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Abstract

Background & Objectives: Radiotherapy is standard treat-
ment for patients with brain metastases (BMs), although it
may lead to radiation-induced cognitive impairment. This
review explores the impact of whole-brain radiotherapy
(WBRT) or stereotactic radiosurgery (SRS) on cognition.
Methods: The PRISMA guidelines were used to identify arti-
cles on PubMed and EmBase reporting on objective assess-
ment of cognition before, and at least once after radiothera-
py, in adult patients with nonresected BMs. Results: Of the
867 records screened, twenty articles (14 unique studies)
were included. WBRT lead to decline in cognitive perfor-
mance, which stabilized or returned to baseline in patients
with survival of at least 9-15 months. For SRS, a decline in
cognitive performance was sometimes observed shortly af-
ter treatment, but the majority of patients returned to or re-
mained at baseline until a year after treatment. Conclusions:
These findings suggest that after WBRT, patients can experi-
ence deterioration over a longer period of time. The cogni-
tive side effects of SRS are transient. Therefore, this review
advices to choose SRS as this will result in lowest risks for

cognitive adverse side effects, irrespective of predicted sur-
vival.In an already cognitively vulnerable patient population
with limited survival, this information can be used in com-
municating risks and aid in making educated decisions.
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Introduction

Local and systemic treatment for extracranial cancers
is improving, leading to longer life expectancy. New chal-
lenges arise due to increased survival rates including the
development of brain metastases (BMs). BMs occur in at
least 10% of patients diagnosed with cancer and this inci-
dence continues to rise [1, 2]. BMs are difficult to treat
systemically because chemotherapeutic agents barely
pass the blood-brain barrier. The median overall survival,
despite systemic and focal treatment, is limited spanning
months to several years, depending on factors such as le-
sion number, Karnofsky performance status, and the pri-
mary cancer as reflected in GPA calculators [3, 4]. Treat-
ment (shared) decisions in this vulnerable patient popu-
lation are tailored toward gaining the best disease control
while maintaining adequate quality of life (QoL) during
the remaining life span.
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Table 1. Criteria for assessing the quality of the data of the articles for the review, including reasons for assessing these criteria

Criteria

Reason

—_

. Inclusion of >20 patients at baseline

(Avoid type Il errors for baseline data)

2. >50% of patients available for first follow-up measurements

(Avoid type Il errors for follow-up data)

3. Neurocognitive performance scores corrected to norms for age, sex, and education when

appropriate

(Bias by demographical variables)

4. Definition of change in cognitive performance was provided

(Bias by definition of change)

5. Cognitive performance at follow-up time points were adjusted for baseline performance

(Bias by differences in baseline performance)

6. Use of parallel versions of neuropsychological tests for retesting procedures was stated in the article

(Bias by learning effects due to repeated
administration)

7. Diversity of neurocognitive assessment, assessed by fulfilling (1/2 point each):

a. >3 different neuropsychological tests used
AND
b. >3 cognitive constructs assessed with test battery

(Quality of cognitive testing procedures)

Treatment for BMs consists of different (palliative)
options, including surgery, chemotherapy, immunother-
apy, and radiotherapy [5]. One of the concerns with ra-
diotherapy treatment is how to achieve the optimal bal-
ance between maximizing antitumor effects and mini-
mizing possible adverse side effects. The 2 prominent
strategies for radiotherapy in BMs are whole-brain radio-
therapy (WBRT) and stereotactic radiosurgery (SRS).
WBRT is typically advised for patients with more than 3
BMs since treatment covers all brain tissue and has the
advantage of sterilizing not-yet visible BMs [6, 7]. The
main disadvantage is that WBRT can lead to radiation-
induced tissue damage across the entire brain. SRS has
mainly been applied in selected patients with 1 to 3 BMs
and a favorable prognosis [8]. During SRS, high precision
localized irradiation is delivered to the BMs in a single
fraction to maximize local tumor control and minimize
the dose to the surrounding, healthy brain tissue.

Patients with BMs compose a vulnerable patient group
since a high percentage of patients already experience
cognitive impairment before starting radiotherapy as a
direct result of BMs but also due to previous cancer treat-
ments [9-11]. Deteriorated cognitive functions have been
related to impaired financial, work, and social activities,
which are all important in maintaining good QoL and
autonomy [12, 13]. Although the literature on the cogni-
tive changes after radiotherapy has been reviewed both
for WBRT and SRS separately [14, 15], to date no publi-
cation exists comparing WBRT with SRS in relation to the
cognitive outcome after treatment. Since SRS is increas-
ingly being favored over WBRT in current practice [16],
we performed a systematic review on changes in cognitive
functioning provoked by either WBRT or SRS in adult
patients with nonresected BMs to gain insight on wheth-
er current evidence regarding cognitive side effects sub-
stantiates contemporary shifts in treatment preference.

