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Neuro-oncology:  
Practice-Changing Developments

Special Collection

Epidemiology
With an incidence of 0.44 per 100,000, primary 
central nervous system lymphoma (PCNSL) 
accounts for approximately 2% of all primary 
central nervous system tumors.1 PCNSL is a rare 
but aggressive form of extranodal non-Hodgkin 
lymphoma (NHL) limited to the brain, spinal 
cord, leptomeninges or eyes.2 The median age at 
diagnosis is 65 years. Since 2000, there has been 
an increase in the overall incidence of PCNSL, 
especially in the elderly. The 5- and 10-year sur-
vival rates for PCNSL are 29.9% and 22.2%, 
respectively.1

Molecular pathogenesis
Approximately 90% of PCNSL cases are diffuse 
large B-cell lymphomas (DLBCLs), with the 

remainder consisting of T-cell (2%), Burkitt’s, 
lymphoblastic and low-grade lymphomas.3 PCNS 
DLBCL is recognized as a distinct subtype of 
DLBCL in the World Health Organization 
Classification4 and expresses pan B-cell antigens 
(CD19, CD20 and CD79a).5–7 Melanoma associ-
ated antigen (mutated) 1 (MUM1)/interferon 
regulatory factor 4 (IRF4) is nearly always posi-
tive; B-cell chronic lymphocytic leukemia (CLL)/
lymphoma 6 (BCL-6) is expressed in about 50% 
of cases; B-cell CLL/lymphoma 2 (BCL-2) is vari-
ably expressed; and CD10 is expressed in only a 
small minority of cases (about 10%).5–7 This 
means the majority of PCNS DLBCL most closely 
resemble a post-germinal center or an activated 
B-cell (ABC) immunophenotype (CD10–, BCL-
6+, MUM1/IRF4+). BCL-6, CD10, BCL-2, 
MUM1/IRF4 and ki-67 may have prognostic 
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importance. For example, BCL-6 expression was 
associated with inferior survival outcomes in a 
recent study of B-cell differentiation markers and 
their prognostic impact in a cohort of 119 patients 
from a prospective trial (G-PCNSL-SG1).8 The 
incidence of Epstein Barr virus (EBV) infection is 
high in immunocompromised hosts, such as in 
patients with acquired immunodeficiency syn-
drome; in contrast, virtually all tumor samples 
from immunocompetent hosts are EBV negative.9 
Copy number alterations of 9p24.1 and infre-
quent translocations of 9p24.1 are also observed 
in PCNSL, leading to overexpression of the pro-
grammed cell death 1 receptor (PD-1) ligands, 
PD-L1 and PD-L2.10 Inactivation of CDKN2A is 
also commonly observed in PCNSL and systemic 
DLBCL.11 PCNS DLBCL more often have loss 
of human leukocyte antigen (HLA) class I or HLA 
class II expression compared with primary nodal 
DLBCL. This could result in the evasion of neo-
plastic B cells from immune surveillance by T cells 
which, in turn, may explain the poorer prognosis 
of PCNS DLBCL.6 The extent of somatic hyper-
mutation of proto-oncogenes has also been shown 
to be greater in PCNS DLBCL compared with 
DLBCL arising outside the central nervous sys-
tem (CNS).12 In a genomic analysis of 19 PCNSL 
samples from immunocompetent patients, recur-
rent abnormalities in PRKCD and TOX genes 
were observed.13 PRKCD, a proapoptotic protein 
kinase, has been implicated in cellular processes 
such as growth, differentiation, secretion, apopto-
sis and tumor development. TOX plays a key role 
in T-cell development and has some effect on 
B-cell development as well. Mutations leading to 
activation of the nuclear factor κB (NF-κB) sign-
aling pathway, such as activating mutations of 
MYD88, CARD11 and CD79 and deletions of 
TNFAIP3 and TBL1XR1, are observed in almost 
all PCNSL cases, suggesting that NF-κB activa-
tion may play a role in the pathogenesis of PCNS 
DLBCL and may represent a potential therapeu-
tic target.11,13,14 Gene expression profiles also 
demonstrate that PCNSL is characterized by dif-
ferential expression of genes related to adhesion 
and extracellular matrix pathways, including 
MUM1, CXCL13 and CHI3L1. Alterations in 
TP53, CDKN2A/p16, BCL-6, MYC and PAX5 
genes are also commonly observed in PCNSL.14

Diagnostic evaluation
The most common clinical presentation of 
patients with PCNSL is with nonspecific 

neurocognitive deficits, and less frequently focal 
neurological signs or symptoms. The International 
PCNSL Collaborative Group (IPCG) has devel-
oped guidelines to determine the extent of disease 
in this patient population.15 Most immunocom-
petent patients with PCNSL present with a single 
brain mass. Multiple brain masses are only 
reported in 20–40% of immunocompetent 
patients. Supratentorial and periventricular loca-
tion is common in PCNSL (Figure 1).16 Due to 
its hypercellularity, lesions are mainly iso- or 
hyperdense on unenhanced computed tomogra-
phy (CT) scan.16 Magnetic resonance imaging 
(MRI) with gadolinium contrast is the most sen-
sitive imaging modality in the diagnosis of 
PCNSL. PCNSL is characterized by homoge-
nous contrast enhancement with well defined 
borders17 (Figure 1). Nonenhanced lesions are 
rare. Perilesional vasogenic edema is common. 
Low signal on T2-weighted MRI and restricted 
diffusion on diffusion-weighted imaging (DWI) 
are other characteristics of PCNSL, which may 
be explained by its high cellularity with tightly 
compacted cells and the high nuclear to cytoplas-
mic ratio.18 These radiographic features may help 
to differentiate PCNSL from other conditions, 
such as infections, tumefactive demyelinating 
lesions or gliomas.19 Radiographic response to 
corticosteroids is common, but this does not 
secure the diagnosis of PCNSL as inflammatory 
or demyelinating conditions do so as well. Rarely, 
PCNSL may present with subtle focal abnormali-
ties of cranial or radicular nerves or focal menin-
geal enhancement.

Recent studies of advanced imaging techniques 
have demonstrated the usefulness of these metrics 
in diagnosis and prognostication of PCNSL.18 
For example, fractional anisotropy (FA) of diffu-
sion tensor imaging (DTI) correlates with micro-
structural integrity of myelinated fiber tracts and 
it is significantly lower in PCNSL compared with 
Glioblastoma (GBM).20 Similarly, on magnetic 
resonance spectroscopy PCNSL differs from other 
glial tumors, including GBM, by massively 
increased lipid resonances and markedly higher 
choline/creatine and choline/N-acetyl-aspartate 
ratios.21 These imaging techniques, therefore, 
could facilitate differentiating PCNSL from other 
brain pathologies. DWI-derived apparent diffusion 
coefficient (ADC) measurements inversely corre-
late with PCNSL tumor cellular density and it has 
been shown that low pretherapeutic ADC values 
may be predictive of earlier disease progression 
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and shorter overall survival (OS) in patients with 
PCNSL compared with higher ADC values despite 
the same chemotherapy treatment.22 Metabolic 
imaging by 18F-fluorodeoxyglucose (FDG) or 
11C-methionine positron emission tomography 
(PET) has been suggested to be able to predict 
therapy response at a very early time point and 
also to detect early disease recurrence during 
post-treatment surveillance, before changes are 
seen on MRI.23,24 These newer imaging tech-
niques may ultimately provide noninvasive imag-
ing biomarkers that might identify high-risk 
patients with PCNSL for poor outcome, and may 
facilitate individualized treatment plans in the 
future.

Concurrent involvement by DLBCL of the cere-
brospinal fluid (CSF) and the eye occurs in 
approximately 15–20% and 5–20%, respectively. 

Isolated involvement of the CSF, primary lep-
tomeningeal lymphoma, or isolated involvement 
of the eye, primary vitreoretinal lymphoma, is 
rare. Presenting symptoms of ocular involvement 
include eye pain, blurred vision and floaters.25 If 
not contraindicated, a lumbar puncture should be 
performed for CSF analysis. If biopsy of the brain 
lesion is not possible, a diagnostic vitrectomy can 
be performed if ocular involvement is suspected 
on a split-lamp examination. CSF and vitreous 
specimens should be assessed by flow cytometry, 
cytology and immunoglobulin heavy-chain gene 
rearrangement. CSF cytology is positive in 
approximately 18% of newly diagnosed PCNSL 
cases;26 flow cytometry appears to be more sensi-
tive than cytology in hematologic malignancies of 
the CNS.27 Nevertheless, prompt stereotactic 
biopsy is advised in almost all PCNSL cases that 
are surgically accessible in the brain, given the 

Figure 1. Brain magnetic resonance imaging (MRI) of two patients (a–c, d and e) with primary central nervous 
system lymphoma (PCNSL): (a) axial fluid-attenuated inversion recovery (FLAIR) sequence demonstrating a 
hypointense lesion surrounded by hyperintense edema; (b) axial, T1-weighted, contrast-enhanced sequence 
with intense homogeneous contrast enhancement; (c) diffusion-weighted axial sequence showing bright 
signal in the lesion, indicating restricted diffusion. (d, e) Axial and coronal T1-weighted, contrast-enhanced 
sequences revealing multifocal contrast-enhanced PCNSL lesions. (Courtesy of Martin Bendszus, M.D., 
Division of Neuroradiology, University of Heidelberg.)

https://journals.sagepub.com/home/tan


Therapeutic Advances in Neurological Disorders 11

4 journals.sagepub.com/home/tan

possible delay in diagnosis and treatment with the 
two methods mentioned above. If possible, corti-
costeroids should be avoided prior to biopsy as 
histopathological diagnosis can be difficult 
because of their lymphotoxic effects. However, 
preoperative treatment with corticosteroids did 
not prevent the diagnosis of PCNSL by stereotac-
tic biopsy in one study.28 If corticosteroids have 
been administered prior to surgery, a new brain 
MRI should be performed shortly before biopsy 
to assess the residual lesion.

