 and clarifies the pathogenesis
and molecular biology of different types of lymphoproliferative disorders including lym-
phomas [5,6]. Table 1 summarizes important new and updated terminology from the 4th
edition of the WHO classification of B-cell LPD. It is also important for radiologists and
other physicians to be aware of rare lymphoproliferative disorders, some of which are
discussed in the 4th edition WHO classification, that may be occasionally encountered in
clinical practice (Table 2).
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Table 1. Summary of changes contained in the updated 2016 WHO classification of B-cell LPD. New entities have been
added, former entities have been recategorized, and some provisional entities have been “promoted”.

Disorders Changes New Diagnostic Implications

I-Premalignant conditions

• Monoclonal B-cell lymphocytosis
(MBL)—high cell count

• IgM monoclonal gammopathy of
undetermined significance
(MGUS)

• In situ follicular neoplasia (ISFN)
• In situ mantle cell neoplasia

• Considered precursor for certain
malignant lymphomas

• Now considered more closely related to
B-cell lymphomas than multiple
myeloma

• Periodic surveillance is recommended

II-Frank Lymphomas:
A-Mature B-cell lymphoma (BCL)

Lymphoplasmacytic lymphoma (LPL)

• MYD88 L265P mutation present in
majority of cases with changes in
diagnostic criteria

• Immunophenotype is mandatory to
differentiate LPL, IgM myeloma, and
IgM-secreting lymphomas such as
marginal zone lymphoma (MZL)

• IgM MGUS is now believed to be more
closely related to LPL and other IgM
secreting B-cell lymphomas than to
multiple myeloma

Waldenstrom macroglobinema (WM)

IgM monoclonal gammopathy of
undetermined significance (MGUS)

Plasma cell myeloma • IgM MGUS is more closely related
to LPL/WM than multiple
myeloma

• IgG MGUS is believed to be closely
related to plasma cell myeloma-related
disorders

Solitary plasmacytoma of the bone

Extraosseous plasmacytoma

Mantle cell lymphoma (MTL)

• Currently believed to show
greater heterogeneity in clinical
behavior and phenotype than
previously appreciated

• Two main types:
− Leukemic
− Classic MTL

• Leukemic type: Indolent course
frequently manifests as splenomegaly,
bone marrow and peripheral blood
involvement, and infrequent peripheral
lymphadenopathy

• Classic type: Usually manifests as
lymphadenopathy, bone marrow
infiltration, and less commonly
splenomegaly

Follicular lymphoma (FL) subtypes

• Pediatric-type follicular
lymphoma: now a definite entity,
previously provisional entity

• Predominantly diffuse FL with
1p36 deletion

• Pediatric FL is a localized form of FL
affecting mainly children with
predominant involvement of head and
neck lymph nodes

• Favorable prognosis with little risk of
progression following excision

• Aggressive, affecting mostly children
and young adults

• Involves Waldeyer ring and/or cervical
lymph nodes

• Accounts for some cases of diffuse FL,
presents as localized mass, often
inguinal nodes

Lymphomatoid granulomatosis (LG) No changes No changes

Diffuse large B-cell lymphoma (DLBCL)

• Now mandatory to differentiate
two DLBCL subtypes: including
Germinal center B-cell (GCB) type
and Activated B-cell type (ABC)

• Division has prognostic value,
ABC compared with GCB
lymphomas exhibit differential
sensitivity to certain
chemotherapy drugs, which may
direct patient management

• Prognosis is worse with ABC subtype
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Table 1. Cont.

Disorders Changes New Diagnostic Implications

Primary diffuse large B-cell lymphoma
of the CNS (PCNSL)

• Prognosis has been updated
• Increased incidence has been

confirmed

• Baseline imaging is essential to
differentiate PCNSL from secondary
disease as part of disseminated DLBCL

• PCNSL is now believed to have poorer
prognosis compared to systemic DLBCL

• 18F-FDG PET/CT is mandatory to
differentiate primary vs. secondary
CNS lymphoma

Primary mediastinal (thymic) B-cell
lymphoma (PMLBCL)

B-cell lymphoma unclassifiable, with
features intermediate

between DLBCL and classic Hodgkin
lymphoma (CHL)

• Cases that cannot be differentiated
from CHL or more aggressive
DLBCL are now categorized as
B-cell lymphoma, unclassifiable,
with features intermediate
between DLBCL and CHL

• This category is used for
lymphomas with overlapping
clinical or morphologi-
cal/immunophenotypic features
between PMBCL, CHL, and
DLBCL, formerly known as
gray-zone lymphoma

• Although the prognosis is better than
DLBCL, it shows poorer prognosis
compared to CHL

High-grade B-cell lymphoma with
MYC and BCL2 and or BCL6

rearrangements

• Double-hit lymphomas
(DHLs)—majority of cases fall
within the GCB subgroup, and
tumors lacking chromosomal
translocation and only expressing
increased protein expression for
BCL2 and MYC are called double
expressor lymphomas

• This replaces the 2008 category of
B-cell lymphoma, unclassifiable,
with features intermediate
between DLBCL and Burkitt
lymphoma

• Aggressive lymphomas with specific
chromosomal translocations and/or
protein expressions

High-grade B-cell lymphoma, NOS

• Together with the new category
for the “double-/triple-hit”
lymphomas, replaces the 2008
category of B-cell lymphoma,
unclassifiable, with features
intermediate between DLBCL and
Burkitt lymphoma

• Most cases lack MYC and BCL2
translocations

• Aggressive DLBCL and BL not fitting
any category

Burkitt-like lymphoma with
11q aberration

• A new entity describing rare
variant of high-grade B-cell
lymphoma that closely resembles
BL but lacks the MYC
translocation and instead has
frequent aberrations involving the
11q region

• Mainly in children and are more often
nodal than extranodal, in contrast to BL

• They are clinically aggressive but have a
good response to therapy

Table references [5,6].
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Table 2. Key pathologic, clinical, imaging features and differential diagnosis of rare B-cell lymphoma variants.

Entity Pathologic Features Clinical Features Imaging Features Differential Considerations

LC

• NHL-BCL
• Most common subtype

is DLBCL
• Prominent perivascular

atypical large B cells in
non-cohesive way

• Other subtypes:
• TCL
• Burkitt lymphoma

• Rapid cognitive
decline

• Psychiatric
disturbances

• Gait disturbances
• Less commonly

focal neurologic
deficits

• Bilateral diffuse
abnormal
T2-weighted
hyperintensities
along CST

• Poorly
circumscribed
non-mass-like
lesions

• Lesions show avid
metabolic activity
on FDG-PET/CT

• Infiltrative brain
tumors, i.e.,
Gliomatosis cerebri

• Leukoencephalopathy
• Toxic/infectious

demyelinating
disorders

PMLBCL

• Large BCL, thymic in
origin

• Thick collagen bands
around clusters of B
cells producing
compartmentalization

• Considered a subtype
of DLBCL

• Local mediastinal
compressive
symptoms

• Systemic
manifestations
mainly seen in
relapsed disease

• Heterogeneous
hypermetabolic
large ill-defined
anterior mediastinal
mass

• Supraclavicular
nodes

• Systemic
involvement seen in
advanced disease

• CHL
• Germ cell tumors
• Thymic tumors

LG

• Mixture of reactive T
cells, EBV-infected B
cells, and plasma cells
showing
angio-destructive
changes

• Histology ranges from
a vasculitis-like pattern
to sheets of large B cells

• No history of
allergen exposure

• No response to
antimicrobial
therapy

• Rapidly progressive
with excellent
response to
corticosteroid
therapy

• Most common site
is lung

• Other sites include
renal, CNS

• Hypermetabolic
bilateral diffuse
reticulonodular
opacities, mass-like

• No mediastinal
nodes

• Rarely spleen,
lymph nodes, and
marrow

• Pulmonary sarcoidosis
• LIP
• Atypical infections
• Hypersensitivity

pneumonitis
• Wegner granulomatosis

LPL-
WM

• >10% mixed
lymphoplasmacytic
cells

• High IgM level
deposition in tissues

• MYD88 L265P mutation
in 95%, distinguishing
from other overlapping
B-cell lymphomas

