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Introduction

Epidemiology

Primary central nervous system (CNS) lymphoma 
is a rare and aggressive subtype of extra-nodal non-
Hodgkin lymphoma confined to the brain, spinal cord, 
leptomeninges, or eyes. With an incidence of 0.44 
per 100,000, primary CNS lymphoma accounts for 

approximately 2% of all primary CNS tumors in the  
US (1). Diffuse large B-cell lymphoma (DLBCL) is the 
most common histological subtype (2) (approximately 90%) 
of primary CNS lymphomas; the other subtypes are Burkitt 
lymphoma, low-grade lymphoma, and T-cell lymphoma (3). 
The median age at disease presentation is 65 years, with an 
increasing incidence in the elderly. 

Immunodeficiency constitutes an important risk factor 
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for the development of primary CNS lymphoma (4). This 
includes human immunodeficiency virus (HIV) infection 
as well as congenital immune deficiency syndromes (e.g., 
ataxia-telangiectasia, severe combined and common 
variable immunodeficiency syndromes (incidence up to 
4%), and more common acquired immune suppression 
states (e.g., patients with cancer and transplant recipients). 
Patients receiving the highest levels of suppression, such 
as lung and liver transplant recipients, have the highest 
risk of developing primary CNS lymphoma, usually from 
B-lymphocyte infection by the Epstein-Barr virus (EBV) 
(5-7). Following kidney, heart, or lung transplantation, the 
frequency of post-transplant lymphoproliferative disorders 
localized in the CNS is estimated to be 1–7%. Infections 
with EBV or iatrogenic T-lymphocyte dysfunctions play a 
key role in the pathogenesis of these processes. However, 
primary CNS lymphoma developing in immunocompetent 
patients is not associated with EBV (3), and its incidence 
in these patients has continued to rise over the past three 
decades for unexplained reasons (8). Interestingly, in patients 
with AIDS, the incidence of primary CNS lymphoma seems 
to be decreasing due to successful antiretroviral therapies (9). 

Histopathology

Gene expression profiling has identified three molecular 
subgroups of non-CNS DLBCL, including the germinal center 
B-cell like, activated B-cell like, and type 3 subgroups (10).  
The vast majority of primary CNS lymphomas are DLBCL, 
belonging to the activated B-cell like subtype, and have 
an activated B-cell immunophenotype resembling exit of 
B-cells from the germinal center (2). Genomic sequencing 
has identified alterations in genes within the B-cell receptor 
signaling axis at increased frequencies. Two such genes, 
MYD88 and CD79B, implicate the involvement of primary 
CNS lymphoma. 

Treatment

The t rea tment  for  pr imary  CNS lymphoma has 
continuously evolved; currently, no optimal first-
line chemotherapy exists. Methotrexate (MTX)-based 
chemotherapy has become the standard of care, but most 
patients relapse and the 5-year survival rate remains inferior 
to that of patients with DLBCL outside the nervous system 
(11-13). Moreover, the prognosis of elderly patients and 
patients with relapsed or refractory disease remains poor 
(14,15). Although new therapeutic regimens have improved 

survival (16-18), the management of this disease remains 
challenging to the neuro-oncology community.

Clinical presentation and diagnosis

Most patients present with focal neurologic deficits related 
to the involved CNS compartment. However, about 43% 
of patients exhibit behavioral or neurocognitive changes 
(such as headache, confusion, nausea, vomiting, or seizures) 
that are non-specific and possibly related to the mass effect, 
resulting in delayed diagnosis (19). 

Most primary CNS lymphoma lesions are located in 
the periventricular region and involve the white matter of 
the centrum semiovale or corona radiata, or in the corpus 
callosum, basal ganglia, or, rarely, spinal cord. Primary 
CNS lymphomas can occur with multifocal lesions; 
leptomeningeal involvement is detected in 15–20% of 
cases (20). 

The diagnosis of primary CNS lymphoma requires 
histopathological evaluation of tissue samples or cerebrospinal 
fluid (CSF). In addition, immunophenotype and genetic 
studies are often performed. Detection of lymphoid 
cells in the CSF can eliminate the need for biopsy (21).  
However, characteristic cells are only detected in one-
third of cases, and a “negative” CSF examination does 
not rule out primary CNS lymphoma. Recently, analysis 
of microRNA (non-coding RNA molecules, regulating 
other gene expressions) from CSF has shown potential 
diagnostic utility. In particular, miR-21, mir-19b, and miR-
92a are reported to have 96.7% specificity for primary 
CNS lymphoma (22,23). Several clinical, laboratory, and 
imaging studies are necessary for proper staging of the 
disease. These include physical examination, ophthalmic 
evaluation with a slit-lamp examination, analysis of serum 
lactate dehydrogenase (LDH) levels, HIV testing, contrast-
enhanced brain magnetic resonance imaging (MRI), and 
lumbar puncture (LP). In patients who cannot undergo 
LP or in those with evidence of spinal cord dysfunction, 
contrast-enhanced MRI of the entire spine should be 
considered (24). To identify potential lymphoma lesions 
outside the CNS (which would change the diagnosis to 
secondary CNS lymphoma and lead to different treatment 
planning (25-27), complete systemic staging including 
computed tomography (CT) scan of the chest, abdomen, 
and pelvis as well as bone marrow biopsy with aspirate are 
recommended. Testicular ultrasonography studies should 
also be considered in men.

Performance of a body fluorodeoxyglucose (FDG) 
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positron emission tomography (PET)/CT has been 
recommended by several centers inside and outside the 
US, including our group (19,28-31); however, in the past, 
it was not included in guidelines by the International 
Primary CNS Lymphoma Collaborative Group (IPCG). 
For systemic staging, a whole-body FDG PET may be 
preferential to and obviate whole-body CT scan and 
testicular sonography. 

This narrative review addresses the role of imaging, 
including challenges of primary CNS lymphoma diagnosis 
and treatment monitoring, and outlines its potential for 
prognostic applications. We present the following article in 
accordance with the Narrative Review reporting checklist 
(available at http://dx.doi.org/10.21037/aol-20-52).

MRI 

Gadolinium-enhanced brain MRI is the modality of 
choice for the assessment of primary CNS lymphoma. 
A presumptive diagnosis may be made based on the 
imaging appearance and tumor response to corticosteroids. 
However, since other processes including multiple sclerosis, 
sarcoidosis, and occasional gliomas may show similar 
imaging features and demonstrate initial response to 
corticosteroids, tissue diagnosis remains essential. Early 
and accurate prediction and diagnosis of primary CNS 
lymphoma is critical, as its management differs from that of 
many other CNS tumors (6). Corticosteroids are empirically 
given to many patients with newly diagnosed brain tumors, 
particularly symptomatic patients, in order to reduce 
swelling and mass effect. However, since histopathology 
for primary CNS lymphoma in the setting of corticosteroid 
therapy is often negative, patients with possible disease 
should not receive corticosteroid therapy before sampling. 
In addition, since gross total resection has not been shown 
to improve survival, most patients with primary CNS 
lymphoma require only biopsy for diagnosis. In patients 
with contraindications to MRI, contrast-enhanced CT 
scans may suffice. Although mostly used for screening, non-
contrast CT in conjunction with MRI has been reported as 
useful to differentiate primary CNS lymphoma from similar 
entities (32).

