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Abstract
Background. To analyze the effect of treatment on neurocognitive functioning and the association of neurocognition 
with radiological abnormalities in primary central nervous system lymphoma (PCNSL).
Methods. One hundred and ninety-nine patients from a phase III trial (HOVON 105/ALLG NHL 24), randomized to 
standard chemotherapy with or without rituximab, followed in patients ≤60 years old by 30-Gy whole-brain radi-
otherapy (WBRT), were asked to participate in a neuropsychological evaluation before and during treatment, and 
up to 2 years posttreatment. Scores were transformed into a standardized z-score; clinically relevant changes were 
defined as a change in z-score of ≥1 SD. The effect of WBRT was analyzed in irradiated patients. All MRIs were cen-
trally assessed for white matter abnormalities and cerebral atrophy, and their relation with neurocognitive scores 
over time in each domain was calculated.
Results. 125/199 patients consented to neurocognitive evaluation. Statistically significant improvements in 
neurocognition were seen in all domains. A clinically relevant improvement was seen only in the motor speed 
domain, without differences between the arms. In the follow-up of irradiated patients (n = 43), no change was 
observed in any domain score, compared to after WBRT. Small but significant inverse correlations were found be-
tween neurocognitive scores over time and changes in white matter abnormalities (regression coefficients: −0.048 
to −0.347) and cerebral atrophy (−0.212 to −1.774).
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Conclusions. Addition of rituximab to standard treatment in PCNSL patients did not impact neurocognitive 
functioning up to 2 years posttreatment, nor did treatment with 30-Gy WBRT in patients ≤60 years old. 
Increased white matter abnormalities and brain atrophy showed weak associations with neurocognition.

Key Points

1.  Rituximab added to MTX-based chemotherapy does not impact neurocognitive 
functioning.

2.  30-Gy WBRT does not impact neurocognitive functioning in PCNSL patients 
≤60 years.

3.  Increased white matter abnormalities and atrophy were associated with 
neurocognition.

Primary central nervous system lymphoma (PCNSL) is a 
rare non-Hodgkin lymphoma confined to the brain, lepto-
meninges, spinal cord, and eyes. Over the last three decades 
the prognosis for patients with PCNSL improved signifi-
cantly due to improvement of treatment, though mainly 
among patients below the age of 70 years.1,2 Preservation 
of neurocognitive functioning remains a major challenge 
in the treatment of PCNSL.3 Neurocognitive decline, along 
with other symptoms caused by the tumor and/or treat-
ment, may subsequently compromise health-related quality 
of life (HRQoL).4,5

In systemic diffuse large B-cell lymphoma (DLBCL) pa-
tients, rituximab, a chimeric anti-CD20 monoclonal anti-
body that targets the CD20 cell surface protein, improves 
survival when added to standard chemotherapy.6,7 It has 
been hypothesized that rituximab added to standard high-
dose methotrexate (HD-MTX)-based chemotherapy could 
also improve survival in PCNSL patients. The HOVON 105/
ALLG NHL 24, a large international multicenter phase III 
randomized controlled trial (RCT), investigated the addition 
of rituximab to MBVP (methotrexate, tenoposide, BCNU, 
and prednisolone) chemotherapy, followed in patients 
≤60  years old, by whole-brain radiotherapy (WBRT). This 
study showed that rituximab did not improve event-free, 

progression-free, and overall survival (OS), although OS 
data were still immature.8

For any new treatment regimen, information on the im-
pact of this treatment on both the quantity and quality of 
life should be evaluated to determine the “net clinical ben-
efit.” Neurocognitive impairment is an important factor that 
may negatively influence HRQoL in brain tumor patients 
and should therefore be considered in this evaluation. 
Although a direct effect of rituximab on neurocognition 
was not necessarily expected, improved efficacy of treat-
ment resulting in fewer patients needing radiotherapy 
(boost) could influence the neurocognitive effect of the 
treatment. Combined survival and quality of survival will 
allow clinicians and patients to make informed decisions 
about the best treatment for each individual patient.