Cognitive Performance after Radiotherapy

Methods

Search Strategy

The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines were used in conducting and report-
ing this systematic review [17]. We reviewed all published articles on
the neurocognitive effects of WBRT or SRS in adult patients with
BMs from 1 January 1950 until 4 January 2021. The search strategy
combined terms for BMs, radiotherapy, and cognition and was de-
veloped for PubMed and adapted for Embase. The complete search
strings can be found in online suppl. material 1; for all online suppl.
material, see www.karger.com/doi/10.1159/000518848. Additional-
ly, reference lists were manually screened for potentially relevant
studies. Articles were screened by 2 researchers (E.E.G. and S.H.J.N.)
and disagreement was resolved through consensus meetings. The
screening of the studies was facilitated by Covidence systematic re-
view software (Veritas Health Innovation, Melbourne, VIC, Austra-
lia). Reasons for exclusion were documented for each article.

Eligibility

The search was confined to articles in English and Dutch. Studies
were selected in which objective neurocognitive assessment was per-
formed at baseline (defined as any time point between presentation
of the BMs and start of radiotherapy) and at least once after radio-
therapy in adult patients with BMs. Only objective cognitive mea-
surements were included since self-reports may be biased due to im-
pairments caused by the BMs and (previous) cancer treatments [18].
Moreover, subjective cognitive complaints do not represent underly-
ing cognitive deficits per se and may be more indicative of psycho-
logical distress than actual cognitive impairment [19, 20]. Studies
solely utilizing short neurocognitive-screening tools, such as the
Mini-Mental Status Examination, were excluded since these tests
lack the sensitivity to detect subtle changes in cognitive functioning
expected to be present after radiotherapy [21-23]. Furthermore, all
articles including patients with resected BMs were excluded since co-
acting cortical tissue damage adjacent to the resection site can influ-
ence cognitive performance. Studies investigating the influence of
treatments concurrent to radiotherapy (e.g., memantine) that did not
report on a radiotherapy-only control group were also excluded.
Case reports, reviews, commentaries, editorials, and protocols were
excluded. If multiple articles reported on the same dataset, the results
were combined and reviewed as one cohort.
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Table 2. Assessment of data quality for each included study listed from highest to lowest quality

Type of  Criteria >20 >50% at the first Correctedto Definition  Adjusted for Parallel  Diversity —Overall

RT authors patients follow-up norms provided baseline tests NCA quality

WBRT Mehtaetal.[7,18,38,74] + + + + + - + 6 good
Gondi et al. [26] + + - + + + +/- 5.5 good
Westover et al. [41] + + - +/- + + + 5.5 good
Saito et al. [28] + + - + + + - 5 good
Deng et al. [35] + + - + + - + 5 good
Zhu et al. [40] + + - + + - + 5 good
Zhan et al. [39] + + - + + - 4 medium
Onodera et al. [25] + + + - - - + 4 medium
Cheng et al. [34] + + - - - + 3 medium

SRS Chang et al. [29] - + + + + + + 6 good
Brown et al. [32] + + + + + - + 6 good
Changetal. [31] + + - + + - + 5 good
Habets et al. [30, 43] + - + + + - + 5 good
Minniti et al. [42] + + - + + + - 5 good
Onodera et al. [25] - + + - - - + 3 medium
Kirkpatrick et al. [24] + - - - - +/- 1.5 low

NCA, neurocognitive assessment; RT, radiotherapy; SRS, stereotactic radiosurgery; WBRT, whole-brain radiotherapy. + Indicates 1 point

awarded for that criterion. - Indicates no points. +/—0.5 points.

Data Extraction and Analysis

The follow-up time points were converted to units of “months
after radiotherapy.” To aid comparability across studies and fol-
lowing the classification used in previous studies, time points
were clustered: short-term follow-up 1-4 months after radio-
therapy, midterm follow-up 5-8 months after radiotherapy, and
long-term follow-up 9-15 months after radiotherapy. Baseline
measurements always refer to the assessment before start of ra-
diotherapy treatment. Additionally, neuropsychological tests
were attributed to cognitive constructs in a data-driven classifi-
cation, based on the subdivision as reported in the majority of
the included studies (online suppl. material 2). Data were col-
lected from text, tables, and figures from the articles and then
tabulated. Missing data points were excluded from analyses and
changes in sample size due to attrition were considered. For me-
ta-analysis of the incidence of cognitive decline compared to
baseline performance, we used the inverse variance method in a
DerSimonian-Laird random effects model. For individual stud-
ies Clopper-Pearson confidence intervals were calculated. Het-
erogeneity between studies was assessed using Cochran’s Q test
and the I° statistic. Statistical analyses were performed with R
3.5.1 open-source software with the “meta” package (http://
www.R-project.org).

Data Quality

A critical appraisal of the included studies was performed to
assess data quality as reported in the articles, for which a checklist
consisting of 7 criteria were constructed (shown in Table 1). One
point was awarded if the criterion was met and zero points if not
or if it was unclear based on the available information. A maxi-
mum score of 7 points could be obtained. A score between 5 and
7 indicates good to high quality, 3 and 4 medium quality, and
scores below 2 indicate low quality.
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Results

Study Inclusion

The initial search yielded 867 unique articles. After ap-
plying the in- and exclusion criteria, 20 articles reporting
on 14 original datasets were included in this review
(shown in Fig. 1). The majority of these studies were rat-
ed as good to high quality (shown in Table 2). The one
study rated as low quality was excluded from further anal-
ysis [24]. Study and baseline patient characteristics and
the main conclusions of the selected articles are shown in
Tables 3 and 4, respectively. Patient numbers varied con-
siderably across studies with a median sample size of 81
(range: 20-208) and 35 (range: 7-111) at baseline for the
WBRT and SRS studies, respectively. In total, 751 WBRT
patients were included and 300 SRS patients. Since data
on the incidence of cognitive decline were absent in some
articles, the meta-analysis could only be performed for
those studies that reported on these data.

