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Simple Summary: The backbone of management for newly diagnosed PCNSL is high-dose
methotrexate with additional systemic, intrathecal, or radiation therapies for induction
or consolidation. Rituximab is commonly used as an adjunct to methotrexate despite
no significant benefit in the prospective trials IELSG32 or HOVON 105/ALLG NHL 24.
Concerningly, patients in our study had significantly lower rates of overall survival and
progression-free survival when rituximab was used with methotrexate. Moreover, in-
tensive surgery and whole-brain radiotherapy were not associated with improved out-
comes, and patients with bulky disease had numerically, but not statistically, significantly
worse outcomes. We demonstrate real-world evidence for worse outcomes with treat-
ment intensification, particularly for patients off-trial, as well as unmet needs for patients
with PCNSL.

Abstract: Introduction: Treatment for primary central nervous system lymphoma (PCNSL)
includes high-dose methotrexate (HD-MTX)-based systemic therapy. Multiple regimens
exist with no clear standard of care. We evaluated the impact of different therapies on
PCNSL outcomes at a single institution. Materials and Methods: A total of 95 consecutive
patients with PCNSL from 2002 to 2021 were retrospectively reviewed. The overall survival
(OS) and progression-free survival (PFS) were estimated by the Kaplan–Meier method.
The log-rank test and univariate and multivariable Cox regression analysis were used to
evaluate the relationship between clinicopathologic and treatment variables with outcomes.
Results: Among the 62 patients treated with definitive systemic therapy, the median age
was 58; 71% had a Karnofsky performance status > 70, 49% had a single lesion, 31% received
HD-MTX alone, and 61% had HD-MTX + rituximab. The two-year OS and PFS were 64%
(95% CI: 49.8–75.0%) and 49% (95% CI: 35.0–60.9%), respectively. On multivariable analysis,
the completion of > six cycles of HD-MTX (HR 0.40; 95% CI: 0.21–0.76; p = 0.01) was
associated with superior OS, while the use of rituximab was associated with inferior OS
(HR 2.82; 95% CI: 1.37–5.83; p = 0.01). There were no significant associations between the
OS and PFS with temozolomide, the extent of surgical resection, radiation, or the size or
number of initial lesions (all p > 0.05). Discussion: Innovation is needed to improve the
outcomes for patients with PCNSL.
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1. Introduction
Primary central nervous system lymphoma (PCNSL) is a rare intracranial malignancy

with increasing incidence with age, with up to 4.32 cases per 100,000 for people 70 years
old or older [1]. PCNSL represents about 4% of intracranial neoplasms and 4–6% of extran-
odal lymphomas, with a median overall survival (OS) ranging from months [1,2] to over
8 years [3–5] depending on prognostic factors and treatment. Given the paucity of cases,
prospective randomized data are limited, and a wide variety of systemic therapies and ra-
diotherapy regimens are implemented for induction and salvage treatment. The backbone
of most regimens is high-dose methotrexate—often defined as ≥3.5 g/m2 (HD-MTX) [6].
Trials have examined the incorporation of radiation [7], intrathecal (IT) chemotherapy [8,9],
rituximab, temozolomide (TMZ) [10], stem cell transplants [11], or the combination of
HD-MTX, cytarabine, rituximab, and thiotepa (MATRix) [12,13], all yielding mixed results.
Furthermore, given the heterogeneity of patient selection and protocol management, trial
results can have limited generalizability [14].

Rituximab is an effective agent for the treatment of systemic therapy lymphoma and
is generally well tolerated, but its role in PCNSL is less clear. Two randomized trials failed
to identify a statistically significant benefit with the addition of rituximab to different
regimens. In the three-arm IELSG32 trial, patients were randomized to HD-MTX with
cytarabine alone, with rituximab, or with rituximab and thiotepa. While the arm with
rituximab and thiotepa was superior, the arm with the addition of rituximab alone was
not significantly different than the control arm [12]. In the HOVON 105/ALLG NHL
24 trial, patients were randomized to MTX, carmustine, teniposide, and prednisone with or
without rituximab [15]. Similarly, the study showed no significant difference between the
arms. Given the uncertainty around the optimal management of PCNSL, we examined our
institutional experience to examine the effect of systemic and intrathecal therapy regimens
on outcomes.

2. Materials and Methods
This is a single-institution retrospective cohort study of consecutive patients with

pathologically confirmed PCNSL from 2002 to 2021. The study design was approved by
our institutional Clinical and Translational Research Committee and Institutional Review
Board with a complete waiver of informed consent. We a priori decided to evaluate pa-
tient (age, Karnofsky performance status [KPS], HIV status, and solid organ transplant),
tumor (CSF cytology, the volume of contrast-enhancing lesion[s], and the number of le-
sions), and treatment features (the number of cycles of HD-MTX [0–5 vs. ≥6], first-line
chemotherapy agents [use of rituximab, TMZ, or other agents], the use of IT chemotherapy
or whole-brain radiotherapy [WBRT], and the extent of surgical resection) as covariates.
The size of contrast-enhancing disease was defined categorically using a cutoff of 14 cc,
corresponding to a 3 cm diameter sphere, which is the typical size limit for single-fraction
radiosurgery. The outcomes assessed from the date of biopsy included the overall survival
(OS) and progression-free survival (PFS). Progression was defined according to the RANO
criteria [16]. Survival analysis was performed on the cohort of patients who received any
chemotherapy stratified by patients who had rituximab incorporated into the induction
therapy and those that did not. A post hoc subgroup analysis was performed on the
cohort of patients who received any chemotherapy stratified by patients who had ritux-
imab incorporated into induction therapy and those that did not, as well as an analysis



Cancers 2025, 17, 618 3 of 14

of the systemic therapy regimen (HD-MTX alone, HD-MTX with rituximab, or HD-MTX
with rituximab and TMZ [RMT]), and the incorporation of the year of diagnosis into the
multivariable analysis.