Radiological features, in particular brain volume and 
white matter lesions, have been found to correlate with 
worse neurocognitive functioning in patients treated 
for PCNSL in some, but not all, studies.9–13 Most of these 
studies were limited by a cross-sectional design and/or 
small cohorts (n = 16–28).11,12

Rituximab was found not to affect HRQoL in patients 
from the HOVON 105/ALLG NHL24 trial.14 The primary aim 
of this study was to determine the effect of rituximab, when 

Importance of the Study

The HOVON 105/ALLG NHL 24 study is one of the lar-
gest randomized controlled trials (RCTs) in adult 
primary central nervous system lymphoma (PCNSL) pa-
tients. This study did not show a significant difference 
in progression-free survival (PFS) between patients 
treated with and without rituximab. However, the eval-
uation of the effect of this treatment on neurocognitive 
functioning is required to determine the “net clinical 
benefit.” We found that neurocognition significantly im-
proved after treatment in both arms, but improved only 
clinically relevant for the motor speed domain. There 

were no differences between the arms. Furthermore, in 
those who received whole-brain radiotherapy (WBRT) 
(30 Gy), neurocognitive functioning remained stable in 
the 2-year post-WBRT period, compared to directly after 
WBRT. The inverse relation between white matter ab-
normalities and brain atrophy on neurocognitive func-
tioning was weak to moderate for all neurocognitive 
domains, up to 2 years posttreatment, suggesting that 
increased white matter abnormalities and atrophy in 
this setting imply worse neurocognitive functioning, but 
with a rather small effect size.
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added to standard treatment for PCNSL, on neurocognitive 
functioning, which was a predefined secondary endpoint 
of the HOVON 105/ALLG NHL 24 trial. In addition, we aimed 
to evaluate the effect of low-dose WBRT on neurocognitive 
functioning in irradiated patients. Lastly, we aimed to iden-
tify whether there is a relation between brain volume and/
or white matter lesions and neurocognitive functioning 
over time in PCNSL patients.

Methods

Study Design and Patient Population

In the HOVON 105/ALLG NHL 24 trial 199 immunocom-
petent patients, aged 18–70 years, with newly diagnosed 
CD20-positive B-cell PCNSL were included from Dutch, 
Australian, and New Zealand hospitals between 2010 and 
2016. Only patients who were fluent in English or Dutch 
and were treated in a center that was equipped for neu-
ropsychological evaluation (NPE) were eligible for partic-
ipation in this neurocognitive study. The trial design and 
treatment details were published elsewhere.8 In short, pa-
tients were randomized for two cycles of MBVP without or 
with rituximab (R-MBVP). Irrespective of treatment arm, 
this induction treatment was followed by consolidative 
HD-cytarabine chemotherapy. Patients ≤60 years old sub-
sequently received 30-Gy (20 × 1.5 Gy) WBRT. An integrated 
boost of 10 Gy to the tumor-bed was given simultaneously 
with WBRT to patients who achieved only a partial re-
sponse.15 All participants signed informed consent for the 
RCT and separately for undergoing neurocognitive assess-
ments. The study and the neurocognitive testing part were 
approved by the ethics committees of all participating cen-
ters. The HOVON 105/ALLG NHL 24 trial was registered: 
EUdraCT number 2009-014722-42 and in the Netherlands 
Trial Register: Trial NL2321.

Neuropsychological Evaluation

All patients were tested by a trained research nurse or neu-
ropsychologist using a standard test battery, as described 
in the assessment guidelines in PCNSL.3 For testing at-
tention/executive functioning, the WAIS III digit span (DS) 
forward and backward16 and the Trail Making Test parts 
A and B17 were used. The written version of the Letter Digit 
Substitution Test (LDST)18 was used to determine informa-
tion processing speed. Memory was tested with the Rey 
Auditory Verbal Learning Test (RAVLT),19 and motor speed 
with the Grooved Pegboard Test20 in the dominant and 
nondominant hand. To prevent practice effects, different 
versions were used at different visits for the RAVLT, LDST, 
and DS. At baseline, premorbid intelligence (IQ) was deter-
mined with the national adult reading test (NART) or Dutch 
adult reading test in English- and Dutch-speaking patients, 
respectively.21,22

According to protocol, patients underwent NPE before 
chemotherapy (baseline), after completion of chemo-
therapy, after radiotherapy (if given), and at 3, 6, 12, and 
24  months posttreatment. NPEs were discontinued if a 

patient received <2 cycles of (R-)MBVP, when a relapse or 
progression occurred, or when a patient chose to withdraw 
from the either the RCT or NPE side-study.

Radiological Assessments

At baseline, after each treatment part (ie, (R-)MBVP, 
HD-cytarabine, WBRT [if applicable]), and thereafter every 
3 months in the first 2 years of follow-up, all patients un-
derwent cranial MRI. The degree of white matter abnor-
mality (WMA) and brain atrophy were assessed centrally. 
For this evaluation the “end-of-treatment” MRI, irrespec-
tive of the final treatment modality, was considered the 
reference scan. MRI scans at 6, 12, and 24 months of fol-
low-up were used to determine changes.