Baseline Cognitive Performance

Data on baseline cognitive performance before WBRT
were solely explicitly reported for the Mehta et al. [18]
study (N = 208). The other included studies reported rel-
ative scores to an unreported baseline. Before starting
WBRT, 91% of the patients displayed cognitive impair-
ment (Z-score <1.5) on =1 neuropsychological test and
42% on >4 neuropsychological tests. Fine motor coordi-
nation was impaired in 63-65%, learning and memory
(L&M) in 21-60%, executive function (EF) in 44%, and
verbal fluency in 33%. Lower baseline cognitive perfor-

van Grinsven/Nagtegaal/Verhoeff/van
Zandvoort



Manuscripts identified
through database searching Manuscripts obtained from
PubMed (N = 627) reference lists
Embase (V= 632) =0

Identification

Manuscripts excluded (V= 392):

Not in English or Dutch (N = 60)
Duplicates (N =332)

W

Manuscripts for title and abstract
screening

(N=867)

Screening

Manuscripts reporting on

Manuscripts excluded (V= 762):

Other type of articles (e.g. reviews.

protocols. editorials) (N =403)
Non-human subjects (N = 26)
Pediatric patients (N = 13)

Wrong population (e.g. no BM, no
RT) (W= 285)

No data on cognition (N =235)

cognitive functioning

(V= 105)

V

Manuscripts excluded (V= 46):

Solely screening test or subjective
cognitive measure (N = 34)

Prior treatment for BM (e.g.
resection or irradiation) (N = 5)
No pre-post measurement (N =4)
No control group (V= 3)

Full text manuscripts assessed for
eligibility
(N=139)

Eligibility

Y

Manuscripts included in
qualitative synthesis
(N=20%)

Included

Manuscripts excluded (V= 39)

Solely screening test or subjective
cognitive measure (N = 10)

Prior treatment for BM (e.g.
resection or irradiation) (N =11)
Sample including primary brain
tumors (V= 3)

No pre-post measurement (N = 6)
Reported data insufficient for
qualitative analyses (N = 6)

No proper control group (N =1)
No data on cognition (N=1)
Low data quality based on critical
appraisal (N=1)

Fig. 1. PRISMA flow chart illustrating the systematic process conducted to identify the articles included in this
review. 14 original datasets*. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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Table 4. Main message of the studies categorized by type of radiotherapy

RT Authors Patients, Time points NCF Definition of Main message
type N assessed in cognitive
months after RT change
WBRT Mehtaetal. 208 TO <2 SD change in T3: Most patients deteriorate on fine motor coordination and least patients on
[7,18,38,74] 135 T1 average Z-score verbal fluency
63-75% T2 T4: Significant deterioration compared to TO on L&M and verbal fluency
43-46* T3 T15: Significant improvement compared to TO on verbal fluency, fine motor
9 T4 coordination, and information processing speed
T5
T6
T9
T12
T15
T18
Gondietal.[26] 100 T0 RCI T2: 7-18% mean decline from TO0 in L&M performance
53 T2 T4:1n a subset of 33 patients with TO MR, the change in L&M performance was
42 T4 correlated with BMs volume (immediate and delayed recall), age (immediate
29 T6 recall), and volume of white matter injuries pre-treatment (recognition)
T6: Certain aspects of L&M declined (delayed recall), while others remained
stable (immediate recall and recognition). The mean relative decline from TO to
T6 was 0-3%
Saitoetal.[28] 34 T0 RCI T4: L&M deteriorated significantly compared to TO in those who only completed
34 T4 T0 and T4 assessments. In total, 27-33% of the patients had deteriorated
19 T8 T8: On an average, stable cognitive performance was observed on L&M in
subgroup completing assessments at all 3 time points. Of this subgroup, 11—
26% had deteriorated L&M performance compared to baseline
WBRT 109 T0 RCI T3:22-38% of the patients deteriorated on overall cognitive performance, with
87-89* T3 greatest deterioration on L&M (22-37%), EF (38%) and verbal fluency (32%)
61-64* T5 T5: 40-55% of the patients deteriorated on at least one cognitive task, with
34-36* T7 greatest deterioration on L&M (52-55%) and verbal fluency (53%)
T7:47-61% of the patients deteriorated on at least one cognitive task, with
greatest deterioration on EF (61%) and verbal fluency (59%)
Dengetal.[35] 81 T0 N.A. T1: Significantly decreased performance compared to TO on global cognitive
81 T1 performance, attention, verbal fluency, and event-based prospective memory.
Stable performance on time-based prospective memory
Chengetal.[34] 117 TO RCI T3: 19% of the patients deteriorated on L&M performance
91 T T6: 35% of the patients deteriorated on L&M performance
54 T2
T3
T4
T5
T6
Zhanetal.[39] 33 TO RCI T3: Deteriorated cognitive performance was found on L&M, EF, and verbal
29-31* T3 fluency in 19%, 29%, and 28% of the patients, respectively
26-29* T6 T6: Deteriorated cognitive performance was found on L&M, EF, and verbal
22-26* T9 fluency in 48%, 48%, and 50% of the patients, respectively
T9: Deteriorated cognitive performance was found on L&M, EF, and verbal
fluency in 50%, 58%, and 57% of the patients, respectively
Zhu et al. [40] 47 TO <1 SD decline T3: Compared to TO, L&M performance declined in 17% of the patients on
18 T3 from the mean  delayed recall with a mean decline of 11%. No significant changes were found
8 T6 on the other cognitive tasks, but there were large variations
5 T9 T6: Mean L&M performance (delayed recall) recovered to pre-treatment values
T12
628 Oncol Res Treat 2021;44:622-636 van Grinsven/Nagtegaal/Verhoeff/van
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Table 4 (continued)