The European Association of Neuro-Oncology (EANO) 
guidelines recommend brain MRI using T2-weighted/
fluid-attenuated inversion recovery (T2/FLAIR) and T1-
weighted sequences pre-contrast and post-contrast injection 
for diagnosis and follow-up (33). Studies have suggested 
that post-contrast T2/FLAIR images are more sensitive for 

detecting disease, with the combination of T1- and T2-
weighting to suppress the signal from bulk fluid helping to 
increase lesion conspicuity particularly for leptomeningeal 
disease near the cortex or subependymal disease along 
the ventricles (34,35). The recommendations specify T2/
FLAIR acquisition after contrast injection and prior to post-
contrast T1-weighted images. Since the EANO does not 
specify MRI acquisition parameters such as slice thickness, 
time-to-echo, and time-to-repetition, we encourage sites 
to follow the consensus recommendation standardized 
brain tumor imaging protocol when possible (36).  
Those standardized brain tumor imaging protocols were 
not developed explicitly for primary CNS lymphoma, 
however, and notably recommend only pre-contrast T2/
FLAIR that differs from the EANO post-contrast T2/
FLAIR recommendations. Since post-contrast T2/
FLAIR images are not standard at many institutions, and 
therefore possibly less familiar to many radiologists when 
searching for pathology and/or dismissing artifacts, we 
suggest that sites establish and follow their own local best 
practices. Diffusion, dynamic susceptibility contrast (DSC), 
proton spectroscopy MRI, and FDG PET have also been 
recognized as useful adjuncts for differential diagnosis and 
management, although they may have limited specificity 
and their application will also depend on local expertise. 

Advanced MRI

In contrast to conventional MRI, which evaluates anatomy, 
advanced MRI enables characterization of tumor biology 
and physiology. These tools include diffusion, perfusion, 
and spectroscopy imaging.

Diffusion

Diffusion-weighted imaging (DWI) measures the motion 
of water molecules in tissue. Diffusion restriction occurs 
when intact cells impede otherwise Brownian or random 
water motion; diffusion restriction, while complex, is 
correlated with cellularity (37). Primary CNS lymphoma 
causes highly cellular tumors that typically present with 
hyperintense signal on b-1,000 DWI and hypointense signal 
on calculated apparent diffusion coefficient (ADC) maps. 
Pretreatment ADC values can be helpful in establishing 
diagnosis and predicting prognosis, with low ADC values 
correlating with shorter progression-free (PFS) and overall 
(OS) survival times (6,37). DWI may also inform treatment 
decisions. Patients with greater changes in ADC values after 
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high-dose MTX-based chemotherapy show better clinical 
outcomes (29,37).

Diffusion tensor imaging (DTI) enables more sensitive 
detection of white matter microstructure changes. The 
primary metric, fractional anisotropy, is a unitless measure 
of diffusion anisotropy or directionality. Decreased 
fractional anisotropy in primary CNS lymphoma is thought 
to reflect the decreased extracellular space caused by tumor 
growth (38); however, this finding is non-specific and also 
observed in most other disease entities.  

Perfusion 

Perfusion imaging enables the quantitative evaluation 
of tumor microvasculature and has been correlated with 
microvascular density at histopathology as well as catheter 
angiography. The most popular perfusion techniques 
are DSC T2* imaging and dynamic contrast-enhanced 
(DCE) T1 imaging, which utilize exogenous gadolinium 
contrast injection, and arterial spin labeling (ASL), which 
utilizes flowing blood as endogenous contrast. Although 
DSC perfusion is more rapid and more widely applied, it 
is vulnerable to degradation by susceptibility artifacts from 
bone, calcification, and hemorrhage. DCE perfusion has 
higher spatial resolution but more complex pharmacokinetic 
modeling and is sensitive to arterial input function selection. 

Primary CNS lymphoma demonstrates primarily 
angiocentric growth (6) and lacks florid neoangiogenesis, 
resulting in near normal or only slightly elevated perfusion 
values that are much lower than those found in high-grade 
gliomas (HGGs). These perfusion changes are attributable 
in part to the disruption of the blood-brain barrier (39), 
although any changes are vulnerable to the efficiency of T1 
and T2* leakage correction methods (40). Pretreatment low 
relative cerebral blood volume (rCBV, derived from DSC 
perfusion) and low plasma volume (VP, derived from DCE 
perfusion) imply poor tumor vascularity and predict worse 
PFS and OS (41-43), presumably due to poor penetration 
of chemotherapy into the tumor. Similarly, low-contrast 
volume transfer coefficient Ktrans (also derived from DCE 
perfusion, a measure of leakiness or permeability including 
blood-brain barrier disruption) is also correlated with worse 
survival (42). In addition, the combination of low perfusion 
and low ADC portends a particularly poor prognosis (43). 

Spectroscopy

MR spectroscopy enables the noninvasive quantification 

of biochemical information from tissues. The most 
commonly used nuclei are protons (measured as hydrogen 
particles). Spectroscopy of primary CNS lymphoma 
typically demonstrates a nonspecific tumor spectrum with 
increased choline (a cell membrane marker) due to high cell 
membrane turnover. There are also very high lipid/lactate 
peaks (anaerobic glycolysis marker) due to macrophage 
infiltration, and nonspecific low N-acetylaspartate (NAA, 
a neuronal marker). This technique, in conjunction with 
other imaging techniques, may help with differential 
diagnosis of primary CNS lymphoma but cannot alone 
diagnose or differentiate the disease from other similar 
tumors (44). 

Imaging patterns

Presentation in immunocompetent patients
Classic presentation
The most common presentation of primary CNS lymphoma 
is a solitary lesion in adults (approximately 70% of cases) 
that is hyperdense on CT, hypointense to isointense on T2-
weighted images, and homogeneously enhancing [primary 
CNS lymphoma invades the perivascular spaces and blood 
vessel walls, causing damage to the blood-brain barrier (41)]. 
The dense cellularity manifests with diffusion restriction 
on DWI with hyperintense signal on b-1,000 images and 
corresponding hypointense signal on calculated ADC 
maps (29). The enhancing lesion is typically surrounded 
by moderate hypodense on CT or T2-hyperintense 
perilesional edema, although there is classically little mass 
effect relative to size. 