‘B symptoms’ such as weight loss, fevers and 
night sweats are rare in PCNSL. For the diagno-
sis of primary CNS lymphoma, the exclusion of 
extraneural disease by additional diagnostic test-
ing is required. Evidence of systemic disease has 
been reported in up to 8% of patients initially 
thought to have PCNSL.15 Staging FDG body 
PET/CT may be more sensitive than a conven-
tional CT of the chest, abdomen and pelvis for 
detecting systemic disease, as illustrated by a ret-
rospective study in which 7% of patients were 
found to have systemic NHL by FDG-PET imag-
ing when staging CT scan and bone marrow 
biopsies were negative.29 Bone marrow biopsy 
and aspirate can also reveal subclinical systemic, 
sometimes lower-grade, lymphoma not detecta-
ble by other staging procedures.30 Approximately 
3% of patients with testicular lymphoma have 
brain metastases at diagnosis mimicking PCNSL 
and body CT or PET scans may rarely miss an 
abnormality in the testis, therefore testicular 
ultrasound for men should be considered.29,31 
Blood tests including serum lactate dehydroge-
nase (LDH), hepatitis and human immunodefi-
ciency virus serologies should be performed.15

Prognostic models
For PCNSL, two prognostic scoring models  
have been established.32,33 The Memorial Sloan-
Kettering Cancer Center prognostic model 
described three groups based on age and Karnofsky 
performance status (KPS). Patients less than 
50 years old had the best prognosis with a median 
survival of 8.5 years, and were classified as group 
1. In group 2 (patients ⩾50 years and KPS ⩾ 70), 
median survival was reduced to 3.2 years. Patients 
at least 50 years old with a KPS less than 70 had 
the worst prognosis with a median survival of 
1.1 years.32 The International Extranodal 
Lymphoma Study Group (IELSG) described five 
prognostic variables as independent predictors of 

poor prognosis with low OS: Eastern Cooperative 
Oncology Group performance status higher than 
1; age over 60 years; elevated serum LDH level; 
elevated CSF protein concentration; and involve-
ment of deep regions of the brain. The 2-year sur-
vival with 0–1, 2–3 or 4–5 of these unfavorable 
factors was 80%, 48% and 15%, respectively.33 In 
recent data, patients with lymphopenia at diagno-
sis of PCNSL (absolute lymphocyte count ⩽ 
875 × 106/liter) had a significantly lower 5-year 
survival rate than that of patients without lympho-
penia (22.3% versus 58.5%). This study suggests 
that lymphopenia is a significant prognostic factor 
for progression-free survival (PFS) and poor OS.34 
Further validation of these data is needed.

Neurotoxicity
Long-term survival for patients with PCNSL is 
improving and, thus, the potential for late com-
plications such as treatment-related neurotoxicity 
is increased and requires significant attention. 
The exact incidence of delayed neurotoxicity 
remains unclear, as most studies have not system-
ically assessed neurocognitive function with serial 
neuropsychological test batteries. The application 
of whole-brain radiotherapy (WBRT) alone or in 
combination with systemic chemotherapy has 
been identified as a significant risk factor for 
developing late neurotoxicity, with patients over 
60 years old at highest risk. In patients receiving 
early WBRT after a high-dose methotrexate 
(HD-MTX)-based chemotherapy regimen, 
global cognition as determined by the Mini-
Mental Status Examination (MMSE) in year 2 
after randomization was worse compared with no 
early WBRT.35 As the MMSE is insensitive for 
certain neurocognitive domains, the IPCG has 
developed an instrument for monitoring neuro-
cognitive function. This assessment is composed 
of quality of life questionnaires and a focused 
neuropsychological test battery, including assess-
ment of executive function, attention, memory 
and psychomotor speed.36 Treatment-induced 
leukoencephalopathy with periventricular white 
matter changes, ventricular enlargement and cor-
tical atrophy are frequent radiographic findings. 
Demyelination, hippocampal neuronal loss and 
large-vessel atherosclerosis are common features 
in pathological studies.37 The pathophysiology is 
unknown but is likely multifactorial. Damage to 
neural progenitor cells has been implicated to 
play an important role in radiation-related 
neurotoxicity.38
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Treatment

Response assessment
The IPCG has established response criteria that 
assess all involved sites (brain, CSF and eye) and 
corticosteroid dosage. Gadolinium-enhanced 
MRI scans are the standard for assessing tumor 
lesions in the brain or spinal cord. CSF and oph-
thalmological evaluation is needed when the lep-
tomeninges and eye, respectively, are involved at 
diagnosis or as clinically indicated.15 Lumbar 
punctures should only be performed in patients at 
no risk of brain herniation. Responses are defined 
by the IPCG criteria as indicated in Table 1.

Corticosteroids
Corticosteroids lead to decreased tumor-associ-
ated edema and may result in partial radiographic 
regression (PR) due to their lymphotoxic effects. 
An initial response to corticosteroids appears to 
be a prognostic factor in PCNSL with favorable 
outcome.39 After an initial response to corticos-
teroids, most patients quickly have relapsing dis-
ease. As already described, corticosteroids should 
generally be avoided preoperatively due to the 
risk of a nondiagnostic biopsy.

Surgery
Surgical resection is not considered the standard 
of care in treating PCNSL given the multifocal 
nature of this tumor.40 There might be a small 
percentage of patients with large lesions and acute 

symptoms and signs of brain herniation who will 
benefit from tumor debulking. To date, however, 
the extent of resection has not been established as 
a prognostic factor in PCNSL. Although in one 
report a possible benefit of gross total resection in 
patients with PCNSL was observed, this was a 
retrospective, subset analysis likely confounded 
by selection bias.13 Other reports demonstrate no 
clear benefit. In patients with uncharacteristic 
MRI lesions, frozen section analysis is a useful 
tool in brain tumor surgery to determine whether 
further resection would be beneficial (e.g. in a 
glioma). Today, diagnosis of PCNSL via stereo-
tactic biopsy of the intracranial mass is the most 
accepted diagnostic procedure in PCNSL.

Radiotherapy
Optimal standard treatment for PCNSL has not 
been established. As PCNSL is a microscopically 
diffuse, multifocal disease, focal radiation or 
radiosurgery is not recommended. Historically, 
WBRT at doses ranging from 36 to 45 Gy was 
performed as first-line therapy, resulting in a high 
proportion of radiographic responses, but early 
relapse was typical. In a multicenter, phase II trial 
conducted by the Radiation Therapy Oncology 
Group (RTOG), 41 patients were treated with 
WBRT (40 Gy) plus a tumor boost of 20 Gy, 
achieving a median OS of 12 months.41 Given the 
lack of durable responses to WBRT and the 
increased risk of neurotoxicity with this modality 
of therapy, WBRT is no longer a routinely recom-
mended treatment for patients with newly 

Table 1. Response assessment of PCNSL from the International PCNSL Collaborative Group.