RT Authors Patients, Time points NCF Definition of Main message
type N assessed in cognitive
months after RT change
WBRT Westoveretal. 20 T0 N.A. T4: Patients receiving WBRT deteriorated significantly compared to TO on L&M
[41] 17 T4 (delayed recall). Additional analysis showed only patients with a brain edema
Onodera et al. 14 T8 volume >16.8 cc. Decreased on L&M (delayed recall) and EF
[25] 9 T12 T8: Patients receiving WBRT deteriorated significantly compared to TO and T4 on
L&M (immediate recall) Improvements in immediate and delayed recall at T8
compared to T4 were only observed in patients with a <4.0 cc total volume of
BM at TO
T12:In the subgroup of patients followed for at least 12 months, L&M (delayed
recognition) had significantly declined compared to TO at both T4 and T12. This
subgroup also had significantly declined EF at T4 compared to TO, with a similar
trend at T12. Additionally, L&M (immediate recall) had returned to baseline
values at T12 after a significant improvement at T8
No changes in verbal fluency, information processing speed, or on cognitive
screening measure at any time point
SRS 7 T0 N.A. T4-12: SRS group had no change in cognitive performance for any tested
5 T4 cognitive construct over the entire study period
5 T8
4 T12
15 T0 RCI 1: All patients declined on =1 neuropsychological test and 54% on =2 tests, with
13 T1 decline in L&M (54%) and fine motor coordination (46%) most common.
5 T2 Improvements were also observed, mostly on EF (38%), verbal fluency (15%),
T3 fine motor coordination (15%), and information processing speed (15%)
T4 T7-9: Stable or improved cognitive performance was found for 80% of the
T5 patients for L&M and 60.0% for EF and fine motor coordination
T17-9
T10-12
Changetal.[29] 30 TO RCI T4: Most cognitive decline on tests for L&M (20% of the patients on total recall).
20 T The mean posterior probability of decline was 24% for total recall, 6% for
T2 delayed recall end 0% for delayed recognition. Analysis were also performed for
T4 other cognitive tests but might have been underpowered since the trial was
T6 stopped prematurely due to significant larger probability of decline on L&M
T12 (total recall) after 4 months in the SRS + WBRT versus the SRS alone group
T15 T6: The mean posterior probability of decline on total recall was 8%
T18
SRS Changetal.[31] 111 T0 =1SD T3:64% of the patients showed cognitive deterioration on =1 test compared to
63 T1.5 T=0. Most patients deteriorated on L&M (recognition) performance (23%) and
10-12* T3 information processing speed (19%) and least on verbal fluency (2%)
12-14* Té6 T6: In those patients surviving at least 12 months, 50% deteriorated on at least 1
9-10* T9 test compared to T= 0. Most patients deteriorated on L&M (delayed recall)
T12 performance (33%) and none deteriorated on information processing speed
T9: In those patients surviving at least 12 months, 50% deteriorated on at least 1
test compared to T= 0. Most patients deteriorated on L&M (delayed recall and
discrimination index) performance (both 23%) and none on verbal fluency
T12: In those patients surviving at least 12 months, 60% deteriorated on at least
1 test compared to T = 0. Most deteriorated on L&M (delayed recall)
performance (20%) and none on verbal fluency
Brownetal.[32] 97 T0 <1.5SD mean of T6: The majority of the patients maintained their pre-treatment levels of
39 T3 healthy controls cognitive performance over the entire study period. Only verbal fluency
29 T6 performance showed trend towards improvement
Habets et al. [30, 38 TO RCI T3: Compared to TO, L&M performance declined in 13%, 16%, and 19% of the
43] 32 T3 patients on immediate recall, recognition, and delayed recall. The mean decline
26 T6 varied between 10 and 14%
21 T12 T6: Compared to TO, L&M performance declined in 12%, 15% and 15% of the

patients on immediate recall, recognition and delayed recall

The mean decline varied between 5 and 9%

T12: Compared to TO L&M performance declined in 5%, 10% and 14% of the
patients on immediate recall, recognition and delayed recall. The mean decline
varied between 2 and 5%

T, time pointin months after radiotherapy; N.A., not available; NCF, neurocognitive functioning; RCl, reliable change index; RT, radiotherapy; SD, standard
deviations; SRS, stereotactic radiosurgery; WBRT, whole-brain radiotherapy; L&M, learning and memory; EF, executive function. * Ranges in patient numbers
are caused by different numbers of patients completing the different cognitive tests during the study-procedures.
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mance correlated with higher total BMs volume at base-
line but not with number of BMs [18, 25]. On the con-
trary, in another study, neither the volume of BMs nor
volume of white matter injury correlated with L&M per-
formance before radiotherapy in a subset of patients [26,
27]. Patients with a KPS of >80 and patients <65 years
performed better at baseline on subtests of L&M [28].