Most lesions occur in the supratentorial brain and 
involve the periventricular white matter, deep gray nuclei, 
corpus callosum, or meningeal margins (Figures 1-3) (45). 
The tumors are hyperdense on CT and hypointense on 
T2-weighted MRI due to innate hypercellularity with high 
nucleus-to-cytoplasmic ratios. Characteristically, even 
larger lesions exert little if any mass effect; subcortical 
lesions often wrap around the cortex in a crescentic shape 
instead of altering the morphology. Edema is common in 
primary CNS lymphoma, as in many other brain tumors (6). 
Hemorrhage, calcification, heterogeneous enhancement, 
and cystic/necrotic changes are rarely found at presentation 
in immunocompetent patients. 
Less common presentations
A third or more of patients will present with multiple 
lesions at diagnosis (6,45). Less common locations include 
the cerebellum and brainstem, although primary CNS 
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lymphoma may occur almost anywhere in the CNS. In 
addition to parenchymal disease, the disease may present 
with primary involvement of the perivascular spaces, 
leptomeninges, pituitary infundibulum, dura, eye, spinal 
cord, and nerve roots (neurolymphomatosis). Although 
usually intense and homogeneous, the enhancement 
may variably be mild, have a peripheral ring shape, or be 
heterogeneous with areas of cystic/necrotic change. Rare 
forms may present with only T2-hyperintense lesions with 
variable diffusion restriction and no enhancement. 
Primary leptomeningeal lymphoma
Primary leptomeningeal lymphoma is a rare form of primary 
CNS lymphoma limited to the leptomeninges, manifesting 

with enhancing leptomeningeal lesions on contrast T1-
weighted images; for instance, along the surfaces of the brain, 
brainstem, cranial nerves, spinal cord, and/or cauda equina 
nerve roots. Of note, MRI abnormalities are found in only 
74% of patients, while the CSF is always abnormal (46).  
Hydrocephalus resulting from disruption of CSF resorption 
due to tumor infiltration of the subarachnoid spaces is found 
in only 9%. Leptomeningeal spread occurs in 11–16% of 
patients with primary CNS lymphoma (20,47,48). 

The pattern of enhancing leptomeningeal lesions is 
indistinguishable from other diseases that may affect 
the subarachnoid space. These include metastases (from 
primary brain cancers, systemic cancers, lymphoma, or 

Figure 1 A 72-year-old female with increasing forgetfulness, confusion, and irritability. Axial contrast T1-weighted image (A) demonstrates 
multiple large homogeneously and heterogeneously enhancing lesions in the anterior and posterior corpus callosum and frontal lobes and 
right basal ganglia and thalamus (arrows), with relatively little mass effect. The lesions demonstrate diffusion restriction with hyperintense 
signal on b-1,000 (B) and hypointense signal on ADC (C) images. Perfusion reveals heterogeneously increased Ktrans (D) and slightly 
increased plasma volume (E), particularly the lesion in the splenium of the corpus callosum. ADC, apparent diffusion coefficient.

Figure 2 A 65-year-old man with gait instability and headache. Axial T2-weighted (A) and contrast T1-weighted (B) images demonstrate 
a heterogeneously hypointense enhancing lesion in the right midbrain, and moderate adjacent edema with mild compression of the third 
ventricle. The lesion is diffusion restricted (arrows) with hyperintense signal on b-1,000 diffusion-weighted image (C) and hypointense 
signal on ADC map (D). ADC, apparent diffusion coefficient.

A B C D E
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leukemia), meningitis, and granulomatous disease (e.g., 
neuro-sarcoidosis). 
Differential diagnosis of primary CNS lymphoma in 
immunocompetent patients
The differential diagnosis includes brain tumors such as 
HGGs, tumefactive demyelinating lesions (TDLs), and 
infectious granulomatous diseases (29). A combination 
of imaging techniques, including MRI, may be helpful to 
differentiate between these entities. Specificity is improved 
by incorporating clinical scenarios and CSF analysis. Biopsy 
or resection remains necessary in uncertain cases. When 
primary CNS lymphoma is a possibility, corticosteroids 
should be withheld as they may confound the diagnosis 
(Figure 3).

In contrast to primary CNS lymphoma, HGG displays 
heterogeneous enhancement with cystic/necrotic changes, 
although there is considerable overlap in presentation on 
conventional MRI. Both entities may be centered in the 
corpus callosum in a butterfly pattern, but primary CNS 
lymphoma more frequently infiltrates the optic tracts 
and the basal ganglia, while HGG is typically found in 
the cerebral cortex. On DWI, ADC values are useful in 
differentiation (primary CNS lymphomas have lower ADC 
because of higher cellularity than HGG), especially when 
used in conjunction with conventional MRI (29,49,50). 
Ideally, imaging is performed with slice thickness <3 mm 

to reduce heterogeneity and artifacts (50). The decrease 
in fractional anisotropy in primary CNS lymphoma is also 
more marked than the decrease in glioblastoma (GBM), 
although this DTI metric has been described as less specific 
and less accurate than changes in ADC (38). On perfusion 
imaging, angiocentric growth and lower microvascular 
density of primary CNS lymphoma result in relatively 
normal or slight increases in perfusion. In contrast, the neo-
angiogenesis and higher microvascular density in GBM 
causes markedly increased perfusion (6). Two recent meta-
analyses found high accuracy for perfusion imaging to 
distinguish between primary CNS lymphoma and HGGs 
with areas under the curve (AUCs) of 0.94–0.96 (51,52). 
DSC was the most sensitive technique, and ASL the 
most specific technique (51) although other authors have 
suggested a dual DCE + DSC perfusion approach (53).  
Measurements in the peritumoral abnormality may also 
reveal increased perfusion in HGGs that is absent in 
primary CNS lymphoma (54). Overall, perfusion studies 
demonstrate high accuracy in differentiating between 
HGGs and primary CNS lymphoma (51) (see Table 1 for 
further details).
(I) Demyelinating disease
Demyelinating disease is categorized as TDLs when 
the clinical presentation and imaging findings cannot 
distinguish lesions from neoplasm. Clinically, patients 

Figure 3 A 56-year-old man with right hand clumsiness. Axial contrast T1-weighted images: at presentation (A), there is a well 
circumscribed homogeneously enhancing lesion in the left precentral (motor) gyrus and mild adjacent hypointense edema. The patient 
received steroids with symptom improvement. Three weeks later, repeat scan (B) showed dramatic decrease in size of the enhancing lesion. 
The steroids were discontinued and biopsy postponed for another two weeks (C), when the lesion had increased again and pathology 
confirmed diffuse large B-cell lymphoma. 