WMA were scored in five brain areas on both sides 
(frontal, temporal, parieto-occipital, basal ganglia, and 
infratentorial) according to the Fazekas score (range 0–3), 
with 0 denoting no lesions or symmetrical caps or bands, 1 
indicating small focal lesions, and 2 and 3 indicating begin-
ning or diffuse confluent lesions, respectively.23 The lobe 
or lobes in which the tumor lesion or lesions and its sur-
rounding edema were located were not scored to prevent 
overestimation of WMA. The sum score (0–30) of WMA in 
all scored brain areas at each time point was used to calcu-
late individual changes over time. The WMA ratio, defined 
as the sum score divided by the maximum possible sum 
score for each patient (excluding brain areas with tumor), 
was used to assess the correlation between WMA and 
neurocognitive functioning at each time point, for each 
domain. Grey matter (GM), white matter (WM), and cere-
brospinal fluid (CSF) volume were calculated by automatic 
segmentation to determine brain volume, using a valid-
ated method.24 Total brain volume was defined as GM + 
WM volumes, while total intracranial volume was defined 
as GM + WM + CSF.

Statistical Analysis

Calculation of neurocognitive scores
For the adult reading test individual test scores were con-
verted to a standardized score, corrected for age and sex, 
and transformed into an IQ score.25 For all other tests in-
dividual test scores were transformed into a z-score, cor-
rected for age, sex, and/or level of education,26 using 
scores from the general population.27

Descriptive analysis
Clinical and sociodemographic characteristics were 
compared between treatment arms, and between pa-
tients who did and did not participate in the NPEs to 
address selection bias. Differences were tested using 
a chi-square test for categorical data, and a Mann–
Whitney U or an independent t test for continuous data, 
depending on the distribution of the tested variable. 
Compliance with NPE at each time point was calculated, 
and defined as the number of completed NPEs (ie, all 
tests in at least one domain should have been com-
pleted) at a specific time point divided by the number 
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of evaluations expected at that time point. A specified 
time window was defined for each evaluation point 
(Supplementary Methods). Only tests performed within 
the specified time windows were considered compliant 
with the assessment protocol and were analyzed. A do-
main score was calculated as the mean of the z-scores 
of the different tests within that domain. In line with 
previous research, a change in z-score over time or a 
difference between groups of ≥1 point (1 SD) was con-
sidered clinically relevant.

Neurocognitive scores over time
To estimate the impact of the treatment on neurocognitive 
functioning over time, linear mixed models were used, 
which allow the inclusion of all patients who underwent 
a NPE at least once, with fixed effects for treatment arm, 
time (as factor), and their interaction. Estimated marginal 
mean scores and their 95% confidence interval (CI) were 
calculated for each domain.

In patients who completed at least two NPEs, one of 
which was before treatment, we assessed the change from 
baseline in each domain for each individual patient. Next, 
patients were classified as improved, stable, or deterior-
ated, depending on a change in z-score of ≥1 SD in each 
time period.

Impact of WBRT
Using the same methods, we studied neurocognitive 
functioning after WBRT in irradiated patients. For these 
analyses the scores after WBRT measurement were con-
sidered as baseline.

Relation of neurocognition with brain volume and white 
matter abnormalities
Pearson correlation coefficients were calculated between 
the z-score of each neurocognitive domain and the WMA 
ratio of the Fazekas score, and the total brain volume at 
the 6, 12, and 24 months follow-up visits, cross-sectionally. 
Next, linear mixed model analyses were performed to as-
sess the association between changes in WMA or atrophy 
up to 2 years posttreatment, and changes in neurocognitive 
functioning over time. These analyses were corrected for 
time (ie, visits), multiple lesions, sex, age, and education, 
and brain volume. The latter was also corrected for total in-
tracranial volume. All analyses were conducted with Stata, 
version 15, and a two-tailed P-value < .05 was considered 
statistically significant.

Results

Patients

In the HOVON 105/ALLG NHL 24 trial 199 patients were in-
cluded, of whom 125 (63%) signed informed consent for 
this side-study, participated, and were therefore included 
in the linear mixed models, addressing the primary ob-
jective of the study. Compliance with NPE was ≥50% at all 
evaluation points, Figure 1.

In the patients evaluated for neurocognitive func-
tioning, there were no differences between treat-
ment arms with respect to baseline clinical and 
sociodemographic characteristics and drug exposure, 
including baseline IQ. However, more patients in the 
R-MBVP-arm had cognitive impairments (<−1 SD) in at 
least one domain compared to the MBVP-arm (92% vs 
87%; Table 1). No differences in sociodemographic or 
clinical characteristics were observed between patients 
who participated in NPEs (n  =  125) and those who did 
not (n = 74). Patients included in this analysis had a me-
dian age of 61 years (interquartile range 55–66), 72% had 
a median WHO performance of <2, and 38% received 
WBRT, which is comparable to the total trial population8 
(Supplementary Table 1). Mean baseline z-scores for each 
neurocognitive domain are shown in Table 1, and for 
each test in Supplementary Table 2.