• Immunophenotyping is
mandatory to
differentiate between
IgM MM and
IgM-secreting
lymphomas

• High risk of
transformation to
DLBCL

• Asymptomatic
• Hypercoagulability

and easy bruising
• Raynaud

phenomenon
and/or ulcers in the
lower extremities

• Extranodal
infiltration

• Bone marrow
infiltration;
however, unlike
MM, no definite
lytic lesions

•
Hepatosplenomegaly

• Generalized
lymphadenopathy

• CNS involvement
BNS

• IgM MGUS
• MM
• IgM-secreting B-cell

lymphomas such as
MALT, MZL

Abbreviations listed in Table 2: Lymphomatosis cerebri (LC), Non-Hodgkin’s lymphoma (NHL), B-Cell lymphoma (BCL), T-cell lymphoma
(TCL), Diffuse large B-cell lymphoma (DBCL), Corticospinal tracts (CST), Primary mediastinal large B-cell lymphoma (PMLBCL), Classic
Hodgkin’s lymphoma (CHL), Epstein–Barr virus (EBV), Lymphomatoid granulomatosis (LG), Lymphocytic interstitial pneumonitis (LIP),
Wegner granulomatosis (WG), Lymphoplasmacytic lymphoma (LPL), Waldenstrom macroglobinema (WM), Multiple myeloma (MM),
Bing–Neel syndrome (BNS), Monoclonal gammopathy of uncertain significance (MGUS), Mucosa-associated lymphoid tissue (MALT),
Marginal zone lymphoma (MZL).
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3. Uncommon B-Cell Lymphoproliferative Disorders
3.1. Primary Central Nervous System Lymphoma with Attention to Lymphomatosis Cerebri: An
Extremely Rare Diffuse B-Cell Lymphoma Variant

Primary central nervous system lymphoma (PCNSL), including the extreme rare
variant lymphomatosis cerebri (LC), is a rare subtype of NHL with exclusive involvement
of the central nervous system (CNS), representing 1% of all intracranial malignancies [7].
LC implies the involvement of at least three cerebral lobes or three anatomical locations
of the CNS, infiltrating the cerebral cortex and white matter tracts by lymphomatous
cells, and some feel that LC would be more accurately named as a diffuse PCNSL vari-
ant [8]. Historically, PCNSL has been associated with immunodeficiency [9]. However,
the incidence of PCNSL is increasing in immunocompetent patients, particularly among
immunocompromised patients over 60 years of age [10]. There is an association of PC-
NSL with Epstein–Barr virus (EBV) infection that may account for at least a portion of
PCNSL cases in immunocompetent patients [11]. In the previous 2008 WHO classification,
it was hypothesized that the increasing incidence of PCNSL was falsely increased due
to increased surveillance artifacts; however, in the current 4th edition of the WHO, an
increasing incidence of PCNSL over the past two decades has been confirmed [5].

The majority of PCNSLs including LC are diffuse large B-cell lymphomas (DLB-
CLs), with the remaining cases representing low-grade BCL (8%), Burkitt (5%), or TCL
(2–3%) [8,12]. Microscopically, LC is seen as a highly proliferative compact population
of blastic B-lymphocytic cells with large pleomorphic nuclei and distinct nucleoli with
predominant infiltration of the white matter and neuronal tracts without the formation of
definite tumor or masses as seen in classic PCNSL. These lymphocytes showed the typical
angiocentric infiltration pattern, and tumor cells invaded the neural parenchyma with a
diffuse growth pattern forming perivascular cuffs [12]. Unlike in PCNSL, cerebrospinal
fluid (CSF) analysis from lumbar puncture is usually non-specific as LC rarely involves the
meninges. LC can be classified into primary and secondary types based on differences in
CNS infiltration at initial presentation. Primary LC displays CNS infiltration at presenta-
tion, whereas secondary LC shows progressive infiltration over time but no infiltration at
presentation [8,12].

Clinically, in both PCNSL and LC, the median age of presentation is 65 years, and
in PCNSL most patients present clinically with focal neurological deficits. However, the
most common presenting symptoms of LC are the impairment of cognitive functions
with rapidly progressing dementia, behavioral abnormalities, and, less commonly, focal
neurological deficits. The diagnosis of LC is usually delayed as clinical manifestations of
LC are vague and overlap with imaging features of other disorders. The prognosis of LC is
usually poor given the rapidly progressive disease process, and most LC patients do not
survive beyond six months of initial presentation [12].

The classic imaging appearance of PCNSL is a focal solitary mass or multiple masses
within the brain parenchyma. On CT, PCNSL often shows homogenously hyperdense
lesions due to high tumor cellularity with homogenous enhancement and a predilection
for the deep gray matter and deep nuclei, periventricular trigon, and corpus callosum
that often abuts the sub ependymal/ventricular or meningeal surfaces [9]. Involvement
of the meninges is most commonly seen in secondary lymphoma but can also be seen in
PCNSL [13]. On MRI, PCNSL tumors tend to be hypointense to isointense on T1-weighted
sequences (T1W) and isointense to hyperintense on T2-weighted sequences (T2W) with
intense enhancement on post-contrast images (Figure 1).
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Figure 1. A 65-year-old man presenting with headache. (a) Axial T1 post-contrast fat-suppressed image shows homogenous
enhancing mass within the left thalamus (white arrow) with mass effect on the 3rd ventricle and left putamen laterally.
(b) Axial T1 post-contrast fat-suppressed images in a different patient show infiltrative periventricular soft tissue masses
(white arrows). Both cases were pathologically proven primary central nervous system lymphoma-diffuse large B-cell
histologic subtype.

Special sequences such as apparent diffusion coefficient (ADC) maps help differen-
tiate PCNSL from high-grade tumors such as glioblastoma multiforme (GBM). PCNSL
demonstrates marked diffusion restriction on diffusion-weighted images (DWI) with lower
ADC values compared to GBM due to tumor restriction in lymphoma cells. The main
role of 18F-FDG PET/CT in CNS lymphoma is to differentiate PCNSL vs. disseminated
systemic lymphoma involving the CNS [14]. Additionally, 18F-FDG PET/CT can help
in distinguishing PCNSL from mimicking disorders such as hypometabolic intracranial
opportunistic infections including CNS toxoplasmosis [15–18]. Imaging findings of LC
include diffuse, non-mass-like lesions within both hemispheres involving the white matter,
corticospinal tracts (CST), and deep gray matter. These lesions show patchy contrast en-
hancement and diffuse abnormal T2W hyperintensity. Unlike PCNSL, LC shows variable
restriction on DWI [19]. Regions commonly affected in LC include the subcortical, deep,
and periventricular white matter, CST, U-fibers, corpus callosum, and gray matter, with less
frequent involvement of the spinal cord compared to PCNSL [12]. Contiguous spread of
lesions from the cerebral white matter to the brain stem along the corticospinal tract (CST)
is a notable feature of LC, which can involve both the brain and brain stem (Figures 2 and 3).
Unlike PCNSL, the characteristic neuroradiological findings of LC with 18F-FDG PET/CT
have not yet been established; nevertheless, they are usually seen as hypermetabolic mass
like lesions [8,20]. MRI spectroscopy (MRS) may help differentiate LC from other neurode-
generative or inflammatory conditions. On MRS, evidence of high cell membrane turnover
(high choline peak), neuronal damage (decreased NAA levels), high lactate levels, and
elevated lipids is typically demonstrated. Although many of these MRS features resemble
high-grade gliomas and metastases, elevated lipids have been shown to be potentially
useful to differentiate between these entities and LC [21]. The diagnosis of lymphomatosis
cerebri should be considered in patients presenting with a rapidly progressive decline in
cognitive function, dementia, or behavioral abnormalities. Imaging findings including
diffuse bilateral hemispheric cortical spinal tract involvement and pathology may show
predominant infiltration of the neuronal tracts without the formation of definite masses. It
is crucial that diagnosis of LC is only made after the exclusion of other common etiologies
as the clinical and imaging findings of LC can be misattributed to other diffuse infiltrative
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brain tumors, leukoencephalopathy, vasculopathy, degenerative disease, ischemic pro-
cesses, infectious processes, and toxic demyelinating diseases in addition to dementias and
other psychiatric disorders such as depression [8,12].
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Figure 2. A 64-year-old-woman presenting with rapid onset of memory deterioration and altered sensorium. (a) Coronal
MRI T1 post-contrast images show subtle enhancement along bilateral deep nuclei. At this time, no diagnosis was
determined. After 3 weeks, patient presented to emergency department with worsening symptoms. A follow-up MRI was
performed. (b) Coronal MRI post-contrast fat-saturated images revealed progressive increase in extent of diffuse infiltrative
enhancing masses (white arrows).