A B C
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with primary CNS lymphoma are usually older, do not 
show improvement in symptoms following demyelination 
disease treatment, and do not have spinal cord involvement. 
TDLs are usually >2 cm (63). When present, mass effect 
and heterogeneous enhancement may help differentiate 
these lesions from primary CNS lymphoma. In rare cases, 
primary CNS lymphoma may be preceded by sentinel 
demyelination, which can mimic multiple sclerosis or acute 
disseminated encephalomyelitis (ADEM). On DWI, TDLs 
have variable, heterogeneous ADC values that depend on 
the temporal evolution of the demyelination (29). Acute 
TDLs can demonstrate marked diffusion restriction, even 
prior to enhancement, which classically occur at the lesion 
periphery along the leading edge of active demyelination. 
The diffusion restriction manifest by low ADC is postulated 
to be due to high cellularity, intramyelinic edema, and/or 
cytotoxic edema (64). The centers typically demonstrate 
facilitated diffusion with high ADC values related to 
myelin destruction and edema. These findings contrast 
with the homogeneous diffusion restriction in primary 
CNS lymphoma, where hypercellularity is the predominant 
contributor to the low ADC. Finally, on spectroscopy, 
increased glutamate and glutamine peaks in demyelinating 
lesions may be helpful for differentiation (whereas many 
tumors show increased choline and lactate peaks) (44). 
(II) CNS metastases from extracranial primary tumors
CNS metastases from extracranial primary tumors are 
typically located at the gray-white matter junctions and 
show either homogeneous or heterogeneous enhancement 
with abundant surrounding edema (29,65). Primary CNS 

lymphoma lesions usually cause less edema and less mass 
effect than metastatic lesions of similar size (6). On diffusion 
imaging, metastases may show diffusion restriction in the 
enhancing solid components but diffusion facilitation in 
cystic and/or necrotic components. Comparatively, primary 
CNS lymphoma shows homogeneous diffusion restriction 
and significantly lower ADC values than metastases (29,66). 
Moreover, metastases often cause neovascularization as 
they expand (67), leading to markedly increased perfusion, 
similar to HGGs. In contrast, primary CNS lymphoma 
usually has near normal perfusion (44,66). 

Presentation in immunodeficient patients
Immunodeficient patients almost always present with 
multiple lesions that  demonstrate heterogeneous 
enhancement and cystic/necrotic changes. HIV-associated 
primary CNS lymphoma often presents with multiple 
supratentorial lesions in the periventricular regions and 
contain hemorrhage. 

An important differential diagnosis in immunodeficient 
patients is progressive multifocal leukoencephalopathy 
(PML). This is caused by the activation of latent John 
Cunningham (JC) virus in HIV and other immunodeficient 
patients. Demyelination occurs due to the destruction of 
the myelin-producing oligodendrocytes. Scans typically 
demonstrate confluent bilateral asymmetric supratentorial 
white matter lesions with absent or little mass effect and 
enhancement. The demyelination characteristically extends 
to the subcortical U-fibers, which occurs less commonly in 
multiple sclerosis, and also involves the gray matter in late 

Table 1 Typical findings in primary CNS lymphoma and common differential possibilities. Numbers in parentheses indicate representative values 
in our experience and from the literature, although the considerable heterogeneity in methodology including acquisition, postprocessing, and 
measurements limits straightforward application (39,42,49,55-62)

Diagnosis
Diffusion Perfusion MR spectroscopy

ADC (10−6 mm2/s) rCBV (DSC) VP (DCE) Cho/Cr Lac/Cr Lip/Cr

Primary CNS 
lymphoma 

Very low (510–900) Near normal 
or slightly high 

(0.7–1.2)

Near normal 
or slightly high 

(0.5–2.4)

Very high  
(2.6–4.3)

Very high  
(2.5–11.8)

Very high  
(3.4–26.7)

Glioblastoma Variable (700–1300) High (1.8–3.6) High (3.9–6.9) Slightly high 
(1.8–2.5)

Variable (0.4–4.5) Variable  
(0.4–23.5)

Anaplastic 
astrocytoma

Variable (700–1300) High (1.8–3.4) High (2.4–4.3) Slightly high 
(1.8–2.6)

Low (0.8–1.3) Low (0.9–1.4)

Metastasis Variable (600–1500) High (1.8–3.1) High (3.4–6.8) Slightly high 
(0.4–1.6)

Low (0.2–0.4) High (2.8–6.4)

ADC, apparent diffusion coefficient; rCBV, relative cerebral blood volume; DSC, dynamic susceptibility contrast; VP, plasma volume; DCE, 
dynamic contrast enhanced; Cho/Cr, choline/creatine; Lip/Cr, lipid/creatine; Lac/Cr, lactate/creatine. 
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stages. The classic PML presentation with non-enhancing 
white matter lesions is different from the classic primary 
CNS lymphoma presentation with diffusion restricted 
enhancing lesions; however, PML remains an important 
diagnostic consideration in immunodeficient patients and 
may mimic the less common chameleon presentation of 
primary CNS lymphoma non-enhancing white matter 
lesions at diagnosis or recurrence (68). Effective treatment 
of HIV may also result in worsening imaging abnormalities 
due to PML-related immune reconstitution inflammatory 
syndrome (PML-IRIS). These PML-IRIS scans usually 
present with patchy enhancing lesions. Given the wide 
spectrum of possible presentations of primary CNS lymphoma, 
these too may occasionally present a diagnostic dilemma. 

Cerebral toxoplasmosis is the most classic infection in 
patients with HIV and other immunodeficient conditions 
such as transplant patients and rheumatoid arthritis or 
multiple sclerosis patients requiring immunosuppression. 
Toxoplasmosis is most frequently found in the basal ganglia, 
cerebral cortex, or brainstem, in contrast to primary CNS 
lymphoma, which is usually periventricular and may have 
subependymal or leptomeningeal spread. An “eccentric 
target sign” may be seen on contrast T1 images (29). Other 
unusual infections include tuberculosis and fungal diseases 
such as Aspergillosis and Candidiasis, which may present 
with brain, meningeal, and/or leptomeningeal lesions. 