Descriptive statistics were generated for all of the covariates as frequencies and percent-
ages for the categorical variables, and the median and range for the numerical covariates.
Time-to-event outcomes were estimated using the Kaplan–Meier method and compared
using log-rank tests. Median follow-up was estimated using the reverse Kaplan–Meier
estimator. Univariate (UVA) Cox regression analysis was used to determine associations
with the OS and PFS. Variables that were significant at an alpha of 0.2 were used for the
multivariable analysis (MVA). A multivariable Cox regression analysis using the backward
selection method was used to select the covariates. Chi-square tests or Fisher’s exact tests,
as appropriate, were used to determine the differences in the covariates between the cohort
of patients treated with different systemic therapies. Statistical analysis was performed
using SAS 9.4 (SAS Institute Inc., Cary, NC, USA) macros [17], and statistical significance
was defined a priori at the 0.05 level.

3. Results
3.1. Patient Characteristics

We identified 95 patients with pathologically confirmed PCNSL in the study pe-
riod, 62 of which were treated with systemic therapy and were included in the primary
analysis (Figure 1). At the time of biopsy (74.7%) or resection (26.3%), the median age
was 58 (range 18–85) and the median KPS was 70 (range 20–100). In total, 10.5% of pa-
tients were HIV-positive, 4.2% had a solid organ transplant, and 91.6% had Diffuse Large
B-cell histology. The remaining tumors were Marginal Zone (5.3%) or T-cell lymphomas
(3.2%). Of the 60 patients with pre-treatment CSF cytological assessments, 18 (30.0%) had
positive cytology. On staging MRI brain, the median number of intracranial lesions was
2 (range 1–22) and the median volume of contrast-enhancing disease was 12.6 cc (range
0.5–67.8 cc). Of the 70 patients with an evaluable MRI, there were 34 patients (48.6%) with
single contrast-enhancing lesions at presentation. Patient and tumor characteristics are
summarized in Table 1.

Table 1. Patient, tumor, and treatment characteristics for the entire cohort, the cohort treated with
systemic therapy, and the cohort treated with whole-brain radiotherapy alone (WBRT).

Variable Level Overall Cohort (n = 95) Systemic Therapy Cohort (n = 62) WBRT Cohort (n = 13)

Age ≥65 36 (37.9%) 25 (40.3%) 3 (23.1%)
<65 59 (62.1%) 37 (59.7%) 10 (76.9%)

KPS
≥70 61 (64.2%) 44 (71.0%) 4 (30.8%)
<70 34 (35.8%) 18 (29.0%) 9 (69.2%)

HIV
Positive 10 (10.5%) 1 (1.6%) 5 (38.5%)

Negative 85 (89.5%) 61 (98.4%) 8 (61.5%)

Solid Organ
Transplant

Yes 4 (4.2%) 1 (1.6%) 3 (23.1%)
No 91 (95.8%) 61 (98.4%) 10 (76.9%)

Initial Number
of Lesions

2+ 36 (51.4%) 26 (51.0%) 3 (50.0%)
1 34 (48.6%) 25 (49.0%) 3 (50.0%)

Missing 25 1 7

Initial Size of
Lesions

≥14 cc 32 (45.7%) 23 (45.1%) 2 (33.3%)
<14 cc 38 (54.3%) 28 (54.9%) 4 (66.7%)

Missing 25 11 7

Histology
DLBCL 87 (91.6%) 56 (90.3%) 13 (100.0)

Marginal Zone 5 (5.3%) 3 (4.8%) 0 (0.0%)
T-Cell 3 (3.2%) 3 (4.8%) 0 (0.0%)
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Table 1. Cont.

Variable Level Overall Cohort (n = 95) Systemic Therapy Cohort (n = 62) WBRT Cohort (n = 13)

CSF Cytology
Positive 18 (30.0%) 18 (39.1%) 0 (0.0%)

Negative 42 (70.0%) 28 (60.9%) 5 (100.0%)
Missing 35 16 8

Cycles of
HD-MTX

≥6 33 (34.7%) 35 (56.5%) 0 (0.0%)
0–5 62 (65.3%) 27 (43.5%) 13 (100.0%)

Upfront
Rituximab

Yes 38 (61.3%) 38 (61.3%) 0 (0.0%)
No 24 (38.7%) 24 (38.7%) 13 (100.0%)

Missing 33 0 0

Upfront
Temozolomide

Yes 21 (33.9%) 41 (66.1%) 0 (0.0%)
No 41 (66.1%) 21 (33.9%) 13 (100.0%)

Missing 33 0 0

Intrathecal
Chemotherapy

Yes 12 (19.4%) 49 (79.0%) 0 (0.0%)
No 50 (80.6%) 13 (21.0%) 13 (100.0%)

Missing 33 0 0

Type of Surgery
Biopsy 70 (73.7%) 49 (79.0%) 12 (92.3%)
GTR 13 (13.7%) 6 (9.7%) 0 (0.0%)
STR 12 (12.6%) 7 (11.3%) 1 (7.7%)

Radiotherapy
Use

None 54 (65.9%) 47 (75.8%) 0 (0.0%)
First-Line 16 (19.5%) 3 (4.8%) 13 (100.0%)
Salvage 12 (14.6%) 12 (19.4%) 0 (0.0%)
Missing 13 0 0

First-line radiotherapy either as monotherapy or consolidation after chemotherapy. Missing for rituximab
or temozolomide either for patients not treated with upfront chemotherapy or with an unknown systemic
therapy used.
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temozolomide. SCT is stem cell transplant.



Cancers 2025, 17, 618 5 of 14

3.2. Treatment Characteristics

Of the entire 95 patients, 62 were treated with first-line systemic therapy, including
three with upfront WBRT in addition to systemic therapy, either due to a poor initial
performance status or a poor response to initial chemotherapy. Among the remaining
32 patients who did not receive systemic therapy, 13 patients were treated with radiotherapy
alone. Four patients declined additional treatment after surgery, and five patients died prior
to any treatment. Of the remaining 11 patients, 2 patients had an unknown dose of WBRT
at an outside institution, and 9 patients elected to pursue unknown treatment elsewhere
after follow-up with our institution for a median of 65 days (range 25–316 days). Due
to uncertainty about the pre-operative diagnosis, resection was attempted in 25 patients
(26.3%). Gross total resection was completed in 13 patients (13.7%) based on the operative
report and no contrast-enhancing disease on the post-operative MRI. Of these, four patients
opted for surveillance instead of additional therapy. The remaining 12 patients (12.6%)
had sub-total resection. In total, 35 patients developed disease progression. Among them,
WBRT was used in the salvage setting for 12 patients (34.3%), salvage systemic therapy
was used for 18 patients (51.4%), and intrathecal therapy was used for 5 patients (14.3%).
Demographic and treatment characteristics for the subgroups treated with systemic therapy
or with WBRT are summarized in Table 1.