3.2. Autoimmune Lymphoproliferative Syndrome

Autoimmune lymphoproliferative syndrome (ALPS) is a lymphoproliferative disorder
that may be interpreted as malignant lymphoma. ALPS results from inherited mutations
in the apoptosis signaling pathways [22,23]. ALPS was first recognized in the early 1990s.
Due to the overlap of clinical, pathologic, and imaging features with other malignant lym-
phoproliferative disorders, in addition to histopathology, a clinical diagnostic criterion for
ALPS has been developed to help establish the diagnosis [23,24]. The diagnostic criterion
for ALPS includes both required and accessory criteria. Required criteria include chronic
nonmalignant, noninfectious lymphadenopathy and/or splenomegaly (>6 months) and
elevated CD3 + TCRab in the setting of normal or elevated lymphocyte counts with a lack
of CD4 or CD8 expression, which are referred to as double-negative T cells (DNTs). Ac-
cessory criteria include somatic or germ-line pathogenic mutation (FAS, FASLG), elevated
biomarkers (e.g., vitamin B-12), elevated IgG levels (polyclonal hypergammaglobulinemia),
and family history of a nonmalignant/noninfectious lymphoproliferation with or without
autoimmunity [23,24]. A probable ALPS diagnosis can be entertained by the presence of
the required criteria and any one of the secondary accessory criteria. Patients with probable
ALPS undergo genetic or apoptosis assay to confirm the diagnosis [24].

Clinically, ALPS presents in childhood and results in massive hepatosplenomegaly,
chronic lymphadenopathy, thymic enlargement, and, in most patients, autoimmune phe-
nomena such as hemolytic anemia [25].
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Figure 3. Same MRI series. (a) Axial post-contrast MRI image shows lesions extending caudally
to involve the bilateral superior cerebral peduncles and anterior aspect of the mid-brain. (b) Axial
MRI T1 post-contrast fat-saturated images show involvement of the posterior limb of the internal
capsule and the thalami bilaterally (white arrows). (c) Extension along the lateral aspect of the
pons, dentate nucleus, and the middle cerebellar peduncles (white arrows). (d) Axial FDG fused
PET/CT image shows increased activity in the aforementioned lesions. Additional hypermetabolic
lesions are seen along the course of the corticospinal tract (white arrows). Imaging findings and
pattern of involvement are consistent with lymphomatosis cerebri. (e) H&E section shows a tumor
composed of large and pleomorphic cells with intermingled small lymphocytes. Primacy CNS
lymphoma typically demonstrates an angio-centric predilection. (Original magnification 400×, H&E
stain). Other differential diagnoses include a vasculitic process, toxic or metabolic encephalopathy,
paraneoplastic syndrome, or acute disseminated encephalomyelitis. Biopsy showed a large non-
cohesive B-cell lymphocyte population consistent with LC.
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Imaging is not necessary to establish a diagnosis of ALPS but might aid in its diagnostic
evaluation. Stability in the size of lymphadenopathy and hepatosplenomegaly over many
years may suggest ALPS from other malignant lymphoproliferative diseases [26] (Figure 4).
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Figure 4. A 30-year-old male with known history of autoimmune lymphoproliferative disorder since
childhood. (a) Maximal intensity projection (MIP) FDG PET/CT image shows generalized hyperme-
tabolic lymphadenopathy throughout the head, neck, chest, abdomen, and pelvis (white arrows).
Note that splenic activity is not visualized (thin white arrow) because the spleen was surgically
removed during childhood due to splenomegaly. (b) Axial FDG PET image shows hypermetabolic
adenopathy within pelvis mainly about the bilateral pelvic side wall and external iliac nodes (white
arrows). Lymph nodes often show little or only modest uptake, a clue, in addition to stability of
nodal size and over multiple time points. Biopsy is the only method for definitive diagnosis. (c) H&E
section of a lymph node shows highly proliferative paracortical expansion composed of small prolif-
erative lymphocytes and immunoblasts with preserved lymphoid follicular architecture. There is
sinus histiocytosis. (Original magnification 400×, H&E stain).

Once the diagnosis of ALPS is established, baseline and periodic follow-up CT scans
should therefore be obtained to document the stability of lymphadenopathy and hep-
atosplenomegaly. 18F-FDG PET/CT may also be helpful because mild to moderate FDG
uptake is typical of ALPS compared to the high FDG uptake characteristic of malignant
lymphomas. By evaluating for areas of high FDG uptake, 18F-FDG PET/CT may help in
the early detection of lymphoma transformation and demonstrate the best site for biopsy,
when indicated [23]. Awareness of ALPS is pivotal because ALPS often requires long-term
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immunosuppressive therapies as opposed to chemotherapy that is standard for malignant
lymphoproliferative disorders.

3.3. Primary Mediastinal Large B-Cell Lymphoma

Primary mediastinal large B-cell lymphoma (PMLBCL) is an uncommon B-cell lym-
phoma, previously classified as a subtype of DLBCL but now considered an aggressive
neoplasm that originates from thymic B cells, constituting less than 3% of all NHL cases [27].
Classic HL (CHL) is always part of the clinical and imaging differential diagnosis of PML-
BCL given the histologic overlap and many shared clinical features.

The median age of presentation with PMLBCL is slightly older than CHL, commonly
affecting middle-aged women in their third or fourth decade. PMLBCL has a more favor-
able survival than other subtypes of aggressive DLBCLs, and poorer prognosis compared
to CHL. The 5-year survival rate seen in cases of PMLBCL is 85% [28]. Patients usually
presents with local mediastinal compressive symptoms such as cough, chest pain, dyspnea,
and vascular compressive symptoms such as superior vena cava syndrome. Factors that
predict poor performance include male sex, old age, extension into the adjacent surround-
ing thoracic viscera such as pleural and pericardium, the presence of extra mediastinal
extranodal disease (kidneys, adrenal glands, liver) at diagnosis, and/or early inadequate
response to induction therapy [27,28].

The genetic profile of PMLBCL is more similar to CHL than other BCLs [3]. It is crucial
for pathologists to be able to differentiate PMLBCL histologically. Microscopically, CHL
histologic features usually show abundant infiltration with large, Hodgkin, and Reed–
Sternberg cells (HRS) in a polymorphous background composed of small lymphocytes,
macrophages, eosinophils, and plasma cells. HRS cells typically show expression of CD30
and CD15 and lack expression of CD20 and CD45. In PMLBCL, samples usually show
diffuse proliferation of medium to large B cells associated with sclerosis and a degree of
compartmentalization in more than 50% of cases. Lymphocytes usually express CD45
and CD3. CD15 is often absent and more heterogenous compared to HL. CD10 is often
negative. Another differentiating feature is MAL protein positivity, which is a glycolipid-
enriched membrane involved in the tumorigenesis of PMLBCL [27]. Cases that cannot
be differentiated from CHL after an extensive immunohistochemical workup should be
categorized in the newly designated category: B-cell lymphoma, unclassifiable, with
features intermediate between DLBCL and CHL (previously designated as “Gray-zone
lymphomas”) [28].