Response criteria

In 2005, the IPCG established guidelines to standardize 
the baseline evaluation and response criteria of patients 
with primary CNS lymphoma (69). They established 

contrast-enhanced MRI scans as the standard of care for 
imaging, although both unidimensional and bidimensional 
measurements were allowed akin to the RECIST 1.1 and 
Response Assessment in Neuro-Oncology (RANO) criteria 
(70,71). Response is determined based on evaluation 
of a patient’s enhancement patterns on neuroimaging, 
ophthalmologic exam, CSF cytology, and dependence on 
corticosteroids. These criteria help guide the appropriate 
triaging and grouping of primary CNS lymphoma patients, 
predict prognosis, and standardize imaging intervals and 
measurement techniques. Thereby they enable more 
direct and accurate comparisons of the efficacy of different 
primary CNS lymphoma treatments and clinical trials.  
Table 2 summarizes the response criteria established by 
the IPCG (69). There are several distinct limitations 
to the IPCG criteria, despite its near ubiquitous use 
enabling comparison of modern trials to historical trials. 
The primary clinical limitation, which is common to 
most standardized response criteria, is the imprecision in 
characterizing individual patients who may have highly 
variable presentations and clinical trajectories. The IPCG 
criteria do not formally incorporate any advanced MRI or 
PET imaging techniques. Changes in enhancing lesion size 
are known to lag changes in tumor physiology detectable 
by advanced imaging. In clinical trials and daily practice, 
we incorporate our institutional standard of care advanced 
imaging to confirm possible progressive disease (PD) when 
increases in size occur. 

Surveillance after treatment 

At least one-half of patients who achieve complete response 

Table 2 Response criteria for primary central nervous system lymphoma according to IPCG

Response Brain imaging Corticosteroid dose Eye examination CSF cytology

CR No contrast enhancement None Normal Negative

Cru No contrast enhancement Any Normal Negative

Minimal abnormality Any Minor RPE abnormality Negative

PR 50% decrease in enhancing tumor Irrelevant Minor RPE abnormality or normal Negative

No contrast enhancement Irrelevant Decrease in vitreous cells or retinal 
infiltrate

Persistent or suspicious

PD 25% increase in lesion Irrelevant Recurrent or new ocular disease Recurrent or positive

Any new site of disease: CNS or systemic

CR, complete response; Cru, unconfirmed complete response; RPE, retinal pigment epithelium; PR, partial response; PD, progressive 
disease.
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(CR) will subsequently experience recurrence (72). Only 
20% of these may be diagnosed at routine surveillance 
imaging in asymptomatic patients, whereas the other 80% 
occur in symptomatic patients. However, the prognosis in 
these groups of patients may be similar (72). Therefore, 
there remains some uncertainty about the optimal follow-
up strategy after treatment. 

In about 50% of recurrences, new lesions are noted, 
distant to the original tumor site (73), and more than half of 
unilateral cases may recur with bilateral lesions (74). This 
reflects the fact that this disease affects the entire CNS, as 
shown in autopsies with microscopic tumor infiltration in 
non-enhancing T2-hyperintense and T2 normal areas (75),  
in contrast to most other CNS tumors. Effective treatments 
therefore require prescription to the entire CNS in the 
form of chemotherapy or less commonly whole brain 
radiation therapy—in contrast, GBMs and other HGGs 
require only targeted partial brain radiation. 

Most first recurrences occur <5 years after initial 
treatment. After treatment, patients should be scanned 
every 3 months for the next 2 years, every 6 months for the 
following 3 years, and then once each year for the following 
5 years. Overall, surveillance for primary CNS lymphoma 
recurrence is recommended for 10 years. Of note, late 
relapsing disease has been observed more than 5 years after 
initial diagnosis (76). During these follow-up appointments, 
patients should receive a standard physical exam and history, 
as well as a gadolinium-enhanced MRI, and those who 
have had any ophthalmologic or spinal involvement should 
receive additional evaluation (69).  

Interesting imaging patterns may be observed on follow-
up MRI: After successful treatment, nearly two-thirds of 
patients treated with MTX will demonstrate residual pre-
contrast T1-hyperintense changes (77). These changes are 
unrelated to hemorrhage, and instead are possibly related 
to oxidative stress induced by free radicals and/or due to 
sulfur-containing excitatory amino acid-induced N-methyl-
D-aspartate (NMDA) receptor stimulation, leading to 
increased intracellular calcium (78).

Prognosis 

To guide patient prognosis and treatment discussions, 
the two most commonly used prognostic scores are 
the Memorial Sloan Kettering Cancer Center (MSK) 
prognostic score and the International Extranodal 
Lymphoma Study Group (IELSG) score (79,80). The 

clinical MSK prognostic score predicts worse prognosis 
based on age >50 years and Karnofsky performance score 
<70. The IELSG score predicts worse prognosis with deep 
brain involvement (periventricular regions, basal ganglia, 
brainstem, and/or cerebellum), which occurs in one-third 
of patients who have a worse odds ratio (OR) of 1.45 (95% 
CI: 1.11–1.9) (69). The IELSG score also predicts worse 
prognosis with age >60 years, poor performance status, 
high LDH in serum, and high protein in CSF. Both scoring 
systems predict worse prognosis in the elderly, who have an 
increasing incidence of primary CNS lymphoma (15,81). 
Although not incorporated into either scoring system, 
imaging abnormalities such as infratentorial location, large 
enhancing lesions, and smaller decreases in enhancement 
after treatment also suggest worse outcomes (29). 
Leptomeningeal spread does not portend a worse prognosis 
in primary CNS lymphoma patients (48), unlike the very 
poor prognosis resulting from leptomeningeal spread in 
patients with systemic non-Hodgkin lymphoma. 

PET imaging 

PET imaging offers additional value to cross-sectional 
imaging studies in neuro-oncology, as it enables the non-
invasive evaluation of molecular and metabolic features of 
brain tumors. [18F]-FDG PET is currently the only FDA-
approved imaging modality for brain tumors. Historically, it 
has been used to differentiate radiation necrosis from tumor 
recurrence of enhancing brain lesions on MRI, distinguish 
glioma from CNS lymphoma, and diagnose opportunistic 
infections. Procedure guidelines and descriptions of findings in 
brain tumor imaging should generally comply with previously 
published guidelines for FDG imaging in oncology (82).

PET systems provide static, dynamic, or gated images 
of the distribution of positron-emitting radionuclides 
within the body by detecting pairs of photons produced by 
the coincident annihilation of a positron and an electron. 
Images are generated by a reconstruction process using the 
coincidence pair data. PET is generally combined with CT 
in a single system (PET/CT). Combined PET/MRI systems 
are currently less widely available. The patient’s head should 
be positioned in a dedicated holder with the arms along the 
body, and the entire brain should be in the field of view. 
Commonly, for brain FDG PET, a static image is acquired 
for 10–20 min, at least 45 min after FDG injection, 
with a transaxial 128×128 or finer matrix size. After 
image acquisition and reconstruction, using appropriate 
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calibration factors, quantitative images are obtained as 
each pixel represents an activity concentration (Bq/mL). 
Dynamic FDG PET studies require a dynamic acquisition 
for about 60 min. Imaging data are analyzed using a 
tracer kinetic model (and in the case of FDG sometimes 
a correction factor, termed lumped constant, to account 
for differences in substrate utilization between glucose 
and FDG). Dynamic PET enables true quantification of 
blood flow, metabolism, proliferation, and other processes 
(83-86). Kinetic analysis of FDG PET parameters may be 
helpful for diagnosis of CNS lymphoma and for monitoring 
therapy response (87-89).