Neurocognitive Functioning Over Time

For 86 patients baseline neurocognitive data were avail-
able; by using linear mixed models all 125 patients with 
at least one NPE could be included in this evaluation. The 
results of the linear mixed models showed a statistically 
significant difference over time in all neurocognitive do-
mains (all P < .01), without any significant or clinically rel-
evant difference between treatment arms (Figure 2 and 
Supplemental Figure 2). The main change in most domains 
was improvement between baseline and after treatment, 
with a stabilization thereafter. Although these difference 
in all domains were statistically significant, only in the 
domain of motor speed this improvement was also clini-
cally relevant. Nevertheless, the estimated marginal mean 
scores in the motor speed domain still remained below 
those of the norm population (ie, >−1 SD). For memory, 
scores did not quite improve to a clinically relevant extent, 
but over time the mean score improved from a clinically 
relevant impaired level to within the range of the norm 
population (ie, above −1 SD). Scores in attention/executive 
functioning and information processing speed remained 
within the range of the norm population up to 2  years 
posttreatment.

At the individual level, we combined both treatment 
arms since groups became too small and no differences 
were found between treatment arms. Compared to base-
line, after 12  months the majority (52%–61%) remained 
stable in all neurocognitive domains, except for the do-
main of motor speed in which the majority improved (58%). 
After 24 months, 53% had improved scores in the memory 
and 68% in motor speed domain. For attention/executive 
functioning and information processing speed most pa-
tients remained stable: 59% and 48%, respectively. Only a 
minority of patients had worse neurocognitive functioning 
at 12 and 24  months (0%–7%), Figure 3, Supplementary 
Table 3 and Supplementary Figure 1.

Neurocognitive Functioning in Irradiated Patients

In the irradiated patients (n  = 43) we assessed the effect 
of WBRT on neurocognitive functioning over time, up to 
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200  assessed for

eligibility and
randomized

Arm: MBVP n = 100 Arm: R-MBVP n = 100

Not eligibel

Hospital does not participated in NPE side study n = 25 Hospital does not participated in NPE side study n = 18

n = 0

No consent for NPE n = 8 No consent for NPE n = 10

Less than two MBVP n = 6 Less than two R-MBVP n = 6

Patient not a native speaker n = 1 Patient not a native speaker n = 0

Included in NPE analyses
n = 60

Included in NPE analyses
n = 65

Baseline
n = 38/60 (63%)

Baseline
n = 48/65 (74%)

After chemotherapy
n = 24/48 (50%)

After chemotherapy
n = 33/60 (55%)

After WBRT
n = 9/17 (53%)

After WBRT
n = 20/26 (77%)

3m FU
n total = 21/36 (58%)

n RT = 8/15 (53%)

3m FU
n total = 31/46 (67%)
n RT = 18/24 (75%)

6m FU
n total = 21/34 (62%)

n RT = 8/14 (57%)

6m FU
n total = 26/40 (65%)
n RT = 14/21 (67%)

12m FU
n total = 23/32 (72%)

n RT = 9/13 (69%)

12m FU
n total = 27/33 (82%)
n RT = 16/18 (89%)

24m FU
n total = 16/25 (64%)

n RT = 9/11 (82%)

24m FU
n total = 21/30 (70%)
n RT = 14/17 (82%)

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 3
n = 0
n = 0
n = 0
n = 3

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 7
n = 1
n = 0
n = 1
n = 5

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 6
n = 0
n = 0
n = 1
n = 5

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 2
n = 0
n = 0
n = 0
n = 2

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 12
n = 0
n = 3
n = 2
n = 7

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 5
n = 0
n = 3
n = 1
n = 1

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 7
n = 0
n = 0
n = 0
n = 7

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 2
n = 0
n = 0
n = 0
n = 2

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 2
n = 0
n = 0
n = 0
n = 2

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 2
n = 0
n = 0
n = 0
n = 2

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 10
n = 0
n = 1
n = 4
n = 5

NPE stopped
- death
- earlier off protocol
- refusal
- relapse/progression

N = 12
n = 0
n = 1
n = 4
n = 7

Not eligibel n = 1

Fig. 1 CONSORT diagram showing reasons for not-participating in the NPEs as well as the compliance rates at each time point, separately for 
the treatment arms. “After WBRT” was assessed only in those who had WBRT. Abbreviations: FU, follow-up; NPEs, neuropsychological evalu-
ations; WBRT, whole-brain radiotherapy.
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2 years post-radiotherapy. The results of the linear mixed 
model analyses showed no significant and clinically rele-
vant changes over time, neither improvement or deteriora-
tion, except for a clinically relevant improvement in motor 
speed in the control-arm at 3 and 6 months posttreatment. 
There were no other differences between treatment arms 
(Figure 4 and Supplemental Figure 3).