On imaging, patients typically present with a large ill-defined anterior mediastinal
mass that often measures more than 10 cm in diameter with local infiltration of the under-
lying mediastinal structures [29–31]. On CT, PMLBCL displays mixed attenuation due to
the presence of necrosis and hemorrhage with heterogeneous post-contrast enhancement.
On MRI, PMLBCL masses may show low signal on T1WI and variable signal on T2WI.
After receiving chemotherapy, tumors tend to show decreased size with low signal on both
T1WI and T2WI due to a fibrotic response.

The differential diagnosis of PMLBCL includes other anterior mediastinal masses
such as CHL, germ cell tumors, and large thymic tumors, which can display necrosis and
calcifications on CT [32]. Differentiation between PMBCL and CHL is not possible based
on imaging findings alone. More aggressive clinical behavior such as superior vena cava
syndrome may help distinguish PMBCL from CHL [33] (Figure 5).
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Figure 5. A 24-year-old female presenting with cough and dyspnea with plethora of the face. (a) Maximal intensity
projection (MIP) FDG PET/CT shows hypermetabolic anterior mediastinal mass (white arrows) with no other sites of disease
involvement in the body. (b) Coronal contrast-enhanced CT image shows significant vascular and airway compromise
by an ill-defined anterior mediastinal mass (white arrow). Biopsy-proven primary mediastinal B-cell lymphoma. Main
differential diagnosis would be Hodgkin’s lymphoma. However, unlike in Hodgkin’s lymphoma, primary mediastinal
B-cell lymphoma often shows frequent invasion of the mediastinal vessels, frequently resulting in superior vena cava
syndrome.

The use of 18F-FDG PET/CT is essential in the evaluation of patients with PMLBCL
to reveal sites of disease not visible on CT and to provide more accurate staging and
radiation field planning (Figure 6). 18F-FDG PET/CT may also be beneficial for restaging
after chemotherapy and/or radiotherapy, or when relapse is suspected [34]. Negative
18F-FDG PET/CT after two or four cycles of chemotherapy has a negative predictive
value and may predict excellent outcome in patients, achieving complete response without
relapse. Patients who have residual activity equal to or higher than liver activity after
immunochemotherapy treatment are more likely to relapse. In such instances, the addition
of radiotherapy to the treatment regimen should be considered to avoid relapse in those
high-risk patients. Relapse usually occurs within 1 year and is more likely to be widespread,
involving distant extranodal sites such as the CNS, liver, kidneys, adrenal glands, GI tract,
ovaries, and pancreas. Late relapses are very uncommon [35]. 18F-FDG PET/CT can
also efficiently assess post-treatment response, differentiating between necrotic or fibrotic
tissue and residual masses containing viable tumor [33,36]. There are various potential
challenges to 18F-FDG PET/CT post-treatment implementation, including false-positive
results secondary to thymic rebound hyperplasia, specifically seen in the young population.
This can be limited by increasing the interval between treatment and imaging. Additionally,
MRI can be helpful in those cases, and high signal on T1 in phase imaging with loss
of signal on the out of phase sequences is consistent with thymic rebound hyperplasia
(Figures 7 and 8) [34,37].
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Figure 6. Imaging in a different patient with known diagnosis of primary mediastinal B-cell lymphoma. (a) Axial FDG
PET/CT images show the hypermetabolic anterior mediastinal mass (white arrows), and there is also central areas of absent
metabolic activity within the mass (red arrow), correlating with areas of fibrosis, a finding that is essential in prebiopsy
planning to avoid false negative results. (b) Axial FDG PET/CT images show hypermetabolic right upper paratracheal
nodes (white arrows) and several additional hypermetabolic pulmonary and pleural-based nodules within right upper lung
(red arrows). (c) H&E section shows that the tumor is composed of large, atypical cells with reniform or multi-lobulated
nuclei with abundant clear cytoplasm. Note the lymphoma cells are compartmentalized by the prominent sclerotic bands of
fibrosis. (Original magnification 400x, H&E stain).
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Figure 7. Imaging in a 20-year-old female with history of classic Hodgkin’s lymphoma (CHL) who had 4 cycles of
chemotherapy. (a) Axial 18F-FDG PET/CT showing residual wedge-shaped/triangular activity seen within the anterior
mediastinum (arrow). There was concern for residual disease vs. thymic rebound hyperplasia. (b) MRI axial T1 in phase
and (c) MRI axial T1 out of phase show intermedial signal on T1 in phase (arrow) with dropped signal on the out of phase
sequence (arrow), consistent with fat content due to thymic rebound hyperplasia.
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Figure 8. Imaging in a 60-year-old female presenting with ill-defined anterior mediastinal mass. (a) Axial 18F-FDG PET/CT
showing ill-defined hypermetabolic mass within the anterior mediastinum (arrow). This was biopsy-proven thymic
carcinoma. (b) MRI T1 in phase sequence, (c) MRI T1 out of phase—note there is no dropped signal on the T1 out of phase
(arrows) due to lack of fat. This is consistent with residual disease.

3.4. Lymphomatoid Granulomatosis

Lymphomatoid granulomatosis (LG), also known as angiocentric lymphoma, is a rare
lymphoproliferative disorder. It results from the uncontrolled proliferation of EBV-infected
B cells with prominent T-cell reactivation. Liebow et al. [38] first described LG in 1972.
LG can be viewed as a clinicopathologic spectrum that ranges from a benign lymphocytic
inflammatory vasculitis to a more aggressive lymphoma disorder. Histopathological
examination of LG is characterized by polymorphic lymphoid infiltration composed mainly
of lymphocytes (primarily reactive T cells, with varying numbers of atypical B cells),
plasma cells, and histiocytes [39]. LG can be classified in a three-scale grading system
that has important treatment implications based on the number of EBV-infected B cells
and cytological atypia [39]. Grade I is consistent with benign lymphocytic vasculitis and
granulomatosis, grade II follows an aggressive course, and grade III should be considered
DLBCL. The diagnosis of LG is challenging because the disease is extremely rare, and the
histopathological findings can be quite complex [39].

LG is more common among immunocompromised patients, affecting males more
than females, and is most common in the fifth or sixth decade of life [40]. Although it is
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considered a lymphoproliferative disorder, the lymph nodes, spleen, and bone marrow
are usually spared until late in the disease. In almost all patients, the lungs are involved,
and other sites of disease include the skin (seen in one-third of cases), CNS (also seen in
one-third of cases) (Figures 9 and 10), and less commonly renal and liver involvement is
seen. The involvement of other organs has also been reported, such as the upper respiratory
and gastrointestinal tracts [39]. Symptoms associated with LG are non-specific and include
fever, weight loss, night sweats, cough, and chest pain. Symptoms can imitate various
clinical disorders such as infectious processes like fungal and tuberculous infections [39].
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Figure 9. A 20-year-old-female with known diagnosis of lymphomatoid granulomatosis (LG) with history of rheumatoid
arthritis. FDG PET/CT was ordered for staging. (a) Maximal intensity projection (MIP) FDG PET/CT image shows patchy
hypermetabolic opacities involving the lower and mid lung zones (white arrows). (b) Axial CT image of the chest shows
corresponding confluent consolidative patchy consolidation containing air bronchograms as well as numerous consolidative
nodules (white arrows) with no mediastinal nodal involvement, a feature that might be helpful to differentiate LG from
other disorders. (c) Interim Axial FDG/ PET/CT was obtained later and shows more numerus hypermetabolic renal
masses (white arrows) and left anterior abdominal wall musculature masses (thin white arrow). (d) Microscopic picture of
lymphomatoid granulomatosis showing angio-centric lesion with an infiltrate that is composed of a mixture of reactive
appearing lymphocytes, plasma cells, and large transformed neoplastic cells. Note the inset shows the large, atypical cells
are positive for in situ hybridization for EBV (dark blue stain at the periphery of the lesion). (Original magnification 400×,
H&E stain; inset is EBER in situ hybridization stain).
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Figure 10. Imaging in the same patient 1 year later—patient developed new brain and spine lesions. (a) Sagittal T1
post-contrast MRI images show heterogenous mass within the body of the corpus callosum (posterior arrows) as well as
within the frontal cortex (anterior arrows). (b) Axial T1 post-contrast MRI of the spine shows ill-defined enhancement
within the spinal cord (arrows), consistent with leptomeningeal disease.