All of the patients who received first-line systemic therapy completed at least one cycle
of HD-MTX. The median dose of the first cycle of MTX was 7.4 g/m2 (range 2.7–8.3 g/m2),
and 33 patients (53.2%) completed at least six cycles. HD-MTX alone was used for
19 patients (30.6%), while 21 patients (33.9%) received RMT [18] and 17 patients (27.4%)
received HD-MTX and rituximab alone. Additionally, one patient was treated with MPV
(HD-MTX, vincristine, and procarbazine), one patient was treated with MATRix (HD-MTX,
cytarabine, thiotepa, and rituximab), two patients were treated with HD-MTX and cytara-
bine, and one patient had an autologous stem cell transplant after the induction HD-MTX.
When rituximab was used, it was at a dose of 375 mg/m2, delivered via IV twice per cycle,
and scheduled to be given with every cycle of HD-MTX.

Intrathecal chemotherapy was administered to 12 patients, who were also treated
with systemic therapy (19.4%). Intrathecal chemotherapy was used for five patients with
positive cytology, two patients with suspected spinal dissemination based on symptoms
with inconclusive radiographic findings and negative cytology, two patients with negative
cytology but who initiated treatment at an outside facility, and three patients with no
evaluable CSF prior to treatment initiation.

3.3. Associations with Patient Outcomes

For all 95 patients, the median OS was 2.2 years (95% CI: 0.9–3.6 years) and the 2-year
OS rate was 50.1% (95% CI: 38.6–60.5%) after a median follow-up of 8.9 months (range
0.2–210.3 months). Amongst the 62 patients treated with systemic therapy, the median OS
was 3.5 years (95% CI: 1.6–5.7 years) and the 2-year OS rate was 63.9% (95% CI: 49.8–75.0%).
The Kaplan–Meier curves for the OS of patients treated with systemic therapy are shown
in Figure 2A. The UVA and MVA analyses for the OS and PFS for patients treated with
upfront systemic therapy are summarized in Table 2. On UVA, better OS was significantly
associated with a younger age (p = 0.020), patients who were not solid organ transplant
recipients (p = 0.029), the completion of at least six cycles of HD-MTX (p = 0.005), and the
use of systemic therapy without rituximab (p = 0.012). On MVA, better OS was associated
with the completion of at least six cycles of HD-MTX (median OS 5.4 years vs. 1.0 years;
HR 0.40; 95% CI: 0.21–0.78; p = 0.007) and the use of systemic therapy without rituximab
compared to with rituximab (median OS 7.1 years vs. 3.1 years; HR 2.82; 95% CI: 1.37–5.83;
p = 0.005). The Kaplan–Meier curves for the OS of patients treated with systemic therapy
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stratified by rituximab use are shown in Figure 3A. The Kaplan–Meier curves for the OS of
patients treated with WBRT are shown in Figure S1A.
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Table 2. Univariate and multivariable analyses of the associations between patient, tumor, and treatment characteristics, with the overall survival and progression-free
survival amongst patients treated with systemic therapy.

Overall Survival Progression-Free Survival
UVA MVA UVA MVA

Variable Level n Hazard Ratio
(95% CI) p-Value Hazard Ratio

(95% CI) p-Value Hazard Ratio
(95% CI) p-Value Hazard Ratio

(95% CI) p-Value

Age ≥65 25 2.11 (1.12–3.95) 0.020 1.89 (0.98–3.62) 0.057 1.68 (0.96–2.96) 0.070 1.51 (0.85–2.68) 0.160
<65 37 - - - - - - - -

KPS
≥70 18 - - - -
<70 44 1.39 (0.69–2.78) 0.356 1.26 (0.66–2.39) 0.488

HIV
Positive 1 1.09 (0.15–7.99) 0.935 0.88 (0.12–6.46) 0.903
Negative 61 - - - -

Solid Organ Transplant Yes 1 10.98 (1.28–94.08) 0.029 11.34 (1.32–97.09) 0.027
No 61 - - - -

Initial Number of Lesions
2+ 26 1.36 (0.71–2.59) 0.349 1.26 (0.70–2.26) 0.442
1 25 - - - -

Initial Size of Lesions
≥14 cc 23 1.30 (0.69–2.44) 0.418 1.09 (0.60–1.99) 0.766
<14 cc 28 - - - -

CSF Cytology Positive 18 - - - -
Negative 28 1.19 (0.59–2.41) 0.624 1.07 (0.56–2.04) 0.847

Cycles of HD-MTX ≥6 35 0.40 (0.21–0.76) 0.005 0.40 (0.21–0.78) 0.007 0.44 (0.24–0.79) 0.006 0.44 (0.24–0.80) 0.007
0–5 27 - - - - - - - -

Upfront Rituximab Yes 38 2.46 (1.22–4.97) 0.012 2.82 (1.37–5.83) 0.005 2.31 (1.24–4.33) 0.009 2.37 (1.26–4.48) 0.008
No 24 - - - - - - - -

Upfront Temozolomide Yes 21 1.68 (0.87–3.24) 0.120 1.77 (0.96–3.27) 0.069
No 41 - - - -

Intrathecal Chemotherapy Yes 13 0.59 (0.27–1.27) 0.174 0.68 (0.35–1.33) 0.262
No 49 - - - -

Type of Surgery
Biopsy 49 1.78 (0.72–4.40) 0.213 2.15 (0.89–5.19) 0.09
GTR 6 1.85 (0.55–6.28) 0.323 2.62 (0.81–8.44) 0.107
STR 7 - - - -