At the individual level, again we combined both arms. 
Compared to baseline, the majority of patients improved 
or remained stable at 12 and 24 months of follow-up. Only 
a minority (0%–11%) decreased in neurocognitive func-
tioning, and only in the domains of information processing 
speed and motor speed (Supplementary Table 4).

Neurocognitive Functioning in Relation to 
Radiological Features

For brain volumes and Fazekas score at group level at each 
time point, see Supplementary Table 5. In the cross-sec-
tional analyses at 6, 12, and 24 months, without adjustment 
for the amount of WMA or brain volume at baseline on MRI, 
we observed weak correlations between neurocognitive 
scores and the degree of WMA (between +0.01 and −0.66) 
or brain atrophy (between +0.06 and −0.50; Supplementary 
Table 6).

In the longitudinal analysis we observed inverse as-
sociations between changes in the degree of WMA or 

  
Table 1 Baseline Clinical and Sociodemographic Characteristics of the Patients Included in the Neuropsychological Evaluations, Per Treatment 
Arm and for the Total Study Population

MBVP (n = 60) R-MBVP (n = 65) Total (n = 125)

Sex (n, % male) 35 (58%) 29 (45%) 64 (51%)

Age (median, IQR) 60 (55–66) 61 (55–67) 61 (55–66)

WHO performance score (n, %)

 WHO 0 16 (27%) 16 (25%) 32 (26%)

 WHO 1 28 (47%) 33 (51%) 61 (49%)

 WHO 2 11 (18%) 9 (14%) 20 (16%)

 WHO 3 5 (8%) 7 (11%) 12 (10%)

Comorbidities active at baseline (n, % ≥2) 29 (48%) 33 (51%) 62 (50%)

Baseline IQ (median, IQR) 93 (76–106) 92 (77–106) 93 (77–106)

Level of education (years of education; n, %)

 Low (≤6) 10 (17%) 11 (17%) 21 (17%)

 Average (7–9) 30 (50%) 36 (55%) 66 (53%)

 High (10–18+) 12 (20%) 11 (17%) 23 (18%)

 Missing 8 (13%) 7 (11%) 15 (12%)

Solitary lesion (n, %) 35 (58%) 32 (49%) 67 (54%)

Missing/NA 3 (5%) 3 (5%) 6 (5%)

Bilateral involvement (n, %) 22 (37%) 27 (42%) 49 (39%)

Missing/NA 3 (5%) 3 (5%) 6 (5%)

Deep structures involved (n, %) 39 (65%) 43 (66%) 82 (66%)

Study drug exposure

 HD-cytarabine (n, %) 55 (92%) 59 (91%) 114 (91%)

 WBRT (n, %) 22 (37%) 26 (40%) 48 (38%)

 Radiation boost given (n, %) 10 (17%) 16 (25%) 26 (21%)

 Intrathecal treatment given (n, %) 6 (10%) 6 (9%) 12 (10%)

Baseline score for each neurocognitive domain

Neurocognitive domain MBVP R-MBVP Total

Attention/executive functioning (mean, SD) −0.52 (0.95) −0.85 (1.03) −0.70 (1.00)

Information processing speed (mean, SD) −0.99 (1.74) −1.29 (1.72) −1.16 (1.72)

Memory (mean, SD) −1.52 (1.20) −1.70 (1.19) −1.62 (1.19)

Motor speed (mean, SD) −2.78 (3.11) −4.43 (5.57) −3.62 (4.57)

Impaired cognitive functioning (<1 SD) in at least one domain 33/38 (87%) 44/48 (92%) 77/86 (90%)

Abbreviations: HD-cytarabine, high-dose cytarabine; IQ, intelligence quotient; IQR, interquartile range; NA, not applicable in case of no brain 
lesion(s); WBRT, whole-brain radiotherapy.
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brain atrophy, and changes in neurocognitive scores, with 
increasing WMA and atrophy correlating with a deterioration 
in neurocognitive functioning up to 2 years posttreatment 
(Table 2). Although significant in all domains except for 
memory, the changes in neurocognitive scores were rather 
small (regression coefficients ranged between −0.048 and 
−0.347), indicating that 1-point increase in the Fazekas sum 
score resulted in only a small, not clinically relevant, dete-
rioration in neurocognitive functioning. For brain atrophy, a 
10% decrease of brain volume was significantly associated 
with a deterioration in memory of −0.921 points (Table 2). 
Other associations were not significant or clinically relevant.