Imaging findings of LG include bilateral diffuse reticulonodular opacities and mass-
like lesions involving mainly the middle and lower lung zones with predominantly central
involvement and relative sparing of the periphery. On CT, the reticulonodular opacities
represent multiple small nodules that have irregular margins. Nodules typically show
an interseptal and peribronchovascular distribution. Nodules tend to coalesce over time,
forming larger masses that may manifest as coarse irregular opacities surrounded by
ground-glass opacities.

The differential diagnosis for these imaging findings is broad and includes pulmonary
sarcoidosis, lymphocytic interstitial pneumonitis (LIP), atypical infections, and hypersensi-
tivity pneumonitis. LG is usually not associated with mediastinal nodal enlargement or air
trapping and the clinical course tends to be rapidly progressive and non-responsive to an-
timicrobial treatment. Such findings may be beneficial in excluding sarcoidosis and LIP as
well as atypical infections [41,42]. Synchronous regression and progression of the nodules
at chest CT may be observed and should be taken into consideration in the evaluation of
response to therapy [41].

With 18F-FDG PET/CT, LG may show central FDG uptake within pulmonary nodules
and masses. Peripheral uptake in the walls of cavitary pulmonary lesions (marginally or
eccentrically) has also been reported. The appearance of coarse linear opacities may repre-
sent a healing phase of nodules and masses [43]. LG should be considered as a diagnostic
possibility for any patient presenting with such clinical and imaging features and may be
subsequently confirmed by histopathologic evaluation. LG is a potentially treatable disease,
and early diagnosis, with aggressive intervention, may be lifesaving. First-line treatment
includes corticosteroids, either alone or in combination with cyclophosphamide [42,44]
(Figures 9 and 10). The diagnosis of lymphomatoid granulomatosis should be suspected in
immunosuppressed patients presenting with lower lung predominant peribronchovascular
or subpleural masses and nodules with additional cutaneous, CNS, and renal involvement.
Disorders such as sarcoidosis, granulomatosis with polyangiitis, and atypical infections
must first be excluded.



Cancers 2021, 13, 5853 17 of 22

3.5. Lymphoplasmacytic Lymphoma, Waldenstrom Macroglobulinemia, and Bing–Neel Syndrome

Lymphoplasmacytic lymphoma (LPL) is a rare indolent BCL characterized by over-
lapping features between B-cell lymphoproliferative disorders and multiple myeloma
(MM). LPL is characterized by IgM paraproteinemia and rarely IgG or IgA production.
WM is usually reserved for patients presenting with LPL in addition to bone marrow
infiltration. It remains controversial whether LPL and WM are different manifestations
of a single disease or two unique entities [45]. WM is considered a rare malignancy with
an incidence of 3–4 cases per million people in the United States [46]. The median age at
diagnosis is 70 years and the disease shows a higher prevalence among white men. Most
cases are sporadic; familial predisposition is seen in only 20% of patients [46]. Histori-
cally, monoclonal gammopathy of unknown significance (MGUS) was believed to be a
premyelomatous precursor, developing before frank MM onset [47]. However, now MGUS
is classified according to secreting immunoglobulins to non-IgM and IgM cases. Non-IgM
MGUS represents the majority of cases and may progress to multiple myeloma; IgM cases,
however, are the ones that are now considered a separate rare variant of NHL under the
updated 4th edition of the WHO classification of hematological malignancies and are more
closely related to LPL than MM [5].

Histologically, WM shows mixed small B lymphocytes and plasma cells known as
lymphoplasmacytic cells [47]. Similar to MM, WM shows rouleaux phenomena on blood
smear and serum and urine electrophoresis show elevated IgM levels. Definitive diagno-
sis requires bone marrow biopsy that shows more than 10% mixed lymphoplasmacytic
cells [48]. Molecular analysis of many WM patients identified MYD88 L265P mutation as
a driver event in the pathogenesis of WM that occurs in 95% of patients. This specific
biomarker is currently used to distinguish this malignancy from other overlapping BCLs,
such as marginal zone lymphoma, as these disorders all share elevated IgM levels [49].
LPL has a 10% risk of transformation into more aggressive lymphoma subtypes, such as
DLBCL [50].

WM is characterized by a wide spectrum of clinical presentations varying from bone
marrow and organ infiltration by malignant lymphoplasmacytic cells to elevated IgM
paraprotein, causing anemia, hyperviscosity, extramedullary disease, and peripheral neu-
ropathy. A substantial number of patients, however, are asymptomatic at the time of
diagnosis. In the absence of features of other lymphoproliferative disorders, LPL is a
diagnosis of exclusion that may be reached after the elimination of other small B-cell
IgM-secreting lymphomas and MGUS or myeloma [51].

Multimodality imaging, including CT, MRI, and/or 18F-FDG PET/CT, is essential for
initial diagnosis, especially in extramedullary disease presentation. Imaging can be helpful
in determining optimal biopsy sites, as well as the assessment of response to therapy and
monitoring disease progression or transformation. Unlike MM, WM is not associated with
definite osseous lytic lesions, a feature that can distinguish WM from MM. WM usually
manifests as osteopenia, marrow space widening, and endosteal erosions [52,53] (Figure 11).

WM patients can also present with splenomegaly with or without focal lesions and
lymphadenopathy typically within the axillary, retroperitoneal, and/or inguinal nodal
stations (Figure 12). Cranial nerve deficits can be a manifestation of Bing–Neel syndrome,
a rare CNS manifestation seen in WM disease [45,48,52,54]. In Bing–Neel syndrome,
neurological symptoms can be directly related to infiltration by lymphoplasmacytic cells
or indirectly result from the deposition of circulating IgM immunoglobulin on the brain
parenchyma, spinal cord, or cranial or peripheral nerves (Figure 13). Additionally, 18F-
FDG PET/CT plays an important role in monitoring therapeutic response after treatment
initiation, especially with rituximab. WM patients tend to show elevated IgM levels,
known as an IgM flare, which may mimic progressive disease. Imaging plays a pivotal
role to differentiate between an IgM flare and true progression, thus obviating the need
for repeated marrow biopsy [52]. Imaging may also help in excluding the development of
myelodysplastic syndromes, acute leukemia, or DLBCL transformation [52].
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Figure 11. A 85-year-old-male with known diagnosis of lymphoplasmacytic lymphoma (LPL). (a) Maximal intensity
projection (MIP) FDG PET/CT image shows extensive hypermetabolic uptake within the spine, pelvis, and proximal upper
and distal appendicular skeleton (white arrows). This patient had not received recent marrow stimulating drugs, which can
produce imaging findings consistent with marrow infiltration (b). A sagittal CT image shows diffuse osteopenia, marrow
space widening, and no discrete focal lesions (black arrows). This is a very important to differentiate from myeloma, which
often presents with frankly lytic lesions.
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Figure 12. Lymphoplasmacytic lymphoma. (a) Axial FDG PET/CT in the same patient as Figure 8 shows hypermetabolic 
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Figure 12. Lymphoplasmacytic lymphoma. (a) Axial FDG PET/CT in the same patient as Figure 8 shows hypermetabolic
adenopathy within the bilateral iliac chain (white arrows). (b) Sagittal MRI T1-weighted image in the same patient shows a
diffuse variegated appearance of the marrow consistent with marrow infiltration as that seen in multiple myeloma but
without definite focal lytic lesions. Lymphoplasmacytic lymphoma combines features of both malignant lymphoma and
multiple myeloma.
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Figure 13. Patient with known diagnosis of lymphoplasmacytic lymphoma (LPL). (a) Coronal T1 post-contrast of the brain
image shows diffuse leptomeningeal enhancement (black arrows). (b) Axial MRI T1 post-contrast image of the lumbosarcal
spine in the same patient shows diffuse epidural soft tissue thickening and enhancement of the cauda equina nerve roots
(white arrows). (c) Microscopic examination of the lymph node shows effaced architecture by infiltrative diffuse sheets of
atypical lymphoid cells with plasmacytoid morphology. Tumor cells are positive for CD20 and are monotypic, expressing
kappa or lambda light chains. (Original magnification 400×, H&E stain). CNS involvement in is an extremely rare variant
known as Bing–Neel syndrome (BNS).