Consolidation Radiotherapy No 59 - - - -
Yes 3 0.24 (0.03–1.74) 0.156 0.37 (0.09–1.59) 0.182
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In the entire cohort, the median PFS was 0.9 years (95% CI: 0.5–1.9 years) and the
2-year PFS rate was 38.5% (95% CI: 27.9–49.0%). Amongst the 62 patients treated with
systemic therapy, the median PFS was 1.9 years (95% CI: 0.8–3.0 years) and the 2-year PFS
rate was 48.6% (95% CI: 35.0–60.9%). The Kaplan–Meier curves for the PFS of patients
treated with systemic therapy are shown in Figure 2B. On UVA (Table 2), better PFS was
significantly associated with a younger age (p = 0.070), patients who were not solid organ
transplant recipients (p = 0.027), the completion of at least six cycles of HD-MTX (p = 0.006),
and the use of systemic therapy without rituximab (p = 0.009). On MVA (Table 2), better
PFS was associated with the completion of at least six cycles of HD-MTX (p = 0.007) and the
use of systemic therapy without rituximab (p = 0.008). The Kaplan–Meier curves for the PFS
of patients treated with systemic therapy stratified by rituximab use is shown in Figure 3B.
The UVA and MVA results are summarized in Table 2. The Kaplan–Meier curves for the
PFS of patients treated with WBRT are shown in Figure S1B.

3.4. Comparisons of Cohorts Treated with and Without Rituximab

Due to the association between rituximab use and a shorter OS and PFS, we performed
post hoc exploratory analyses. Patients treated with rituximab were significantly more likely
to be treated with temozolomide (55.3% vs. 0%; p < 0.001). Comparing patients treated with
different systemic therapy regimens, there were no significant baseline differences in age,
KPS, HIV or solid organ transplant status, histology, the number or size of the initial tumor
burden, the proportion of patients with an initial positive CSF cytology, the proportion
of patients completing at least six cycles of HD-MTX, the receipt of upfront resection, or
WBRT use (Table 3). When assessing systemic therapy regimens instead of the inclusion
of individual agents, HD-MTX alone had a significantly lower hazard for death (HR 0.37;
95% CI: 0.16–0.86; p = 0.021) and progression or death (HR 0.37; 95% CI: 0.17–0.80; p = 0.011)
on UVA compared to RMT (Table S1). There was no significant difference between RMT
and HD-MTX with rituximab on UVA for the OS (HR 0.99; 95% CI 0.46–2.10; p = 0.974) or
PFS (HR 0.84; 95% CI: 0.41–1.69; p = 0.618). However, on MVA, when also incorporating
the year of diagnosis, the systemic therapy regimen was not significantly associated with
OS or PFS, but the year of diagnosis was significant for the OS (HR 1.26; 95% CI: 1.14–1.39;
p < 0.001) and PFS (HR 1.18; 95% CI 1.09–1.28; p < 0.001).

Table 3. Patient, tumor, and treatment characteristics for the cohorts treated with upfront chemother-
apy high-dose methotrexate (HD-MTX) alone, HD-MTX and rituximab, or HD-MTX, rituximab, and
temozolomide (RMT); p-values for the univariate differences between the cohorts.

Variable Level RMT Regimen (n = 21) HD-MTX and
Rituximab (n = 17) HD-MTX Alone (n = 19) p-Value

Age ≥65 11 (52.4%) 10 (58.8%) 12 (63.2%)
0.785<65 10 (47.6%) 7 (41.2%) 7 (36.8%)

KPS
≥70 13 (61.9%) 12 (70.6%) 15 (78.9%)

0.500<70 8 (38.1%) 5 (29.4%) 4 (21.1%)

HIV
Positive 0 (0.0%) 1 (5.9%) 0 (0.0%)

0.302Negative 21 (100.0%) 16 (94.1%) 19 (100.0%)

Solid Organ Transplant Yes 0 (0.0%) 1 (5.9%) 0 (0.0%)
0.302No 21 (100.0%) 16 (94.1%) 19 (100.0%)

Initial Number of Lesions
2+ 12 (60.0%) 6 (37.5%) 8 (61.5%)

0.3141 8 (40.0%) 10 (62.5%) 5 (38.5%)
Missing 1 1 6

Initial Size of Lesions
≥14 cc 9 (45.0%) 8 (50.0%) 5 (38.5%)

0.824<14 cc 11 (55.0%) 8 (50.0%) 8 (61.5%)
Missing 1 1 6

Histology
DLBCL 20 (95.2%) 16 (94.1%) 16 (84.2%)

0.383Marginal Zone 1 (4.8%) 1 (5.9%) 1 (5.3%)
T-Cell 0 (0.0%) 0 (0.0%) 2 (10.5%)
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Table 3. Cont.

Variable Level RMT Regimen (n = 21) HD-MTX and
Rituximab (n = 17) HD-MTX Alone (n = 19) p-Value

CSF Cytology
Positive 8 (42.1%) 2 (18.2%) 6 (46.2%)

0.310Negative 11 (57.9%) 9 (81.8%) 7 (53.8%)
Missing 2 6 6

Cycles of HD-MTX ≥6 15 (71.4%) 7 (41.2%) 11 (57.9%)
0.1710–5 6 (28.6%) 10 (58.8%) 8 (42.1%)

Upfront Rituximab Yes 21 (100.0%) 17 (100.0%) 0 (0.0%)
<0.001No 0 (0.0%) 0 (0.0%) 0 (0.0%)

Upfront Temozolomide Yes 21 (100.0%) 0 (0.0%) 0 (0.0%)
<0.001No 0 (0.0%) 0 (0.0%) 0 (0.0%)

Intrathecal Chemotherapy Yes 1 (4.8%) 4 (23.5%) 3 (15.8%)
0.245No 20 (95.2%) 13 (76.5%) 16 (84.2%)

Type of Surgery
Biopsy 16 (76.2%) 13 (76.5%) 15 (78.9%)