Discussion

The addition of rituximab to standard MBVP chemotherapy 
did not improve the event-free survival and did not im-
pact HRQoL.8,14 The current analysis shows that this treat-
ment regimen resulted in a significant improvement in all 

neurocognitive domains, compared to baseline, although 
these differences were not clinically relevant except for 
motor speed. There were no significant or clinically rele-
vant differences in neurocognitive functioning between 
those treated with and without rituximab.

Impairments in neurocognitive functioning or behavioral 
problems are reported to be presenting symptoms in 32%–
48% of patients with PCNSL.28 In this study, 90% of the 
patients had impairments in at least one neurocognitive 
domain before treatment. The slightly better scores in all 
domains at the “end of treatment” compared to baseline, 
with a stabilization thereafter, is a pattern that has been 
described in multiple PCNSL cohorts.12,29–31 These findings 
suggest that neurocognitive functioning is mostly ham-
pered by the tumor itself, and that treating the tumor re-
sults in improved neurocognitive functioning. Additionally, 
we found that the extent of improvement between base-
line and “end of treatment” was not clinically relevant, ex-
cept for motor speed.

The results at the individual patient level support the 
finding that neurocognitive scores improved over time, 
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although most patients remained stable, and only a mi-
nority (0%–7%) deteriorated. Only in the motor speed 
domain the majority of the patients improved at 12 and 
24  months, compared to baseline. The range of z-scores 
was wider for the Grooved Pegboard Test (GPT) in both 
treatment arms relative to the other cognitive tests. This 
is likely the result of fewer patients having been included 
in this part of the cognitive test, resulting in a wider con-
fidence interval. Fewer patients were tested because the 
GPT was not performed in all centers because they were 
not equipped for this test. Nevertheless, this supports the 
results of the longitudinal analyses (linear mixed models) 
suggesting that motor speed improved over time to a clin-
ically relevant extent. This finding is, however, in contrast 
with other studies showing less pronounced improve-
ments or even deterioration in this domain, particularly 
when compared to other domains.32,33 An explanation 
for this may be that patients in our cohort had very low 
scores at baseline, allowing patients to improve. It should 
be noted though, that despite the improvement, the 

estimated marginal means continued to be lower than the 
norm population (ie, <−1 SD).

In irradiated patients, scores on all neurocognitive do-
mains rather unexpectedly remained stable for up to 
2 years after treatment with 30-Gy (20 × 1.5 Gy) WBRT in 
both arms, compared to the scores shortly after WBRT. 
We used “after WBRT” as baseline because we expected 
maximal reduction of tumor and tumor-related symptoms 
at that time point. Stable neurocognitive functioning was 
also found in a previously reported small cohort of PCNSL 
patients treated with HD-MTX-based chemotherapy com-
bined with rituximab and followed by reduced dose (rd)
WBRT (23.4 Gy).12 In that same cohort, a small but sig-
nificant decline in the neurocognitive domains atten-
tion and memory was observed between 3 and 5  years 
posttreatment.34 This late, nonclinically relevant deteriora-
tion, however, was also observed in patients who received 
autologous stem cell transplantation (ASCT) instead of 
WBRT.34 Two randomized trials in adult PCNSL patients 
compared WBRT with ASCT as consolidation therapy.29,31 
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In the IELSG-32 study, 118 patients who achieved at least 
stable disease after induction chemotherapy were ran-
domized for ASCT or 36-Gy WBRT as consolidation.29 After 

2 years of follow-up, those who received WBRT had signifi-
cantly worse scores in attention/executive functioning and 
memory domains.29 In the PRECIS study 104 patients aged 

  

2

1

0

–1

–2

–3

E
st

im
at

ed
 m

ar
gi

na
l m

ea
n

–4

–5

–6

2

1

0

–1

–2

–3

E
st

im
at

ed
 m

ar
gi

na
l m

ea
n

–4

–5

–6

2

1

0

–1

–2

–3

E
st

im
at

ed
 m

ar
gi

na
l m

ea
n

–4

–5

–6

2

1

0

–1

–2

–3

E
st

im
at

ed
 m

ar
gi

na
l m

ea
n

–4

–5

–6

MBVP
R-MBVP

MBVP
R-MBVP

MBVP
R-MBVP

MBVP
R-MBVP

Attention/executive functioning Information processing speed

Memory Motor speed

RT 3mFU 6mFU

Visit Visit

12mFU 24mFU RT 3mFU 6mFU 12mFU 24mFU

RT 3mFU 6mFU

Visit Visit

12mFU 24mFU RT 3mFU 6mFU 12mFU 24mFU

Fig. 4 Mean z-scores for each neurocognitive domain over time (A: attention/executive functioning; B: information processing speed; C: 
memory; D: motor speed), separately for the two treatment arms in the irradiated patients only. Estimated marginal means are shown for each 
evaluation point separately for each treatment arm, with the vertical bars representing the 95% confidence interval of the group mean.
  