4. Conclusions

In 2016, the WHO released an update to its lymphoid neoplasm classification including
various lymphoproliferative disorders, and this update is intended to account for the rapid
changes in our understanding of lymphoma behavior, and to incorporate the increased
high-end technology advances within this field, to study molecular drivers and cytogenetics
of these disorders. Despite these updates, many of these disorders are only addressed in a
few case reports within the radiology literature. Radiologists must stay abreast of these
updates as they play a major role in the management of these disorders as they are often
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the first to suggest the diagnosis, help with disease staging, assess response to therapy, and
identify disease relapse.

Author Contributions: Conceptualization, A.E.S., Y.H.Z., K.I.E., G.E.-H., A.M.S. Wrote the first draft
of the manuscript, A.E.S., M.F.C., M.B. Imaging, A.E.S., Y.H.Z., A.M.S., B.R.K., M.F.C. Pathology
images: M.S., Approval and reviewing, K.M.E., K.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to express our great gratitude towards Ann Osborn and
Pete Hildebrand for providing images for the extremely rare disorder Bing–Neel syndrome.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Justiz Vaillant, A.A.; Stang, C.M. Lymphoproliferative Disorders; StatPearls: Treasure Island, FL, USA, 2021.
2. Toma, P.; Granata, C.; Rossi, A.; Garaventa, A. Multimodality imaging of Hodgkin disease and non-Hodgkin lymphomas in

children. Radiographics 2007, 27, 1335–1354. [CrossRef]
3. Ngeow, J.Y.Y.; Quek, R.H.H.; Ng, D.C.E.; Hee, S.W.; Tao, M.; Lim, L.C.; Tan, Y.H.; Lim, S.T. High SUV uptake on FDG-PET/CT

predicts for an aggressive B-cell lymphoma in a prospective study of primary FDG-PET/CT staging in lymphoma. Ann. Oncol.
2009, 20, 1543–1547. [CrossRef]

4. Valls, L.; Badve, C.; Avril, S.; Herrmann, K.; Faulhaber, P.; O’Donnell, J.; Avril, N. FDG-PET imaging in hematological malignancies.
Blood Rev. 2016, 30, 317–331. [CrossRef] [PubMed]

5. Swerdlow, S.H.; Campo, E.; Pileri, S.A.; Harris, N.L.; Stein, H.; Siebert, R.; Advani, R.; Ghielmini, M.; Salles, G.A.; Zelenetz, A.D.;
et al. The 2016 revision of the World Health Organization classification of lymphoid neoplasms. Blood J. Am. Soc. Hematol. 2016,
127, 2375–2390. [CrossRef]

6. Jaffe, E.S.; Barr, P.M.; Smith, S.M. Understanding the New WHO Classification of Lymphoid Malignancies: Why It’s Important
and How It Will Affect Practice. Am. Soc. Clin. Oncol. Educ. Book 2017, 37, 535–546. [CrossRef]

7. Das, J.; Ray, S.; Sen, S.; Chandy, M. Extranodal involvement in lymphoma-A Pictorial Essay and Retrospective Analysis of 281
PET/CT studies. Asia Ocean. J. Nucl. Med. Biol. 2014, 2, 42–56.

8. Li, L.; Rong, J.H.; Feng, J. Neuroradiological features of lymphomatosis cerebri: A systematic review of the English literature with
a new case report. Oncol. Lett. 2018, 16, 1463–1474. [CrossRef] [PubMed]

9. Diamond, C.; Taylor, T.H.; Aboumrad, T.; Anton-Culver, H. Changes in acquired immunodeficiency syndrome-related non-
Hodgkin lymphoma in the era of highly active antiretroviral therapy: Incidence, presentation, treatment, and survival. Cancer
2006, 106, 128–135. [CrossRef]

10. Olson, J.E.; Janney, C.A.; Rao, R.D.; Cerhan, J.R.; Kurtin, P.J.; Schiff, D.; Kaplan, R.S.; O’Neill, B.P. The continuing increase in the
incidence of primary central nervous system non-Hodgkin lymphoma: A surveillance, epidemiology, and end results analysis.
Cancer 2002, 95, 1504–1510. [CrossRef]

11. Bashir, R.; McManus, B.; Cunningham, C.; Weisenburger, D.; Hochberg, F. Detection of Eber-1 RNA in primary brain lymphomas
in immunocompetent and immunocompromised patients. J. Neurooncol. 1994, 20, 47–53. [CrossRef] [PubMed]

12. Izquierdo, C.; Velasco, R.; Vidal, N.; Sánchez, J.J.; Argyriou, A.A.; Besora, S.; Graus, F.; Bruna, J. Lymphomatosis cerebri: A rare
form of primary central nervous system lymphoma. Analysis of 7 cases and systematic review of the literature. Neuro-Oncol.
2016, 18, 707–715. [CrossRef]

13. Haldorsen, I.S.; Espeland, A.; Larsson, E.M. Central nervous system lymphoma: Characteristic findings on traditional and
advanced imaging. Am. J. Neuroradiol. 2011, 32, 984–992. [CrossRef] [PubMed]

14. Bathla, G.; Hegde, A. Lymphomatous involvement of the central nervous system. Clin. Radiol. 2016, 71, 602–609. [CrossRef]
[PubMed]

15. Fitzsimmons, A.; Upchurch, K.; Batchelor, T. Clinical features and diagnosis of primary central nervous system lymphoma.
Hematol. Oncol. Clin. 2005, 19, 689–703. [CrossRef]

16. Eichler, A.F.; Batchelor, T.T. Primary central nervous system lymphoma: Presentation, diagnosis and staging. Neurosurg. Focus
2006, 21, E15. [CrossRef]

17. Koeller, K.K.; Smirniotopoulos, J.G.; Jones, R.V. Primary central nervous system lymphoma: Radiologic-pathologic correlation.
Radiographics 1997, 17, 1497–1526. [CrossRef] [PubMed]

18. Go, J.L.; Lee, S.C.; Kim, P.E. Imaging of primary central nervous system lymphoma. Neurosurg. Focus 2006, 21, E4. [CrossRef]
19. Kitai, R.; Hashimoto, N.; Yamate, K.; Ikawa, M.; Yoneda, M.; Nakajima, T.; Arishima, H.; Takeuchi, H.; Sato, K.; Kikuta, K.I.