The majority of clinical brain PET studies are based 
on acquisition and visual evaluation of static images. PET 
parameters for lesion analysis include standardized uptake 
values (SUVs) (90) such as mean SUV (SUVmean), maximum 
SUV (SUVmax) (volume encompassing the voxel with 
highest uptake), and peak SUV (SUVpeak) (approximately 
1.2-cm diameter fixed size volume centered on the area 
with maximum uptake) as measures for the intensity of 
uptake, and volume-based parameters such as metabolic 
tumor volume (MTV) (volume encompassed by a defined 
isocontour around the voxel with the highest PET uptake) 
and total lesion glycolysis (TLG) (calculated by multiplying 
MTV by SUVmean). Lesion-to-reference-region ratios using 
mean or maximum SUV can be used to provide a measure 
of FDG uptake in lesions. A few studies have suggested 
that delayed imaging of brain tumors (e.g., at 90–480 min) 
could augment the tumor-to-normal brain contrast (91,92), 
resulting in improved lesion detection at later imaging 
time points (93). However, delayed FDG PET imaging 
may not corroborate a presumptive diagnosis of primary 
CNS lymphoma, as false-positive uptake in two cases of 
demyelination has been observed (94).

Radiomics, or textural feature extraction, is an emerging 
technique for assessing intra-tumoral heterogeneity based on 
complex mathematical modeling of the spatial relationship 
between multiple image voxels (95,96). One recent 
retrospective study in 77 patients (primary CNS lymphoma: 
n=24; GBM: n=53) suggested that this analysis may help 
distinguish primary CNS lymphoma from GBM (97).  
Finally, studies reported an inverse relationship between 
PET parameters and MRI-derived ADC; however, the 
utility of DWI to improve diagnostic accuracy remains 
uncertain (98-100). In the following sections, we will only 
discuss data obtained with standard static imaging. 

Imaging pattern on FDG PET

Primary CNS lymphoma lesions mostly show high FDG 
uptake, due to increased glucose metabolism as compared 
to normal brain tissue (Figure 4). This demand is met by 
enhanced cellular entry of nutrients through upregulation 
of specific transporters and enzymes. Tumor cells frequently 
overexpress glucose transporter GLUT1 and GLUT3 
as well as hexokinase 2 (HK-2) (101,102). Preliminary 
data derived from biopsies performed in seven patients 
showed that SUVmax of FDG correlates with the mRNA 
expression level of glucose transporter GLUT3, but not 
GLUT1 (103). Subsequent studies performed in systemic 
lymphoma corroborated this finding (104,105). However, 
a recent study employing a panel of orthotopic, patient-
derived xenograft models from both immunocompetent and 
EBV-positive primary CNS lymphoma biopsy specimens 
reported that GLUT1 and HK-2 were upregulated and 
highly correlated with FDG uptake (106). 

Whereas cortical brain shows high FDG uptake 
(potentially interfering with the detection of FDG-avid 
brain lesions), most sites of CNS lymphoma are in fact 
located in the white matter, deep cerebral structures, 
and periventricular regions, suggesting that FDG PET 
may also be useful in the diagnosis and follow-up of this 
disease (107-109) (please see Table S1 for an overview 
of selected diagnostic studies). Primary CNS lymphoma 
lesions typically showed high uptake on PET with SUVmax 
ranging from 5–39. However, some lesions visualized on 
MRI had no correlate on FDG PET (31,107,110-112) due 
to, e.g., small lesion size (usually <1 cm) and their pattern 
on MRI, such as disseminated presentation. Furthermore, 
leptomeningeal disease and eye involvement, diagnosed on 
CSF flow cytometry and vitreous aspirate, are usually not 
detectable on PET (31), due to small volume of FDG-avid 
disease or prominent FDG uptake in adjacent physiologic 
structures. This is also true for lesions in proximity to 
basal ganglia, which exhibit high physiologic FDG uptake. 
In a study of 25 patients with recurrent disease (113), 
the sensitivity of detecting disease in the brain was 87% 
[13/15], spine/nerves 80% [4/5], and eyes only 20% [1/5]. 
Conversely, some FDG-avid lesions may only be seen on 
FLAIR MR images but not on contrast-enhanced T2-
weighted images (111).

A recent systematic review and meta-analysis of eight 
retrospective studies involving a total of 129 patients (114) 

https://cdn.amegroups.cn/static/public/AOL-20-52-supplementary.pdf
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reported a pooled sensitivity of 0.88 (95% CI: 0.80–0.94), 
specificity of 0.86 (95% CI: 0.73–0.94), positive likelihood 
ratio (positive LR)* of 3.99 (95% CI: 2.31–6.90), negative 
likelihood ratio (negative LR)** of 0.11 (95% CI: 0.04–0.32), 
and diagnostic OR*** of 33.40 (95% CI: 10.40–107.3) 
(115,116). In addition, the AUC and Q index were 0.9192 
and 0.8525, respectively.  

The utility of whole-body FDG PET/CT for the staging 

and detection of lymphoma outside the brain has been 
corroborated in several studies. Indeed, FDG PET/CT 
has shown that about 4–10% of patients with suspected 
lymphoma confined to the brain have systemic involvement 
(31,117). 

Differentiating common enhancing brain lesions  
The role of FDG PET to characterize contrast-enhancing 

Figure 4 Representative cases of primary CNS lymphoma on FDG PET and MRI. (A) Contrast-enhanced T1-weighted MRI shows an 
enhancing lesion (left, orange arrow) in left corona radiata and superior basal ganglia, which demonstrate focal [18F]-FDG uptake on axial 
fused PET/MRI (middle, white arrows) and PET images. (B) Contrast-enhanced T1-weighted MRI depicts an enhancing lesion (left, 
orange arrow) at the left temporal horn; fused PET/MRI (middle, white arrow) and PET images confirmed focal [18F]-FDG uptake. MRI, 
magnetic resonance imaging; PET, positron emission tomography; CNS, central nervous system; FDG, fluorodeoxyglucose.
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*** OR = measure of the effectiveness of a diagnostic test.
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brain lesions on CT and MRI has been investigated 
intensively. For instance, in immunocompromised patients 
with AIDS, FDG uptake in brain lymphoma can be used 
to discriminate between HIV-related brain disease, such 
as toxoplasmosis, and primary CNS lymphoma. Since 
1990, multiple studies have shown that higher FDG uptake 
in CNS lymphoma enables differentiation from non-
malignant etiologies in immunocompromised patients  
(118-120). In immunocompetent patients, FDG PET 
may help differentiate primary CNS lymphoma lesions 
from other brain neoplasms. For instance, in a study 
of 34 patients (including 7 lymphomas, 9 HGGs, and  
18 metastatic tumors) (121), SUVmax, SUVmean, and tumor-
to-normal-tissue ratios were higher in lymphoma than 
in other tumors. Using an SUVmax of 15.0 as a cutoff for 
diagnosing primary CNS lymphoma, only one HGG was 
found to be false-positive. 