Response Brain imaging Corticosteroid 
dose

Ophthalmologic 
examination

CSF cytology

CR No contrast-enhanced disease None Normal Negative

CRu No contrast-enhanced disease
Minimal abnormality

Any
Any

Normal
Minor RPE abnormality

Negative
Negative

PR 50% decrease in enhanced 
disease
No contrast-enhanced disease

Not relevant
Not relevant

Normal or minor RPE 
abnormality
Decrease in vitreous cells 
or retinal infiltrate

Negative
Persistent or 
suspicious

PD 25% increase in enhanced tumor
Any new site of disease

Not relevant Recurrent or new disease Recurrent or 
positive

SD All other cases  

CR, complete response; CRu, unconfirmed complete response; CSF, cerebrospinal fluid; PCNSL, primary central nervous system lymphoma; PD, 
progressive disease; PR, partial response; RPE, retinal pigment epithelium; SD, stable disease.
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diagnosed PCNSL. However, WBRT might be 
an option in patients with contraindications to 
chemotherapy and as a salvage therapy for 
patients with refractory or relapsed disease. In a 
series of 48 patients with refractory or relapsed 
PCNSL, 58% achieved a complete response 
(CR) after WBRT, with a survival of 28 months 
compared with 4–5 months for patients with a 
partial response (PR) or less. However, 29% 
developed neurotoxicity after WBRT, with a con-
siderable decline of functional status as measured 
by the KPS.42

Chemotherapy for newly diagnosed PCNSL
HD-MTX (3–8 mg/m2) in combination with 
other chemotherapeutic agents or WBRT is the 
most effective treatment for newly diagnosed 
PCNSL. However, there is no consensus on the 
optimal dose or on the role of WBRT in combina-
tion with MTX in the management of newly diag-
nosed PCNSL. Randomized trials have been 
conducted or are still ongoing to address these 
issues (Table 2). Doses of MTX of at least  
3 mg/m2 achieve sufficient therapeutic concentra-
tions in the brain parenchyma and CSF, and 
when combined with WBRT lead to more dura-
ble treatment responses.43–45 In a randomized, 
multicenter, phase II trial in patients with PCNSL 
less than 75 years old, the effect of adding high-
dose cytarabine to induction therapy with 
HD-MTX versus HD-MTX alone was assessed. 
All patients underwent consolidative WBRT after 
induction therapy. Radiation dose was chosen 
according to response and age after chemother-
apy: patients in CR and up to 60 years old 
received 36 Gy; for patients over 60 years old and 
in CR radiation was chosen at the discretion of 
the participating center. Patients in PR received 
36 Gy plus a boost of the tumor bed of 9 Gy; 
patients with stable disease (SD) or progressive 
disease (PD) were irradiated with 40 Gy plus a 
boost of 9 Gy. Forty-six percent of patients receiv-
ing HD-MTX plus cytarabine achieved a CR 
compared with 18% in the HD-MTX arm.46 
Moreover, the patients treated with the combina-
tion had a superior 3-year OS. However, the inci-
dence of neurotoxicity with combined modality 
treatment that includes standard dose WBRT is 
significant, especially in elderly patients.36 
Therefore reduced-dose WBRT has been investi-
gated in several trials. Fifty-two patients were 
enrolled in a multicenter phase II trial assessing 
the efficacy of reduced-dose consolidation WBRT 

(23.4 Gy) plus cytarabine in patients achieving 
CR to induction chemotherapy with rituximab, 
HD-MTX, procarbazine and vincristine 
(R-MPV). There was no significant decline of 
neurocognitive function observed at early follow 
up.47 Due to the delayed risk of neurotoxicity,48 
longer neuropsychological evaluation of these 
patients is necessary to definitively assess the 
safety of this regimen. In several phase II studies, 
the safety, efficacy and modest neurotoxicity of 
HD-MTX chemotherapy (every 10–21 days with 
doses ⩾3 g/m2) could be demonstrated.49,50  
Longer duration of induction chemotherapy with 
HD-MTX results in higher CR rates. In the 
IELSG32 randomized trial, the MATRix induc-
tion regimen (arm C: MTX + cytarabine + thi-
otepa and rituximab) in patients with PCNSL and 
aged up to 70 years provided superiority in terms of 
CR and overall response rates compared with arm 
A (MTX + cytarabine) and arm B (MTX + cyta-
rabine + rituximab). At a median follow up of 30  
months, patients in arm C had a CR rate of 49% 
compared with 23% in arm A and 30% in arm B. 
There was no difference in infectious complications 
in the three groups.51 In a multicenter, phase II trial 
of induction MTX, temozolomide and rituximab 
(MTR), all drugs with demonstrated single-agent 
efficacy in PCNSL, followed by a consolidative 
etoposide/cytarabine combination without WBRT, 
the CR rate after induction therapy was 66% and 
the median PFS was 29 months.49 Median OS was 
not reached with a median follow up of 5 years. 
These results are comparable to those seen with 
consolidative WBRT. An ongoing randomized 
phase II trial, RTOG 1114, is comparing R-MPV 
with or without reduced-dose WBRT (23.4 Gy), 
followed by cytarabine [ClinicalTrials.gov identi-
fier: NCT01399372].

An ongoing randomized trial is also investigating 
the role of induction rituximab in newly  
diagnosed PCNS DLBCL randomized to rituxi-
mab, MTX, teniposide, Bis-chlorethylnitrosourea 
(BCNU), prednisolone rituximab, MTX, BCNU, 
teniposide,  prednisolone (R-MBVP) or MBVP 
alone.58

Intrathecal chemotherapy
Several nonrandomized studies have investigated 
combination chemotherapies, including intrathe-
cal MTX. However, there was no improvement 
of outcome in regimens incorporating intrathecal 
chemotherapy versus those that did not.59,60 Thus, 
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Table 2. Overview of trials in primary central nervous system lymphoma.

Name Description Phase N Activity summary

G-PCNSL-SG
NCT00153530

Arm 1: MTX ± ifosfamide → WBRT
Arm 2: MTX ± ifosfamide52

III 551 Completed

IELSG 20
NCT00210314

Arm 1: MTX + cytarabine → WBRT
Arm 2: MTX → WBRT46

II 79 Completed

ANOCEF-GOELAMS
NCT00503594

Arm 1: MTX, procarbazine, vincristine, cytarabine
Arm 2: MTX, temozolomide53

II 95 Completed

IESLG 32
NCT01011920

Induction arm 1: MTX, cytarabine
Induction arm 2: MTX, cytarabine, rituximab
Induction arm 3: MTX, cytarabine, rituximab, thiotepa

II 227 Completed

Consolidation arm 4: WBRT
Consolidation arm 5: HDT/ASCT51,54

II 104 Completed

ANOCEF-GOELAMS
NCT00863460

R-MBVP →
Consolidation arm 1: HDT/ASCT
Consolidation arm 2: WBRT

II 100 Completed

PRIMAIN study
NCT00989352

MTX, rituximab, procarbazine, lomustine → procarbazine 
maintenance55

II 107 Completed

NCT00916630 Pemetrexed in different doses I 18 Completed

RTOG 1114
NCT01399372

MTX, procarbazine, vincristine, rituximab →
Consolidation arm 1: WBRT (lower dose) → cytarabine
Consolidation arm 2: cytarabine

II 84 Ongoing

Alliance 51101
NCT01511562

MTX, temozolomide, rituximab, cytarabine →
Consolidation arm 1: HDT/ASCT
Consolidation arm 2: etoposide, cytarabine

II 160 Ongoing

MATRIX/ IELSG43 MTX, cytarabine, thiotepa, rituximab →
Consolidation arm 1: HDT/ASCT
Consolidation arm 2: dexamethasone, ifosfamide, VP-16, 
carboplatin

II 250 Ongoing

ALLG/HOVON-
EudraCT 2009
014722-42

Arm 1: MTX, BCNU, teniposide, prednisone → cytarabine, WBRT
Arm 2: MTX, BCNU, teniposide, prednisone → cytarabine, WBRT

III 200 Ongoing

NCT00276783 Pemetrexed monotherapy II 31 Ongoing

NCT01956695 Induction: rituximab and lenalidomide →
rituximab maintenance56

II 45 Ongoing

NCT02315326 Phase I
Arm 1: ibrutinib dose 1
Arm 2: ibrutinib dose 2
Phase II:
Arm 3: ibrutinib + HD-MTX

I/II 18 Ongoing

NCT02203526 Ibrutinib + DA-TEDDI-R57 I 40 Ongoing

CA209-647
NCT02857426

Nivolumab monotherapy II 65 Ongoing

DA-TEDDI-R, dose-adjusted temozolomide, etoposide, doxil, dexamethasone, ibrutinib, rituximab; HD-MTX, high-dose methotrexate; HDT/ASCT, 
high-dose therapy/autologous stem cell transplantation; MTX, methotrexate; WBRT, whole-brain radiotherapy; BCNU, Bis-chlorethylnitrosourea; 
R-MBVP, rituximab, MTX, BCNU, teniposide,  prednisolone.
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intrathecal chemotherapy with MTX is not cur-
rently considered a part of standard induction 
chemotherapy for patients with newly diagnosed 
PCNSL. However, this question should be 
addressed in a future randomized trial.