0.888GTR 3 (14.3%) 2 (11.8%) 1 (5.3%)
STR 2 (9.5%) 2 (11.8%) 3 (15.8%)

Radiotherapy Use
None 15 (71.4%) 13 (76.5%) 15 (78.9%)

0.418First Line 0 (0.0%) 1 (5.9%) 2 (10.5%)
Salvage 6 (28.6%) 3 (17.6%) 2 (10.5%)

4. Discussion
In this large single-institution cohort of patients with PCNSL, the completion of at

least six cycles of HD-MTX was associated with improved disease control and overall
survival, but worse outcomes were associated with the use of rituximab. Apart from
a systemic therapy regimen, there were no significant differences between patient or
disease characteristics between the patients in our cohort who did or did not receive
rituximab. These real-world data parallel the randomized trial data showing no significant
improvement in outcomes with the incorporation of rituximab into the management
of PCNSL [12,15]. Throughout the study period, the long-term survival remained low,
underscoring the continued unmet needs for these patients.

While rituximab is endorsed by the NCCN for PCNSL [6], and has a significant
benefit in the treatment of systemic lymphoma, the role of rituximab incorporated into
induction therapy in PCNSL is less clear [12,15]. Early results from E1F05, a single-arm
Phase II trial from ECOG-ACRIN, showed better survival with HD-MTX, vincristine,
procarbazine, cytarabine, dexamethasone, and rituximab compared to historical controls
on RTOG 93–10 treated with HD-MTX, vincristine, and procarbazine [19]. Furthermore,
in IELSG32, a larger multi-stage trial, patients treated with HD-MTX, cytarabine, and
rituximab had numerically, but not significantly, better PFS (p = 0.051) and OS (p = 0.095)
compared to HD-MTX and cytarabine [12]. However, in the HOVON 105/ALLG NHL
24 trial, patients treated with HD-MTX, carmustine, teniposide, and prednisone with or
without rituximab had no difference in event-free survival (p = 0.99) [15]. In our cohort,
systemic therapy intensification with rituximab—often in tandem with the addition of
temozolomide—was the most common regimen, with no discernable pattern for use or
omission. Notably, JCOG1114C showed that the addition of temozolomide to a backbone
of WBRT and HD-MTX was closed early due to futility, with numerically worse OS in the
temozolomide arm (HR 2.18; 95% CI: 0.95–4.98) [20]. Similarly, patients in our study treated
with more intensive systemic therapy using rituximab with or without temozolomide had
significantly worse OS and PFS. Further work should examine real-world data to determine
if the cytopenias correlate with incomplete treatment, infections, and treatment delays, or
with earlier recurrences.

Our study also reaffirmed HD-MTX as the backbone of therapy for PCNSL. In this
cohort, we showed that the completion of the induction of HD-MTX is critically important
for OS and PFS, which is consistent with the international consensus [6,21–24]. However,
the optimal adjunctive or consolidative therapy in combination with HD-MTX has re-
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mained elusive. Multiple systemic therapies have been added to the HD-MTX backbone,
including rituximab [12], temozolomide [10], stem cell transplants [11], as well as other
combinations [8,9]. While non-CNS lymphoma may benefit from a combination of ra-
diotherapy and systemic therapies [25], WBRT is less routinely used in PCNSL due to
data reporting that combining HD-MTX with WBRT can lead to severe neurotoxicity in
as many as 49% of patients, which is almost double the rate of neurotoxicity as HD-MTX
alone [7]. The overall poor OS and PFS in our series and other reports, however, highlights
an urgent need for new and tolerable systemic therapies. Ongoing trials are investigating
new agents for induction therapy, such as lenalidomide, ibrutinib, or voraxaze [26,27].
Immune checkpoint inhibitors, which have dramatically improved outcomes for metastatic
solid malignancies, are also being investigated for relapsed or refractory PCNSL [28–31].

Intrathecal therapies may benefit select patients, but are typically reserved for patients
with disseminated disease, as data are sparse in patients with localized disease [32,33]. In a
small study of 26 patients, in which 46% of the patients had localized disease, continuous-
infusion intrathecal MTX with WBRT, with or without systemic HD-MTX, resulted in
median PFS and OS of 59.4 months and 93.8 months. These authors postulated that
the favorable results may be due to the more stable MTX concentration in the CSF [34].
Similarly, a Phase II study without WBRT showed a 3-year OS and PFS of 84.2% and 63.2%
with systemic rituximab, idarubicin, dexamethasone, cytarabine, and MTX plus intrathecal
rituximab, dexamethasone, cytarabine, and MTX [35]. By comparison, the use of rituximab,
HD-MTX, procarbazine, and vincristine, followed by reduced-dose WBRT and cytarabine,
was shown to prospectively have a 3-year OS of 87% and a 2-year PFS of 77% [36]. The
combination of HD-MTX and IT MTX, however, comes at the expense of severe toxicity,
including Grade 5 adverse events [37]. In our study, we observed numerically, albeit not
statistically, significantly superior OS and PFS with intrathecal therapy among a subset of
12 patients. Further investigation into whether intrathecal therapies may improve outcomes
is warranted, particularly among patients ineligible for systemic HD-MTX.

This retrospective, single-institution study has multiple limitations. A variety of
treatment approaches with varying drug combinations were used, which limits our ability
to evaluate the impact of each variable independently, and provider biases may have
unknown confounding effects. However, this limitation does allow us to examine differing
treatments in the same hospital system over time. Follow-up is limited, and given the
aggressive nature of PCNSL, our outcomes may be an over-estimate due to censoring.
Additionally, the limited sample size could result in Type II errors regarding the impact of
the initial tumor burden, temozolomide, WBRT, or GTR. The demographics and outcomes
of patients treated at a single center in the United States may not generalize to other regions,
particularly as the use of stem cell transplant and consolidative WBRT was relatively low.
Notably, many patients with PCNSL present with poor performance status, and real-world
data may more accurately reflect their prognosis than that achieved in clinical trials.