Data on the incidence of baseline cognitive impair-
ment before SRS were explicitly reported for the pilot
study by Chang et al. [29, 31] (N = 15) and by Habets et
al. [30, 43] (N =77) [29, 30]. Pre-radiotherapy, 53-67%
of patients had cognitive impairment (Z-score <1.5 SD)
on >1 neuropsychological test. At baseline, EF was im-
paired in 47% of the patients, fine motor coordination in
40%, L&M in 31%, visual memory and visuoconstruction
in 22%, information processing speed in 10%,and verbal
fluency in 7%. Before SRS, the mean Z-scores of both the
Chang et al. [29, 31] (N = 30) and the Brown et al. [32]
cohort (N=111) were impaired [31, 32]. The worst group
performance was observed on tasks for EF and informa-
tion processing speed. Patients with a baseline BMs vol-
ume of >3 cm?® performed worse on attention than those
with smaller lesion volumes [29]. Similarly, Onodera et
al. [25] reported higher total lesion volume but not the
number of BMs at baseline corresponded with worse cog-
nitive performance, while Habets et al. [30, 43] reported
no significant association with BMs volume [25, 30].

Post-Radiotherapy Cognitive Performance

At short-term follow-up (1-4 months), the majority of
the WBRT studies (N = 455 patients) found consistent de-
clines in cognitive performance on most cognitive con-
structs [18, 25, 26, 28, 33-40]. Overall, between 19 and 37%
of the patients deteriorated regarding L&M performance.
Gondi etal. [26] found that patients treated with hippocam-
pal avoidance WBRT (HA-WBRT) had significantly less
mean relative decline in L&M performance compared to
the patients of Mehta et al. [7, 18] who received conven-
tional WBRT (7% vs. 30%, respectively) [18,26]. The change
in L&M performance was correlated to pre-treatment BMs
volume, age, and the volume of white matter injuries [27].
Other impaired cognitive constructs in the WBRT studies
were EF (29-38%), fine motor coordination (31%), infor-
mation processing speed (28%), and verbal fluency (7-
32%). Even though Westover et al. [41] observed a decline
in 17% of their patients (N = 18) regarding L&M perfor-
mance, on the group level, no significant changes from
baseline were found for the other cognitive constructs [41].
Nevertheless, large variations in mean relative change were
found for all cognitive constructs (L&M, information pro-
cessing speed, EF, and verbal fluency).

At midterm follow-up (5-8 months), the results were
more variable. The 29 patients who received HA-WBRT
had a mere relative decline of 0-3% on multiple tests for
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L&M at midterm follow-up compared to baseline [26,
33]. Similarly, patients who survived more than 6 months
after HA-WBRT with simultaneous integrated boost re-
covered to baseline scores regarding L&M performance
[41]. On the contrary, performance on most cognitive
tasks declined in at least 114 patients who received con-
ventional WBRT [35, 39, 40]. L&M performance was
most often affected, with 53% of the patients showing de-
cline [35]. Moreover, the percentage of patients with de-
clined performance increased from 19% at short-term to
35% at midterm follow-up [39]. Although group perfor-
mance declined compared to both baseline and short-
term follow-up when considering all 17 patients in the
Onodera et al. [25] cohort, improvements were observed
in a subgroup of patients with a baseline BMs volume of
<4.0 cm® and in BMss patients surviving at least 12 months
[25]. A similar trend was reported by Saito et al. [28]
where the subgroup surviving at least 8 months (N = 19)
had stable L&M performance over time [28]. Thus, most
patients further decreased in cognitive performance at
midterm follow-up, but in a subgroup of patients, stable
or improved cognitive performance was observed over
time.

At long-term follow-up (9-15 months), performance
on most cognitive constructs either returned to baseline
values or remained stable compared to midterm follow-
up. Mehta et al. [7, 18] found slight improvements or sta-
ble functioning (N = 9) regarding verbal fluency, infor-
mation processing speed, and fine motor coordination
compared to baseline [18]. In the Zhu et al. [40] cohort
(N = 22), 48% of the patients had deteriorated on L&M
performance, which is comparable to the 50% at midterm
follow-up, suggesting most patients had stable cognitive
performance from mid- to long-term follow-up [40].
Similarly, for the 9 patients in the Onodera et al. [25]
study, performance on tests for verbal fluency and infor-
mation processing speed remained stable over the entire
study. L&M performance (delayed recognition) signifi-
cantly declined compared to both baseline and midterm
follow-up, and a similar trend was seen for EF. Forest
plots of the incidence of patients with cognitive decline
for each construct at each time point are presented in on-
line suppl. material 3. The analyses indicated significant
heterogeneity between studies for L&M at midterm fol-
low-up. The meta-analysis suggests an increase in the
amount of patients with cognitive decline over time until
midterm follow-up, with a (relatively) stable or even low-
er incidence was found at long-term (shown in Fig. 2a).