Lymphomatosis cerebri: Clinical characteristics, neuroimaging, and pathological findings. Brain Tumor Pathol. 2012, 29, 47–53.
[CrossRef]

20. Lewerenz, J.; Ding, X.Q.; Matschke, J.; Schnabel, C.; Emami, P.; von Borczyskowski, D.; Buchert, R.; Krieger, T.; de Wit, M.;
Münchau, A. Dementia and leukoencephalopathy due to lymphomatosis cerebri. BMJ Case Rep. 2009, 2009, 777. [CrossRef]

http://doi.org/10.1148/rg.275065157
http://doi.org/10.1093/annonc/mdp030
http://doi.org/10.1016/j.blre.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/27090170
http://doi.org/10.1182/blood-2016-01-643569
http://doi.org/10.1200/EDBK_175437
http://doi.org/10.3892/ol.2018.8839
http://www.ncbi.nlm.nih.gov/pubmed/30008825
http://doi.org/10.1002/cncr.21562
http://doi.org/10.1002/cncr.10851
http://doi.org/10.1007/BF01057960
http://www.ncbi.nlm.nih.gov/pubmed/7807183
http://doi.org/10.1093/neuonc/nov197
http://doi.org/10.3174/ajnr.A2171
http://www.ncbi.nlm.nih.gov/pubmed/20616176
http://doi.org/10.1016/j.crad.2016.02.006
http://www.ncbi.nlm.nih.gov/pubmed/27038652
http://doi.org/10.1016/j.hoc.2005.05.009
http://doi.org/10.3171/foc.2006.21.5.16
http://doi.org/10.1148/radiographics.17.6.9397461
http://www.ncbi.nlm.nih.gov/pubmed/9397461
http://doi.org/10.3171/foc.2006.21.5.5
http://doi.org/10.1007/s10014-011-0064-y
http://doi.org/10.1136/bcr.08.2008.0752


Cancers 2021, 13, 5853 21 of 22

21. Lee, I.H.; Kim, S.T.; Kim, H.J.; Kim, K.H.; Jeon, P.; Byun, H.S. Analysis of perfusion weighted image of CNS lymphoma. Eur. J.
Radiol. 2010, 76, 48–51. [CrossRef]

22. Bettinardi, A.; Brugnoni, D.; Quiros-Roldan, E.; Malagoli, A.; La Grutta, S.; Correra, A.; Notarangelo, L.D. Missense mutations in
the Fas gene resulting in autoimmune lymphoproliferative syndrome: A molecular and immunological analysis. Blood J. Am. Soc.
Hematol. 1997, 89, 902–909. [CrossRef]

23. Spergel, A.R.; Walkovich, K.; Price, S.; Niemela, J.E.; Wright, D.; Fleisher, T.A.; Rao, V.K. Autoimmune lymphoproliferative
syndrome misdiagnosed as hemophagocytic lymphohistiocytosis. Pediatrics 2013, 132, e1440–e1444. [CrossRef] [PubMed]

24. Oliveira, J.B.; Bleesing, J.J.; Dianzani, U.; Fleisher, T.A.; Jaffe, E.S.; Lenardo, M.J.; Rieux-Laucat, F.; Siegel, R.M.; Su, H.C.; Teachey,
D.T.; et al. Revised diagnostic criteria and classification for the autoimmune lymphoproliferative syndrome (ALPS): Report from
the 2009 NIH International Workshop. Blood J. Am. Soc. Hematol. 2010, 116, e35–e40. [CrossRef] [PubMed]

25. Avila, N.A.; Dwyer, A.J.; Dale, J.K.; Lopatin, U.A.; Sneller, M.C.; Jaffe, E.S.; Puck, J.M.; Straus, S.E. Autoimmune lymphoprolifera-
tive syndrome: A syndrome associated with inherited genetic defects that impair lymphocytic apoptosis—CT and US features.
Radiology 1999, 212, 257–263. [CrossRef]

26. Sneller, M.C.; Straus, S.E.; Jaffe, E.S.; Jaffe, J.S.; Fleisher, T.A.; Stetler-Stevenson, M.; Strober, W. A novel lymphoprolifera-
tive/autoimmune syndrome resembling murine lpr/gld disease. J. Clin. Investig. 1992, 90, 334–341. [CrossRef]

27. Martelli, M.; Ferreri, A.; Di Rocco, A.; Ansuinelli, M.; Johnson, P.W. Primary mediastinal large B-cell lymphoma. Crit. Rev. Oncol.
Hematol. 2017, 113, 318–327. [CrossRef] [PubMed]

28. Grimm, K.E.; O’Malley, D.P. Aggressive B cell lymphomas in the 2017 revised WHO classification of tumors of hematopoietic and
lymphoid tissues. Ann. Diagn. Pathol. 2019, 38, 6–10. [CrossRef]

29. Ceriani, L.; Milan, L.; Martelli, M.; Ferreri, A.J.; Cascione, L.; Zinzani, P.L.; Di Rocco, A.; Conconi, A.; Stathis, A.; Cavalli, F.; et al.
Metabolic heterogeneity on baseline 18FDG-PET/CT scan is a predictor of outcome in primary mediastinal B-cell lymphoma.
Blood J. Am. Soc. Hematol. 2018, 132, 179–186. [CrossRef]

30. Jacobson, J.O.; Aisenberg, A.C.; Lamarre, L.; Willett, C.G.; Linggood, R.M.; Miketic, L.M.; Harris, N.L. Mediastinal large cell
lymphoma. An uncommon subset of adult lymphoma curable with combined modality therapy. Cancer 1988, 62, 1893–1898.
[CrossRef]

31. Giulino-Roth, L. How I treat primary mediastinal B-cell lymphoma. Blood J. Am. Soc. Hematol. 2018, 132, 782–790. [CrossRef]
32. Lee, K.S.; Im, J.G.; Han, C.H.; Han, M.C.; Kim, C.W.; Kim, W.S. Malignant primary germ cell tumors of the mediastinum: CT

features. Am. J. Roentgenol. 1989, 153, 947–951. [CrossRef] [PubMed]
33. Win, T.T.; Kamaludin, Z.; Husin, A. Primary mediastinal large B-cell lymphoma and its mimickers: A rare case report with

literature review. Malays. J. Pathol. 2016, 38, 153–157. [PubMed]
34. Savage, K.J.; Al-Rajhi, N.; Voss, N.; Paltiel, C.; Klasa, R.; Gascoyne, R.D.; Connors, J.M. Favorable outcome of primary mediastinal

large B-cell lymphoma in a single institution: The British Columbia experience. Ann. Oncol. 2006, 17, 123–130. [CrossRef]
35. Aoki, T.; Shimada, K.; Suzuki, R.; Izutsu, K.; Tomita, A.; Maeda, Y.; Takizawa, J.; Mitani, K.; Igarashi, T.; Sakai, K.; et al.

High-dose chemotherapy followed by autologous stem cell transplantation for relapsed/refractory primary mediastinal large
B-cell lymphoma. Blood Cancer J. 2015, 5, e372. [CrossRef] [PubMed]

36. Pinnix, C.C.; Dabaja, B.; Ahmed, M.A.; Chuang, H.H.; Costelloe, C.; Wogan, C.F.; Reed, V.; Romaguera, J.E.; Neelapu, S.; Oki, Y.;
et al. Single-institution experience in the treatment of primary mediastinal B cell lymphoma treated with immunochemotherapy
in the setting of response assessment by 18fluorodeoxyglucose positron emission tomography. Int. J. Radiat. Oncol. Biol. Phys.
2015, 92, 113–121. [CrossRef] [PubMed]

37. Martelli, M.; Ceriani, L.; Zucca, E.; Zinzani, P.L.; Ferreri, A.J.; Vitolo, U.; Stelitano, C.; Brusamolino, E.; Cabras, M.G.; Rigacci,
L.; et al. [18F]Fluorodeoxyglucose Positron Emission Tomography Predicts Survival After Chemoimmunotherapy for Primary
Mediastinal Large B-Cell Lymphoma: Results of the International Extranodal Lymphoma Study Group IELSG-26 Study. J. Clin.
Oncol. 2014, 32, 1769–1775. [CrossRef]

38. Liebow, A.A.; Carrington, C.R.; Friedman, P.J. Lymphomatoid granulomatosis. Hum. Pathol. 1972, 3, 457–558. [CrossRef]
39. Song, J.Y.; Pittaluga, S.; Dunleavy, K.; Grant, N.; White, T.; Jiang, L.; Davies-Hill, T.; Raffeld, M.; Wilson, W.H.; Jaffe, E.S.