  
Table 2 Regression Coefficients Showing the Adjusted Association Between a Change in the Fazekas Score and Brain Volume on the One Hand, 
and Changes in Neurocognitive Functioning Domain Scores on the Other Hand, up to 2 Years Posttreatment

Fazekas Sum Scorea, β P-value Brain Atrophyb, β P-value

Attention/executive functioning −0.048 .029 −0.212 .505

Information processing −0.086 .009 −0.753 .095

Memory −0.050 .165 −0.921 .027

Motor speed −0.347 .000 −1.774 .163

Correlation coefficients (β) reflect the association between a change in z-score and a change in the sum Fazekas score (max. 30) with 1 point, or a 
10% change in brain volume.
aCorrected for sex, age, education, and multiple lesions at baseline.
bCorrected for sex, age, education, and multiple lesions and total skull volume at baseline.
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18–60  years were randomized between ASCT and 40-Gy 
WBRT as consolidation therapy.31 Similarly, significant de-
terioration was seen in attention/executive functioning in 
irradiated patients compared to “end of induction chemo-
therapy,” while those treated with ASCT remained stable 
for up to 3 years of follow-up.31 Several factors could ex-
plain the discrepancy between the above two contem-
porary studies and our study regarding neurocognitive 
functioning after WBRT. First, the lower total dose and 
fraction dose used in our study could reduce the negative 
impact of WBRT, as suggested by the findings of Morris 
et al.12 Second, it is possible that in our study longer fol-
low-up will show deterioration of neurocognitive function. 
Such late deterioration has also been found to occur in pa-
tients with other brain tumors, such as low-grade glioma, 
in whom neurocognitive deterioration after (focal) radio-
therapy was found after 12 years but not after 6 years.35,36 
Lastly, the absence of published individual scores and/or 
z-scores of the neurocognitive tests in the IELSG-3229 and 
PRECIS31 studies do not allow estimation of the magnitude 
of changes in neurocognition, and consequently the clin-
ical relevance of these changes, which may affect the inter-
pretation of results.

Up to 2  years posttreatment, we observed that the 
increase in the degree of WMA was significantly associ-
ated with worsening in all neurocognitive domains except 
memory, while an increase of brain atrophy was associ-
ated with worsening in the memory domain only. The as-
sociations, however, were weak to moderate, indicating 
that in the first 2 years posttreatment the impact of WMA 
and brain atrophy on neurocognitive functioning seems 
modest, possibly partially because the extent of decrease 
in brain volume was limited. In a large (n = 80) long-term 
PCNSL survivors cohort (median follow-up of 5·5 years, 
range 2–26  years), the amount of WMA was signifi-
cantly correlated with worse neurocognitive functioning 
on the long term. Moreover, those treated with WBRT 
(n  = 15; 45–60 Gy) in this survivors cohort had twice as 
much WMA as those treated without WBRT (n  = 65; P < 
.001), though this resulted in a clinically relevant differ-
ence in the motor speed domain only.10 In contrast, al-
though more WMA were observed after rdWBRT (23.4 
Gy) than after ASCT (70% vs 40%, P = .03), there was no 
difference in neurocognitive functioning between these 
groups, up to 5 years posttreatment.34 While assessed in 
small groups and with different durations of follow-up, 
these results suggest that radiation dose could be cru-
cial for neurocognitive functioning in PCNSL patients 
and this is supported by our findings. Longer follow-up 
is nevertheless needed to determine the effect of 30-Gy 
WBRT and of white matter changes and cerebral at-
rophy on neurocognitive functioning in our cohort on the 
longer term. We were unable to investigate a direct effect 
of rituximab on WMA or cerebral atrophy because the 
number of patients in these subgroups became too small 
for a meaningful analysis. A recent, small (n = 47) retro-
spective study, however, found after a mean follow-up 
of 5 years that more patients treated with rituximab plus 
HD-MTX developed white matter lesions (68%), compared 
to rituximab naïve patients (46%).37 Although this finding 
does not necessarily support causation, further analysis 
might help to determine the etiology of these lesions.