In accordance with the results described above, Gondi
et al. [26] reported a trend toward deteriorated perfor-
mance on L&M tasks 1 month after WBRT, which stabi-
lized and reverted back to baseline values after that time
point. In the Mehta et al. [7, 18] study, cohort time to
neurocognitive deterioration was on average shortest for
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Fig. 2. Bar charts illustrating the pooled incidence of declined cognitive performance compared to baseline on
the different cognitive constructs at different time points (a) WBRT and (b) SRS. The error bars display the 95%
ClIs. The table below the chart displays the number of patients for whom these data were available. Cls, confidence

intervals.

fine motor coordination, L&M, and EF [18]. Addition-
ally, they found that time to neurocognitive deterioration
significantly differed between patients showing a volume
reduction below or above 45% after 2 months, with pa-
tients with more volume reduction (classified as good re-
sponders) having a longer time to deterioration on fine
motor coordination.

At short-term follow-up (1-4 months) after SRS, the
majority of studies reported a decline in cognitive perfor-
mance when compared to baseline. Overall, declined per-
formance was most common regarding L&M (23-54%)
and fine motor coordination (35-46%) [29, 31, 32]. Sim-
ilarly, between 13 and 19% of the patients in the Minniti
et al. [42] cohort (N = 32) showed a mean decline of 10—
14% from baseline. For the other assessed cognitive con-
structs (verbal fluency, attention, information processing
speed and EF) the amount of patients in the Chang et al.
[29, 31] study that had deteriorated were balanced out by
the patients that had improved [29]. Contrarily, 18%
showed a decline in EF in the other study by Chang et al.
(29, 31] (N = 20) and 17% on information processing

Cognitive Performance after Radiotherapy

speed in the study by Brown et al. [32] (N = 60) [31, 32].
Both studies found least deterioration on tasks for atten-
tion (6%) and verbal fluency (2%). The 2 other studies
assessing short-term cognitive performance found no
change in cognition compared to baseline [25, 30]. For
example, it was reported that 78-100% of the patients
(N =19) had stable performance regarding the different
cognitive constructs, where the small percentage of pa-
tients that showed declined cognitive performance on the
different tests (3-8%) was balanced by those that im-
proved (3-17%) [30]. Atboth midterm (5-8 months) and
long-term follow-up (9-12 months), all studies reported
either stable or slightly improved cognitive performance
compared to baseline performance [25,29-32,42,43]. To
illustrate, the percentage of patients with declined perfor-
mance on L&M decreased at both mid- and long-term
follow-up compared to short-term [42]. Additionally, the
mean decline reduced to 2-5% at long-term follow-up
compared to 10-14% at short-term, suggesting that both
the number of patients as well as the severity of the cogni-
tive decline decreased.
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Forest plots of the incidence of patients with cognitive
decline for each construct at each time point are present-
ed in online suppl. material 3. There was no significant
heterogeneity between studies for any cognitive construct
at any time point for the SRS studies. The meta-analysis
suggests a relatively constant amount of patients experi-
encing cognitive decline over time after SRS, albeit with
large confidence intervals (shown in Fig. 2b).

Discussion

The aim of this study was to systematically assess the
current evidence on the cognitive changes across differ-
ent cognitive constructs after either WBRT or SRS in
adult patients with nonresected BMs with objective neu-
rocognitive assessments performed at baseline and after
treatment. Our meta-analysis indicates that after WBRT,
the majority of patients show a decline in cognitive per-
formance until midterm follow-up (5-8 months), where-
as a subset of patients with relatively good outcome show
stable cognitive performance in the long-term (9-15
months). For SRS, an initial dip (1-4 months) in cognitive
performance in patients was observed by half of the stud-
ies, whereas at mid- and long-term follow-up, all studies
reported that the majority of the patients performed at
pre-treatment levels. Since cognitive decline was assessed
relative to baseline performance, differences in cognitive
performance prior to radiotherapy were accounted for
and thus cannot explain the differences between WBRT
and SRS. This suggests that while the cognitive side effects
of SRS are transient, after WBRT patients can experience
deterioration over a longer period of time. This especially
holds for those patients with shorter survival. Thereby,
this review points toward SRS resulting in lowest risks for
cognitive adverse side effects in this already cognitively
vulnerable patient population with limited survival. Since
WBRT and SRS have resulted in comparable survival
rates in selected groups of patients, it could even be sug-
gested to totally abstain from WBRT in patients with a
limited number of BMs [44]. However, sometimes WBRT
is inevitable due to high number of metastases and cur-
rent technical capabilities. The information provided by
this review can be used in communicating risks to pa-
tients and aid patients in making educated (shared) treat-
ment decisions toward maintaining optimal QoL.