Rituximab
Rituximab is a chimeric monoclonal antibody 
targeting the CD20 antigen. It is incorporated 
into various treatment regimens at doses of 
375–800 mg/m2. CSF penetration is low, with 
CSF levels from 0.1% to 4.4% of serum levels. 
However, radiographic responses haven been 
observed in patients with relapsed PCNSL 
treated with rituximab monotherapy.61 CR rates 
are higher in induction regimens that include 
rituximab compared with chemotherapy regi-
mens without rituximab.62 As noted above, a 
randomized trial addressing the utility of induc-
tion rituximab is ongoing. Intrathecal adminis-
tration of rituximab alone or in combination 
with systemic chemotherapy is well tolerated 
and should be investigated in future trials of 
patients with PCNSL and leptomeningeal 
involvement.63,64

Consolidation therapy
The optimal consolidative chemotherapy for 
PCNSL is not yet defined. As noted, WBRT 
has a risk of neurotoxicity and several trials 
have assessed whether WBRT can be elimi-
nated in the treatment of patients with newly 
diagnosed PCNSL. In a multicenter, phase III 
trial, HD-MTX-based chemotherapy with or 
without consolidative WBRT was investigated. 
Patients randomized to chemotherapy plus 
WBRT achieved longer PFS but no improve-
ment in OS compared with those treated with 
chemotherapy alone (32.4 months versus 
37.1 months).52 As noted previously, there are 
also initiatives to reduce the dose of consolida-
tive WBRT in an effort to reduce the risk of 
neurotoxicity.47 Other studies have investigated 
chemotherapy without WBRT as induction and 
consolidation for newly diagnosed PCNSL. In 
a multicenter phase II trial, dose-intensive con-
solidation chemotherapy with etoposide and 
cytarabine was administered to patients who 
achieved CR with induction chemotherapy 
using HD-MTX, rituximab and temozolomide 
(CR rate was 66%). The median PFS of 
2.4 years observed in this study without WBRT 

was comparable to those regimens that included 
WBRT.49

Another consolidative approach omitting WBRT 
is high-dose chemotherapy followed by autolo-
gous stem cell transplantation (HDT/ASCT). 
This involves leukapheresis and peripheral blood 
stem cell harvest, followed by conditioning chem-
otherapy then reinfusion of the stem cells to 
restore blood cell production. Currently, there is 
no consensus on the optimal conditioning regi-
men. However, regimens that contain CNS-
penetrant agents such as carmustine, thiotepa 
and busulfan have demonstrated the most encour-
aging results. Promising 2-year OS rates were 
reported in two phase II trials utilizing this 
approach. In a multicenter phase II study, patients 
were treated with MATRix induction chemother-
apy, followed by high-dose carmustine and thi-
otepa conditioning with ASCT.65 The objective 
response rate was 91% and 2-year OS was 87%. 
The treatment-related mortality rate was less than 
10%. In another phase II study, patients who 
responded to the induction R-MPV regimen were 
treated with consolidative high-dose chemother-
apy consisting of thiotepa, busulfan and cyclo-
phosphamide (TBC) followed by ASCT.66 
Two-year PFS and OS were almost identical at 
79% and 81%, respectively, indicating that nearly 
all patients alive at 2 years following treatment 
were free of disease progression. With a median 
follow up of 45 months, median PFS and OS 
were not reached. In this study, however, the 
treatment-related mortality rate among patients 
who received transplantation was high at 11.5%. 
Long-term survival data from another phase II 
trial showed a durable response, with an OS rate 
of 35% after 10 years of follow up in patients 
treated with HD-MTX, then high-dose busulfan 
and thiotepa followed by ASCT.67 Moreover, 
seven of the eight patients who were treated with 
chemotherapy alone had no neurotoxicity and 
had excellent quality of life and functional status, 
with KPS of 90–100%.

The results of the second randomization of the 
IELSG32 phase II trial, in which patients less 
than 70 years old were treated with either WBRT 
or carmustine thiotepa conditioned ASCT after 
MATRix induction therapy, demonstrated that 
both treatment regimens were effective and feasi-
ble, with no significant differences in 2-year PFS 
(80% and 69%). Two of 59 patients in the ASCT 
group died because of infection.54 Overall, 
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high-dose chemotherapy followed by ASCT 
appears to be highly effective with less delayed 
neurotoxicity, therefore it is a promising consoli-
dative approach, especially in younger patients 
with good performance status. Several ongoing 
randomized trials are comparing the efficacy of 
different consolidation approaches: high-dose 
chemotherapy followed by ASCT versus WBRT 
[ClinicalTrials.gov identifier: NCT00863460, 
NCT01011920] or ASCT versus chemotherapy 
[ClinicalTrials.gov identifier: NCT01511562, 
NCT02531841] (Table 2).

Chemotherapy in the elderly
In elderly patients (>60 years), who account for 
more than half of all subjects diagnosed with 
PCNSL,1 the risk of neurotoxicity is the highest. 
The majority of elderly patients develop neuro-
toxicity after treatment with regimens containing 
WBRT; some of these patients die of treatment-
related complications, rather than refractory or 
relapsed disease.36 Doses of MTX from 3 to  
8 g/m2 are generally well tolerated in elderly 
patients, with manageable grade 3 or 4 renal and 
hematological toxicity.68 In a meta-analysis of 
784 elderly patients with PCNSL, treatment regi-
mens with HD-MTX were associated with 
improved survival. Survival was also improved 
with WBRT, but there was an increased risk of 
neurological side effects.69 In a multicenter sin-
gle-arm trial of patients with PCNSL aged 
65 years or over were treated with rituximab, 
HD-MTX and procarbazine; lomustine was 
omitted during the study due to infectious com-
plications. The CR rate was 35.5%, 2-year PFS 
rate was 37.3% and treatment-related death 
occurred in 8.4% of enrolled patients. Tolerability 
was suboptimal, with 81.3% of patients experi-
encing at least one grade 3 toxicity.55 In another 
multicenter phase II trial, 98 elderly patients with 
PCNSL were randomized to receive either MTX, 
procarbazine and vincristine (MPV-A) or MTX 
and temozolomide (MT) with one additional 
cycle of cytarabine in the MPV arm only. There 
were no statistical differences between the two 
groups with respect to CR, PFS and OS.53 In a 
retrospective study of 52 elderly patients treated 
with high-dose thiotepa based chemotherapy fol-
lowed by ASCT as first-line (28.8%) or as sec-
ond- or subsequent-line treatment (71.2%), 69% 
achieved CR and 9% PR with a 2-year PFS and 
OS of 62% and 70.8%, respectively. Two treat-
ment-related deaths (3.8%) were observed.70 In 

summary, there is no standard of care defined for 
elderly patients with newly diagnosed PCNSL 
and further studies are needed. WBRT should be 
avoided because of the higher risk of clinical neu-
rotoxicity. High-dose chemotherapy followed by 
ASCT appears to be effective and feasible in 
selected elderly patients with PCNSL.

Refractory and relapsed PCNSL
Despite high response rates with initial HD-MTX-
based treatment, more than half of initial respond-
ers relapse. Moreover, about a quarter of patients 
have disease that fails to respond to the initial 
treatment. Prognosis of refractory or relapsed 
PCNSL remains poor. In a retrospective study 
the median OS from the time of progression 
(OS2) was 2 months in patients with primary 
refractory disease and 3.7 months in patients with 
disease that relapsed within the first year of initial 
therapy.71 A better prognosis was observed in 
patients who received high-dose chemotherapy 
with ASCT at relapse, however these patients 
tended to be younger with better performance 
status and more chemosensitive disease. 
Moreover, about a quarter of them were asymp-
tomatic at relapse, which may explain the better 
KPS and better survival in this group. This obser-
vation supports the need for regular neuroimag-
ing surveillance after initial treatment.

The optimal treatment for refractory or relapsed 
PCNSL is poorly defined as there are only a lim-
ited number of prospective trials in this setting. 
The choice of salvage treatment depends on age, 
previous treatment and response, performance 
status and comorbidities at the time of relapse. 
HD-MTX rechallenge is an effective approach in 
patients who had previously achieved a prolonged 
response to this agent. This approach is sup-
ported by retrospective studies which have 
reported response rates of 85–91% and median 
OS2 of 41–62 months.72,73 For younger patients 
with a good performance status who have not pre-
viously been treated with high-dose chemother-
apy and ASCT, this is also an option at the time 
of relapse. In a phase II trial of high-dose etopo-
side and cytarabine followed by high-dose chem-
otherapy with the TBC regimen and ASCT, 96% 
of patients with refractory/relapsed PCNSL who 
proceeded to transplantation achieved a CR.74 
The median PFS and OS in this group was 
41.4 months and 58.6 months, respectively. For 
patients who have not been treated with WBRT 
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as a part of their initial treatment, this modality 
can be an effective option and is supported by ret-
rospective studies in which response was observed 
in about 75% of patients.24,49 The median PFS 
and OS was 10 months and 11–19 months, 
respectively. These results suggest that the effi-
cacy of deferred WBRT until the time of relapse 
is comparable to that seen when WBRT is 
employed as initial therapy. Delayed neurotoxic-
ity of WBRT remains a problem in this approach 
as it was observed in 15–29% of patients who sur-
vived more than 4 months after WBRT.42,75 Age 
over 60 years and shorter time (<6 months) 
between the initial HD-MTX-based therapy and 
the salvage WBRT were associated with increased 
risk of neurotoxicity. There are reports of some 
activity with other agents, including temozolo-
mide, topotecan, rituximab, rituximab/temozolo-
mide, bendamustine, ifosfamide/etoposide, and 
cisplatin/cytarabine, with varying results.