In another study with 101 patients (including 25 patients 
with lymphoma), an SUVmax cut-off of 15.5 had 84% 
sensitivity and 80% specificity for diagnosing lymphomas (122).  
Finally, in a prospective study in 49 patients (31), 26 (53%) 
patients were found to have DLBCL-type CNS lymphoma, 
and the remaining 23 (47%) had other diagnoses such as 
HGG (n=17), infectious/inflammatory pathology (n=4), or 
brain metastases (n=2). CNS lymphoma was unifocal in 50% 
and multifocal in the other 50%. The mean SUVmax (27.5 
vs. 18.2; P=0.001) and mean tumor/normal tissue (T/N)  
ratio [defined as SUVmax(lesion)/SUVmax (contralateral 
hemisphere within normal brain) (2.34 vs. 1.53; P<0.001)] 
of CNS lymphoma was significantly higher than that of 
other histologic diagnoses. An “optimal cut-off” for SUVmax 
(18.8) and T/N ratio (1.66) provided an overall accuracy 
of 75% (95% CI: 65–90%) and 83% (95% CI: 72–94%), 
respectively.

In summary, primary CNS lymphoma exhibits higher 
FDG uptake compared to other disease entities (GBM, 
metastases, and inflammatory/infectious lesions) that may 
not be reliably distinguished on conventional neuroimaging 
studies such as MRI. Nevertheless, any recommendations 
regarding specific SUV cut-offs for differentiating between 
various diseases must be considered with caution, as they 
require confirmation in prospective studies and are subject 
to a variety of technical factors related to PET acquisition 
and image reconstruction. 

Response assessment
Few studies have investigated the utility of FDG PET/CT 
for monitoring response, mostly for MTX-based treatments, 

and detection of recurrence (88,110,111,113,123). 
While SUVs and tumor burden measured on FDG PET/

CT have been identified as prognostic factors in patients 
with systemic lymphoma (124-127), data on CNS lymphoma 
are still scarce. So far, mostly retrospective studies have 
explored the prognostic role of FDG PET in this setting 
(108,123,128-130). One retrospective study in 52 patients 
with untreated primary CNS lymphoma reported that PFS 
and OS were shorter in patients with larger MTV (cut-off  
9.8 cm3) and higher TLG (108). Another retrospective study 
in 42 patients with newly diagnosed primary CNS lymphoma 
reported an inverse correlation between high uptake on 
baseline FDG PET and survival (129). 

A larger retrospective study evaluated the prognostic 
value of interim PET/CT (i-PET/CT) and end-of-
treatment PET/CT in 66 patients with primary CNS 
lymphoma receiving MTX-based treatments (123). Only 
the end-of-treatment PET was associated with patient 
outcome.

Our group prospectively investigated the value of 
baseline FDG PET in 53 patients with recurrent/refractory 
(r/r) CNS lymphoma, including 34 patients with r/
r primary CNS lymphoma prior to receiving ibrutinib-
based therapies. At baseline, two-thirds of the patients had 
FDG-avid lesions. In the remaining patients, small lesion 
size limited visualization on PET. In the patients with 
measurable lesions, PET parameters SUVmax, TLG, and 
MTV correlated with PFS, in that higher lesional metabolic 
parameters were inversely related to patient outcome (131). 

Radiolabeled amino acids for imaging CNS lymphoma

In addition to FDG, radiolabeled amino acids such as 
11C-methyl-L-methionine (MET), 18F-fluoroethyl-L-
tyrosine (FET), and 18F-fluoro-L-dihydroxyphenylalanine 
(DOPA) are used for brain tumor imaging, offering the 
distinct advantage of minimal uptake in normal brain 
parenchyma. In some studies, amino acid PET was able 
to differentiate intracranial neoplasms (including glioma, 
lymphoma, and metastasis), which typically demonstrate high 
tracer uptake, from non-neoplastic etiologies (69,132-135).  
For imaging CNS lymphoma, MET has been used in a few 
studies (136-140). The L-type amino acid transporter 1 
(LAT1), which mediates transport of amino acids including 
MET into cells, is strongly expressed in many cancer 
cells and a correlation between the expression of LAT1 
and MET SUVmax in primary CNS lymphoma has been 
reported (103).
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While both FDG and MET showed similar detection 
rates of primary CNS lymphoma lesions, the lesional tracer 
uptake was higher with FDG than with MET (88,136,137). 
Moreover, the higher FDG uptake in primary CNS 
lymphoma enabled differentiation of this disease from 
GBM, whereas more sophisticated kinetic analysis might be 
needed to achieve the same for MET (133,140).

Few studies have investigated the role of MET PET 
for response assessment (139,141,142). One prospective 
study in 26 patients (139) assessed the value of interim 
MET PET/CT and MRI after four cycles of high dose-
MTX-based induction chemotherapy and noted an interim 
response discrepancy between MET PET and brain MRI 
in four patients, with a negative PET but MR showing 
contrast-enhancing lesions. All four patients achieved 
complete remission following treatment; thus, PET may 
enable detection of response at an earlier timepoint. One 
study also suggested that MET PET/CT may enable 
prediction of patient outcome (139). 

Emerging PET tracers

New radiotracers with potentially higher sensitivity and/or 
specificity are being explored, including [11C]-choline (143), 
prostate-specific membrane antigen (PSMA) (144), C-X-C 
chemokine receptor 4 (CXCR4) (145), and fludarabine 
(FDB) (146). CXCR-4 is a transmembrane chemokine 
receptor and with its ligand CXCL12 functions as master 
regulator of leukocyte migration, homing and hematopoietic 
stem and progenitor cell retention in bone marrow niches. 
Dysregulation of the CXCR4-CXCL12 axis in tumor cells 
can promote cell migration and proliferation and induction 
of metastasis. Treatments with CXCR4 antagonists for 
various malignancies are under active investigation. Primary 
CNS lymphoma cells have been shown to consistently 
express CXCR4 (147). In a recent proof-of-concept study, 
11 patients with CNS lymphoma (primary CNS lymphoma, 
n=8; secondary CNS lymphoma, n=3) were imaged with the 
CXCR4-directed PET tracer 68Ga-pentixafor and excellent 
lesion-to-normal brain contrast was observed (Figure 5) (145).  