A high percentage of patients already experience cog-
nitive problems before starting radiotherapy treatment,
with at least one out of every 2 patients with BMs demon-
strating cognitive impairment on minimally one cogni-
tive construct [18, 29, 30]. Baseline cognitive impairment
was only significantly predicted by larger baseline BMs
volume, even when considering other factors such as the
number of previous chemotherapy regimens [38]. Thus,
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not only previous cancer treatments but also the BMs
themselves exert a significant burden on cognitive func-
tioning. This indicates, once again, that patients with
BMs represent a vulnerable patient group in which fur-
ther cognitive decline should be minimized when possi-
ble.

The majority of WBRT studies found a consistent de-
cline in cognitive performance from baseline to short-
term follow-up with a further decrease in performance at
midterm, with verbal L&M, EF, and verbal fluency most
often affected [18, 25, 26, 28, 33-40]. However, in a sub-
group of patients with a better outcome (lower baseline
BMs volume and long-term BMs survivors), stable or im-
proved cognitive performance was observed at midterm
[25, 28]. Additionally, patients receiving HA-WBRT
showed less cognitive decline than those receiving con-
ventional WBRT with even stable performance on some
cognitive constructs [26, 33, 41]. At long-term follow-up
(9-15 months), cognitive performance either remained
stable compared to midterm follow-up or returned to
baseline values for most cognitive constructs [18, 25, 40].
Our meta-analysis confirmed these results; at short- and
midterm follow-up an increase in the incidence of WBRT
patients with cognitive impairment was found, while a
(relatively) stable or even lower incidence was found in
the long-term. This suggests that while some patients
show a decline in cognitive performance up until mid-
term follow-up after WBRT, a (relatively) good outcome
is often accompanied by stable cognitive performance
over time. To illustrate, stronger reduction in tumor vol-
ume 4 months after WBRT was related to better preserva-
tion of cognitive performance over time [18, 36-38]. It is
unclear whether the observed decline in cognitive perfor-
mance is characteristic of the worse responders (i.e., pa-
tients with less tumor shrinkage) or that the good re-
sponders survive long enough to recover from this dip in
performance. Nonetheless, the data suggest that for pa-
tients with a longer survival (at least 9-15 months), the
benefits of WBRT radiotherapy outweigh the costs in the
long term. Currently, the majority of patients do not (yet)
survive long-term, despite improvements in life expec-
tancy with the introduction of immunotherapies and tar-
geted therapies [45-47]. While early delayed effects (1-4
months after WBRT) are generally considered to be tran-
sient, the cognitive decline traditionally characterized as
a late delayed effect (5-9 months after WBRT) is thought
to be progressive and irreversible [48]. Therefore, the
cognitive decline found at short- and midterm should not
be discounted against the possible stable long-term cog-
nitive performance in those with a good survival and
should be discussed with BMs patients during shared de-
cision-making. However, better discernment of short and
long survival should be included in evaluating this.
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Results regarding cognitive performance after SRS at
short-term follow-up (1-4 months) were variable; ap-
proximately half of the included studies observed cogni-
tive deterioration, most frequently for verbal L&M, fine
motor coordination, and EF [29, 31, 32, 42]. The other
studies found no changes in cognition compared to base-
line [25, 30,43]. Atboth midterm (5-8 months) and long-
term follow-up (9-12 months), all studies reported either
stable or (slightly) improved cognitive performance com-
pared to baseline [25, 29-32, 42, 43]. The meta-analysis
largely confirms these results; a relatively stable incidence
of patients with cognitive decline from baseline was ob-
served up until long-term follow-up, albeit with large
confidence intervals. The initial dip in cognitive perfor-
mance in some of the patients could be attributed to an
increase in peri-lesional edema which is sometimes ob-
served shortly after SRS but is often resolved 6 months
later [49]. Moreover, adjuvant systemic treatment will of-
ten be (re-)initialized shortly after SRS. The short-term
side effects of systemic treatments could therefore be the
cause of this initial dip, rather than the radiotherapy
treatment. Conclusively, after SRS an initial, transient dip
in cognitive performance can occur, but at mid- and long-
term, the majority of patients will have returned to or re-
mained at pre-radiotherapy cognitive levels.

Looking in more detail at the affected cognitive con-
structs, not one is specifically affected by WBRT or SRS.
Rather, change in cognitive performance was observed
across several cognitive constructs, including, but not
limited to verbal L&M, EF, information processing speed,
and fine motor coordination, which have been linked to
a wide range of neuroanatomical substrates involving
both cortical areas and white matter networks [50-54].
This is supported by previous research indicating mor-
phological changes after brain irradiation in both cortical
structures (cortical thickness, gray matter volume, and
gray matter density) as well as white matter networks
[55-61]. Additionally, the amount of microstructural
damage to white matter fibers has been shown to be di-
rectly associated with cognitive deterioration in cancer
patients [62].

Strengths and Limitations

Cognitive functioning after cranial radiotherapy has
been gaining research interest as reflected by the included
studies (published between 2003 and 2020), with most
studies (9/14) published over the last 5 years. Nonetheless,
studying cognitive changes after radiotherapy in patients
with BMs remains challenging for multiple reasons. First,
different factors could influence cognitive functioning
over the follow-up period, including tumor progression,
adjuvant systemic treatment, or changes in mood. Addi-
tionally, a substantial number of patients drop out during
the study period, most often due to high disease burden.