Novel therapeutics
Pemetrexed. Pemetrexed, a folate antimetabolite 
with a broader spectrum of activity than MTX 
demonstrated activity in a case series of 17 
patients with recurrent PCNSL and an overall 
radiographic response rate of 58.8% and a median 
OS of 7.8 months; three patients died of infec-
tion.76 As with MTX, the main side effects include 
myelosuppression, gastrointestinal reactions and 
infections; doses up to 900 mg/m2 are relatively 
well tolerated.77 In elderly patients, pemetrexed 
(600 mg/m2) as induction therapy appears to be 
feasible and well tolerated, with a median OS of 
19.5 months in a case series. Patients achieving a 
CR, PR or SD received maintenance therapy with 
pemetrexed for a maximum of six cycles. Two 
patients are still in CR at follow up at 36 and 
45 months, respectively. No neurotoxicity or 
treatment-related deaths were observed in this 
retrospective study of 12 patients with PCNSL 
over 65 years old.78 A combination of pemetrexed 
(500 mg/m2) with rituximab in patients with 
recurrent PCNSL after MTX-based first-line 
treatment shows that the combination is well tol-
erated, with an overall radiographic response rate 
of 62.9% and a median OS of 11.2 months.79

Lenalidomide. Lenalidomide, an oral immuno-
modulatory agent and derivate of thalidomide 
with antiproliferative properties, is the subject of 
several trials in the PCNSL patient population. In 
one case series, two of six patients with relapsed 

PCNSL treated with lenalidomide as salvage 
therapy achieved a CR, with duration of more 
than 24 months in one patient.80 In a phase I 
study of dose-escalating lenalidomide in patients 
with relapsed or refractory CNS lymphoma, eight 
of eight evaluable subjects achieved an objective 
response (four CR, four PR) after 1 month of 
lenalidomide monotherapy. In a second cohort, 5 
of 10 patients with relapsed or refractory CNS 
lymphoma had a durable response for more than 
2 years. Lenalidomide should be further investi-
gated as a potential consolidative or maintenance 
therapy.81 In a multicenter phase II trial of 
relapsed or refractory PCNSL or primary vitreo-
retinal lymphoma, the combination of rituximab 
and lenalidomide in an induction phase followed 
by maintenance therapy with lenalidomide mono-
therapy was investigated. After the induction 
phase, 17 of 43 evaluable patients had an objec-
tive response rate including 13 CRs. The results 
for 17 patients who entered the maintenance 
phase are pending.56

Ibrutinib. Over 90% of primary CNS DLBCL 
cases most closely resemble the ABC-like subtype 
of DLBCL and are highly dependent on B-cell 
receptor (BCR) signaling. As BCR signaling in 
these tumors is activated, ibrutinib, a small mole-
cule with promising CNS distribution that binds 
permanently to the Bruton’s tyrosine kinase, 
inhibiting B-cell receptor signal transduction, is a 
promising candidate drug for assessment in 
PCNSL. In a phase Ib study, 94% of 18 patients 
with PCNSL had a reduction in tumor size with 
ibrutinib monotherapy.57 As patients with ABC 
DLBCL treated with ibrutinib monotherapy have 
a median survival of 10.3 months,82 a combina-
tion regimen with dose-adjusted (DA)-TEDDI-R 
(temozolomide, etoposide, liposomal doxorubicin, 
dexamethasone, ibrutinib and rituximab) was 
assessed. DA-TEDDI-R was designed around 
therapeutic principles for systemic DLBCL and 
CNS penetration. Due to a potential antagonism 
with MTX, ibrutinib and MTX combinations are 
avoided; therefore, MTX was excluded from this 
regimen.83 A total of 86% of 14 evaluable patients 
receiving ibrutinib and DA-TEDDI-R achieved 
CR, one PR and one PD. Five patients died during 
the treatment, two secondary to pulmonary/CNS 
aspergillosis, one of neutropenic sepsis, one patient 
with ventricular arrhythmia and one with ischemic 
stroke; three patients died from tumor progres-
sion. As in patients with systemic ABC DLBCL, 
mutations in the BCR subunit CD97B were 
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associated with partial or incomplete response to 
ibrutinib monotherapy.57,82 Additionally, activat-
ing CARD11 mutations leading to activation of 
the NF-κB signaling pathway were observed in 
ibrutinib-resistant systemic ABC DLBCL and in 
one patient with PCNSL.82,84 In a retrospective 
case study, 14 patients with relapsed or refractory 
PCNSL were treated with ibrutinib monotherapy. 
CR was observed in three patients, PR in four 
patients, and the median PFS was 6 months.85 
Further evaluation of this agent in PCNSL with 
special attention to Aspergillus infection is needed. 
Some data suggest that this may be an ‘on target’ 
effect of this class of agents. A phase I/II study 
[ClinicalTrials.gov identifier: NCT02315326] is 
currently recruiting patients with primary or sec-
ondary CNS lymphoma investigating the maxi-
mum tolerated dose and toxicity of ibrutinib alone 
and in combination with HD-MTX. Because of 
drug–drug interactions, both agents will not be 
administered concurrently.86

Nivolumab. The monoclonal antibody nivolumab 
blocks PD-1, thereby preventing T cells from 
being inactivated. As noted previously, the PD-1 
ligands, PD-L1 and PD-L2, are overexpressed in 
PCNSL, leading to reduced T-cell proliferation 
and survival.10 Five heavily pretreated patients 
with relapsed or refractory PCNSL or primary 
testicular lymphoma had clinical and radiographic 
responses to nivolumab treatment and were alive 
at a median follow up of 17 months. One patient 
received three doses of rituximab after beginning 
nivolumab treatment; two other patients received 
WBRT or focal radiation immediately prior to 
nivolumab. One grade 4 toxicity of renal insuffi-
ciency was observed. Based on these encourag-
ing, preliminary data, a multicenter phase II trial 
of nivolumab in patients with recurrent and 
refractory PCNSL and primary testicular lym-
phoma was initiated and is ongoing.87

Chimeric antigen receptor T-cell therapy. For chi-
meric antigen receptor (CAR)-T-cell therapy the 
T cells of a patient are collected by apheresis and 
genetically engineered to express the CAR spe-
cific to the patient’s particular cancer. After 
expanding the cells in vitro, they are reinjected 
into the patient after lymphodepleting chemo-
therapy. Various trials are ongoing focusing on 
CAR-T-cell therapy in hematological malignan-
cies. A 68-year old female patient with DLBCL 
and cerebral involvement refractory to several 
chemotherapy regimens including an allogenic 

stem-cell transplantation was enrolled in the 
TRANSCEND-NHL-001 phase I trial [Clinical-
Trials.gov identifier: NCT02631044] and dem-
onstrated activity of the CAR-T-cell therapy in 
the CNS. The patient received chemotherapy 
with fludarabine cyclophosphamide, followed by 
the CD19-directed CAR-T-cell product JCAR017 
resulting in CR at 1-month follow up (PET/CT 
and brain MRI). A subcutaneous lesion at 
2-month follow up was resected without further 
treatment; CR was confirmed at 3 months of fol-
low up with ongoing remission at 12 months. No 
neurotoxicity, graft versus host disease or cytokine 
release syndrome were observed.88 Further evalu-
ation of this new treatment approach in PCNSL 
is warranted.

Temsirolimus. Mammalian target of rapamycin 
(mTOR) signaling is often dysregulated in 
PCNSL and inhibition of the pathway may also 
effectively reduce PCNSL progression. Temsiroli-
mus, an inhibitor of mTOR, achieved high radio-
graphic response of 54% in a phase II study of 37 
patients with relapsed or refractory PCNSL, but 
median PFS was low (2.1 months).89 Further 
validation of this agent is needed.

Monitoring and follow up
The majority of recurrences occur within the CNS 
and within the first 5 years of treatment comple-
tion. However, continued follow up to 10 years is 
recommended as there are late recurrences. The 
IPCG’s recommendations for follow-up assess-
ments and monitoring are outlined in Tables 1 
and 3.15

Conclusion
Treatment for PCNSL has advanced signifi-
cantly with improved survival for this rare and 
aggressive lymphoma of the CNS, however 
relapse is common and long-term survival 
remains poor. While the optimal treatment 
approach has yet to be established, high-dose 
methotrexate-based chemotherapy is currently 
considered as the standard induction treatment 
for newly diagnosed PCNSL. Ongoing rand-
omized trials are evaluating different consolida-
tive approaches using high-dose chemotherapy 
with ASCT, reduced-dose WBRT or chemo-
therapy. Treatment of relapsed or refractory 
PCNSL and elderly patients with PCNSL 
remain challenging. With better understanding 
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of the molecular pathogenesis of PCNSL, per-
sonalized treatments that incorporate targeted 
agents, hold significant promise.

Funding
This research received no specific grant from any 
funding agency in the public, commercial, or not-
for-profit sectors.

Conflict of interest statement
The authors declare that there is no conflict of 
interest.

ORCID iD
Tracy T. Batchelor  https://orcid.org/0000-00 
01-7568-6607

References
 1. Ostrom QT, Gittleman H, Fulop J, et al. 

CBTRUS statistical report: primary brain and 
central nervous system tumors diagnosed in the 
United States in 2008–2012. Neuro Oncol 2015; 
17( Suppl. 4): iv1–iv62. DOI: 10.1093/neuonc/
nov189.