Figure 5 Representative cases of primary CNS lymphoma on CXCR4-directed PET and MRI. Depicted are representative MR images 
(T1c and FLAIR sequences) and the corresponding CXCR4-directed PET images and the fusion of MRI (FLAIR) and PET of two patients 
with primary CNS lymphoma. This research was originally published in J Nucl Med (Herhaus et al. (145)]. Modified with permission of J 
Nucl Med. MRI, magnetic resonance imaging; FLAIR, fluid-attenuated inversion recovery; MRI, magnetic resonance imaging; CNS, central 
nervous system; CXCR4, C-X-C chemokine receptor 4.
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Furthermore, CXCR4 uptake on baseline PET correlated 
with treatment response, suggesting that 68Ga-pentixafor 
PET may serve as a tool for response and risk assessment in 
patients with CNS lymphoma.

[18F]-FDB, an adenine nucleoside analog, has been 
developed as a novel PET imaging probe to overcome 
limitations in imaging. 9-β-D-Arabinofuranosyl-2-
fluoroadenine monophosphate (FDB monophosphate) was 
first developed as a class of anticancer nucleoside analogues 
in the 1960s (148,149). It is used to treat indolent B-cell 
malignancies (150) and as a conditioning regimen prior to 
stem cell transplants due to its potent immunosuppressive 
activity promoting lymphocyte depletion (151). As this drug 
possesses a 19F atom on the base moiety, substitution by a 18F 
atom generates a positron-emitting radiotracer without any 
modification to its pharmacokinetic and pharmacodynamic 
profiles (152). This probe is a substrate for the equilibrative 
nucleoside transporters, ENT1 and ENT2. After transport 
into the cell and initial phosphorylation by deoxycytidine 
kinase (dCK), an enzyme expressed at relatively high 
levels in lymphoid malignancies, the FDB is trapped. In a 
preclinical study (146) using intracranially implanted human 

xenografts of primary CNS lymphoma and GBM, FDB PET 
demonstrated higher specificity for primary CNS lymphoma, 
whereas FDG uptake was similar in primary CNS lymphoma 
and GBM xenografts—in contrast to clinical data in humans. 

Conclusions and future directions

Primary CNS lymphoma can have highly variable 
appearances on MRI. Early imaging diagnosis  of 
possible primary CNS lymphoma is necessary for proper 
management, which includes avoidance of corticosteroids 
and consideration of biopsy rather than attempted gross 
total resection. Advanced MRI techniques (such as 
MR diffusion, perfusion spectroscopy) provide further 
insights into tumor biology and physiology and may be 
useful in distinguishing primary CNS lymphoma from 
other etiologies. Newly emerging techniques, such as 
radiomics, machine learning, and other forms of artificial 
intelligence may potentially aid in differential diagnosis 
and prognostication in the future (153,154). Nevertheless, 
contrast-enhanced MRI is the standard modality in neuro-
oncologic imaging used for patient management. 

On PET, most primary CNS lymphoma lesions show 
prominent FDG uptake; therefore, FDG PET can be used 
for diagnosing this disease and defining its extent (Figure 6). 
Some (particularly smaller) lesions seen on MRI may not be 
apparent on FDG PET. On the other hand, some lesions 
noted on PET may not be identified (or are perhaps initially 
overlooked or misinterpreted) on standard MRI. Therefore, 
PET and MRI provide complementary information in CNS 
lymphoma. Ideally, patients with primary CNS lymphoma 
should be imaged on a combined PET/MR scanner to 
obtain complete information in one imaging session. 
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Table S1 Selected studies reporting utility of FDG PET/CT in diagnosing primary CNS lymphoma

Reference No. SUVmax TNR Comment

Albano (107) 46 15.6±9.2 (range, 
5–47) 

3.1±1.7* (range, 
1.4–10.6) 

PCNSL (n=44), SCNSL (n=2)

Immunocompetent (n=41), immunodeficient (n=5)

Clearly avid disease (n=38), no distinct avid lesions seen (n=8)

PET/CT detected extracranial disease (n=2; SCNSL)

Kosaka (121) 34 22.17±5.03 (n=7) 3.29±1.03* PCNSL (n=7), HGG/brain metastasis (n=27)

Using an SUVmax of 15.0 as a cutoff for diagnosing CNS lymphoma, only 
one HGG was found as a false-positive (SUVmax 18.8)

Kawai (136) 17 13.88±5.46 (n=16) N/A Newly diagnosed primary CNS lymphoma (DLBCL) (n=17)

“Atypical” primary CNS lymphoma (n=5): T1W MRI: disseminated lesions 
with irregular margin affecting multiple regions of the brain (n=3); no lesion 
(n=1), ring-like enhancing lesion (n=1); thereof, n=4 analyzed on PET; PET: 
no distinct avid lesion (n=4); SUVmax 8.35±1.69 (n=4)

“Typical” primary CNS lymphoma (n=12): T1W MRI: single lesion (n=5) or 
multiple lesions (n=7), total: n=12 patients; PET: clearly avid lesion (n=4); 
SUVmax 15.73±5.01 (n=12)

Kinetic analysis may be helpful in diagnosis of atypical primary CNS 
lymphoma

Purandare (122) 101 Median (range): 20.3 
(8.1–46.3) (n=25)

N/A Primary CNS lymphoma (n=21), secondary CNS lymphoma (n=4), GBM 
(n=30), metastasis (46)

PET/CT detected extracranial disease (n=4; secondary CNS lymphoma)

Using a cut-off of SUVmax of 15.5 has an 84% sensitivity and 80% 
specificity to diagnose lymphomas (AUC =0.876, P=0.00) 

Zhou (100) 92 17.66±7.37 (n=40) 2.46±1.04** Primary CNS lymphoma (n=40), GBM (n=52)

SUVmax + TNR may enable reliable differentiating primary CNS lymphoma 
from GBM [AUC (95% CI): 0.923 (0.854–0.966)]

PET parameters SUVmax, SUVmean, and TLG were inversely proportional to 
the rADCs of primary CNS lymphoma lesions

*, SUVmax(tumor)/SUVmax(normal cortical brain); **, SUVmax(tumor)/SUVmean (contralateral normal cortical brain). SUV, standardized uptake 
value; N/A, not available; TNR, tumor to normal contralateral cortex activity ratio; PCNSL, primary central nervous system lymphoma; 
PET, positron emission tomography; CT, computed tomography; SCNSL, secondary central nervous system lymphoma; HGG, high-grade 
glioma; CNS, central nervous system; DLBCL, diffuse large B-cell lymphoma; T1W, T1-weighted; MRI, magnetic resonance imaging; 
GBM, glioblastoma; AUC, area under the curve; rADCs, relative apparent diffusion coefficient. 
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