5. Conclusions
This study reaffirms the importance of HD-MTX and questions the benefit of rituximab

for the induction treatment of PCNSL. The outcomes remain poor, and further work is
needed to optimize systemic therapies in the upfront and relapsed settings. Bulky disease
was associated with numerically worse outcomes, but there were no associations with the
benefits of radiotherapy or aggressive surgery. Factors that predict the potential benefit of
non-systemic therapies may help to improve outcomes for subgroups of patients with this
rare disease.



Cancers 2025, 17, 618 12 of 14

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers17040618/s1, Figure S1: Kaplan–Meier curves for patients
treated with whole-brain radiotherapy, depicting the 5-year overall survival (A) and progression-
free survival (B); Table S1: Univariate and multivariable analyses of associations between patient,
tumor, and treatment characteristics, with the overall survival and progression-free survival amongst
patients treated with systemic therapy.

Author Contributions: Conceptualization, J.R.J.-N., A.V., J.S.P., M.R., J.Z., S.G.N. and B.E.; methodology,
J.R.J.-N. and B.E.; software, M.R.; validation, J.R.J.-N., J.S.P., M.R. and B.E.; formal analysis, J.R.J.-N.
and M.R.; investigation, J.R.J.-N., J.S.P., M.R. and B.E.; resources, B.E.; data curation, J.R.J.-N. and J.S.P.;
writing—original draft preparation, J.R.J.-N. and B.E.; writing—review and editing, J.R.J.-N., A.V., J.S.P.,
M.R., K.B.H., N.S.M., D.C.Q., M.L.S., S.K., J.J.O., H.-K.G.S., J.Z., S.G.N. and B.E.; visualization, J.R.J.-N.
and M.R.; supervision, B.E.; project administration, J.R.J.-N. and B.E.; funding acquisition, B.E. All
authors have read and agreed to the published version of the manuscript.

Funding: Supported in part by the Biostatistics Shared Resource of Winship Cancer Institute of
Emory University and NIH/NCI under award number P30CA138292. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the National
Institutes of Health.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board at Emory University (RAD4901-19,
approved 5 April 2020).

Informed Consent Statement: Patient consent was waived.

Data Availability Statement: Data will be made available upon reasonable request to the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Mendez, J.S.; Ostrom, Q.T.; Gittleman, H.; Kruchko, C.; Deangelis, L.M.; Barnholtz-Sloan, J.S.; Grommes, C. The elderly left

behind-changes in survival trends of primary central nervous system lymphoma over the past 4 decades. Neuro. Oncol. 2018,
20, 687–694. [CrossRef]

2. Bataille, B.; Delwail, V.; Menet, E.; Vandermarcq, P.; Ingrand, P.; Wager, M.; Guy, G.; Lapierre, F. Primary intracerebral malignant
lymphoma: Report of 248 cases. J. Neurosurg. 2000, 92, 261–266. [CrossRef] [PubMed]

3. Abrey, L.E.; Ben-Porat, L.; Panageas, K.S.; Yahalom, J.; Berkey, B.; Curran, W.; Schultz, C.; Leibel, S.; Nelson, D.; Mehta, M.; et al.
Primary central nervous system lymphoma: The memorial sloan-kettering cancer center prognostic model. J. Clin. Oncol. 2006,
24, 5711–5715. [CrossRef] [PubMed]

4. Jahr, G.; Broi, M.D.; Holte, H.; Beiske, K.; Meling, T.R. Evaluation of Memorial Sloan-Kettering Cancer Center and International
Extranodal Lymphoma Study Group prognostic scoring systems to predict Overall Survival in intracranial Primary CNS
lymphoma. Brain Behav. 2018, 8, e00928. [CrossRef] [PubMed]

5. Ferreri, A.J.M.; Blay, J.Y.; Reni, M.; Pasini, F.; Spina, M.; Ambrosetti, A.; Calderoni, A.; Rossi, A.; Vavassori, V.; Conconi, A.; et al.
Prognostic scoring system for primary CNS lymphomas: The International Extranodal Lymphoma Study Group experience.
J. Clin. Oncol. 2003, 21, 266–272. [CrossRef] [PubMed]

6. Burt Nabors, L.; Portnow, J.; Baehring, J.; Brem, S.; Butowski, N.; Campian, J.L.; Cannon, D.M.; Chao, S.; Chheda, M.G.; Clark,
S.W.; et al. NCCN Guidelines Version 2.2021 Central Nervous System Cancers Continue NCCN Guidelines Panel Disclosures.
2021. Available online: https://www.nccn.org/guidelines/guidelines-detail?category=1&id=1425 (accessed on 7 February 2025).

7. Thiel, E.; Korfel, A.; Martus, P.; Kanz, L.; Griesinger, F.; Rauch, M.; Röth, A.; Hertenstein, B.; von Toll, T.; Hundsberger, T.; 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. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers17040618/s1
https://www.mdpi.com/article/10.3390/cancers17040618/s1
https://doi.org/10.1093/neuonc/nox187
https://doi.org/10.3171/jns.2000.92.2.0261
https://www.ncbi.nlm.nih.gov/pubmed/10659013
https://doi.org/10.1200/JCO.2006.08.2941
https://www.ncbi.nlm.nih.gov/pubmed/17116938
https://doi.org/10.1002/brb3.928
https://www.ncbi.nlm.nih.gov/pubmed/29541540
https://doi.org/10.1200/JCO.2003.09.139
https://www.ncbi.nlm.nih.gov/pubmed/12525518
https://www.nccn.org/guidelines/guidelines-detail?category=1&id=1425
https://doi.org/10.1016/S1470-2045(10)70229-1


Cancers 2025, 17, 618 13 of 14

8. Poortmans, P.M.P.; Kluin-Nelemans, H.C.; Haaxma-Reiche, H.; Van’t Veer, M.; Hansen, M.; Soubeyran, P.; Taphoorn, M.; Thomas,
J.; Van Den Bent, M.; Fickers, M.; 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. [CrossRef]