 2. Batchelor TT and DeAngelis LM. Lymphoma 
and leukemia of the nervous system. New York: 
Springer, 2013.

 3. Swerdlow SH, Campo E, Harris NL, et al. WHO 
classification of tumours of haematopoietic and 
lymphoid tissues. Lyon: IARC, 2008.

 4. Swerdlow SH, Campo E, Harris NL, et al. WHO 
classification of tumours of haematopoietic and 
lymphoid tissues. In: WHO/IARC classification of 
tumours. 4th ed. 2008.

 5. Giannini C, Dogan A and Salomao DR. CNS 
lymphoma: a practical diagnostic approach. J 
Neuropathol Exp Neurol 2014; 73: 478–494. DOI: 
10.1097/NEN.0000000000000076.

 6. Ferry JA, Pfannl R and Harris NL. Pathology of 
primary central nervous system lymphoma and 
related conditions. In: Lymphoma and leukemia 
of the nervous system. 2nd ed. New York, NY: 
Springer, 2012, pp.61–86.

 7. Ferry JA, Pfannl R and Harris NL. Pathology of 
primary central nervous system lymphoma and 
related conditions. In: Lymphoma and leukemia of 
the nervous system. 2nd ed. pp.61–86. Springer, 
2012; DOI 10.1007/978-1-4419-7668-0_3

 8. Kreher S, Johrens K, Strehlow F, et al. Prognostic 
impact of B-cell lymphoma 6 in primary CNS 
lymphoma. Neuro Oncol 2015; 17: 1016–1021. 
DOI: 10.1093/neuonc/nov046.

 9. Cingolani A, Gastaldi R, Fassone L, et al. 
Epstein-Barr virus infection is predictive of CNS 
involvement in systemic AIDS-related non-
Hodgkin’s lymphomas. J Clin Oncol 2000; 18: 
3325–3330. DOI: 10.1200/JCO.2000.18.19.3325.

 10. Chapuy B, Roemer MG, Stewart C, et al. 
Targetable genetic features of primary testicular 
and primary central nervous system lymphomas. 
Blood 2016; 127: 869–881. DOI: 10.1182/blood-
2015–10–673236.

Table 3. Follow-up schedule of PCNSL from the International PCNSL Collaborative Group.

Follow-up schedule

Year 1–2 At completion of therapy, every 3 months

Year 3–5 Every 6 months

Year 6–10 Annually

Mandatory assessments at each follow up

Medical history
Physical examination
Cognitive evaluation (e.g. IPCG battery or MMSE)
Gadolinium-enhanced MRI of the brain (CT with contrast if MRI is contraindicated)
All other cases

Optional assessments at each follow up if clinically indicated

Ophthalmologic examination
CSF analysis

CSF, cerebrospinal fluid; CT, computed tomography; IPCG, International PCNSL Collaborative Group; MMSE, Mini Mental 
State Examination; MRI, magnetic resonance imaging; PCNSL, primary central nervous system lymphoma.

https://journals.sagepub.com/home/tan
https://orcid.org/0000-0001-7568-6607
https://orcid.org/0000-0001-7568-6607


S Löw, CH Han et al.

journals.sagepub.com/home/tan 13

 11. Ferry JA. The diversity of diffuse large B-cell 
lymphoma in extranodal sites: overview and 
update. J Hematopathol 2014; 7: 57–70. DOI: 
10.1007/s12308–014–0202–7.

 12. Montesinos-Rongen M, Van Roost D, Schaller 
C, et al. Primary diffuse large B-cell lymphomas 
of the central nervous system are targeted by 
aberrant somatic hypermutation. Blood 2004; 103: 
1869–1875. DOI: 10.1182/blood-2003–05–1465.

 13. Braggio E, Van Wier S, Ojha J, et al. Genome-
wide analysis uncovers novel recurrent alterations 
in primary central nervous system lymphomas. 
Clin Cancer Res 2015; 21: 3986–3994. DOI: 
10.1158/1078–0432.CCR-14–2116.

 14. Ferry JA. The diversity of diffuse large B- cell 
lymphoma in extranodal sites: overview and 
update. J Hematopathol 2014; 7: 57–70. DOI: 
10.1007/s12308–014–0202–7.

 15. Abrey LE, Batchelor TT, Ferreri AJ, et al. Report 
of an international workshop to standardize 
baseline evaluation and response criteria for 
primary CNS lymphoma. J Clin Oncol 2005; 23: 
5034–5043. DOI: 10.1200/JCO.2005.13.524.

 16. Haldorsen IS, Espeland A and Larsson EM. 
Central nervous system lymphoma: characteristic 
findings on traditional and advanced imaging. Am 
J Neuroradiol 2011; 32: 984–992. DOI: 10.3174/
ajnr.A2171.

 17. Kuker W, Nagele T, Korfel A, et al. Primary 
central nervous system lymphomas (PCNSL): 
MRI features at presentation in 100 patients. J 
Neurooncol 2005; 72: 169–177. DOI: 10.1007/
s11060–004–3390–7.

 18. Nabavizadeh SA, Vossough A, Hajmomenian M, 
et al. Neuroimaging in central nervous system 
lymphoma. Hematol Oncol Clin North Am 2016; 
30: 799–821. DOI: 10.1016/j.hoc.2016.03.005.

 19. Ahn SJ, Shin HJ, Chang JH, et al. Differentiation 
between primary cerebral lymphoma and 
glioblastoma using the apparent diffusion 
coefficient: comparison of three different ROI 
methods. PLoS One 2014; 9: e112948. DOI: 
10.1371/journal.pone.0112948.

 20. Toh CH, Castillo M, Wong AM, et al. Primary 
cerebral lymphoma and glioblastoma multiforme: 
differences in diffusion characteristics evaluated 
with diffusion tensor imaging. Am J Neuroradiol 
2008; 29: 471–475. DOI: 10.3174/ajnr.A0872.

 21. Harting I, Hartmann M, Jost G, et al. 
Differentiating primary central nervous system 
lymphoma from glioma in humans using localised 
proton magnetic resonance spectroscopy. Neurosci 
Lett 2003; 342: 163–166.

 22. Barajas RF Jr, Rubenstein JL, Chang JS, et al. 
Diffusion-weighted MR imaging derived apparent 
diffusion coefficient is predictive of clinical 
outcome in primary central nervous system 
lymphoma. Am J Neuroradiol 2010; 31: 60–66. 
DOI: 10.3174/ajnr.A1750.

 23. Ogawa T, Kanno I, Hatazawa J, et al. 
Methionine PET for follow-up of radiation 
therapy of primary lymphoma of the brain. 
Radiographics 1994; 14: 101–110. DOI: 10.1148/
radiographics.14.1.8128041.

 24. Palmedo H, Urbach H, Bender H, et al. FDG-
PET in immunocompetent patients with primary 
central nervous system lymphoma: correlation 
with MRI and clinical follow-up. Eur J Nucl Med 
Mol Imaging 2006; 33: 164–168. DOI: 10.1007/
s00259–005–1917–6.

 25. Chan CC, Rubenstein JL, Coupland SE, et al. 
Primary vitreoretinal lymphoma: a report from an 
International Primary Central Nervous System 
Lymphoma Collaborative Group symposium. 
Oncologist 2011; 16: 1589–1599. DOI: 10.1634/
theoncologist.2011–0210.

 26. Fischer L, Jahnke K, Martus P, et al. The 
diagnostic value of cerebrospinal fluid pleocytosis 
and protein in the detection of lymphomatous 
meningitis in primary central nervous system 
lymphomas. Haematologica 2006; 91: 429–430.

 27. Bromberg JE, Breems DA, Kraan J, et al. CSF 
flow cytometry greatly improves diagnostic 
accuracy in CNS hematologic malignancies. 
Neurology 2007; 68: 1674–1679. DOI: 
10.1212/01.wnl.0000261909.28915.83.

 28. Binnahil M, Au K, Lu JQ, et al. The influence of 
corticosteroids on diagnostic accuracy of biopsy 
for primary central nervous system lymphoma. 
Can J Neurol Sci 2016; 43: 721–725. DOI: 
10.1017/cjn.2016.255.

 29. Mohile NA, Deangelis LM and Abrey LE. The 
utility of body FDG PET in staging primary 
central nervous system lymphoma. Neuro Oncol 
2008; 10: 223–228. DOI: 10.1215/15228517–
2007–061.

 30. Jahnke K, Hummel M, Korfel A, et al. Detection 
of subclinical systemic disease in primary CNS 
lymphoma by polymerase chain reaction of the 
rearranged immunoglobulin heavy-chain genes. J 
Clin Oncol 2006; 24: 4754–4757. DOI: 10.1200/
JCO.2006.06.7165.

 31. Scott BJ, Douglas VC, Tihan T, et al. A 
systematic approach to the diagnosis of suspected 
central nervous system lymphoma. JAMA 
Neurol 2013; 70: 311–319. DOI: 10.1001/
jamaneurol.2013.606.

https://journals.sagepub.com/home/tan


Therapeutic Advances in Neurological Disorders 11

14 journals.sagepub.com/home/tan

 32. Abrey LE, Ben-Porat L, Panageas KS, et al. 
Primary central nervous system lymphoma: 
the Memorial Sloan-Kettering Cancer Center 
prognostic model. J Clin Oncol 2006; 24: 5711–
5715. DOI: 10.1200/JCO.2006.08.2941.