Lymphomatoid granulomatosis–a single institute experience: Pathologic findings and clinical correlations. Am. J. Surg. Pathol.
2015, 39, 141–156. [CrossRef]

40. Guinee Jr, D.; Jaffe, E.; Kingma, D.; Fishback, N.; Wallberg, K.; Krishnan, J.; Frizzera, G.; Travis, W.; Koss, M. Pulmonary
lymphomatoid granulomatosis. Evidence for a proliferation of Epstein-Barr virus infected B-lymphocytes with a prominent T-cell
component and vasculitis. Am. J. Surg. Pathol. 1994, 18, 753–764. [CrossRef]

41. Sheehy, N.; Bird, B.; O’Briain, D.S.; Daly, P.; Wilson, G. Synchronous regression and progression of pulmonary nodules on chest
CT in untreated lymphomatoid granulomatosis. Clin. Radiol. 2004, 59, 451–454. [CrossRef]

42. Yamauchi, Y.; Yoshizawa, A.; Kudo, K.; Okuwaki, H.; Niino, H.; Morita, T. A case of lymphomatoid granulomatosis with multiple
thin-walled cavities. Nihon Kokyuki Gakkai Zasshi 2002, 40, 292–298.

43. Chung, J.H.; Wu, C.C.; Gilman, M.D.; Palmer, E.L.; Hasserjian, R.P.; Shepard, J.A.O. Lymphomatoid granulomatosis: CT and
FDG-PET findings. Korean J. Radiol. 2011, 12, 671–678. [CrossRef]

44. Katzenstein, A.L.; Doxtader, E.; Narendra, S. Lymphomatoid granulomatosis: Insights gained over 4 decades. Am. J. Surg. Pathol.
2010, 34, e35–e48. [CrossRef]

http://doi.org/10.1016/j.ejrad.2009.05.013
http://doi.org/10.1182/blood.V89.3.902
http://doi.org/10.1542/peds.2012-2748
http://www.ncbi.nlm.nih.gov/pubmed/24101757
http://doi.org/10.1182/blood-2010-04-280347
http://www.ncbi.nlm.nih.gov/pubmed/20538792
http://doi.org/10.1148/radiology.212.1.r99jl40257
http://doi.org/10.1172/JCI115867
http://doi.org/10.1016/j.critrevonc.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28318892
http://doi.org/10.1016/j.anndiagpath.2018.09.014
http://doi.org/10.1182/blood-2018-01-826958
http://doi.org/10.1002/1097-0142(19881101)62:9&lt;1893::AID-CNCR2820620904&gt;3.0.CO;2-X
http://doi.org/10.1182/blood-2018-04-791566
http://doi.org/10.2214/ajr.153.5.947
http://www.ncbi.nlm.nih.gov/pubmed/2552783
http://www.ncbi.nlm.nih.gov/pubmed/27568673
http://doi.org/10.1093/annonc/mdj030
http://doi.org/10.1038/bcj.2015.101
http://www.ncbi.nlm.nih.gov/pubmed/26636287
http://doi.org/10.1016/j.ijrobp.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25863759
http://doi.org/10.1200/JCO.2013.51.7524
http://doi.org/10.1016/S0046-8177(72)80005-4
http://doi.org/10.1097/PAS.0000000000000328
http://doi.org/10.1097/00000478-199408000-00001
http://doi.org/10.1016/j.crad.2003.11.009
http://doi.org/10.3348/kjr.2011.12.6.671
http://doi.org/10.1097/PAS.0b013e3181fd8781


Cancers 2021, 13, 5853 22 of 22

45. Janz, S. Waldenstrom macroglobulinemia: Clinical and immunological aspects, natural history, cell of origin, and emerging
mouse models. Int. Sch. Res. Not. 2013, 2013, 815325. [CrossRef] [PubMed]

46. Wang, H.; Chen, Y.; Li, F.; Delasalle, K.; Wang, J.; Alexanian, R.; Kwak, L.; Rustveld, L.; Du, X.L.; Wang, M. Temporal and
geographic variations of Waldenstrom macroglobulinemia incidence: A large population-based study. Cancer 2012, 118, 3793–3800.
[CrossRef] [PubMed]

47. Owen, R.G.; Johnson, S.A.; Morgan, G.J. Waldenstrom’s macroglobulinaemia: Laboratory diagnosis and treatment. Hematol.
Oncol. 2000, 18, 41–49.

48. Dimopoulos, M.A.; Panayiotidis, P.; Moulopoulos, L.A.; Sfikakis, P.; Dalakas, M. Waldenstrom’s macroglobulinemia: Clinical
features, complications, and management. J. Clin. Oncol. 2000, 18, 214–226. [CrossRef]

49. Rossi, D. Role of MYD88 in lymphoplasmacytic lymphoma diagnosis and pathogenesis. Hematol. Am. Soc. Hematol. Educ. Program
2014, 2014, 113–118. [CrossRef]

50. Jiménez, C.; Alonso-Álvarez, S.; Alcoceba, M.; Ordóñez, G.R.; García-Álvarez, M.; Prieto-Conde, M.I.; Chillón, M.C.; Balanzategui,
A.; Corral, R.; Marín, L.A.; et al. From Waldenstrom’s macroglobulinemia to aggressive diffuse large B-cell lymphoma: A
whole-exome analysis of abnormalities leading to transformation. Blood Cancer J. 2017, 7, e591. [CrossRef]

51. Royer, R.H.; Koshiol, J.; Giambarresi, T.R.; Vasquez, L.G.; Pfeiffer, R.M.; McMaster, M.L. Differential characteristics of Waldenstrom
macroglobulinemia according to patterns of familial aggregation. Blood J. Am. Soc. Hematol. 2010, 115, 4464–4471. [CrossRef]
[PubMed]

52. Thomas, R.; Braschi-Amirfarzan, M.; Laferriere, S.L.; Jagannathan, J.P. Imaging of Waldenstrom Macroglobulinemia: A Compre-
hensive Review for the Radiologist in the Era of Personalized Medicine. Am. J. Roentgenol. 2019, 213, W248–W256. [CrossRef]
[PubMed]

53. Imhof, J.W.; Baars, H.; Verloop, M.C. Clinical and haematological aspects of macroglobulinaemia Waldenstrom. Acta Med. Scand.
1959, 163, 349–366. [CrossRef] [PubMed]

54. Palladini, G.; Merlini, G. The elusive pathogenesis of Schnitzler syndrome. Blood J. Am. Soc. Hematol. 2018, 131, 944–946.
[CrossRef] [PubMed]

http://doi.org/10.1155/2013/815325
http://www.ncbi.nlm.nih.gov/pubmed/24106612
http://doi.org/10.1002/cncr.26627
http://www.ncbi.nlm.nih.gov/pubmed/22139816
http://doi.org/10.1200/JCO.2000.18.1.214
http://doi.org/10.1182/asheducation-2014.1.113
http://doi.org/10.1038/bcj.2017.72
http://doi.org/10.1182/blood-2009-10-247973
http://www.ncbi.nlm.nih.gov/pubmed/20308603
http://doi.org/10.2214/AJR.19.21493
http://www.ncbi.nlm.nih.gov/pubmed/31287727
http://doi.org/10.1111/j.0954-6820.1959.tb10414.x
http://www.ncbi.nlm.nih.gov/pubmed/13649249
http://doi.org/10.1182/blood-2018-01-824862
http://www.ncbi.nlm.nih.gov/pubmed/29496698

	Introduction 
	Changes Contained in the Updated 2016 WHO Classification of B-Cell Lymphoproliferative Disorders (B-Cell LPD) 
	Uncommon B-Cell Lymphoproliferative Disorders 
	Primary Central Nervous System Lymphoma with Attention to Lymphomatosis Cerebri: An Extremely Rare Diffuse B-Cell Lymphoma Variant 
	Autoimmune Lymphoproliferative Syndrome 
	Primary Mediastinal Large B-Cell Lymphoma 
	Lymphomatoid Granulomatosis 
	Lymphoplasmacytic Lymphoma, Waldenstrom Macroglobulinemia, and Bing–Neel Syndrome 

	Conclusions 
	References