Cognitive Performance after Radiotherapy

Especially in the long-term, results are therefore based on
the small numbers of patients that are fit enough to stay
compliant. Unfortunately, this is inevitable in this vulner-
able patient population with limited overall survival.

Additionally, numerous challenges hinder in-depth
comparison across studies, including differences in pa-
tient characteristics (e.g., age), disease characteristics
(e.g., primary tumor type), and treatment characteristics
(radiotherapy schedule) of the study populations. For ex-
ample, 2 studies investigated HA-WBRT (N = 149), while
all others investigated conventional WBRT. We chose not
to exclude these since during HA-WBRT, less brain tissue
is irradiated and including this in the review would lead
to an underrepresentation rather than an overrepresenta-
tion of the cognitive damage to be expected after WBRT
compared to SRS. Also, there was much heterogeneity
across studies regarding both the methodology (e.g., def-
inition for cognitive impairment and decline and timing
of cognitive testing) and reported data (e.g., baseline cog-
nitive data). To illustrate, most studies did not control for
practice effects due to repeated testing over time and only
5 out of fourteen studies reported using parallel test for
the repeated neuropsychological testing, even though
cognitive assessment was repeated up to 9 times within a
1-year period in some studies. These methodological
shortcomings could have led to an underestimation of the
cognitive changes after radiotherapy as cognitive prob-
lems might be masked by repeated testing effects. In order
to aid comparability across studies, we chose to cluster the
follow-up time points according to classifications used in
previous studies. However, the subtle dynamics of cogni-
tive change may not be ideally assessed by this classifica-
tion. To illustrate, a difference in cognitive deterioration-
free survival of merely 0.7 months was found in favor of
patients with resected BMs who received SRS (3.7 months)
compared to WBRT (3 months) [63]. Thus, the time
point clustering used in this study could have masked
slight differences that are present between the SRS and
WBRT patient groups.

The heterogeneity between studies was also reflected
by our meta-analysis on the incidence of cognitive decline
over time; the meta-analysis indicated significant hetero-
geneity between studies regarding the reported incidence
of cognitive decline for L&M at midterm for the WBRT
studies. This could be explained by the fact that the defi-
nition used to assess cognitive change varied greatly be-
tween studies and, moreover, was not always reported.
Additionally, the meta-analysis shows relatively broad
confidence intervals due to the low number of patients for
whom the data were available. Nonetheless, even with a
small number of studies reporting the incidence of pa-
tients with cognitive decline, the meta-analysis indicated
significant heterogeneity only for one type of radiothera-
Py, at one time point, and for one cognitive construct.
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In this review, 20 articles reporting on 14 original da-
tasets were included. We chose to include all 20 articles
since they answered different questions regarding cogni-
tive functioning, thus did not present overlap. Results
were summarized together per dataset to avoid overrep-
resentation of the same patients in this review. Strict in-
clusion criteria were used to minimize the potential con-
founding effects on cognitive performance (e.g., no re-
sected BMs were included). Additionally, a critical
appraisal was performed to ensure the quality of the data
as reported in the article, which indicated that the major-
ity of the included studies (75%) was of good to high qual-
ity. Therefore, we believe our conclusions are warranted.

Future Directions

Currently, multiple single center trials are collecting
and analyzing prospective data that will hopefully further
improve our understanding of cognitive impairment af-
ter brain irradiation (e.g., [64-67]). Ideally, all future
studies should at minimum use the neuropsychological
tests recommended by the International Cancer and Cog-
nition Task Force since these tests have been proven to be
sensitive to the neurotoxic effects of cancer treatment
[68]. A valuable line of research is to explore possible ad-
ditional therapeutic strategies that could reduce treat-
ment toxicity. As the mechanisms leading to radiation-
induced cognitive impairment are multifactorial, several
strategies, each addressing different mechanisms, have
been proposed to potentially reduce the neurocognitive
toxicity of radiation [69, 70]. For example, avoiding high-
dose radiation on hippocampi and adding synthetic
metallotexaphyrin motexafin gadolinium or memantine
to WBRT have shown encouraging but mixed results [50,
51, 71-76]. These strategies provide promising prospects
for the future, but do require further research.

Conclusion

This review indicates that after treatment with WBRT,
most patients show declined cognitive performance until
at least 8 months after treatment, after which those with a
longer overall survival show stable cognitive performance.
A proportion of SRS-treated patients first show a decline
in cognitive performance, but the majority of the patients
return to pre-treatment levels already 5 months after SRS
and continue to display stable cognitive performance up
until 1 year after SRS. It remains challenging to disentan-
gle the effects of radiotherapy on cognitive functioning
from the possible deleterious effects of systemic treat-
ments, the effects of BMs themselves and patient’s psycho-
logical state. Nonetheless, this current review indicates
that while the cognitive side effects of SRS are transient,
after WBRT patients can experience deterioration over a
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longer period of time. Thus, SRS will result in lowest risks
for cognitive adverse side effects in this already (cogni-
tively) vulnerable patient population with limited surviv-
al. This information can be used in communicating risks
to patients and aid in making educated (shared) treatment
decisions toward maintaining optimal QoL.
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