9. DeAngelis, L.M.; Seiferheld, W.; Clifford Schold, S.; Fisher, B.; Schultz, C.J. Combination chemotherapy and radiotherapy for
primary central nervous system lymphoma: Radiation Therapy Oncology Group study 93-10. J. Clin. Oncol. 2002, 20, 4643–4648.
[CrossRef]

10. Pulczynski, E.J.; Kuittinen, O.; Erlanson, M.; Hagberg, H.; Fosså, A.; Eriksson, M.; Nordstrøm, M.; Østenstad, B.; Fluge, Ø.;
Leppä, S.; et al. Successful change of treatment strategy in elderly patients with primary central nervous system lymphoma by
de-escalating induction and introducing temozolomide maintenance: Results from a phase II study by the Nordic Lymphoma
Group. Haematologica 2015, 100, 534–540. [CrossRef]

11. Ferreri, A.J.M.; Cwynarski, K.; Pulczynski, E.; Fox, C.P.; Schorb, E.; La Rosée, P.; Binder, M.; Fabbri, A.; Torri, V.; Minacapelli, 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 L. Lancet Haematol. 2017, 4, e510–e523. [CrossRef]

12. Ferreri, A.J.M.; Cwynarski, K.; Pulczynski, E.; Ponzoni, M.; Deckert, M.; Politi, L.S.; Torri, V.; Fox, C.P.; Rosée, P.L.; Schorb, 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 Haematol. 2016, 3, e217–e227. [CrossRef] [PubMed]

13. Illerhaus, G.; Ferreri, A.J.M.; Binder, M.; Borchmann, P.; Hasenkamp, J.; Stilgenbauer, S.; Roeth, A.; Weber, T.; Egerer, G.; Ernst, T.;
et al. Effects on Survival of Non-Myeloablative Chemoimmunotherapy Compared to High-Dose Chemotherapy Followed By
Autologous Stem Cell Transplantation (HDC-ASCT) As Consolidation Therapy in Patients with Primary CNS Lymphoma-Results
of an International Randomi. Blood 2022, 140, LBA-3. [CrossRef]

14. Franklin, J.M.; Patorno, E.; Desai, R.J.; Glynn, R.J.; Martin, D.; Quinto, K.; Pawar, A.; Bessette, L.G.; Lee, H.; Garry, E.M.;
et al. Emulating Randomized Clinical Trials with Nonrandomized Real-World Evidence Studies: First Results from the RCT
DUPLICATE Initiative. Circulation 2021, 143, 1002–1013. [CrossRef] [PubMed]

15. Bromberg, J.E.C.; Issa, S.; Bakunina, K.; Minnema, M.C.; Seute, T.; Durian, M.; Cull, G.; Schouten, H.C.; Stevens, W.B.C.; Zijlstra,
J.M.; et al. Rituximab in patients with primary CNS lymphoma (HOVON 105/ALLG NHL 24): A randomised, open-label, phase
3 intergroup study. Lancet Oncol. 2019, 20, 216–228. [CrossRef] [PubMed]

16. Wen, P.Y.; Chang, S.M.; Van Den Bent, M.J.; Vogelbaum, M.A.; Macdonald, D.R.; Lee, E.Q. Response assessment in neuro-oncology
clinical trials. J. Clin. Oncol. 2017, 35, 2439–2449. [CrossRef]

17. Liu, Y.; Nickleach, D.C.; Zhang, C.; Switchenko, J.M.; Kowalski, J. Carrying out streamlined routine data analyses with reports for
observational studies: Introduction to a series of generic SAS ®macros. F1000Research 2019, 7, 1955. [CrossRef]

18. Chen, C.; Sun, P.; Cui, J.; Yan, S.; Chen, H.; Xia, Y.; Bi, X.; Liu, P.; Wang, Y.; Yang, H.; et al. High-dose Methotrexate plus
temozolomide with or without rituximab in patients with untreated primary central nervous system lymphoma: A retrospective
study from China. Cancer Med. 2019, 8, 1359–1367. [CrossRef]

19. Swinnen, L.J.; O’Neill, A.; Imus, P.H.; Gujar, S.; Schiff, D.; Kleinberg, L.R.; Advani, R.H.; Dunbar, E.M.; Moore, D.; Grossman, S.A.
Phase II study of rituximab given in conjunction with standard chemotherapy in primary central nervous system lymphoma
(PCNSL): A trial of the ECOG-ACRIN cancer research group (E1F05). Oncotarget 2018, 9, 766–773. [CrossRef]

20. Mishima, K.; Nishikawa, R.; Narita, Y.; Mizusawa, J.; Sumi, M.; Koga, T.; Sasaki, N.; Kinoshita, M.; Nagane, M.; Arakawa, Y.; et al.
Randomized phase III study of high-dose methotrexate and whole-brain radiotherapy with/without temozolomide for newly
diagnosed primary CNS lymphoma: JCOG1114C. Neuro. Oncol. 2022, 25, 687–698. [CrossRef]

21. Calimeri, T.; Steffanoni, S.; Gagliardi, F.; Chiara, A.; Ferreri, A.J.M. How we treat primary central nervous system lymphoma.
ESMO Open 2021, 6, 100213. [CrossRef]

22. Hoang-Xuan, K.; Bessell, E.; Bromberg, J.; Hottinger, A.F.; Preusser, M.; Rudà, R.; Schlegel, U.; Siegal, T.; Soussain, C.; Abacioglu,
U.; et al. Diagnosis and treatment of primary CNS lymphoma in immunocompetent patients: Guidelines from the European
Association for Neuro-Oncology. Lancet Oncol. 2015, 16, e322–e332. [CrossRef] [PubMed]

23. Grommes, C.; DeAngelis, L.M. Primary CNS lymphoma. J. Clin. Oncol. 2017, 35, 2410–2418. [CrossRef] [PubMed]
24. Fox, C.P.; Phillips, E.H.; Smith, J.; Linton, K.; Gallop-Evans, E.; Hemmaway, C.; Auer, D.P.; Fuller, C.; Davies, A.J.; McKay, P.; et al.