 33. Ferreri AJ, Blay JY, Reni M, et al. Prognostic 
scoring system for primary CNS lymphomas: 
the International Extranodal Lymphoma Study 
Group experience. J Clin Oncol 2003; 21: 
266–272. DOI: 10.1200/JCO.2003.09.139.

 34. Jang JE, Kim YR, Kim SJ, et al. A new prognostic 
model using absolute lymphocyte count in 
patients with primary central nervous system 
lymphoma. Eur J Cancer 2016; 57: 127–135. 
DOI: 10.1016/j.ejca.2016.01.016.

 35. Herrlinger U, Schafer N, Fimmers R, et al. 
Early whole brain radiotherapy in primary CNS 
lymphoma: negative impact on quality of life in 
the randomized G-PCNSL-SG1 trial. J Cancer 
Res Clin Oncol 2017. DOI: 10.1007/s00432–017–
2423–5.

 36. Correa DD, Maron L, Harder H, et al. Cognitive 
functions in primary central nervous system 
lymphoma: literature review and assessment 
guidelines. Ann Oncol 2007; 18: 1145–1151. 
DOI: 10.1093/annonc/mdl464.

 37. Lai R, Abrey LE, Rosenblum MK, et al. 
Treatment-induced leukoencephalopathy in 
primary CNS lymphoma: a clinical and autopsy 
study. Neurology 2004; 62: 451–456.

 38. Monje ML, Vogel H, Masek M, et al. Impaired 
human hippocampal neurogenesis after treatment 
for central nervous system malignancies. Ann 
Neurol 2007; 62: 515–520. DOI: 10.1002/
ana.21214.

 39. Mathew BS, Carson KA and Grossman SA. 
Initial response to glucocorticoids. Cancer 2006; 
106: 383–387. DOI: 10.1002/cncr.21583.

 40. Bellinzona M, Roser F, Ostertag H, et al. 
Surgical removal of primary central nervous 
system lymphomas (PCNSL) presenting as space 
occupying lesions: a series of 33 cases. Eur J 
Surg Oncol 2005; 31: 100–105. DOI: 10.1016/j.
ejso.2004.10.002.

 41. Nelson DF, Martz KL, Bonner H, et al.  
Non-Hodgkin’s lymphoma of the brain: can high 
dose, large volume radiation therapy improve 
survival? Report on a prospective trial by the 
Radiation Therapy Oncology Group (RTOG): 
RTOG 8315. Int J Radiat Oncol Biol Phys 1992; 
23: 9–17.

 42. Hottinger AF, DeAngelis LM, Yahalom J, et al. 
Salvage whole brain radiotherapy for recurrent 
or refractory primary CNS lymphoma. Neurology 

2007; 69: 1178–1182. DOI: 10.1212/01.
wnl.0000276986.19602.c1.

 43. DeAngelis LM, Seiferheld W, Schold SC, et al. 
Combination chemotherapy and radiotherapy 
for primary central nervous system lymphoma: 
Radiation Therapy Oncology Group Study 
93–10. J Clin Oncol 2002; 20: 4643–4648. DOI: 
10.1200/JCO.2002.11.013.

 44. Glantz MJ, Cole BF, Recht L, et al. High-dose 
intravenous methotrexate for patients with 
nonleukemic leptomeningeal cancer: is intrathecal 
chemotherapy necessary? J Clin Oncol 1998; 16: 
1561–1567. DOI: 10.1200/JCO.1998.16.4.1561.

 45. Ferreri AJ, Guerra E, Regazzi M, et al. Area 
under the curve of methotrexate and creatinine 
clearance are outcome-determining factors in 
primary CNS lymphomas. Br J Cancer 2004; 90: 
353–358. DOI: 10.1038/sj.bjc.6601472.

 46. Ferreri AJ, Reni M, Foppoli M, et al. High-dose 
cytarabine plus high-dose methotrexate versus 
high-dose methotrexate alone in patients with 
primary CNS lymphoma: a randomised phase 
2 trial. Lancet 2009; 374: 1512–1520. DOI: 
10.1016/S0140–6736(09)61416–1.

 47. Morris PG, Correa DD, Yahalom J, et al. 
Rituximab, methotrexate, procarbazine, and 
vincristine followed by consolidation reduced-
dose whole-brain radiotherapy and cytarabine 
in newly diagnosed primary CNS lymphoma: 
final results and long-term outcome. J Clin 
Oncol 2013; 31: 3971–3979. DOI: 10.1200/
JCO.2013.50.4910.

 48. Doolittle ND, Korfel A, Lubow MA, et al. 
Long-term cognitive function, neuroimaging, 
and quality of life in primary CNS lymphoma. 
Neurology 2013; 81: 84–92. DOI: 10.1212/
WNL.0b013e318297eeba.

 49. Rubenstein JL, Hsi ED, Johnson JL, et al. 
Intensive chemotherapy and immunotherapy 
in patients with newly diagnosed primary CNS 
lymphoma: CALGB 50202 (Alliance 50202). J 
Clin Oncol 2013; 31: 3061–3068. DOI: 10.1200/
JCO.2012.46.9957.

 50. Batchelor T, Carson K, O’Neill A, et al. 
Treatment of primary CNS lymphoma with 
methotrexate and deferred radiotherapy: a 
report of NABTT 96–07. J Clin Oncol 2003; 21: 
1044–1049. DOI: 10.1200/JCO.2003.03.036.

 51. Ferreri AJ, Cwynarski K, Pulczynski E, et al. 
Chemoimmunotherapy with methotrexate, 
cytarabine, thiotepa, and rituximab (MATRix 
regimen) in patients with primary CNS 
lymphoma: results of the first randomisation of 
the International Extranodal Lymphoma Study 
Group-32 (IELSG32) phase 2 trial. Lancet 

https://journals.sagepub.com/home/tan


S Löw, CH Han et al.

journals.sagepub.com/home/tan 15

Haematol 2016; 3: e217–227. DOI: 10.1016/
S2352–3026(16)00036–3.

 52. Thiel E, Korfel A, Martus P, et al. High-dose 
methotrexate with or without whole brain 
radiotherapy for primary CNS lymphoma 
(G-PCNSL-SG-1): a phase 3, randomised, 
non-inferiority trial. Lancet Oncol 2010; 
11: 1036–1047. DOI: 10.1016/S1470–
2045(10)70229–1.

 53. Omuro A, Chinot O, Taillandier L, et al. 
Methotrexate and temozolomide versus 
methotrexate, procarbazine, vincristine, and 
cytarabine for primary CNS lymphoma in an 
elderly population: an intergroup ANOCEF-
GOELAMS randomised phase 2 trial. Lancet 
Haematol 2015; 2: e251–259. DOI: 10.1016/
S2352–3026(15)00074–5.

 54. Ferreri AJM, Cwynarski K, Pulczynski E, 
et al. Whole-brain radiotherapy or autologous 
stem-cell transplantation as consolidation 
strategies after high-dose methotrexate-
based chemoimmunotherapy in patients with 
primary CNS lymphoma: results of the second 
randomisation of the International Extranodal 
Lymphoma Study Group-32 phase 2 trial. Lancet 
Haematol 2017; 4: e510–e523. 2017/10/22. DOI: 
10.1016/S2352–3026(17)30174–6.

 55. Fritsch K, Kasenda B, Schorb E, et al. High-
dose methotrexate-based immuno-chemotherapy 
for elderly primary CNS lymphoma patients 
(PRIMAIN study). Leukemia 2017; 31: 846–852. 
DOI: 10.1038/leu.2016.334.

 56. Ghesquieres H, Houillier C, Chinot O, et al. 
Rituximab-lenalidomide (REVRI) in relapse 
or refractory primary central nervous system 
(PCNSL) or vitreo retinal lymphoma (PVRL): 
results of a ‘proof of concept’ phase II study of 
the French LOC Network [abstract]. Blood 2016; 
128. Abstract 785.

 57. Lionakis MS, Dunleavy K, Roschewski M, 
et al. Inhibition of B cell receptor signaling by 
ibrutinib in primary CNS lymphoma. Cancer 
Cell 2017; 31: 833–843.e5. DOI: 10.1016/j.
ccell.2017.04.012.

 58. Poortmans PM, Kluin-Nelemans HC, Haaxma-
Reiche H, et al. High-dose methotrexate-based 
chemotherapy followed by consolidating 
radiotherapy in non-AIDS-related primary 
central nervous system lymphoma: European 
Organization for Research and Treatment 
of Cancer Lymphoma Group Phase II Trial 
20962. J Clin Oncol 2003; 21: 4483–4488. DOI: 
10.1200/JCO.2003.03.108.

 59. Sierra Del Rio M, Ricard D, Houillier C, et al. 
Prophylactic intrathecal chemotherapy in primary 

CNS lymphoma. J Neurooncol 2012; 106: 
143–146. DOI: 10.1007/s11060–011–0649–7.