The strengths of this study are the large, uniformly 
treated group of patients in which radiological as-
sessments were done over time and neurocognitive 
functioning in multiple domains was assessed prospec-
tively, allowing extensive analyses. Limitations of our 
study are the limited time of follow-up, that is, 2 years 
after end of treatment,38 and our relatively crude, visual 
measurement of the WMA with the Fazekas score as op-
posed to automatic exact measurements of white matter 
abnormalities, which may have masked an existing ef-
fect of WMA on neurocognition. Automatic segmen-
tation of WMA was not possible due to different scan 
protocols in different including centers. Although we 
had some missing neurocognitive data over time, our 
longitudinal analyses were not hampered by this since 
we used linear mixed models, which deal with missing 
data in a sophisticated way. For all cognitive tests we 
used norm data from the Dutch population, since most 
patients were treated in Dutch centers. Although un-
likely, it cannot be ruled out that other norms should 
have been applied to patients treated in Australia and 
New Zealand. Although this may have resulted in an 
over- or underestimation of the actual z-scores of pa-
tients recruited in Australia and New Zealand, interpre-
tation of the results in terms of both a statistical and 
clinical significance will reduce this bias. Lastly, we 
could not compare irradiated with nonirradiated pa-
tients with respect to neurocognitive functioning and 
radiological changes, because these patients differed in 
age due to the study design (ie, irradiation in younger 
patients only). For this same reason we could not com-
pare younger and older patients.

In conclusion, this analysis showed no effect of the ad-
dition of rituximab on neurocognitive functioning, neither 
positive nor negative at 2 years of follow-up. The lack of ef-
fect on event-free survival,8 the primary endpoint, as well 
as HRQoL14 and this neurocognitive study, as secondary 
endpoints, do not, however, support the use of rituximab 
in patients with newly diagnosed PCNSL, at least when 
treated with MBVP chemotherapy. Whether specific sub-
groups of patients benefit from this treatment regimen 
remains to be investigated. Moreover, in the first 2 years 
posttreatment, a lower dose of WBRT was not harmful for 
neurocognitive functioning, compared to just after WBRT. 
The association between white matter abnormalities 
and brain atrophy and neurocognitive functioning was 
modest and longer follow-up is needed to draw definitive 
conclusions.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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The strengths of this study are the large, uniformly 
treated group of patients in which radiological as-
sessments were done over time and neurocognitive 
functioning in multiple domains was assessed prospec-
tively, allowing extensive analyses. Limitations of our 
study are the limited time of follow-up, that is, 2 years 
after end of treatment,38 and our relatively crude, visual 
measurement of the WMA with the Fazekas score as op-
posed to automatic exact measurements of white matter 
abnormalities, which may have masked an existing ef-
fect of WMA on neurocognition. Automatic segmen-
tation of WMA was not possible due to different scan 
protocols in different including centers. Although we 
had some missing neurocognitive data over time, our 
longitudinal analyses were not hampered by this since 
we used linear mixed models, which deal with missing 
data in a sophisticated way. For all cognitive tests we 
used norm data from the Dutch population, since most 
patients were treated in Dutch centers. Although un-
likely, it cannot be ruled out that other norms should 
have been applied to patients treated in Australia and 
New Zealand. Although this may have resulted in an 
over- or underestimation of the actual z-scores of pa-
tients recruited in Australia and New Zealand, interpre-
tation of the results in terms of both a statistical and 
clinical significance will reduce this bias. Lastly, we 
could not compare irradiated with nonirradiated pa-
tients with respect to neurocognitive functioning and 
radiological changes, because these patients differed in 
age due to the study design (ie, irradiation in younger 
patients only). For this same reason we could not com-
pare younger and older patients.

In conclusion, this analysis showed no effect of the ad-
dition of rituximab on neurocognitive functioning, neither 
positive nor negative at 2 years of follow-up. The lack of ef-
fect on event-free survival,8 the primary endpoint, as well 
as HRQoL14 and this neurocognitive study, as secondary 
endpoints, do not, however, support the use of rituximab 
in patients with newly diagnosed PCNSL, at least when 
treated with MBVP chemotherapy. Whether specific sub-
groups of patients benefit from this treatment regimen 
remains to be investigated. Moreover, in the first 2 years 
posttreatment, a lower dose of WBRT was not harmful for 
neurocognitive functioning, compared to just after WBRT. 
The association between white matter abnormalities 
and brain atrophy and neurocognitive functioning was 
modest and longer follow-up is needed to draw definitive 
conclusions.
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Supplementary data are available at Neuro-Oncology 
online.
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