Guidelines for the diagnosis and management of primary central nervous system diffuse large B-cell lymphoma. Br. J. Haematol.
2019, 184, 348–363. [CrossRef]

25. Janopaul-Naylor, J.R.; Shen, Y.; Qian, D.C.; Buchwald, Z.S. The abscopal effect: A review of pre-clinical and clinical advances. Int.
J. Mol. Sci. 2021, 22, 11061. [CrossRef] [PubMed]

26. LOC-R01 Study of Lenalidomide and Ibrutinib in Association With Rituximab-Methotrexate Procarbazine Vincristin (R-MPV).
Available online: https://clinicaltrials.gov/study/NCT04446962 (accessed on 10 November 2023).

https://doi.org/10.1200/JCO.2003.03.108
https://doi.org/10.1200/JCO.2002.11.013
https://doi.org/10.3324/haematol.2014.108472
https://doi.org/10.1016/S2352-3026(17)30174-6
https://doi.org/10.1016/S2352-3026(16)00036-3
https://www.ncbi.nlm.nih.gov/pubmed/27132696
https://doi.org/10.1182/blood-2022-171733
https://doi.org/10.1161/CIRCULATIONAHA.120.051718
https://www.ncbi.nlm.nih.gov/pubmed/33327727
https://doi.org/10.1016/S1470-2045(18)30747-2
https://www.ncbi.nlm.nih.gov/pubmed/30630772
https://doi.org/10.1200/JCO.2017.72.7511
https://doi.org/10.12688/f1000research.16866.2
https://doi.org/10.1002/cam4.1906
https://doi.org/10.18632/oncotarget.22332
https://doi.org/10.1093/neuonc/noac246
https://doi.org/10.1016/j.esmoop.2021.100213
https://doi.org/10.1016/S1470-2045(15)00076-5
https://www.ncbi.nlm.nih.gov/pubmed/26149884
https://doi.org/10.1200/JCO.2017.72.7602
https://www.ncbi.nlm.nih.gov/pubmed/28640701
https://doi.org/10.1111/bjh.15661
https://doi.org/10.3390/ijms222011061
https://www.ncbi.nlm.nih.gov/pubmed/34681719
https://clinicaltrials.gov/study/NCT04446962


Cancers 2025, 17, 618 14 of 14

27. LTA Pilot Study of Glucarpidase in Patients With Central Nervous System Lymphoma. Available online: https://clinicaltrials.
gov/study/NCT03684980 (accessed on 10 November 2023).

28. Pembrolizumab, Ibrutinib and Rituximab in PCNSL. Available online: https://clinicaltrials.gov/study/NCT04421560 (accessed
on 10 November 2023).

29. Study on Pembrolizumab for Recurrent Primary Central Nervous System Lymphoma (PCNSL). Available online: https://clinicaltrials.
gov/study/NCT02779101 (accessed on 10 November 2023).

30. A Study of Nivolumab in Relapsed/Refractory Primary Central Nervous System Lymphoma (PCNSL) and Relapsed/Refractory
Primary Testicular Lymphoma (PTL). Available online: https://clinicaltrials.gov/study/NCT02857426 (accessed on
10 November 2023).

31. Nivolumab and Ibrutinib in Treating Patients with Relapsed or Refractory Central Nervous System Lymphoma. Available online:
https://clinicaltrials.gov/study/NCT03770416 (accessed on 10 November 2023).

32. Kim, S.K.; Park, J.E.; Kim, K.H.; Cho, J.M.; Moon, J.; Yoon, W.-S.; Kim, S.H.; Kim, Y., II; Kim, Y.Z.; Kim, H.S.; et al. A National
Consensus Survey for Current Practice in Brain Tumor Management III: Brain Metastasis and Primary Central Nervous System
Lymphoma. Brain Tumor Res. Treat. 2020, 8, 20. [CrossRef]

33. Khan, R.B.; Shi, W.; Thaler, H.T.; DeAngelis, L.M.; Abrey, L.E. Is intrathecal methotrexate necessary in the treatment of primary
CNS lymphoma? J. Neurooncol. 2002, 58, 175–178. [CrossRef]

34. Otani, R.; Yamada, R.; Kushihara, Y.; Inazuka, M.; Shinoura, N. Continuous intrathecal injection therapy of methotrexate is a
therapeutic option in primary CNS lymphoma. J. Clin. Neurosci. 2019, 69, 26–30. [CrossRef]

35. Qian, L.; Zhou, C.; Shen, J.; Cen, J.; Yin, W. Treatment of newly diagnosed B-cell origin primary CNS lymphoma with systemic
R-IDARAM chemotherapy and intrathecal immunochemotherapy. Oncotarget 2016, 7, 25783–25790. [CrossRef]

36. Morris, P.G.; Correa, D.D.; Yahalom, J.; Raizer, J.J.; Schiff, D.; Grant, B.; Grimm, S.; Lai, R.K.; Reiner, A.S.; Panageas, K.; 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.
[CrossRef]

37. Weigel, R.; Senn, P.; Weis, J.; Krauss, J.K. Severe complications after intrathecal methotrexate (MTX) for treatment of primary
central nervous system lymphoma (PCNSL). Clin. Neurol. Neurosurg. 2004, 106, 82–87. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://clinicaltrials.gov/study/NCT03684980
https://clinicaltrials.gov/study/NCT03684980
https://clinicaltrials.gov/study/NCT04421560
https://clinicaltrials.gov/study/NCT02779101
https://clinicaltrials.gov/study/NCT02779101
https://clinicaltrials.gov/study/NCT02857426
https://clinicaltrials.gov/study/NCT03770416
https://doi.org/10.14791/btrt.2020.8.e7
https://doi.org/10.1023/A:1016077907952
https://doi.org/10.1016/j.jocn.2019.08.083
https://doi.org/10.18632/oncotarget.8370
https://doi.org/10.1200/JCO.2013.50.4910
https://doi.org/10.1016/j.clineuro.2003.09.005

	Introduction 
	Materials and Methods 
	Results 
	Patient Characteristics 
	Treatment Characteristics 
	Associations with Patient Outcomes 
	Comparisons of Cohorts Treated with and Without Rituximab 

	Discussion 
	Conclusions 
	References