 60. Khan RB, Shi W, Thaler HT, et al. Is intrathecal 
methotrexate necessary in the treatment of 
primary CNS lymphoma? J Neurooncol 2002; 58: 
175–178.

 61. Batchelor TT, Grossman SA, Mikkelsen T, 
et al. Rituximab monotherapy for patients 
with recurrent primary CNS lymphoma. 
Neurology 2011; 76: 929–930. DOI: 10.1212/
WNL.0b013e31820f2d94.

 62. Holdhoff M, Ambady P, Abdelaziz A, et al.  
High-dose methotrexate with or without 
rituximab in newly diagnosed primary CNS 
lymphoma. Neurology 2014; 83: 235–239. DOI: 
10.1212/WNL.0000000000000593.

 63. Strowd RE 3rd, Abuali IA and Grossman 
SA. Objective cerebrospinal fluid response to 
intraventricular rituximab in indolent CNS 
lymphoma. CNS Oncol 2015; 4: 131–135. DOI: 
10.2217/cns.15.3.

 64. Qian L, Zhou C, Shen J, et al. Treatment 
of newly diagnosed B-cell origin 
primary CNS lymphoma with systemic 
R-IDARAM chemotherapy and intrathecal 
immunochemotherapy. Oncotarget 
2016; 7: 25783–25790. DOI: 10.18632/
oncotarget.8370.

 65. Illerhaus G, Fritsch K, Egerer G, et al. Sequential 
high dose immuno-chemotherapy followed 
by autologous peripheral blood stem cell 
transplantation for patients with untreated primary 
central nervous system lymphoma - a multicentre 
study by the Collaborative PCNSL Study Group 
Freiburg. Blood 2012; 120: 302–302.

 66. Omuro A, Correa DD, DeAngelis LM, et al. 
R-MPV followed by high-dose chemotherapy 
with TBC and autologous stem-cell transplant for 
newly diagnosed primary CNS lymphoma. Blood 
2015; 125: 1403–1410. DOI: 10.1182/blood-
2014–10–604561.

 67. Kiefer T, Hirt C, Spath C, et al. Long-term 
follow-up of high-dose chemotherapy with 
autologous stem-cell transplantation and 
response-adapted whole-brain radiotherapy for 
newly diagnosed primary CNS lymphoma: results 
of the multicenter Ostdeutsche Studiengruppe 
Hamatologie und Onkologie OSHO-53 phase 
II study. Ann Oncol 2012; 23: 1809–1812. DOI: 
10.1093/annonc/mdr553.

 68. Zhu JJ, Gerstner ER, Engler DA, et al. High-dose 
methotrexate for elderly patients with primary 
CNS lymphoma. Neuro Oncol 2009; 11: 211–215. 
DOI: 10.1215/15228517–2008–067.

https://journals.sagepub.com/home/tan


Therapeutic Advances in Neurological Disorders 11

16 journals.sagepub.com/home/tan

 69. Kasenda B, Ferreri AJ, Marturano E, et al. First-
line treatment and outcome of elderly patients 
with primary central nervous system lymphoma 
(PCNSL)–a systematic review and individual 
patient data meta-analysis. Ann Oncol 2015; 26: 
1305–1313. DOI: 10.1093/annonc/mdv076.

 70. Schorb E, Fox CP, Fritsch K, et al. High-dose 
thiotepa-based chemotherapy with autologous 
stem cell support in elderly patients with 
primary central nervous system lymphoma: a 
European retrospective study. Bone Marrow 
Transplant 2017; 52: 1113–1119. DOI: 10.1038/
bmt.2017.23.

 71. Langner-Lemercier S, Houillier C, Soussain C, 
et al. Primary CNS lymphoma at first relapse/
progression: characteristics, management, and 
outcome of 256 patients from the French LOC 
network. Neuro Oncol 2016; 18: 1297–1303. 
DOI: 10.1093/neuonc/now033.

 72. Pentsova E, Deangelis LM and Omuro A. 
Methotrexate re-challenge for recurrent primary 
central nervous system lymphoma. J Neurooncol 
2014; 117: 161–165. DOI: 10.1007/s11060–014–
1370–0.

 73. Plotkin SR, Betensky RA, Hochberg FH, et al. 
Treatment of relapsed central nervous system 
lymphoma with high-dose methotrexate. 
Clin Cancer Res 2004; 10: 5643–5646. DOI: 
10.1158/1078–0432.CCR-04–0159.

 74. Soussain C, Hoang-Xuan K, Taillandier L, 
et al. Intensive chemotherapy followed by 
hematopoietic stem-cell rescue for refractory 
and recurrent primary CNS and intraocular 
lymphoma: Societe Francaise de Greffe de 
Moelle Osseuse-Therapie Cellulaire. J Clin 
Oncol 2008; 26: 2512–2518. DOI: 10.1200/
JCO.2007.13.5533.

 75. Nguyen PL, Chakravarti A, Finkelstein DM, 
et al. Results of whole-brain radiation as salvage 
of methotrexate failure for immunocompetent 
patients with primary CNS lymphoma. J Clin 
Oncol 2005; 23: 1507–1513. DOI: 10.1200/
JCO.2005.01.161.

 76. Sun Y, Wang Y, Han S, et al. Efficacy and 
safety of pemetrexed on recurrent primary 
central nervous system lymphomas in China: a 
prospective study. Onco Targets Ther 2017; 10: 
2595–2600. DOI: 10.2147/OTT.S134684.

 77. Raizer JJ, Rademaker A, Evens AM, et al. 
Pemetrexed in the treatment of relapsed/
refractory primary central nervous system 
lymphoma. Cancer 2012; 118: 3743–3748. DOI: 
10.1002/cncr.26709.

 78. Han S, Wang M, Liu B, et al. Pemetrexed for 
primary central nervous system lymphoma in the 

elderly. Clin Transl Oncol 2016; 18: 138–143. 
DOI: 10.1007/s12094–015–1345–4.

 79. Zhao HT, Chen J, Shi SB, et al. Pemetrexed plus 
rituximab as second-line treatment for primary 
central nervous system lymphoma. Med Oncol 2015; 
32: 351. DOI: 10.1007/s12032–014–0351–7.

 80. Houillier C, Choquet S, Touitou V, et al. 
Lenalidomide monotherapy as salvage treatment 
for recurrent primary CNS lymphoma. 
Neurology 2015; 84: 325–326. DOI: 10.1212/
WNL.0000000000001158.

 81. Rubenstein JL, Formaker P and Wang X. 
Lenalidomide is highly active in recurrent CNS 
lymphomas: phase I investigation of lenalidomide 
plus rituximab and outcomes of lenalidomide as 
maintenance monotherapy [abstract]. Hematol 
Oncol 2015; 33: 175. Abstract 137.

 82. Wilson WH, Young RM, Schmitz R, et al. 
Targeting B cell receptor signaling with ibrutinib 
in diffuse large B cell lymphoma. Nat Med 2015; 
21: 922–926. DOI: 10.1038/nm.3884.

 83. Dunleavy K, Lai C, Roschewski M, et al. Phase I/
II study of TEDDI-R with Ibrutinib in untreated 
and relapsed/refractory primary CNS lymphoma 
[abstract]. Hematol Oncol 2015; 33: 174–175, 
Abstract 136.

 84. Grommes C, Pastore A, Palaskas N, et al. 
Ibrutinib unmasks critical role of Bruton tyrosine 
kinase in primary CNS lymphoma. Cancer Discov 
2017; 7: 1018–1029. DOI: 10.1158/2159–8290.
CD-17–0613.

 85. Chamoun K, Choquet S, Boyle E, et al. 
Ibrutinib monotherapy in relapsed/refractory 
CNS lymphoma: a retrospective case series. 
Neurology 2017; 88: 101–102. DOI: 10.1212/
WNL.0000000000003420.

 86. Grommes C, Gavrilovic IT, Kaley T, et al. 
Updated results of single-agent ibrutinib in 
recurrent/refractory primary (PCNSL) and 
secondary CNS lymphoma (SCNSL). J Clin 
Oncol 2017; 35.

 87. Nayak L, Iwamoto FM, LaCasce A, et al. PD-1 
blockade with nivolumab in relapsed/refractory 
primary central nervous system and testicular 
lymphoma. Blood 2017. DOI: 10.1182/blood-
2017–01–764209.

 88. Abramson JS, McGree B, Noyes S, et al. 
Anti-CD19 CAR T cells in CNS diffuse large-
B-cell lymphoma. N Engl J Med 2017; 377: 
783–784. DOI: 10.1056/NEJMc1704610.

 89. Korfel A, Schlegel U, Herrlinger U, et al. Phase 
II trial of temsirolimus for relapsed/refractory 
primary CNS lymphoma. J Clin Oncol 2016; 34: 
1757–1763. DOI: 10.1200/JCO.2015.64.9897.

Visit SAGE journals online 
journals.sagepub.com/
home/tan

SAGE journals

https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan



