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Cancer and brain metastases: epidemiology and burden

The global cancer burden continues to grow. Over 19 million new cancer cases
and nearly ten million cancer deaths were reported in 2020. '* The most common
causes of cancer death were cancers of the lung, colon and rectum, and liver. ! With a
projected 40% increase in new cancer cases in 2040, the impact of cancer is expected
to increase even further. * In the Netherlands, over a hundred thousand people were
diagnosed with cancer and over forty-five thousand patients died of cancer in 2020
which makes cancer the most common cause of death in our country. By far the most
frequent cause of cancer death, with 10 080 deaths, was lung cancer. °

Lung cancer is also one of the primary cancers with the highest propensity to spread
to the brain, along with breast, colon and kidney, and melanoma cancer. * Together,
these (primary) cancers account for more than two-thirds of all metastatic brain tumor
cases. ® Metastatic brain tumors or brain metastases are the most common type of
brain tumors in adults. 7 Brain metastases are a frequent complication of systemic
cancer and a significant cause of cancer mortality. >*° Depending on the type of
the primary cancer, an estimated 10 to 30 percent of cancer patients develop brain

metastases at some point during their disease. '

Brain metastases form when cancer cells spread from their original site (the primary
tumor) and reach the brain via the bloodstream or via the lymph system. Cancer
cells subsequently attach to endothelial cells and extravasate into the brain tissue
where they survive and proliferate (e.g., by the induction of early angiogenesis and
elevated expression of growth factors). This process is influenced by features of the
tumor cells as well as the microenvironment, both at cellular and molecular level.
13-16 Tn the brain, the commonest sites for metastases are the cerebral cortex (80%),
the cerebellum (15%), and the basal nuclei/brainstem (5-10%). !’

The true incidence of brain metastases remains uncertain because of a lack of systematically
collected, representative data. #'%1° In subgroups of patients with certain molecular
subtypes of cancer (e.g., melanoma, lung, or breast cancer) the incidence may be as high
as 50 percent. 7 The incidence of brain metastases is rising due to several factors including
population aging which causes an overall increase in cancer incidence. '>'*!* Moreover,
cancer patients are living longer due to advancements in systemic/multimodal cancer
treatments, which include a combination of (radio)surgery, radiotherapy, chemotherapy,
immunotherapy, and targeted therapies, making it more likely for the primary tumor site
to eventually spread to the brain. Additionally, increased screening with high-quality
neuroimaging enables earlier detection of brain metastases. !>
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Sometimes brain metastases are the first presenting sign of a previously undiagnosed
primary cancer (precocious brain metastases) and in other cases brain metastases
are diagnosed within one to three months of the diagnosis of the primary cancer
(synchronous brain metastases). However, in most patients (approximately 80%), the
detection of brain metastases occurs from one to three months to even years after the
initial diagnosis of the primary cancer (metachronous brain metastases of a known
primary tumor). '#2°23 Most patients are initially diagnosed with more than one brain
metastasis. **?* A diagnosis of brain metastases can significantly affect a patient’s
clinical disease course (e.g., alterations in treatment plan and clinical trial eligibility) ¢ and
may cause significant emotional and physical distress to individual cancer patients,
their families, and caregivers. 18

Survival and prognosis

Although life expectancy of cancer patients is generally improving due to
advancements in multimodal treatments and systemic therapies, many patients with
brain metastases still face a poor prognosis. *?7 Left untreated, median survival
ranges between one and four months. The introduction of targeted therapies and
immunotherapies have led to significant improvements in the survival of patients
with brain metastases. 7?*3! In subgroups of patients with brain metastases originating
from non-small cell lung cancer (NSCLC), melanoma, or breast cancer for instance,
specific genetic alterations (e.g., driver mutations in epidermal growth factor receptors
(EGFR), BRAF mutations, and anaplastic lymphoma kinase (ALK) translocation) can
affect the clinical prognosis. 1733 Targeting these alterations with matched (targeted)
therapy may lengthen overall survival with months, and in some cases even with
years. 393234 Survival varies widely by the specific histology and molecular diagnosis
of the primary tumor, and by other prognostic factors such as the number and volume
of the brain metastases and patient’s age and performance status. '73%% Survival is
also determined by the extent and activity of the primary tumor as many patients
with brain metastases die from uncontrolled extracranial disease independent of
intracranial disease control. 73638

Prognostic scores

Different prognostic scores and tools have been developed and continue to be refined to
individualize survival estimates. These scores can help clinicians and patients classify
disease severity, guide treatment strategies, and evaluate clinical trial eligibility. 1027-2%3
Historically, the recursive partitioning analysis (RPA) classified patients into three
subsets based on the prognostic factors age, performance status, and extracranial disease
status. 14 The graded prognostic analysis (GPA) was developed by adding the number
of brain metastases as a prognostic factor. *'#* Finally, the diagnosis-specific GPA (DS-

13
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GPA) was developed for lung, melanoma, breast, renal cell, and gastrointestinal cancers,
now including updates using molecular markers and newly identified prognostic factors

for non-small cell lung cancer (NSCLC) and melanoma. 33341

Symptoms

At the time of diagnosis, brain metastases may be asymptomatic but, in most cases,
they cause neurological symptoms. '“*? These symptoms are mostly caused by the
mass effect of the brain metastases and by edema which leads to direct compression
of brain parenchyma. Steroid treatment for peritumoral edema and anticonvulsants to
prevent recurrent seizures are usually indicated in these patients. * Symptoms may
include headaches (sometimes with nausea or emesis), fatigue, seizures, focal deficits,
personality changes, behavioral changes, and cognitive impairments, and are often
related to the location and size of the brain metastases. '*!7** Many patients experience
the additional psychosocial burden of recurrent cancer after diagnosis/treatment for
the primary cancer. This in turn may cause emotional symptoms including anxiety,
depression, and anger. ** All of these symptoms, even with the slightest impairment,
can significantly affect the quality of life of both patients and caregivers. ¥ In the
past, these problems have not always been adequately addressed due to the dismal
prognosis and because the evaluation of treatment outcome was predominantly
based on survival. ¥4 But as the number of patients with brain metastases increases,
attention for the various challenges and the burden placed on patients and their
caregivers is growing. #46

Treatment

Traditionally, the (local) treatment options for brain metastases include neurosurgery,
whole brain radiation therapy (WBRT) and stereotactic radiosurgery (SRS), or a
combination of these. There have however been considerable changes over the past
years in the clinical management of patients with brain metastases. ** While surgery
and radiation therapy (WBRT/SRS) remain the standard of treatment, new systemic
treatment options, including immunotherapies and targeted therapies with intracranial
activity/penetration, have become available. 26251 Consequently, brain metastases
can now also be treated with systemic therapy, either before, concomitantly, or after

radiation therapy. -

Upfront surgical resection is indicated mainly for patients with a single (large)
symptomatic metastasis (in an accessible location) and good performance status. 3°-¢
WBRT damages DNA and causes cancer cells to die. It has been the most widely used

treatment since the 1950s, especially for patients with multiple brain metastases. 637
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Based on a more recent study, the QUARTZ trial, the use of WBRT may be limited
in patients with poor performance status. This randomized clinical trial in patients
with brain metastases from NSCLC, inoperable and unsuitable for SRS, reported no
difference in survival or quality of life between patients who were randomized to best
supportive care plus WBRT or best supportive care alone. 3%

The standard dose and fractionation schedule in Europe is 20 Gy in 5 fractions or
30Gy in 10 fractions of 3 Gy. WBRT has the capacity to treat both visible and occult
micro-metastases which results in high intracranial control but carries an increased
risk of cognitive decline due to radiation to the whole brain. > This decline is often
progressive and has been reported in 50-90% of patients from months to years after
WBRT. %6465 These (late) effects are most pronounced for learning and memory,
executive functioning, attention, processing speed and fine motor control. 37:646¢

In contrast, SRS delivers a high radiation dose up to 25 Gy in one to five fractions to
visible brain metastases with low radiation dose in the surrounding brain tissue. This
results in high(er) local control and low(er) neurotoxicity. 27-2%¢” Because of the higher
risk of distant failure after SRS, routine surveillance imaging is recommended to identify
any new distant brain metastases or recurrences at an early stage. Newly developed brain
metastases and recurrences can be (re)treated with SRS when indicated. ©”-%

The concept of stereotactic radiosurgery was introduced by the Swedish neurosurgeon
Lars Leksell in 1951 and ultimately in 1967, the first stereotactic Gamma Unit was
installed in the Sophiahemmet Hospital in Stockholm. This unit was primarily intended
for functional brain surgery. ° Traditionally SRS has been delivered with a frame-based
Gamma Knife platform but can now also be delivered using a frameless mask. 7' Since the
1980s, SRS can also be performed with linear or particle beam accelerators. >7> Because
of concerns about the increased risk of cognitive decline after WBRT, treatment for
patients with a limited number of brain metastases has now shifted from WBRT
towards SRS. SRS has been accepted for one to four brain metastases and more
recently for up to 10 brain metastases. **7*7¢ Although there is growing acceptance
of SRS for multiple brain metastases, especially since the total volume rather than
the number of brain metastases is being recognized as a more important eligibility
criterion for SRS 7%, the optimal local treatment for patients with more than 10 brain
metastases remains a subject of debate 3% Both WBRT and SRS have proven to be
effective for treating multiple brain metastases with similar overall survival. 73768586
However, while survival is considered the most objective health outcome, survival
alone is not necessarily the most appropriate primary endpoint of clinical outcome
in these patients. *”-%% Another clinically significant treatment goal is to prevent or

15
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delay cognitive decline to maintain quality of life, especially considering the growing
number of patients with longer expected survival. >"# The new ASCO-SNO-ASTRO
guideline **°%°! on brain metastases, published in 2022 by three leading American
organizations (American Society of Clinical Oncology; Society for Neuro-Oncology;
American Society for Radiation Oncology), recommends as follows: SRS alone as
opposed to WBRT or a combination of both should be offered to patients with one
to four, and conditionally up to 10 **°! unresected brain metastases. For patients
with more than four metastases and good performance status, SRS, WBRT, and the
combination of SRS plus WBRT are all reasonable treatment options. SRS plus
WBRT, as compared with SRS alone, may improve local and distant tumor control
but data show worse cognitive functioning and quality of life and no survival
difference. ¢¢72 SRS alone may be preferred for patients with better performance status
or when systemic therapy with activity in the central nervous system (CNS) is available.
The strength of the evidence for the latter recommendation was rated low because of a lack
of randomized trials including patients with more than four brain metastases. Number,
volume, and recurrence rate (or velocity **) of the brain metastases may be relevant
factors in guiding radiation therapy for multiple brain metastases, but lack of evidence
did not allow for recommendations on specific thresholds for these factors. In patients
without hippocampal metastases who will receive WBRT, hippocampal avoidance (HA-
WBRT) combined with memantine (a neuroprotectant) is strongly recommended. % In the
Netherlands, the guideline on brain metastases has been updated in 2020. ** SRS is now
to be considered for patients with good performance status and up to 10 brain metastases
(previously up to four). For patients with more than 10 brain metastases, conventional
WBRT remains the treatment of choice in Europe. 8¢ Although the role of SRS in the
treatment of multiple/extensive brain metastases (>10) remains controversial, in clinical
practice, SRS alone has been frequently applied in these patients. 7?7 Already in 2000, a
Japanese study on the efficacy of Gamma Knife radiosurgery (GKRS) alone in 24 patients
with 10 up to 47 brain metastases (mean 20) was published. The authors concluded that
GKRS can achieve acceptable tumor control, low morbidity, and good quality of life. %
Since then, several retrospective studies have been published on the clinical outcomes
after SRS alone (compared to WBRT °7°) in patients with 10 or more (and 20 or more °7)
brain metastases and good performance status. #9791 [n general, these (retrospective)
studies showed that, rather than the number of treated lesions, the total tumor volume
was a prognostic indicator for survival. SRS resulted in high local control, but distant
recurrences occurred frequently after SRS (more frequently than after WBRT but with
no survival differences °%°). In addition, survival in patients with more than 10 brain
metastases was highly determined by the course of the extracranial disease. **
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The current role of chemotherapy in the treatment of brain metastases is still
limited and mostly restricted to experimental settings because of its reduced ability
to cross the blood-brain and blood-tumor barrier at concentrations high enough to
exert an antitumor effect. 3>!% By contrast, many recently approved targeted and
immunotherapies (e.g., EGFR or ALK tyrosine kinase inhibitors (TKIs) and immune
checkpoint inhibitors including nivolumab and pembrolizumab) have been shown to
have intracranial efficacy. This highlights the need for optimizing combinations of
the available treatments (e.g., optimal timing and sequencing of SRS with targeted
and immunotherapy). 26:32.71:85.109

As current treatment strategies are usually multimodal, including (combinations
of) systemic therapy, neurosurgery, WBRT, and (pre- or postoperative) SRS,
multidisciplinary collaboration is required with contributions from neurosurgeons,
medical/radiation oncologists, pulmonologists, neurologists, neuropsychologists,
and specialist nurses. 21268511011 Factors that play a role in the multidisciplinary
management of brain metastases include performance status, histology, age, expected
survival, prior treatment(s), extracranial diseases status, systemic treatment options,
the size and location of brain metastases, and the cumulative volume and number of
brain metastases, the availability of clinical trial participation, and the current (inter)
national guidelines. ™77

Shared treatment decision-making

Balancing between (intracranial) tumor control and side-effects of cancer treatments
can be quite challenging, especially because many patients already faced multiple
lines of treatment for their primary cancer prior to treatment directed at the brain
metastases. ''>!"3 The treatment decision between WBRT and SRS balances the
competing risks of intracranial recurrence (higher in patients treated with SRS)
and risk of cognitive side effects (higher in patients treated with WBRT). 68114113
Additional considerations include treatment duration and possible interruption of
systemic therapy. WBRT is delivered in several sessions over 1 or 2 weeks and
requires interruption of systemic therapy whereas SRS is generally delivered in
a single session/day with shorter or no interruption of systemic therapy. 3275116117
Because the treatment decision is sensitive to patients’ own goals and preferences,
shared-decision making is advocated "1 Ideally, patients are encouraged to actively
participate in this process, and clinicians foster choice awareness in their patients.
Together they evaluate and discuss patients’ preferences and values regarding
the (personal) benefits and harms of the available treatment options (including
alternatives or abstaining from further treatment) and expected outcome of each

118-120

treatment option. Patients’ decisional capacity and ability to engage in shared
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treatment decision-making is, among other factors, highly influenced by the level of
patients’ cognitive impairment. '?!"1?* As many patients with brain metastases already
suffer from cognitive impairments prior to treatment of brain metastases, screening
for and monitoring of cognitive impairment in these patients is therefore of high
importance. 48,122,124,125

Assessment of cognitive functioning in patients with brain metastases
Cognitive skills and abilities, often called cognitive functions, are (high-level) cerebral
functions we need to perform and to carry out tasks, from the simplest to the most
complex. Cognitive skills or domains include the ability to learn and remember, to
process (new) information and to acquire and apply knowledge, to analyze and reason,
and to evaluate and decide. '*® These skills can be measured with objective (contrary to
self-report measures) neuropsychological tests. Different tests are used per cognitive
domain. However, no test is able to purely measure a single domain, as cognitive
abilities rely on the integrity of several basic functions and higher-order functions. Basic
functions include motor, sensory, and autonomic functions. Higher-order functions
include learning and memory, and executive functions such as inhibition, planning
and problem solving, attentional control. '*"12® Moreover, several brain structures are
involved in higher-order functions working together in networks. 2612

In recent years cognitive functioning has been increasingly recognized as an
outcome measure in clinical trials in patients with brain metastases. The methods of
measuring cognitive performance in patients with brain metastases have changed as
well: from the use of the Mini-Mental State Examination (MMSE) to standardized
neuropsychological tests. The MMSE, which was developed as dementia screening
instrument, proved to be insensitive to mild cognitive changes after radiotherapy and
it has no parallel versions to minimize practice effects. **3! Neuropsychological
tests, on the contrary, can provide more detailed information on cognitive functions
and impairments per domain. In 2006 the International Cognition and Cancer Task
Force (ICCTF) was founded. The ICCTF developed guidelines to increase the
homogeneity of study methods. The ICCTF recommends the use of a standardized
formal neuropsychological test battery to objectively measure cognitive change after
treatment in patients with cancer. This test battery is also commonly used in patients
with brain metastases. '3>!3* The battery consists of six neuropsychological tests
measuring the following cognitive domains: immediate and delayed verbal memory
and recognition (Hopkins Verbal Learning Test-Revised with six parallel versions;
HVLT-R), psychomotor speed (Trail Making Test; TMT-A), cognitive flexibility
(TMT-B), word fluency (Controlled Oral Word Association with two parallel
versions; COWA), attention span and working memory (Wechsler Adult Intelligence



General introduction and outline of the dissertation |

Scale (WAIS) Digit Span), information processing speed (WAIS Digit Symbol), and
dominant and nondominant hand dexterity (Grooved Pegboard). '**!% In addition,
the ICCTF provided guidelines on the use of appropriate control groups (both local
controls and published normative data) to determine whether cognitive impairment
is present and to correct for potential practice effects. 13213

Cognitive impairment prior to treatment

Pretreatment neuropsychological assessment is a prerequisite for the evaluation of
cognitive changes after irradiation. '* As abovementioned, prior to the treatment of
their brain metastases, up to 80 or 90 percent of patients with brain metastases already
have cognitive impairments, mostly in the domains of attention, memory, and executive
functioning. #87.125135-137 Thege impairments might be caused by direct effects of the
primary tumor (e.g., due to increased systemic inflammation in response to cancer),
the brain metastases themselves (due to neuroinflammation and increased pressure on
surrounding brain tissue), epilepsy, medication, and/or by the side effects of (systemic)
treatment or combination of treatments given for the primary cancer, or a combination of
all of these. 138139 In addition, there are substantial individual differences in the degree of
impairment, mainly because of differences in volume and location of the brain metastases.
135138 Moreover, symptoms of depression and anxiety, fatigue, sleep dysfunction, and pain
may also contribute to cognitive impairment. *%!4° Advancing age, preexisting medical
conditions such as diabetes and hypertension, and genetic factors (e.g., the Alzheimer’s
disease risk allele apolipoprotein E4 or APOE E4) are also known risk factors for
cognitive impairment. 1313141142 Cognitive reserve (individual differences in innate and
developed cognitive capacity and flexibility/resilience to cope with brain damage) may
be a protective factor that reduces the risk of cognitive impairment. 13143

Cognitive impairments may be self-reported during a consult or on a questionnaire.
These are called subjective or perceived cognitive impairments. Objective cognitive
impairments on the other hand are measured using formal neuropsychological
tests. '*+145 Subjectively, and objectively measured cognitive impairments are only weakly
associated or may even be unrelated. Subjective cognitive complaints are more strongly
related to (psychological) factors such as anxiety, depression, and fatigue than to objective
cognitive impairment. 3$141144146.147 Thorough assessment and understanding of objective
as well as subjective cognitive impairments, such as slow processing of information,
impairments in executive and self-regulatory functions and memory concerns, are of
high relevance because both provide relevant insight into patients’ functioning. Both may
negatively affect patients’ functional independence, participation in valued activities,
relationships, ability to reason through (shared) medical treatment decisions, and
ultimately patients’ quality of life. 46:148.149

19
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Radiation injury and radiation-induced cognitive decline

After WBRT, both improvement and decline in cognitive functioning may be expected:
Reduction in brain tumor load after treatment may alleviate cognitive deficits, while
radiation may induce additional cognitive deficits that persist and may even increase over
time. Traditionally, radiation injury is divided into three stages: acute, early delayed, and
late delayed. "5 Acute and early delayed injury (after 1-6 months) are thought to be of
a transient nature. Late delayed injury, including cognitive decline (after 4-24 months)
on the other hand is usually considered more severe and irreversible. 1°%15215 The late
delayed cognitive effects of conventional WBRT in patients with primary brain tumors
as well as in patients with (resected) brain metastases, mostly from NSCLC, have been
well documented, although insufficiently assessed in long-term survivors. Patients
with late delayed injury after WBRT most often exhibit progressive impairments in
learning and memory, processing speed, problem-solving ability, executive functioning
(including cognitive flexibility), and attention, all of which can be very debilitating
in daily life. 56:6467.86.125.136.140.148.150.152.154-157 The extent of delayed cognitive impairment
positively correlates with the total dose received and with the time-dose-fractionation
scheme (and timing of chemotherapy). 4152158159

WBRT-induced cognitive impairment has also been studied in patients who received
WBRT to prevent the development of brain metastases, called prophylactic WBRT or
prophylactic cranial irradiation (PCI). '* PCI is used in patients with highly aggressive
cancers who are at increased risk of developing brain metastases. PCI has been the
standard of care in patients with small cell lung cancer (SCLC) and is, to a lesser extent,
also used in patients with advanced NSCLC. 138161162 PC] reduces the incidence of brain
metastases and may improve survival in these patients but, as has been shown, often
at the expense of cognitive decline. '916316* Studies in patients with SCLC following
PCI (after initial chemo/radiotherapy) have demonstrated declines in verbal memory
(HVLT-R) ', verbal fluency ', and executive functioning. '*"-'® Strategies to prevent
cognitive decline after PCI, such as HA-PCI and the use of neuroprotectant drugs, are
being investigated. Results from two recent trials in which patients with SCLC were
randomized to either PCI or HA-PCI are conflicting. '¢+19%:17° One trial did not find a
lower probability of cognitive decline after HA-PCI compared to PCI ' whereas the
other trial did find a significantly lower percentage of patients with cognitive decline
after HA-PCI versus standard PCI (no differences in brain metastases incidence,
overall survival, and quality of life). !"! The question whether the benefits of (HA-)PCI
outweigh the risks of side-effects (including cognitive decline, fatigue, and decline in
quality of life) remains unsettled. In addition, patients with SCLC are now being more
closely monitored with MRI surveillance, and growing evidence (retrospective studies)
suggests that SRS with MRI surveillance in combination with new immunotherapies
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may be considered as a first treatment option in selected patients with SCLC (in line
with the treatment of NSCLC brain metastases). !">174

Radiation-induced brain injury can result from direct toxic effects of radiation on
the cells of the CNS, or indirectly through metabolic abnormalities, microvascular
changes or inflammatory processes. '7>!7® White matter changes are thought to be the
most important cause of late delayed effects although these effects can also occur in
the absence of evidence of demyelination or white matter necrosis. %3177 Radiation
therapy also damages the microenvironment surrounding progenitor cells near the
hippocampus, disrupting hippocampal neurogenesis, which may, in turn, negatively
affect (short-term) memory and learning functions and spatial processing (and in rare
cases may escalate to dementia). 314151178 Additionally, radiation-induced cognitive
impairment likely reflects damage to various regions and networks in the brain and
these different regions and networks have different thresholds for radiation damage.
58.140.152.179 Radiation also has a negative effect on growth hormone secretion in the
brain which may contribute to cognitive dysfunction. '8-18! Moreover, secondary
reactive responses of the CNS to radiation-injury can initiate chronic oxidative stress
and enhanced cytokine gene expression which ultimately contributes to long-term
cognitive decline. 1%

Although research on SRS (alone or in combination with WBRT) in patients with
brain metastases has been growing steadily, still relatively few studies have been
published on cognitive outcomes after SRS. Previous studies mostly concerned
patients with one up to four brain metastases. ¢°>!83-187_Three of these studies showed
that cognitive performances remained stable after SRS. 183185187 Other studies showed
evidence for small and mostly transient objective decline in learning and memory,
motor dexterity, and executive functioning in the early phase after treatment %184,
potentially followed by a trend toward improvement or stability up to 12 months after
SRS. " Improvements in test performances were found in the domains of executive
functioning, verbal fluency, visuoconstruction and motor dexterity. "*#!%” The addition
of WBRT after SRS however resulted in significantly more objective cognitive decline
over time. Although higher intracranial tumor control rates were achieved with the
addition of WBRT after SRS, no survival benefits were gained. ¢"-*>

Thus far, to our knowledge, results from only two prospective trials on cognitive
outcome after SRS (versus WBRT) in patients with 10 or more brain metastases
have been published: One full publication of a single arm trial by Minniti and colleagues **,
and one published abstract on a randomized trial by Li and colleagues. 7 In the single
arm trial ¥, cognitive functioning was assessed with the HVLT-R (only) in 40 patients
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with 10-21 BM (median 13) at 3 (n=32), 6 (n=26), 12 months (n=21) after SRS.
Percentages of decline for immediate and delayed verbal recall and recognition
ranged between 4-7% and 18-7% across all follow-ups. The authors concluded that
learning and memory performance is preserved in most patients with 10 or more
brain metastases after SRS. Cognitive functioning was also assessed in 31 patients
with 4-15 brain metastases who were randomized to either SRS or WBRT (a small
majority of patients in the WBRT arm also received memantine). "> Four months after
treatment, mean immediate verbal recall scores (HVLT-R) significantly improved in
the SRS arm but declined in the WBRT arm. A similar result, significant improvement
after SRS and decline after WBRT, was found regarding a composite score including
multiple cognitive domains (HVLT-R, COWA and TMT). There was no difference
in median overall survival. The authors concluded that in patients with 4-15 brain
metastases, SRS was associated with a reduced risk of cognitive decline compared to
WBRT, without compromising OS.

The incidence of cognitive impairments after radiotherapy (WBRT/SRS) varies
widely by study and is influenced by many factors, both clinical and methodological.
Clinical factors include age, tumor histology, tumor progression, type of radiation
therapy (WBRT or SRS), radiation dose, medication, chemotherapy, and other
systemic therapies. Methodological factors include differences in study design,
follow-up schedules, neuropsychological tests and norms, baseline cognitive
performance, definition of cognitive decline, the use of methods (if any) to correct
for practice effects beyond the use of parallel versions. '*! Practice effects are change
in test performances over time due to familiarity with test items and procedures after
repeated testing rather than true cognitive improvement. 32134

Cognitive impairment/changes were predominantly evaluated at group level while
these analyses can mask individual cognitive impairment/changes. Furthermore,
patient samples were (very) small at follow-up because of high loss to follow-up
due to death, disability, and/or drop-out. These methodological differences and
limitations hinder reliable conclusions on the cognitive side effects of radiotherapy.
Additionally, studies did not directly compare SRS alone to WBRT alone (except
for the abovementioned randomized trial by Li and colleagues in patients with 4-15
brain metastases °) or were terminated due to poor accrual. Studying cognitive
change after radiotherapy remains challenging and requires longer-term follow-up
while avoiding selective dropout (attrition bias) which may favor those with higher
cognitive performances, and as a consequence decline may be underestimated. !5
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In all, as patients with brain metastases are living longer due to progress in systemic
treatment, the incidence of brain metastases is increasing. Consequently, the number
of patients with brain metastases that live long enough to experience radiation-induced
cognitive decline is also increasing. These developments emphasize the importance of
the preservation of cognitive functions and quality of prolonged life. 465188 This is of
particular importance for patients with longer expected survival. Neuropsychological
assessment after WBRT or SRS may help to determine the true incidence and severity
of cognitive impairment after treatment and eventually may help to improve cancer
care, both in patients with up to 10 brain metastases as well as in patients with 10
or more brain metastases. To the best of our knowledge, there are no full-length
publications of randomized trials yet that directly compare the effects of WBRT to
SRS on cognitive function in patients with 10 or more brain metastases.

The CAR-Studies

The Elisabeth-TweeSteden Hospital (ETZ) in the Netherlands is a national center of
expertise for the treatment of brain tumors (both primary brain tumors as well as brain
metastases). The neurosurgical department is one of the largest neurosurgical practices
in the Netherlands, with a total catchment area of approximately 2.3 million people.
Nearly all treatment modalities for brain tumor patients are available, including SRS
with Gamma Knife (Elekta Instruments AB, Stockholm, Sweden). Historically, the
ETZ neurosurgical department has participated in clinical research and development
of several innovative methods to improve treatment of patients with brain tumors,
and with a strong focus on cognitive functioning and well-being. At the Gamma
Knife Center Tilburg (ETZ, the Netherlands), it has been the policy since 2002 to
treat patients with up to 10 brain metastases on the planning MRI-scan (triple-dose
gadolinium-enhanced magnetic resonance imaging used for treatment planning). '%°

In 2015, we initiated the Cognition and Radiation (CAR) Studies A and B at the
Gamma Knife Center Tilburg in close collaboration with the department of Cognitive
Neuropsychology of Tilburg University. With the CAR-Studies we aimed to evaluate
(long-term) cognitive changes in patients with brain metastases after WBRT or SRS,
using a formal neuropsychological test battery.

We also included measures of depression and anxiety, health-related quality of life,
and fatigue in our study designs as these are important psychological factors that
may influence cognitive performance. In addition, we have chosen to use the reliable
change index with correction for practice effects to establish reliable, cognitive
improvement or decline on the individual patient level.
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CAR-Study A (ClinicalTrials.gov identifier NCT02953756) is a single-arm
prospective trial aimed to gain insight into the cognitive effects of GKRS over time.
Previous studies mostly concerned patients with a limited number of brain metastases
(1 up to 4) and did not correct for potential practice effects. The research question
central to this study was the following: What are the effects of treatment with GKRS
on cognition in patients with 1 up to 10 newly diagnosed brain metastases on the
planning MRI-scan? Performance on measures of verbal learning and memory,
executive function, attention, working memory, information processing speed, and
fine motor dexterity was assessed using a comprehensive neuropsychological test
battery, before (n=92), and every three months after GKRS, up to 21 months, in a
relatively large sample. Our primary aim was to evaluate the (longitudinal) course
of cognitive performances (stability, impairment or decline, or improvement) after
standard care GKRS.

CAR-Study B (ClinicalTrials.gov identifier NCT02953717) is one of the first
prospective randomized trials comparing cognitive outcomes after single fraction GKRS
or (conventional) WBRT in patients with 11 to 20 newly diagnosed brain metastases on
a high-resolution MRI-scan with triple dose gadolinium. The research question central
to this study was as follows: Is there a difference in the cognitive side effects after
treatment with WBRT versus GKRS in patients with newly diagnosed multiple BM?
More specific: Is the proportion of patients with a clinically significant decline in verbal
memory at 3 or 6 months significantly higher after treatment with WBRT in comparison
with SRS? The same neuropsychological test battery was used, and assessments were
scheduled before and at 3, 6, 9, 12, and 15 months after treatment.

Applied Bayesian stopping rules specified that during the trial, if the probability
for a higher failure rate for memory decline after WBRT (versus GKRS) at 3 or 6
months would be greater than 0.975, then the trial would be halted/terminated early.
A difference score of >5 points on the HVLT-R immediate memory score at 3 and 6
months was considered a failure.
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Aim and outline of this dissertation

Cognitive impairments may hamper daily functioning and patients’ ability to make
shared treatment decisions. With the studies presented in this thesis, we aimed to
evaluate long-term cognitive changes in patients with brain metastases after WBRT
or SRS.

Ultimately, the purpose of this line of research is to allow patients and physicians
to have an informed discussion about the potential benefits and (cognitive) risks of
radiotherapy (SRS/WBRT) for brain metastases. Moreover, due to controversies and
differences in local best practices and patient preferences, the results of these studies
may help unify treatment-decision in this patient population.

First, we performed a literature review of the cognitive effects of radiosurgery
(compared to WBRT) in patients with brain metastases (Chapter 2). We searched for
prospective cohort studies and randomised trials on SRS alone or in combination with
WBRT, including objective assessments of cognitive functioning.

In chapters 3 and 4 we present results from CAR-Study A. Baseline data of CAR-
Study A was used to investigate the incidence and severity of cognitive impairments in
patients with 1 to 10 brain metastases before GKRS (Chapter 3). Using multivariate
analyses, both number and volume of BM were examined as potential predictors of
baseline cognitive functioning. In addition, the role of other clinical factors (including
KPS and DS-GPA) and psychological variables, such as fatigue and symptoms of
anxiety and depression, known to impact cognitive test performance, were explored.
For the study presented in Chapter 4, we evaluated change in cognitive performances
following Gamma Knife radiosurgery of 92 patients with 1 to 10 brain metastases,
up to nine months after treatment (n=41). In addition, potential baseline predictors
of cognitive performance over time were explored using multivariable regression.

In Chapter 5 we present the study protocol of CAR-Study B. In CAR-Study B
patients with 11 to 20 brain metastases were randomized to either GKRS or WBRT.
Neuropsychological tests were administered before and every 3 months after
treatment up to 15 months. The primary objective was to determine the between-
group difference in the percentages of patients with significant cognitive decline at
three months after treatment as assessed with the HVLT-R. Interim monitoring was
based on Bayesian statistics and early stopping rules specified that the trial would be
terminated prematurely in case the probability/risk for verbal memory decline would
be higher after WBRT than after GKRS (posterior probability >0.975) at three or six
months after treatment. The results of an interim analysis that was performed after
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the first 45 patients were enrolled in CAR-Study B are presented in Chapter 6. The
primary aim of this interim analysis was to check whether the Bayesian stopping rules
for cognitive failure were met. The secondary aim was to compare cognitive changes
after treatment. Finally, Chapter 7 provides a summary of, and a general discussion
on the results of this thesis. Methodological limitations, translation of our findings
into clinical practice and recommendations for future research are discussed.
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Abstract

Background Stereotactic radiosurgery (SRS) is increasingly applied in patients with
brain metastases (BM) and is expected to have fewer adverse effects on cognitive
functioning than whole brain radiation therapy (WBRT). Patients with BM are often
confronted with a relatively short life expectancy, and the prevention or delay of
cognitive decline to maintain quality of life is a clinically highly relevant treatment
goal. This review systematically and specifically evaluates the current literature on
the cognitive effects of SRS in patients with BM.

Methods Published trials on SRS alone or in combination with WBRT, including
objective assessment of cognitive functioning, were identified through a systematic
search of the PubMed database up to March 2018.

Results Of the 241 records screened, 14 studies matched the selection criteria: 2 pilot
studies, 7 single-group/observational trials (1 study update) and 5 randomized trials
(1 secondary analysis).

Conclusions In general, the results show little to no objective cognitive decline up
to 4 months after SRS compared with WBRT. However, most trials suffered from
methodological limitations that hindered reliable conclusions. Most importantly, few
studies investigated the specific cognitive effects of SRS alone or versus WBRT.
Furthermore, disentangling the cognitive effects of SRS from the effects of the disease
itself and from the effects of other treatments remains very difficult. By presenting
this comprehensive review, we aim to encourage researchers to probe deeper into this
area and do so in a standardized and methodologically optimal manner. The ultimate
objective of this line of research is to inform both doctors and patients more precisely
about the cognitive effects they can expect from treatment. This study is expected
to improve the quality of decision-making and maximize clinical outcomes for each
individual patient.



Introduction

The incidence of brain metastases (BM) is increasing as a result of the growing elderly
population, advances in detection with imaging techniques, and (systemic) cancer
treatments that prolong life and allow BM to develop !-*. Consequently, the number of
patients with BM who live long enough (>6 months) to experience radiation-induced
brain injury, including cognitive deficits, is increasing rapidly. 7 These developments
emphasize the importance of objective assessment of cognitive functioning in patients
with BM. 610

Concern about the potential late, progressive, and persistent adverse effects of whole
brain radiation therapy (WBRT) on cognitive function has substantially changed
the management of BM. "I''2 These late delayed effects have been well documented
and are most pronounced for learning and memory, executive functioning, attention,
processing speed, and fine motor control. '*!* Stereotactic radiosurgery (SRS) allows
precise and accurate radiation delivery to the target (BM) only, thereby aiming to
prevent cognitive side effects of WBRT. !5-17 Although SRS as a sole modality is
increasingly employed to treat BM, '® relatively few studies have evaluated cognitive
outcomes after SRS. The purpose of this study is to summarize and evaluate available
information pertaining to the cognitive side effects of SRS in patients with BM.
Published trials on SRS alone or in combination with WBRT, including objective
assessment of cognitive functioning, were reviewed. We use the term “SRS” to refer
to radiation therapy that is delivered via stereotactic guidance with approximately
I-mm targeting accuracy in 1 to 5 fractions using a linear accelerator, a Gamma Knife,
or a particle beam accelerator. '* Additionally, we will present an overview of ongoing
trials in this area of research.

Because patients with BM are often confronted with a relatively short life expectancy,
aiming to prevent or delay cognitive decline to maintain quality of life is a clinically
highly relevant treatment goal.

Methods

Studies were identified by a systematic search of the PubMed database up to March
2018. Figure 1 is a Preferred Reporting Items for Systematic Reviews and Meta-
Analyses * flow diagram that shows the number of records identified, included, and
excluded and the reasons for exclusions. The search strategy is available in Appendix
A. Eligible studies investigated SRS in one of the study arms. Studies on postoperative
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SRS were excluded from this review because surgery itself may induce cognitive
changes. In addition, surgery may carry the risk of postsurgical seeding. Only
prospective, peer-reviewed trials, including a pretreatment neuropsychological
assessment (i.e., screening instruments or neuropsychological tests that objectively
evaluate cognitive functions) and in the English language were included. Additional
literature was found by means of cross-references. Review articles and individual case
reports were excluded from this review. In addition, ongoing studies on cognitive
outcomes after SRS in patients with (multiple) BM were identified in March 2018
using the database of the U.S. National Institutes of Health (Clinicaltrials.gov) using
similar search terms.

Records identified through Additional records

database searching
(PubMed)
(n=238)

identified through cross-
reference searching
(n=3)

Search results combined (n = 241)

A 4

Records screened by title
and abstract

(n =241)

v

Records excluded
(n=193)

Ineligible populations (n = 11)

No SRS (n = 24)

General review articles/guidelines, no specific focus on
cognitive functions after SRS (n = 93)

Commentaries (n = 6)

Non-English publications (all reviews) (n = 12)

No objective neuropsychological assessment or
screening (n = 18)

Retrospective analyses (no cognitive endpoint) (n = 16)
Study protocol (n = 2)

Case-report(s) (n=11)

Full-text articles assessed

Full-text articles excluded
(n=34)

No formal neuropsychological assessment (n = 20)
No baseline assessment before SRS (n = 2)

for eligibility Retrospective (n =7)
No SRS (n = 3)
(I’l = 48) Review (n=2)

v

Studies included in qualitative synthesis
(n=14)
Pilot studies (n =2)
Single group/observational trials (n = 6)
Study update (n = 1)
Randomized trial (n = 4)
Secondary analysis (n=1)

Figure 1. A PRISMA flow diagram illustrating the flow of information through the different phases of
the systematic review



Results

The literature search yielded a total of 241 records. After initial screening by title and
abstract, 48 articles were analyzed in full text, leaving 14 articles that matched the
selection criteria: 2 pilot studies, 7 single-group/observational trials (1 study update),
and 5 randomized trials (1 x secondary analyses) including SRS or a combination
of WBRT and SRS as treatments under study. We discerned studies that examined
the cognitive effects of SRS with formal neuropsychological testing (Table 1) and
those that relied on the Mini-Mental State Examination (MMSE) solely (Table 2).
In addition, 6 ongoing trials on cognitive outcome after SRS were identified via
clinicaltrials.gov (Table 3).

Studies using formal neuropsychological assessment

In a prospective pilot study by Chang et al., fifteen patients with newly diagnosed BM
(1-3; <4 cm) were treated with SRS only (14-21 Gy). 2! Various cognitive domains
were assessed. A reliable change index was used to assess meaningful change in
cognitive functioning. Within 1 month after SRS, all 13 patients with follow-up
(100%) declined on >1 test, and 54% demonstrated decline on >2 tests. This was
most common for the domains of learning and memory (54%) and motor dexterity
(46%). Most improvements were noted in executive function (38%), verbal fluency
(15%), motor dexterity (15%), and visual motor scanning (15%).

A second follow-up after 7 months was only possible for 5 longer-term survivors.
Four out of five patients demonstrated stability or improvement in learning and
memory, 3 patients showed stability or improvement in executive functioning, and
3 demonstrated the same for motor dexterity. These results must be interpreted
cautiously because the number of participants and long-term survivors (15 and 5,
respectively) was very low.

Following the earlier pilot study, a randomized trial to evaluate the effect of adding
WBRT (30 Gy) to SRS (18-24 Gy) on cognitive function in patients with 1 to 3 BM
was conducted by Chang et al. 22 Patients (n=58) were randomized into group 1 (SRS
followed by WBRT within three weeks; n=28) and group 2 (SRS alone; n=30). The
primary endpoint was a significant decline (5-point drop compared with baseline) in
Hopkins Verbal Learning Test-Revised (HVLT-R) total recall at 4 months. A reliable
change index was used to determine meaningful change.

The trial was halted prematurely because results showed significant Bayesian
probability (with 96% confidence) of deterioration on the verbal learning and memory
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test at 4 months in patients treated with both modalities, compared to patients treated
with SRS only. At 4 months, 7 out of 11 patients (64%) in the SRS+WBRT group
versus 4 out of 20 (20%) in the SRS group declined on memory (total recall). This
significant difference persisted until 6 months. Patients assigned to SRS+WBRT also
demonstrated greater decline in other measures of verbal memory than those in the SRS
alone group. The chance of a significant worsening in executive function at 4 months
was higher for SRS+WBRT than SRS alone, based on Bayesian probabilities, but this
analysis was probably underpowered. After SRS only, despite higher overall survival
(OS), patients were at higher risk of developing distant recurrences (DR) and received
more subsequent treatment, compared to those treated with SRS+WBRT.

Correspondence in reaction to this trial included comments on the possible imbalance
of the study groups. There was a higher disease volume (which negatively correlates
to baseline cognitive function), and a tendency at baseline toward a lower cognitive
performance in the combined treatment group. 337 Moreover, worse cognitive
performance at 4 months in patients treated with SRS+WBRT (median OS: 5.7 months)
might be explained by their terminal cancer. %7

In a non-randomized pilot study by Onodera et al. patients were treated with either
SRS or fractionated stereotactic radiation therapy (SRT; n=7 with 1 or 2 BM) or
WBRT (n=20 with >3 BM and active systemic disease). ** A brief neuropsychological
test battery assessing memory, semantic fluency and executive functioning, also
including the MMSE, was administered at baseline and 4, 8, and 12 months after
treatment. No analyses to compare between-group differences of outcome were
performed because the groups were not balanced for number of BM or baseline test
performance (i.e., significantly better baseline performance in the SRS group). Follow-
up neuropsychological test scores (at 4, 8, and 12 months) in the SRS group were
available for 5, 4, and 4 patients respectively. There were no within-group changes in
test performance over time. Patients in the WBRT group showed a significant decline
in delayed memory at 4 months (n=17) and a significant improvement in immediate
memory at 8§ months (n=14). Long-term survivors in the WBRT group (n=9 with follow-
up >12 months), demonstrated significant decline in list recognition at 4 and 12 months
and executive functioning at 8 months. The secondary cognitive decline at 12 months,
after improvement at 8§ months, was attributed to the late adverse effect of WBRT as
described in traditional radiation biology literature. **3*° No significant changes over time
were detected by the MMSE or semantic fluency task in either group. The intracranial
tumor control rates at 8 months were comparable: 64.3% in the WBRT group and 60%
in the SRS group. The results from this non-randomized (and imbalanced) study must
be interpreted cautiously because the number of participants was very low.



Patients (n=49) with 1-3 BM (<4 cm; 80 BM total) without prior intracranial radiation
or surgery were eligible to participate in a trial by Kirkpatrick et al. in which individual
lesions were randomized to either a 1- or 3- mm expansion of the gross tumor volume,
as defined on contrast-enhanced magnetic resonance imaging (MRI; 40 BM in each
group) to find an optimal balance between (local) control and toxicity after SRS (linear
accelerator: 15-24 Gy). * The primary outcome was local recurrence (LR). Secondary
outcome measures included cognitive functioning, proportion of radiation necrosis
(RN), DR, and OS. LR, RN, and DR were judged based on biopsy test results. Cognitive
functioning was measured with the MMSE and Trail Making Test at baseline and 3
months after SRS. There were no significant changes in any cognitive measure of the
24 patients for whom test scores were available. The 12-month local control (LC) rate
did not differ significantly between groups. A nonsignificant higher risk of RN in the
3-mm expansion group compared with the 1-mm group was reported. The DR rate and
median OS for all patients was 45.7% (median time of development: 9.7 months) and
10.6 months, respectively.

Habets et al. reported on the cognitive functioning of patients with 1 to 4 BM (n=97)
measured before and at 3 and 6 months after SRT (18-24 Gy). ' An extensive
neuropsychological test battery was used. Changes in cognitive function over time
were analyzed with linear mixed models. Test performance >1.5 standard deviation
(SD) below the mean of healthy controls (education, age, and sex matched) was defined
as cognitive impairment. Additional analyses were performed for 3 (sub)categories: (1)
patients with high versus low Karnofsky performance status (KPS; <90 vs >90), (2)
patients with a large (>12.6 cm3) versus medium (4.8-12.6 cm3) or small (<4.8cm3)
total tumor volume, and (3) patients with active versus stable systemic disease status.

Baseline scores were available for 77 patients. At six-month follow-up (n=29), there
were no significant changes in domain scores, and only verbal memory showed a
trend toward improvement. Patients with lower KPS scores had worse information
processing speed and executive functioning and a lower median OS (5.3 vs 11.1
months) than patients with higher KPS scores. Larger tumor volume was negatively
associated with information processing speed. The presence of active systemic
disease was unexpectedly positively associated with information processing speed
and visuo-construction. Executive functioning was negatively associated with tumor
progression. Use of steroids did not influence cognitive functioning over time.
Intracranial progression occurred in 47 of 90 (52%) patients at follow-up and was
attributed solely to DR in 27 patients. Total tumor volume after SRT decreased >50%
in 25 of 90 (28%) patients. Salvage/subsequent therapy for progression was performed
in 20 patients (WBRT: n=13, SRT: n=7).
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In a randomized trial by Brown et al., SRS alone (n=111) was compared with
SRS+WBRT (n=102) in patients with 1 to 3 BM (<3cm). »* Cognitive functioning was
assessed with a neuropsychological test battery at baseline; before random assignment
to treatment; at week 6; and at months 3, 6, 9, 12. A total of 63 and 48 patients in
the SRS and SRS+WBRT groups, respectively, completed 3-month assessments. The
decline in cognitive functioning (>1 SD from baseline on >1 test) at 3 months was
more frequent after SRS+WBRT (91.7%) than after SRS alone (63.5%). The declines
were most notable in the domains of immediate recall (SRS+WBRT: 30% vs SRS:
8%), delayed recall (51% vs 20%), and verbal fluency (19% vs 2%).

Such significant differences in decline were also found after 2 post hoc analyses
that used 3 definitions of cognitive decline (1.5-SD decline in at least 2 tests, 2-SD
or 3-SD decline in 1 test) and included patients who did not complete the 3-month
assessment (treating those as experiencing cognitive decline at 3 months). The
analyses of differences in mean change from baseline in normalized Z-scores showed
a similar disadvantage for the combined group.

In a subgroup of long-term survivors (follow-up >12 months), more patients
within the SRS+WBRT arm (n=19) had declined scores (1 SD on at least 1 test)
at each subsequent assessment compared to patients in the SRS group (n=15).
These differences were significant at 3 and 12 months and were most prominent in
the domains of learning and memory, executive functioning, and motor dexterity
(information retrieved from supplemental material).

Time to either LR or DR was significantly shorter after SRS compared with
SRS+WBRT, and higher intracranial tumor control was achieved after SRS+WBRT
at 3 (93.7% vs 75.3%), 6 (88.3% vs 66.1%) and 12 months (84.9% vs 50.5%), but
there was no significant median OS difference (10.4 months for SRS vs 7.4 months
for SRS+WBRT). Patients received significantly more subsequent treatments after
SRS as compared with SRS+WBRT. A recent secondary OS analysis 2 confirmed
the authors’ initial recommendation of SRS alone with close monitoring for patients
with 1 to 3 BM.
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Studies using the Mini-Mental State Examination

In a randomized trial by Andrews et al., patients with BM (1-3; <4 cm) were assigned
to WBRT (37.5 Gy) plus SRS boost (15-24 Gy within 1 week; n=164) or WBRT only
(n=167). 2" OS was the primary outcome. After 6 months, in the combined treatment
group (n=79; data missing for 29 patients [37%]), MMSE scores worsened in 27%
of patients, improved in 25%, and remained unchanged in 11%. In the WBRT group
(n=75; data missing for 15 patients [20%]), 32% of patients had a decline in MMSE
scores, 32% showed improved scores, and 16% had stable scores. These differences
were not significant. Significant higher response and LC rates were reported in the
WBRT+SRS group. OS did not differ significantly between both groups. There was,
however, an OS advantage for patients with a single BM in the SRS boost group.

In 2005, the feasibility of SRS alone (15-24 Gy; n=31) in patients with 1 to 3 BM
was investigated in a prospective observational study by Manon et al. 2® The primary
outcome was intracranial progression at 3 and 6 months (LR and/or DR). MMSE
scores were available for 28 patients at baseline, 20 patients at 3 months, and 5
patients at 6 months. No significant changes in median MMSE scores over time were
reported in the 5 patients with available MMSE scores. The median survival time was
8.3 months. The most important causes of death were extracranial (23%), intracranial
(19%), and jointly occurring intra- and extracranial (19%) disease. The intracranial
progression rates after SRS alone were high (48% at 6 months).
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Patients with 1 to 4 BM received treatment with SRS (18-25 Gy; n=67) or WBRT (30
Gy) followed by SRS (n=65) in a randomized trial by Aoyama et al. > A Japanese
version of the MMSE was used as a primary outcome measure (administered at
baseline, 1 and 3 months after treatment, and every 3 months thereafter). Baseline
scores were available for 110 patients and did not differ between groups. Follow-up
MMSESs were given to 92 patients with a median of 2.5 times. The number of patients
in the MMSE analyses was variable because of the use of different criteria for these
analyses, considering, for example, ceiling effects (i.e., a person performs at the near
maximum level, in which case the MMSE may fail to measure improvement). After
a median follow-up time of 5.3 months, 12 of 46 patients in the SRS group declined,
and 11 of 22 patients improved. In the WBRT-+SRS group, 14 of 36 patients declined,
and 9 of 17 patients improved. These proportions did not differ significantly between
groups. However, there was a trend for a difference in time until decline in MMSE
scores (6.8 months in SRS group vs 13.6 months in WBRT+SRS group), presumably
because of a significantly higher DR rate after SRS alone. In 7 patients treated with
WBRT+SRS, MRI-determined leukoencephalopathy was observed, versus none in
the SRS group. Of these 7 patients, 4 showed a significant deterioration >3 MMSE
points. There was no significant difference in median OS and 1-year actuarial survival
rate. ** LC was not only found to be an important factor determining OS, but also an
important determinant of cognitive stability.

A secondary analysis of the data was published in 2015. 3! Patients were post-stratified
by their diagnosis-specific Graded Prognostic Assessment score (0.5-2 is unfavorable
prognosis vs 2.5-4 more favorable prognosis). Only patients with non-small cell lung
cancer (n=88) were included in this analysis. Patients with an unfavorable prognosis
(n=36) had significantly lower baseline MMSE scores compared with patients with
a more favorable prognosis (n=34). Separate analyses for these prognostic groups
revealed no significant differences in MMSE scores between the 2 treatment arms
(SRS vs WBRT+SRS), both at baseline and last follow-up (median duration until
last follow-up: 3.6 months). However, for patients with more favorable prognosis,
WBRT+SRS was associated with improved OS compared with SRS, presumably
because of the preventative effect of WBRT on DR.

Minniti et al. assessed clinical outcomes in elderly patients (>70 years) with 1-4
BM after SRS (16-20 Gy; n=102; median age 77). 3> The MMSE was administered
at baseline and at 6 and 12 months. At 6 months, 7% of 68 evaluable patients had
worsened scores, 18% had improved scores, and 75% had unchanged scores. At 1
year (40 evaluable patients), 15% of patients showed declines in MMSE scores,
17% showed improvements, and 68% remained stable compared to baseline. In 9



patients, intracranial progression presumably caused the decline in MMSE scores;
in 2 patients, the decline was attributed to RN. Severe neurological complications
occurred in 7 patients. Because salvage/subsequent treatment with WBRT (n=28)
and SRS (n=29) was performed in a substantial number of patients, results must be
interpreted carefully.

Nakazaki et al. reported on MMSE scores of patients with multiple BM (1-18) after
SRS (14-24 Gy; n=119). ¥ Only patients with follow-up scores (n=76) were included
in the analyses. Dropout and attrition resulted from systemic deterioration or death
(median OS: 2.8 months). After SRS, at a median follow-up of 3.8 months, 43% of
patients (16 of 37 patients with baseline MMSE <27) showed improvement of at
least 3 MMSE points, and 20% of patients had worsened scores (15 of 76 patients;
median follow-up: 4.1 months). The actuarial rates of patients free of decline >3
points in MMSE scores at 6 and 12 months were 84% and 79%, respectively. Lesion
enlargement (n=4) and systemic deterioration (n=4) were the most likely causes of
cognitive decline. DR occurred in 39 patients (51%) after treatment, only 2 of these
patients (5%) showed a decline of >3 MMSE points. In the univariate and multivariate
analyses, a larger volume of the largest metastasis (>3 cm’) was a significant
prognostic factor for improvement of >3 points in MMSE scores.

The objective of the JLGK0901 study by Yamamoto et al., a large multi-institutional
prospective longitudinal study, was to compare OS (primary endpoint) after SRS
(18-24 Gy; n=1,194). 3* Patients were split into groups based on their number of
BM (1 vs 2-4 vs 5-10). Except for cumulative tumor volumes (larger in patients
with increased numbers of BM), the groups were well balanced at baseline. The
percentages of patients who showed declines over time compared with baseline of
at least 3 MMSE points at follow-up were 6% (of 662 available) at 4 months, 9%
(of 366) at 1 year, 6% (of 128) at 2 years, and 7% (of 30) at 3 years. There were no
significant differences between the groups based on number of BM. Most patients
(92%) died from extracranial disease. Median OS was significantly longer in patients
with a single brain metastasis (13.9 months) compared with patients with either 2 to
4 or 5 to 10 BM (10.8 months in both groups).

These results were recently updated and confirmed. ** Follow-up was extended with
2 years. MMSE scores of the surviving patients remained stable until 4 years after
SRS for 94% (of 100 available patients at 3 years) to 89% (of 38 available patients
at 4 years). There were no differences between groups (1 vs 2-4 vs 5-10 BM) when
using both complete-case and missing-data analyses. The lack of MMSE data was
substantial and occurred in 34% of surviving patients at 4 months to 51% at 4 years
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because they were treated elsewhere (e.g., hospice care). In 12 patients (1.1%), MRI-

determined leukoencephalopathy was observed; 11 of these patients had undergone
salvage/subsequent WBRT. For 8 out of these 12 patients, MMSE data were available
and showed deterioration >3 MMSE points in 2 patients.

Table 4. Neuropsychological tests commonly used in clinical trials in patients with brain metastases (per
the International Cancer and Cognition Task Force)

Neuropsychological test

Cognitive domain

Reference

Hopkins Verbal Learning Test

- Revised (HVLT-R)
Immediate recall

Verbal learning and memory

Benedict, R. H. B., Schretlen, D.,
Groninger, L., & Brandt, J. Hopkins
verbal learning test - Revised:

Delayed recall Normative data and analysis of

Recognition inter-form and test-retest reliability.
Clinical Neuropsychologist.
1998;12(1), 43-55.

Controlled Oral Word Verbal fluency Benton AL. Neuropsychological

Association Test (COWA)

(Aspect of executive functioning)

assessment. Annual Review
Psychology. 1994;45, 1-23.

Wechsler Adult Intelligence
Scale (WAIS IV)

Digit Span

Digit Symbol-Coding

Working memory/ Attention

Information processing speed

Wechsler D. Wechsler adult
intelligence scale - Fourth Edition
(WAIS-1V). San Antonio. 2008.
Sherer M, Scott JG, Parsons OA,
Adams RL. Relative

sensitivity of the WAIS-R subtests
and selected HRNB measures to
the effects of brain damage. Arch
Clinical Neuropsychology. 1994;9,
427€36.

Trail Making Test
PartA
Part B

Motor/processing speed
Cognitive flexibility

(Aspect of executive functioning)

Lezak MD. Neuropsychological
Assessment. Oxford
University Press, USA; 2004.

Tombaugh TN. Trail Making Test

A and B: normative data stratified
by age and education. Arch Clinical
Neuropsychology. Oxford University
Press; 2004;19, 203€14.

Lafayette Grooved Pegboard
(GP)

Fine motor dexterity

Bryden PJ, Roy EA. A new method of
administering the Grooved Pegboard
Test: performance as a function

of handedness and sex. Brain and
Cognition. 2005;58, 258€68.




Studies in progress

We identified 6 ongoing trials that specifically evaluate the cognitive effects of SRS
in patients with BM (no prior radiation or surgery for BM, no concomitant targeted
therapy): 2 trials of SRS as a sole modality and 4 randomized trials that directly
compare (cognitive) outcomes of SRS versus WBRT (Table 3). All study designs
included some measure of objective cognitive function as well as patient-reported
outcomes such as health-related quality of life, anxiety, depression and fatigue. Three
randomized trials by Li, Hanssens and Rieken, are specifically designed to compare
changes in cognitive functioning after treatment with either SRS or WBRT in patients
with multiple (up to 20) BM (with projected sample sizes of 100, 46 and 56 patients,
respectively). Results of these trials could help diminish the controversy about the
role of SRS alone versus WBRT in the treatment of multiple BM.

Discussion

Over the past decade, the management of patients with BM has changed substantially.
140 Concerns about the potential late adverse effects of WBRT on cognitive function
has led to decreased use of (adjuvant) WBRT. In comparison with WBRT, SRS has a
better ability to spare healthy tissue because of the high level of precision and quick
dose fall-off. Therefore, few(er) negative cognitive side effects could be expected
after treatment with SRS. '>#! This review summarizes and evaluates the available
evidence pertaining to the cognitive effects of SRS in patients with BM.

Studying cognitive effects of SRS in patients with brain metastases is challenging
because, during the course of the disease, cognitive declines may be caused by
multiple factors. To their credit, researchers have tried to challenge the numerous
obstacles in this field of research. Still, many trials in this review suffered from one or
more (methodological) limitations that hinder reliable conclusions about the cognitive
effects of SRS. Most importantly, few direct studies have been published that
investigate the specific cognitive effects of SRS alone. Neuropsychological limitations
in interpretation of findings in this review included absence of or differences in the
definition of cognitive change (improvement/decline); lack of control for practice
effects (improved performance due to repeated testing over time), which may mask
potential cognitive decline; imperfect test-retest reliability; little information about
normative data used; and use of different neuropsychological tests. As mentioned,
disentangling the cognitive effects of SRS from the effects of systemic disease and
treatments '#3, control of the BM, and the effects of other medications/treatments * is
very difficult. This holds particularly true for the effects of chemotherapy; a growing
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body of literature demonstrates cognitive impairments and associated neurobiological
mechanisms resulting from this treatment. 4344

Not all studies have recorded or controlled for all these potential confounding factors
that may contribute to cognitive decline alongside the effects of SRS, including number,
volume, and location of BM; intra- (LR and DR) and extracranial disease progression;
edema; systemic and targeted therapies; prior brain surgery or radiation; dose rates and
radiation margins; salvage/subsequent therapies; epilepsy; prior neurologic disease;
comorbidity; and medication use (e.g., anti-epileptic drugs and dexamethasone). Other
(more psychological) factors may also affect cognitive performance (i.e., symptoms of
fatigue, anxiety, or depression. Considering these limitations, the conclusions from the
reviewed studies must be approached with caution.

In addition to these confounding effects, disease progression, as well as many other
medical or psychological factors, may lead to high rates of loss to follow-up. This is
reflected in the small number of patients with long-term assessments in the studies
that have been reviewed. Limited follow-up and insufficient statistical power also
affect our conclusions; as a result, the generalizability of some studies is limited as a
result of small sample sizes and (very) small numbers of longer-term survivors (which
is inevitable considering this patient population is still predominantly treated with
palliative intent). Although the higher performance status of patients who are able
and willing to take part in these long-term assessments may cause a bias toward better
long-term cognitive functioning, it should be noted that these results are particularly
relevant to and applicable for this small but increasing number of long-term survivors.

Despite these limitations, the studies that have been reviewed show evidence for (little)
objective cognitive decline using a formal test battery (i.e., not MMSE) in the early
phase after treatment with SRS, in learning and memory, motor dexterity, and executive
functioning (at 1, 3, or 4 months after SRS depending on the follow-up schedule),
potentially followed by a trend toward improvement or stability up to 12 months after SRS
21 although 3 of 6 studies found no changes in cognitive performance at up to 3 (n=24),
6 (n=29), or 12 months (n=4) of follow-up. >?*** However, the addition of WBRT after
SRS resulted in significantly more objective cognitive decline over time. 2%

Although higher intracranial tumor control rates were achieved with the addition of
WBRT after SRS, no OS benefits were gained. ***° A recently published trial by Brown
et al. also showed significantly more objective cognitive decline after WBRT than SRS
in patients with resected brain metastases and no OS difference between the treatment
groups (trial not reviewed because studies on postoperative SRS were excluded). #°



Studies that used the MMSE instead of formal neuropsychological testing demonstrated
that improvement or stability occurred more often than a decline in MMSE scores
after treatment with SRS only. ?$2%32-3 The addition of SRS to WBRT in patients
with 1 to 3 BM did not result in significant differences in change of MMSE scores
(vs WBRT alone). ?” However, the MMSE is an insensitive an inaccurate measure
for cognitive change after radiotherapy ***’, and results are prone to a possible bias
by ceiling effects. * To illustrate, the MMSE scores reported in the reviewed studies
were already very high at baseline, which left little room for actual improvement. The
study by Onodera et al., included both a formal neuropsychological battery and the
MMSE and showed significant changes in neuropsychological test scores, including
learning and memory impairment after WBRT, but this change was not detected by
the MMSE (nor fluency task) in the study. %

The International Cancer and Cognition Task Force (ICCTF) recommends the use
of a standardized neuropsychological test battery (Table 4). * These tests have
demonstrated sensitivity to the neurotoxic effects of cancer treatment in other
clinical trials. 2122253931 The cognitive domains evaluated include memory, attention,
executive functions (i.e., working memory and processing speed), motor dexterity,
and psychomotor speed. The memory test (Hopkins Verbal Learning Test-Revised)
has alternate forms to minimize the effects of repeated administration. Measures
of motor and information processing speed are relatively resistant to the effects of
practice. *> Authorized translations are available in many languages and (American)
normative data are available that take age into account, as well as education, sex, and

handedness, where appropriate. 3%%*

Over recent years, major improvements have been made in the efficacy of systemic
therapies, including molecularly/genetically targeted therapies (e.g., tyrosine kinase
inhibitors) and immune checkpoint inhibitors. The combination of SRS and these
targeted agents aim to improve (primary) tumor control and OS of patients with
BM while minimizing cognitive impairment (limiting the use of WBRT). %5557 The
combination of SRS and immunotherapy is promising because radiation therapy may
enhance both local and systemic anti-tumor immune responses. 3¢ However, the
safety (neurotoxicity), dosage, and timing/scheduling of concurrent immunotherapy
with SRS remains a topic of research ¢%> and prospective randomized trials including
standardized neuropsychological assessments are needed to investigate the effects of
these targeted therapies in combination with SRS on cognitive functions in patients
with BM. 6364
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Drugs that slow the cognitive decline of patients with BM and those that protect
neurons during radiation treatment are a current topic of research. Radiation can result
in a chronic inflammatory response that influences hippocampal cell proliferation,
which has stimulated interest in trials using anti-inflammatory agents to prevent
radiation injury. In addition, research has shown that damage to the hippocampus that
is caused by radiation can lead to impairments in learning, (short-term) memory, and
spatial processing. % By avoiding the hippocampal neural stem cells during WBRT,
cognitive decline might be prevented or minimized. ¢

Effective treatment with the fewest negative cognitive side effects is increasingly
becoming important because more patients with BM live longer after treatment, and
persistent radiation-induced cognitive impairment particularly concerns longer-term
survivors. To illustrate, approximately 20% of patients in the longer-term follow-
up study by Yamamoto et al. survived for >3 years after SRS. 3* However, tumor
progression (LR and DR) may negatively affect cognitive functions. Although
there is a higher risk of DR after SRS compared with WBRT 222328296869 the period
of time during which WBRT can prevent the development of new BM is limited
(approximately 6 to 8 months). 3*7 In addition, prophylactic WBRT results in worse
cognitive outcomes than withholding WBRT (observation only) and experiencing a
higher amount of intracranial progression (and no OS difference). 7! In the short term,
patients with BM may benefit from the preventive effect of WBRT (lower DR rate); in
the long term, surviving patients may experience the late adverse effect of WBRT on
cognition. For patients to whom preservation of cognitive functioning is important,
SRS with active surveillance and if necessary subsequent SRS for new BM might be
the preferred management compared with WBRT. Neuropsychological assessment,
especially assessment of longer-term functioning of patients treated for (multiple)
brain metastases remains an important part of the evaluation of treatment success.

Most of the studies reviewed (12 of 14) were published within the last decade, which
suggests a growing awareness of the possible cognitive (side) effects of radiation
and the clinical significance of their impact on quality of life. With several trials
underway, specifically designed to define the cognitive effects of SRS in patients with
BM, our knowledge on cognitive outcome of SRS is progressing steadily. Ultimately,
the purpose of this line of research is to inform individual patients with BM more
precisely about the cognitive effects they can expect from treatment and to assist both
doctors and patients in making (shared) individual treatment decisions.



Appendix A. Search strategy

Search carried out on March 1, 2018

PICO process

Patient/population: Patients with brain metastases
Intervention: Stereotactic radiosurgery (SRS)
Comparison/control: Not applicable

Outcome: Cognitive functioning
PubMed

(((((((((("Brain neoplasms/secondary"[MeSH]) OR "Neoplasm Metastasis/radiotherapy"[Mesh]) OR
"Neoplasm Metastasis/secondary"[MeSH]) OR "Neoplasm Metastasis/psychology"[MeSH]) OR
"Neoplasm Metastasis/radiation effects"[MeSH]) OR "Infratentorial Neoplasms/secondary"[MeSH])
OR Brain metastas*[tiab])))

AND

CCCCCCCQeeQradiosurgery"[MeSH])  OR  Radiosurgery[tiab]) OR  Stereotactic
radiosurgery[tiab]) OR stereotactic[tiab]) OR SRS[tiab]) OR SRT[tiab]) OR Gamma Knife[tiab])
OR Gamma-Knife[tiab]) OR Gamma Knife Radiosurgery[tiab]) OR GKRS[tiab]) OR GK|tiab])
OR GKSJ[tiab]) OR CyberKnife radiosurgery[tiab]) OR Linear Accelerator radiosurgery[tiab]) OR
Fractionated radiotherapy[tiab]) OR Advanced radiosurgery[tiab]) OR LINAC radiosurgery/[tiab])
OR LINAC([tiab]) OR Linear Accelerator|[tiab]) OR Tomo Therapy[tiab]) OR TomoTherapy[tiab])
OR Tomo[tiab])))

AND

(CCCCCCCecceeeceec(executive - Function"[Mesh])  OR  "Attention"[MESH])
OR "Memory"[MESH]) OR "Problem Solving"[MESH]) OR "Verbal Learning"[Mesh])
OR "Neuropsychology"[Mesh]) OR "psychological Tests"[Mesh]) OR "Word Association
Tests"[Mesh]) OR "Neurologic Examination/psychology"[Mesh]) OR "Educational Measurement/
psychology"[Mesh]) OR Neurocognit*[tiab]) OR Cognit*[tiab]) OR MMSE[tiab]) OR Minimental
state examination[tiab]) OR Minimental state[tiab]) OR Mini mental status examination[tiab])
OR Mild Cognitive Impairment[tiab]) OR Executive Function[tiab]) OR Attention[tiab]) OR
Memory[tiab]) OR Problem Solving[tiab]) OR Verbal Learning[tiab]) OR Neuropsycholog*|[tiab])
OR Neuropsychological Tests[tiab]) OR Word Association Tests[tiab]) OR Neurologic Examination/
psychology[tiab]) OR Educational Measurement/psychology[tiab]) OR Hopkins Verbal Learning
Test[tiab]) OR HVLT[tiab]) OR Hopkins Verbal Learning Test Revised[tiab]) OR HVLT-
R[tiab]) OR TMT][tiab]) OR Trail making test[tiab]) OR COWA[tiab]) OR Controlled oral word
association[tiab]) OR Pegboard[tiab]) OR Digit span[tiab]) OR Digit symbol[tiab]) OR WAIS[tiab])
OR Weschler*[tiab] OR WMS[tiab]) OR Stroop[tiab]))

Additional searches
Reference lists of earlier reviews on SRS and/or WBRT. References of the included primary

studies.
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Abstract

Background Information on predictive factors of cognitive functioning in patients
with (multiple) brain metastases (BM) selected for radiosurgery may allow for more
individual care and may play a role in predicting cognitive outcome after radiosurgery.
The aim of this study was to evaluate cognitive performance, and predictors thereof,
in patients with 1-10 BM before radiosurgery.

Methods Cognition was measured before radiosurgery using a standardized
neuropsychological test battery in patients with 1-10 BM (expected survival >3 months;
KPS >70; no prior BM treatment). Regression formulae were constructed to calculate
sociodemographically corrected z scores. Group and individual cognitive functioning
were analyzed. Multivariable regression was used to explore potential predictors.

Results Patients (N=92) performed significantly worse than controls (N=104) on
all 11 test variables (medium-large effect sizes for 8 variables). Percentages of
impairment were highest for information processing (55.3%), dexterity (43.2%) and
cognitive flexibility (28.7%). 62% and 46% of patients had impairments in at least
two, or three test variables, respectively. Models including combinations of clinical
and psychological variables were predictive of verbal memory, psychomotor speed,
information processing and dexterity. Neither number nor volume of metastases
predicted patients’ test performance.

Conclusions Already before radiosurgery, almost half of the patients suffered from
severe cognitive deficits in at least three test variables. At group and individual level,
information processing, cognitive flexibility, and dexterity were most affected. These
cognitive impairments may impair daily functioning and patients’ ability to make
(shared) treatment decisions. Both clinical (symptomatic BM; timing of BM diagnosis)
and psychological (mental fatigue) characteristics influenced cognitive performance.



Introduction

The incidence of brain metastases (BM) is increasing as a result of the growing elderly
population, Stereotactic radiosurgery (SRS) is increasingly applied in patients with
brain metastases (BM) as it is expected to cause less cognitive damage than whole
brain radiation therapy (WBRT) because it allows precise radiation delivery to the BM
only. Patients with newly diagnosed BM who are accepted for SRS alone represent
a selective group of patients with a relatively good performance status (Karnofsky
Performance Status >70) and an expected survival time of at least three months. !
Nonetheless, before BM treatment, many patients experience cognitive impairments
that may be caused by several factors, including the BM itself, medication use, the
primary cancer, or side effects of systemic treatment. > Thorough assessment and
understanding of these impairments is of high relevance because these impairments,
e.g., slow processing of information, may negatively affect patients’ ability to reason
through (shared) medical treatment decisions, daily functioning and ultimately
patients’ quality of life. * In addition, pretreatment neuropsychological assessment is
crucial for the evaluation of cognitive changes after SRS. #

There have been relatively few studies in patients with newly diagnosed BM
who undergo SRS that evaluated (baseline) cognitive functions with objective
neuropsychological tests, as opposed to insensitive measures for this purpose such as
the Mini-Mental Status Examination (MMSE). ® Moreover, in reports thereof, baseline
test results were not the primary focus and were only (very) briefly discussed. The
majority of patients (ranging from 53-67%) in these studies showed mild to severe
impairments in at least one cognitive domain. Executive function, verbal learning
and memory, dexterity, information processing, and visuoconstruction were the
cognitive domains most frequently affected ®'°, which is in line with research in
patients with BM in general. "5 Previous studies, however, concerned patients
with a limited number of BM (1-4) whereas the use of SRS is expanding to patients
with multiple (>4) BM. '*!8 More recently, total volume of BM, as opposed to their
number, has gained interest as a predictor for outcomes of patients with BM (including
overall survival, local control and distant progression of BM). 22 However, thus
far, only a few studies have examined the relationship between number and volume
of BM and (pretreatment) cognitive functioning in patients with BM. In univariate
analyses, a larger total volume of BM was suggested to be associated with worse
baseline cognitive performance in four studies, including two small pilot studies.
681015 The number of BM was however not associated with cognitive performance
in these studies, suggesting that cognitive functions are more affected by the total
burden of BM than by the number of lesions. ' To our knowledge only one previous
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study explored potential predictors of pretreatment cognition in patients with BM in
a multivariable manner. !* This study showed that total volume of BM was a predictor
for baseline cognitive impairment in patients that were randomly assigned to WBRT
with or without motexafin gadolinium.

In the current study, we investigated the incidence and severity of cognitive
impairments in patients with 1 to 10 BM before Gamma Knife radiosurgery (GKRS).
Both number and volume of BM are examined as potential predictors of baseline
cognitive functioning. In addition, the role of other clinical variables (including KPS
and diagnosis-specific graded prognostic assessment (DS-GPA ?*) and psychological
variables, such as fatigue and symptoms of anxiety and depression, known to impact

24-26

cognitive test performance **2%, were explored.

Methods

Baseline test data of patients from the ongoing prospective longitudinal observational
Cognition and Radiation Study A (CAR-Study A; ClinicalTrials.gov Identifier:
NCT02953756) were analyzed. In addition, non-cancer controls were recruited. This
study was approved by the Medical Ethics Committee Brabant (file NL53472.028.15/
P1515).

Patients

Adult patients were recruited at the Elisabeth-TweeSteden Hospital (ETZ; Tilburg,
the Netherlands). Eligibility criteria were previously described by Verhaak et al. %’
Most important inclusion criteria included: 1-10 newly diagnosed BM on a diagnostic
or referral MRI-scan from a histologically proven malignant cancer, KPS >70, total
tumor volume <30 cm?®, and expected survival >3 months. Exclusion criteria included:
active primary brain tumor, small cell lung cancer, leptomeningeal metastases, or
progressive symptomatic systemic disease without further treatment options, prior
treatment directed at the BM (e.g., radiation therapy or surgery). Patients were
screened by the radiation-oncologist during the first consultation. Neuropsychological
assessment (NPA) was performed by a trained neuropsychologist in the morning
before treatment.

Non-cancer controls
A normative group of adult non-cancer controls, as previously described by Verhaak
et al. ¥, were recruited by convenience sampling from the general community and



were selected to be, as much as possible, comparable to the general population and
our patient-group, except for the fact that they were not allowed to have (a history of)
cancer or severe cerebrovascular disease in the past year. Eligible controls received
a study information letter and a medical checklist. All patients and controls signed
informed consent before the NPA.

Measures

Medical records were consulted to extract patient characteristics. BM diagnosed
>30 days from the diagnosis of the primary tumor were considered metachronous
(all other BM were considered synchronous). A well-established test battery >** was
used that consisted of six neuropsychological tests, generating 11 test variables. In
addition, three questionnaires 2! were administered (Table 1). FACT-Br data was
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not evaluated in this study.

Table 1. Neuropsychological Test Battery Including Questionnaires

Neuropsychological test

Description/Cognitive domain

Hopkins Verbal Learning Test-Revised (HVLT-R)

Verbal memory test (12 target words, 6 parallel
versions)

1. HVLT-R immediate recall

Short-term verbal memory span

2. HVLT-R delayed recall

Longer-term verbal memory

3. HVLT-R recognition

Delayed verbal recognition (correct responses
minus semantically related and unrelated false-
positive errors)

Trail Making Test (TMT) Test of visual conceptual and visuomotor tracking
4. TMTA Psychomotor speed
5.TMT B Cognitive flexibility (aspect of executive

functioning)

6. Controlled Oval Word Association test (COWA)

Speeded verbal fluency test (requires aspects of
executive functioning; 2 parallel versions)

WAIS Digit Span

Forward and backward repetitions of series of
digits

7. Digit Span forward

Immediate attention

8. Digit Span backward

Working memory

9. WAIS Digit Symbol (Digit Symbol)

Symbol substitution test of information
processing speed (requires visuomotor
coordination and sustained attention)

Lafayette Grooved Pegboard (GP)

A manipulative dexterity test

10. GP dominant hand

Motor dexterity dominant hand

Ib)
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Table 1. Continued

Neuropsychological test

Description/Cognitive domain

11. GP non-dominant hand

Motor dexterity non-dominant hand

Questionnaire

Description

Hospital and Anxiety and Depression Scale (HADS)

Symptoms of anxiety and depression

Multidimensional Fatigue Inventory (MFI)

Symptoms of General Fatigue, Physical Fatigue,
Reduced Activation, Reduced Motivation and
Mental Fatigue

Functional Assessment of Cancer Therapy-Brain
(FACT-Br)

General quality of life (QOL) questionnaire that
reflects symptoms or problems associated with

brain malignancies across five scales

WAIS, Wechsler Adult Intelligence Scale.

Statistical analyses
Descriptive and comparative (Chi-square test; independent samples t-test) analyses
were performed with respect to characteristics of patients and controls.

By means of multiple linear regression analyses, that regressed raw cognitive test
scores of the control sample on age, sex and educational level, normative formulae were
generated. *> Raw Trails B scores were adjusted for sex, age, educational level and the
Trails A score to derive the interference index. Sociodemographically-adjusted z scores
were derived: Patients’ z score = patient’s raw score minus the predicted score divided
by the SD of the control sample’s residuals. Higher z scores reflect better cognitive
performance. To compare cognitive performance between patients and controls, one-
tailed one-sample z tests were performed. Patients’ mean z scores are equal to Glass’
- Mean / SD

Patients Controls Controls

delta effect sizes (Mean 33), where .2 = small, .5 = medium,

and .8 = large effect. 3*

Impaired cognitive performance was defined as a z-score <-1.5. Percentages of
patients with impaired performance per test variable, and on one, two or more tests
were calculated.

Correlations were explored of patients’ cognitive performances with clinical and
psychological characteristics. A maximum of three additional predictors with the
highest significant (p <.05) correlations were selected per test variable. Hierarchical
multiple regression analyses were then performed to regress patients’ z scores on the
selected predictors. In all models, number (dummy-coded) and volume of BM were
entered separately in Block 1. To reduce false discovery rate (FDR) due to multiple



testing, alpha’s were corrected per hypothesis, according to the Benjamini-Hochberg
method. *° All statistical analyses were performed with SPSS Statistics 25.0.

Results

Participants’ characteristics

In total, 92 patients and 104 controls were included. Patients and controls did not
differ in terms of sex, age and education (Table 2). Forty percent of patients had
more than three BM and the most common primary tumor was non-small cell lung
cancer (NSCLC; 60%). Median total volume of BM was 5.64 cm®. For 16 patients
(17.4%) and 5 controls (4.8%) scores on one or more tests were missing due to:
invalid assessment (HVLT-R recognition, TMT), unfamiliarity with the alphabet
(TMT), visual problems (TMT, Digit Symbol, GP), and impairments in dexterity
(TMT, Digit Symbol, GP).

Group-level cognitive performance

Patients performed significantly worse than non-cancer controls on all 11 test
variables with medium to large effect sizes for § out of 11 variables (Table 3). Lowest
performance was found on measures of psychomotor speed, cognitive flexibility,
information processing, and dexterity of both dominant and non-dominant hand.

Individual cognitive performance

Percentages of impairment on all 11 test variables were higher in patients than in
non-cancer controls. This difference was statistically significant, except for verbal
recognition and attention (Table 3). These percentages were highest for information
processing (55.3%), dexterity (43.2%; non-dominant hand) and cognitive flexibility
(28.8%). Compared to controls, more patients showed cognitive impairments in more
tests (Table 4). Significantly more patients (62% and 46%) than controls (18% and
3%) had an impairment in at least two or three test variables respectively.
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Table 2. Characteristics of Patients and Controls

No. of patients (%) No.of controls  Test statistic p-value
(%)
Number of participants 92 104
Sex
male 47 (51) 50 (48) x>=0.184 0.67
female 45 (49) 54 (52)
Age in years, mean+SD 62410 59411 t=1.53" 0.13
(range) (31-80) (31-87)
Educational level
Low 28 (31) 25 (24) X*=4.63%4 0.10
Middle 37 (40) 33 (32)
High 27 (29) 46 (44)
KPS
70-80 33(36) N/A
90-100 59 (64)
DS-GPA
Class I (3.5-4 points) 8(9) N/A
Class II (2.5-3 points) 33(35)
Class I1I (1.5-2 points) 44 (48)
Class IV (o-1 points) 7(8)
Primary cancer
Lung (NSCLC) 55 (60) N/A
Renal 15 (16)
Melanoma 12 (13)
Other 10 (11)
Number of BM
1 32.(35) N/A
2-4 29 (31)
5-10 31(34)
BM volume by patient (cm?), 5.64 N/A
median (range) (.02-31.15)
Timing of BM diagnosis
Synchronous 28 (30)
Metachronous 64 (70)
Extracranial metastases *
Yes 66 (72) N/A
No 26 (28)
BM Symptoms at diagnosis
Symptomatic 64 (70) N/A
Asymptomatic 28 (30)
Systemic therapy
No 39 (42) N/A
Yes 53 (58)

Chemotherapy ® 37 (40)




Table 2. Continued

No. of patients (%) No.of controls  Test statistic p-value
(%)
HADS scores ¢, mean+SD
Anxiety subscale 7.3+4.4 4.4+2.8 t=5.36" <0.001
Depression subscale 5.7+4.1 3.5+2.9 t=4.37"% <0.001

Educational level according to Verhage (1964; 7 classes): low =1-4, middle = 5, high=6-7

N/A, not applicable; KPS, Karnofsky performance scale; DS-GPA, diagnosis-specific graded prognostic
assessment; NSCLC, non-small cell lung cancer; BM, brain metastases * Including lymphatic metastases
at baseline or before ® Alone or in combination with other systemic therapies ¢ Hospital Anxiety and
Depression Scale with two 7-item subscales; range 0-21 points; higher scores indicate more symptoms of
anxiety or depression * Chi-square test of homogeneity ® Independent-samples T test.

Predictors of baseline cognitive performance

Supplementary Tables 1 and 2 present the results of the exploratory correlation
analyses (Online Resource 1). A metachronous diagnosis of BM (compared to
synchronous) was significantly associated with worse performance on 7 out of
the 11 test variables. Chemotherapy was significantly negatively correlated with
performance on 3 test variables (immediate and delayed memory and psychomotor
speed). Mental fatigue was significantly negatively associated with psychomotor
speed, information processing, and dexterity. Higher KPS was significantly associated
with greater dexterity.

Four additional clinical (KPS; chemotherapy; symptomatic versus asymptomatic BM;
timing of BM diagnosis) and four psychological predictors (Reduced Activation; Reduced
Motivation; Mental Fatigue; symptoms of depression) were selected for the hierarchical
multiple regression analyses. None of the initial regression models with only number
and volume of the BM as predictors, nor the predictors themselves, were statistically
significant (Table 5). The addition of the clinical and psychological predictors led to a
statistically significant increase in explained variance in five models for measures of
verbal memory, psychomotor speed, information processing and dexterity. In two models
(delayed recognition and information processing), timing of BM diagnosis was the only
significant predictor, whereby patients with metachronous BM performed worse. Post
hoc descriptive analyses showed that of the patients with a metachronous diagnosis,
44% had NSCLC, 55% received (prior) chemotherapy and 53% had a high KPS of 90-
100 (versus 96%, 7% and 89% in the synchronous group, respectively). For immediate
verbal memory, symptomatic (versus asymptomatic) BM was a significant predictor,
whereby patients with symptomatic BM performed worse. For psychomotor speed,
mental fatigue was the only significant predictor in the model, with slower psychomotor
speed in patients with more symptoms of mental fatigue. A final significant model did
not yield any significant individual predictors (dexterity non-dominant hand).
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Table 4. Cognitive performance at the individual level: impairment on one or more test variables *

No. of tests Patients (%) (n=76) Controls (%) (n=99) x> pvalue
>1test 76.3 43.4 19.05 <.001°¢
>2 tests 61.8 18.2 35.10 <.001°¢
>3 tests 46.1 3.0 46.81 <.001¢
>4 tests 36.8 3.0 33.72 <.001°¢
>5 tests 23.7 o 26.14 <.001°¢
>6 tests 14.5 o 15.29 <.001¢
>7 tests 11.8 o 12.36 <.001¢
>8 tests 6.6 o 6.71 0.010°¢
>9 tests o o N/A N/A

>10 tests o o N/A N/A

11 tests o o N/A N/A

*Impaired performance (z score <-1.5) of patients with complete test scores on all tests. For 16 patients
(17.4%) and 5 controls (4.8%) scores on one or more tests were missing due to: invalid assessment
(HVLT-R recognition, TMT), unfamiliarity with the alphabet (TMT), visual problems (TMT, Digit
Symbol, GP), and impairments in manual dexterity (TMT, Digit Symbol, GP) ® Chi-square test of
homogeneity © Statistical significance was considered as p <0.05: alpha was corrected according to the
Benjamini-Hochberg method *

Discussion

In this study we examined the incidence and severity of cognitive impairment, and
clinical as well as psychological predictors thereof, in selected patients with 1-10 BM
who were accepted for GKRS. Cognitive performance was measured with a well-
established neuropsychological test battery. Previous studies on cognitive functioning
were focused on patients with 1-4 BM or made use of an insensitive measure to assess
cognitive test performance (the MMSE). ° At group level, we found lowest cognitive
test performance (large effect sizes; means that ranged between -1 and -1.6 SD
below the normative mean) on measures of psychomotor speed, cognitive flexibility,
information processing, and dexterity of both dominant and non-dominant hand. At
the individual level, cognitive performance was most frequently impaired with respect
to measures of short-term verbal memory span, cognitive flexibility, information
processing, and dexterity of both dominant and non-dominant hand. Although at group
level, patients performed significantly worse than controls (with small effect sizes)
on measures of verbal recognition and immediate attention. At the individual level,
however, there were no significant differences in the frequencies of impairment for
these two measures. These results are largely in line with previous studies in patients
with BM: cognitive impairment in one or more tests before treatment of BM ranged
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between 53% and 80% (76% in our sample) and was most clearly demonstrated in the
domains of executive functioning (including cognitive flexibility), verbal and visual
memory, dexterity and psychomotor speed. 79103637

We noted a degree of impairment in information processing in our study that is higher
than in other studies. Some of these studies used different neuropsychological tests,
however, both studies by Chang et al. %7 used the WAIS Digit Symbol test as well. At
baseline, only 7% of their patients showed impaired performance in the pilot study
¢ and baseline z scores in the larger randomized trial ranged between -0.1 and -0.4 7
whereas in our sample, 55% of patients had impaired performance on this test and
the mean z score was -1.5. This difference might be explained by differences in the
study samples: compared to our study, their sample consisted of patients with fewer
(1-3) BM, higher median KPS and lower median total BM volume BM. In addition,
although having severe problems with dexterity was one of the exclusion criteria in
our study, impairments in dexterity were (highly) prevalent in our patient sample:
27% of patients showed impaired dominant hand dexterity (the mean z score for
this measure was -1.43 in our study versus -1.30 in the SRS-arm of Chang et al.
2009). These impairments may have influenced performance on the other measures
with high dominant hand motor demands * and help explain the poor performance
on information processing, psychomotor speed, and cognitive flexibility. The use
of (additional) neuropsychological tests with minimal motor requirements should
be considered in future trials in this patient population, as the assessment of speed
(information processing or psychomotor) is aimed at understanding cognitive rather
than physical function. 3

Multivariable regression was used to examine whether number or volume of BM was
predictive of pretreatment cognitive test performance. Neither number nor volume of
BM were significant predictors in any of these initial models. Similarly, in previous
studies based on univariate analyses, number of BM was not associated with cognitive
performance. However, the same studies found negative associations uncorrected for
multiple testing between total BM volume and measures of attention, verbal memory,
information processing and executive functions. ¢%1“'>We also found a significant negative
univariate association between volume of BM and working memory but in multivariable
analyses volume of BM was not a significant predictor of working memory.

Hierarchical multivariable models including clinical as well as psychological
variables were predictive of performance on six measures of verbal memory,
psychomotor speed, information processing, and dexterity. Timing of BM diagnosis
was a significant individual predictor in two out of five significant regression models:



patients with a synchronous (versus metachronous) diagnosis of BM performed
better on verbal recognition and had higher information processing (speed). This
might be explained by the fact that these patients were still largely treatment-naive
and were in a better overall (higher KPS), and cognitive condition. Patients with a
metachronous diagnosis of BM on the other hand, already received various types of
systemic treatment, including chemotherapy, for their primary tumor, which may
have contributed to the cognitive impairments ***° already before the diagnosis of the
BM. These (cancer-related) cognitive impairments primarily involve the domains of
memory, attention, executive functioning, and processing speed. *!

Despite the fact that the patients in our study had significantly more symptoms of anxiety
and depression than our controls we found no evidence for a direct effect of anxiety and
depression on cognitive test performance in our prediction models. This is in line with
a previous study in patients with BM and indicates that anxiety and depression may not
be (primary) contributors to cognitive impairment in these patients. 3’
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Mental fatigue however was predictive of reduced psychomotor speed. Efforts should
be continued to investigate specific patient- and tumor-specific factors that can predict
cognitive test performance. Identification of these characteristics allow for more
individually tailored care for patients. In addition, thorough assessment of cognitive
impairment, and understanding of the predictors thereof, is crucial for the evaluation
of cognitive changes after SRS. *

This study has some limitations to be considered. Our patients had BM originating
from various primary tumor histologies. Since prognosis, systemic treatment, and
timing of BM may vary with type of primary cancer *?, this might have affected
cognitive test performance. However, as most BM originate from lung cancer, lung
cancer patients represent the majority of patients with BM, both in clinical practice
and in clinical trials (including this study). In addition, we did not examine or take
into account the location(s) of the BM. Further study is required to examine the
impact of BM location (e.g., supratentorial, cerebellar, brainstem and ‘other’) on
cognitive test performance as cognitive impairment is related to the site of tumor
growth. ¥ Although we did not find a direct effect of number and volume of BM on
cognitive test performance in our relatively large sample of patients with 1-10 BM, it
is of interest to investigate whether change (reduction or progression) in number and
volume influences change in cognitive test performances after SRS. Li et al. (2007)
showed that greater volume reduction in total volume of BM was associated with a
delay in cognitive decline after WBRT. #

Significant associations between cognitive test performance and daily functional
independence have been found in brain tumor patients. ** This study used mostly the
same neuropsychological tests as the current study. Strongest associations were found
for executive functioning (TMT B), language comprehension (COWA) and verbal
learning and memory (HVLT-R). Patients with BM in our study showed significant
impairments in all of these tests. These impairments may cause serious difficulties
in day-to-day activities (e.g., daily chores, preparing dinner or communicating with
family and friends). For example, patients may experience difficulties with the ability
to plan ahead (related to impaired cognitive flexibility), slowness of comprehension
and processing of information (related to impaired processing speed), and difficulties
in learning and remembering new information (related to functions of memory), and
difficulties in performing adequate movements appropriate to a certain task (related
to impairments in dexterity and executive functioning). In addition, these difficulties
in everyday living may increase the caregiver burden.



Assessment of cognitive deficits is also crucial in understanding patients’ ability
in weighing the risks (cognitive impairment, distant recurrences, neurotoxicity) and
benefits (cognitive preservation, local control, distant control) in coming to a treatment
decision (e.g., WBRT, SRS or best supportive care). *® A previous study indicated that
over half of the patients with BM (prior to BM treatment) had a diminished ability
to reason through medical treatment decisions #’, this was associated (same study
sample) with worse verbal memory and information processing. *** In our sample,
55% (information processing), 27% (immediate verbal memory and verbal fluency)
and 23% (working memory) of patients had impairments in these cognitive domains,
emphasizing the relevance of pretreatment neuropsychological assessment. Patients
at risk may need additional (written) information and guidance through the process of
understanding treatment choices. Early detection of these cognitive impairments may
facilitate cognitive intervention planning. Intervention (e.g., cognitive rehabilitation
programs *°) at an early stage may benefit the quality of survival in these patients,
which is of particular interest for the growing number of (subgroups of) patients with
longer expected survival.
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Abstract

Background Stereotactic radiosurgery is increasingly used to treat multiple (four or
more) brain metastases. Preserving cognitive functions is a highly relevant treatment
goal because cognitive deteriorations may negatively affect a patients’ quality of life.
The aim of this study was to assess cognitive change, at the group and individual
level, in patients with 1 to 10 brain metastases up to 9 months after Gamma Knife
radiosurgery (GKRS).

Methods Ninety-two patients with 1 to 10 newly diagnosed brain metastases, expected
survival >3 months and Karnofsky Performance Status (KPS) >70 and 104 non-cancer
controls were included. A neuropsychological test battery was administered before
GKRS (#=92) and at 3 (n=66), 6 (n=52) and 9 (n=41) months after GKRS. The course
of test performances, while taking into account practice effects, was analyzed using
linear mixed models. Pre-GKRS predictors of cognitive trajectories were analyzed. To
determine proportions of individuals with cognitive changes, reliable change indices,
with correction for practice effects, were calculated.

Results At the group level, immediate memory, working memory and information
processing speed significantly improved over 9 months after GKRS. There were
no cognitive declines. Neither number nor volume of brain metastases influenced
cognitive change over time. At the individual level, proportions of patients with
stable, improved or declined performances were comparable with controls, except
for information processing speed (more individuals with improvements in patients)
and motor dexterity (more improvements and declines in patients).

Conclusions Cognitive functioning in patients with 1 to 10 brain metastases was
preserved, or improved, up to 9 months after GKRS. Neither number nor volume of
brain metastases influenced cognitive performance.



Introduction

Life expectancy in patients with brain metastases (BM) is increasing due to
improvements in systemic treatments of the primary tumor. ' Already before BM
treatment, patients may suffer from cognitive impairments caused by an interplay of
factors, including the BM themselves, the primary tumor and its treatments, and the
patient’s functional status. ** These impairments often concern slow processing of
information and memory problems and may negatively affect daily functioning and
quality of life. ?

A review on the cognitive effects after stereotactic radiosurgery (SRS) concluded
that patients with BM experience little to no objective cognitive decline in the early
phase after SRS, followed by a trend towards improvement or stabilization up to 12
months after SRS. ° Furthermore, evaluation of individual cognitive changes after
SRS showed that in most patients with BM, cognitive functions remained stable for
at least 6 or 12 months after SRS. ¢7

In recent years, the total volume of BM has become a more prominent eligibility
criterion for SRS as opposed to the absolute number of BM. # Although the application
of SRS is rapidly expanding to patients with multiple (>4) BM, previous studies
on cognitive outcomes after SRS mostly included patients with a limited number
of BM (1-4). These studies found no association, based on univariate analyses and
uncorrected for multiple testing, between the number of BM and cognitive test
performance, whereas higher total BM volume was significantly associated with
worse attention, information processing and executive functions. *°

Cognitive outcomes after SRS in patients with more than 4 BM, as measured with
an objective neuropsychological test battery, have not been evaluated thus far.
Only one recent study, which used the Hopkins Verbal Learning Test as a single
neuropsychological test, reported on stable memory performance up to 12 months
after SRS in most patients with multiple (>10) BM. 7

Furthermore, none of the previous studies corrected for potential practice effects (i.e.,
improvements in performances due to familiarity with test items and test procedures
1010 "Practice effects should be taken into account to avoid a potential underestimation
of cognitive decline, even when using parallel/alternative versions of the same test. '

The aim of this study is to evaluate group and individual cognitive change, while
taking into account practice effects, in patients with 1-10 BM up to 9 months after
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Gamma Knife radiosurgery (GKRS). If cognitive functioning could be preserved at pre-
treatment level, this would suggest that GKRS does not cause additional cognitive decline.
In addition, potential predictors of cognitive performance over time were analyzed.

Methods

Cognition and Radiation-Study A (CAR-Study A; NCT02953756) is a prospective
observational study and was approved by the Medical Ethics Committee Brabant
(NL53472.028.15). We previously described baseline cognitive performances and health-
related quality of life (HRQOL), and the course of fatigue in this patient group. !>

Patients and procedures

Patients with 1 to 10 newly diagnosed BM (total volume <30 cm?®), Karnofsky
Performance Status (KPS) >70 and expected survival >3 months were recruited.
Additional eligibility criteria and procedures have previously been described. >'* A
baseline neuropsychological assessment (NPA), including neuropsychological tests
and questionnaires on symptoms of anxiety and depression, fatigue, and HRQOL,
was carried out in the morning before GKRS. Follow-up assessments, combined with
clinical follow-ups, were carried out 3, 6 and 9 months after GKRS. All patients gave
written informed consent before the first NPA.

Non-cancer controls and procedures

For normative purposes, non-cancer controls '*'* were recruited from the general
community and the broad network of the research group. Controls were selected to
be, as much as possible, comparable with the general population and our patient group
(frequency matching). Exclusion criteria included a (history of) cancer diagnosis or
severe cerebrovascular disease in the past 12 months. Follow-up assessments were
carried out at 3 and 6 months after the first NPA.

Treatment

GKRS was carried out with a Leksell Gamma Knife® ICON™ (Elekta Instruments
AB, Stockholm, Sweden). All patients received a dose of 18-25 Gy with 99- 100%
coverage of the target. Given the high conformity and selectivity of GKRS, organs at
risk (brainstem, optic nerves and chiasm) were only segmented and optimized in the
GKRS planning workflow when relevant. Dose limits for these organs were 18 Gy
for the brainstem and 8 Gy for the optic nerves and chiasm. No attempt was made to
delineate the hippocampus nor was there a dose limit set for the hippocampus.
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Measures

Sociodemographic and clinical characteristics were retrieved from patients’ medical
health records. Cognitive functioning was measured with a well-established battery
including six neuropsychological tests: Hopkins Verbal Learning Test-Revised
with six parallel versions (HVLT-R; immediate and delayed verbal memory and
recognition), Trail Making Test (TMT-A; psychomotor speed and TMT-B; cognitive
flexibility), Controlled Oral Word Association with two parallel versions (COWA;
word fluency), Wechsler Adult Intelligence Scale (WAIS) Digit Span (attention span
and working memory), WAIS Digit Symbol (information processing speed), and
Grooved Pegboard (GP; dominant and non-dominant hand dexterity). *'°

The total volumetric sum of contrast-enhancing BM was determined at baseline and
at 3, 6 and 9 months after GKRS, using T1-weighted, contrast-enhanced magnetic
resonance imaging (MRI) scans (1.5 mm slice thickness). A complete response was
defined as a disappearance of all BM (no longer visible). A partial response was defined
as a >65% decrease in total tumor volume and no new BM. Intracranial progression
was defined as a >73% increase in total tumor volume or new BM. Stable disease was

defined as no complete response, no partial response, and no intracranial progression. '¢

Statistical analyses
Statistical analyses were carried out with SPSS version 25, except for the linear mixed
models (LMMs) which were performed with R, version 3.6.1. 7

Independent samples t-tests and chi-squared tests were carried out to compare
characteristics of patients with and without at least one follow-up NPA. Kaplan-Meier
curves were used to analyze overall survival. Cognitive changes were determined between
baseline (pre-GKRS) and 9 months (T0-T9), and for three separate time intervals: baseline
and 3 months (T0-T3), 3 and 6 months (T3-T6), and 6 and 9 months (T6-T9).

Raw cognitive test scores were converted into sociodemographically adjusted z scores
based on data from our control group (including age, sex and education as covariates):
z score = Yo - Yp / SDresidual. Yo is the individual’s raw test score, Yp is the predicted
raw test score using regression-based formulae and SDresidual is de standard deviationof
the control group’s residual. '® For the TMT, the raw test score on TMT-A was entered
as a fourth predictor variable to calculate the z score on TMT-B (the interference
index TMT-B|A).

To correct for practice effects for the 3-, 6-, and 9-month follow-up data, patients’
post-GKRS z scores were calculated using the controls’ test scores at 3 months, as the
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strongest practice effects occur within this time interval. ' Except for the COWA,
as each of the two parallel versions has a different set of letters, we used the controls’
performance at 6 months to calculate post-GKRS z scores for patients at 6 months (a
comparison with the same set of letters). An impaired test performance was defined as
a z score <-1.50. * One-sample z-tests were used to compare mean cognitive function
of patients with controls at baseline and at 9 months.

We used the n/me package *' in R 7 to run 11 LMMs of the relationship between
performance on each cognitive test and time. To estimate model parameters, the
restricted maximum likelihood estimate (REML) method was used. The Akaike
Information Criterion (AIC) and Bayesian Information Criterion (BIC) were used
to estimate model fit. As random effects, the intercepts for the effect of cognition
were used. Random slopes were added for psychomotor speed only. The first-order
autoregressive covariance structure (AR1) at level 1 and a scaled identity matrix at
level 2 was used. Time was included as a categorical variable in subsequent models to
examine changes in cognitive functioning for the separate time intervals. These LMMs
were also used to examine the interaction effects between time and possible baseline
predictors of cognition. The following predictors, based on results from previous studies
414 were analyzed: KPS (low 70-80 versus high 90-100), systemic treatment before or at
time of GKRS (yes versus no), total volume of BM (small <4.8 cm?®, medium 4.8-12.6
cm?®, and large >12.6 cm?), and number of BM (1-3 versus 4-10 BM).

Reliable change indices (RCIs), reflecting change at the individual level in the
context of observed changes in the control group, correcting for measurement errors
(including practice effects) were calculated according to formula 10 by Maassen et al.
22 A change in test score from baseline to follow-up was considered reliable if it fell
outside of the 90% confidence interval, corresponding to RCI values above +1.645
(improved performance) or below -1.645 (declined performance). RCI values that did
not exceed these values were defined as “stable” (no significant change). At the test
level, numbers of patients with improved, stable, or declined cognitive performance
were then counted for each test at each time interval.

Patients were categorized, based on the RCls, into four categories: 1) “decline” (>2
declines and <1 improvement on any of the 11 test variables); 2) “improvement”
(>2 improvements and <I decline); 3) “both” (>2 declines and >2 improvements);
4) “stable” (<1 declines and <1 improvements). Chi-squared or Fisher exact tests
were conducted to compare the proportions of participants in each category between
patients and controls. For T0-T9 and T6-T9, the proportions of patients were compared
with the proportions of controls between TO-T6 and T3-T6, respectively.
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To control for the false discovery rate due to multiple testing, a corrected alpha, based
on the procedure of Benjamini-Hochberg 2, was used per hypothesis.

Results

Characteristics and compliance

In total, 92 patients and 104 controls were included (Table 1). Patients and controls
did not differ in sex, age, and education. Forty percent of patients had 4 to 10 BM. The
1-year survival rate was 48.9% and the median overall survival was 11.8 months. The
cognitive tests were completed by 66 of 76 (86.8%), 52 of 68 (76.5%), and 41 of 57
(71.9%) patients alive at 3, 6, and 9 months, respectively. Reasons for dropout, apart
from death (n=24), were: NPA was considered too burdensome (n=13), no follow-
up MRI-scan as it was not clinically meaningful due to poor neurological/physical
condition (n=12) and follow-up elsewhere (n=2). Of the 66 patients with at least one
follow-up, 34 patients (51.5%) had intracranial progression (in 18 patients due to new
lesions only; 52.9%), 15 patients (22.7%) had a partial or complete response, and 17
patients (25.8%) had stable disease between time of treatment and last follow-up.
Clinical characteristics did not significantly differ between patients with or without
follow-up. Patients without (n=26) versus patients with at least one follow-up NPA
(n=66) had shorter survival (2.7 versus 17.1 months, p <.001).

Cognitive status at baseline and at 9 months - Group and Individual level
At baseline, patients performed significantly worse on all tests compared with controls
(p <.05; range mean z scores: -0.21 to -1.63; supplementary Table 1 summarizes
the mean z scores). The lowest mean scores were found for non-dominant hand
dexterity, cognitive flexibility and information processing speed. At 9 months after
GKRS, patients performed significantly worse than controls on seven of 11 tests,
(p <.03; range mean z scores: -0.49 to -1.40). The lowest performances were found
for dominant and non-dominant hand dexterity, information processing speed and
psychomotor speed. Mean cognitive test performances were comparable for patients
with or without intracranial progression at 3 (n=14 versus n=52), 6 (n=17 versus n=35)
and 9 months (n=17 versus n=24) after GKRS (data not shown). At the individual
level, significantly more patients had impaired performances than controls: at baseline
for nine (15.2-55.3%) of 11 tests (p <.04), and at 9 months for seven (22.0-32.4%)
of 11 tests (p <.03; supplementary Table 2 summarizes the percentages of impaired
performances for patients and controls).

I-h



104 | Chapter 4

Table 1. Characteristics

No. of patients No. of controls Patients with Patients without
included at included at >1follow-up NPA follow-up NPA
baseline (%) baseline (%) (%) (%)

Number of participants 92 (100) 104 (100) 66 (72) 26 (28)

Sex, male 47 (51) 50 (48) 31(47) 16 (62)

Age in years, mean+SD
(range)

62410 (31-80)

60+10 (31-87)

6249 (31-80)

61+11 (39-76)

Educational level *
Low 28 (30) 25 (24) 16 (24) 12 (46)
Middle 37 (40) 33(32) 30 (46) 7(27)
High 27 (29) 46 (44) 20 (30) 7 (27)
KPS
70-80 33 (36) NA 21(32) 12, (46)
90-100 59 (64) 45 (68) 14 (54)
GPA
Class 2 15 (16) NA 13 (20) 2.(8)
Class 3 60 (65) 41(62) 19 (73)
Class 4 17 (19) 12 (18) 5(19)
Number of BM
1-3 55 (60) NA 42.(64) 13 (50)
4-10 37 (40) 24 (36) 13 (50)
Total volume of BM,
median (range) be 5.6 (.02-31.1) NA 5.9 (.02-31.1) 5.3 (.04-31.0)
Small (<4.8 cm?) 40 (44) 28 (42) 12, (46)
Middle (4.8-12.6 cm®) 25 (27) 17 (26) 8 (31)
Large (>12.6 cm?) 27 (29) 21(32) 6(23)
Primary tumor
Lung 55 (60) NA 40 (61) 15 (58)
Renal 15 (16) 11 (17) 4(15)
Melanoma 12 (13) 7(11) 5(19)
Other 10 (11) 8 (12) 2.(8)
Systemic therapy ¢
No 39 (42) NA 28 (42) 15 (58)
Yes 53 (58) 38(58) 11 (42)
Chemotherapy © 37 (40) 28 (42) 9 (35)
Median overall survival
(months), 11.8 NA 17.1 2.7
(95% confidence interval) (8.6t015.0)f (10.5t0 23.7) ¢ (1.7t03.7)"

BM, brain metastases; KPS, Karnofsky performance scale; GPA, graded prognostic assessment; NA, not
applicable NPA, neuropsychological assessment; SD, standard deviation * Educational level (Verhage *;

7 levels): Low = 1-4, Middle = 5, High = 6-7 "Total volume of BM by patient (one patient had a total tumor
volume of 31.3cm?® on the planning MRI scan) ¢ 19 of 92 (21%) of patients had a total BM volume >15¢cm? ¢
Before or at time of GKRS ¢Alone only or in combination with other systemic therapies f27 patients
censored (29.3%) £25 patients censored (37.9%) "2 patients censored (7.7%) Percentages may not add up to

100% due to rounding
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Change in cognitive performance — Group level

Over 9 months, cognitive performance remained stable, except for significant
improvements in immediate memory, working memory and information processing
speed. More specifically, working memory improved significantly between baseline
and 3 months, and information processing speed improved significantly between 3
and 6 months. Although verbal recognition and verbal fluency did not change over
9 months, verbal recognition improved significantly between 3 and 6 months and
decreased significantly between 6 and 9 months; the reverse was observed for verbal
fluency (first decrease, and then improvement) (Table 2).

Table 2. Course of cognitive functioning in patients with brain metastases after GKRS

Time Slope To-T9 Interval  Interval Interval
To-T3 T3-T6 Té6-T9

Beta (SE) F-value P : Beta (SE) Beta(SE) Beta(SE)
Immediate verbal memory 0.16 (0.1) 7.282 .008 0.28(0.1) 0.09(0.1) 0.08(0.2)
Delayed verbal memory -0.01(0.0) 0.022 .883 0.09(0.1) -0.04(0.1) -0.09 (0.2)
Verbal recognition 0.09 (0.1) 3.224 .075 0.13(0.1) 0.52(0.2) -0.62(0.2)
Psychomotor speed -0.04(0.1)  0.202 654 -0.38(0.2) 0.14(0.2) 0.17(0.2)
Cognitive flexibility 0.23 (0.1) 3.358 .069 0.57(0.3) 0.25(0.3) -0.27(0.3)
Verbal fluency -0.08(0.0)  3.479 .064 -0.12(0.1) -0.32(0.1) 0.33(0.1)
Attention span -0.04(0.0) 1.590 .209 -0.14 (0.1) ©0.09(0.1) -0.11(0.1)
Working memory 0.22(0.1) 19.295 <.001 0.52(0.1) 0.08(0.1) 0.03(0.2)
Information processing speed ~ 0.17(0.0) 15.333 <001 0.2(0.1) 0.33(0.1) ©0.00(0.1)
Dominant hand dexterity 0.06(0.1) 0.277 .600 0.27(0.2) 0.20(0.3) -0.42(0.3)
Non-Dominant hand dexterity  0.04 (0.1) 0.230 .633 0.13(0.2) 0.24(0.2) -0.38(0.3)

GKRS, Gamma Knife radiosurgery; SE, standard error Corrected alphas, using the Benjamini-Hochberg
2 procedure, were 0.014 for the overall models (time slope To-T9), 0.033 for the time intervals of verbal
recognition and verbal fluency, and 0.017 for the time intervals of the other cognitive tests. Bold type
indicates statistical significance. To = baseline, T3, T6, T9 = 3, 6, 9 months.
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verbal verbal speed flexibility memory processing hand dexterityhand dexterity
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m Decline = Stable mImprovement

Figure 1. Individual cognitive changes at the test level over 9 months after GKRS (T0-T9; n=36-41)
Bold text indicates a statistically significant difference in the proportions of patients and controls with
declined, stable or improved performance (+/- indicates that the percentage is significantly higher (+) or
lower (-) in patients compared with controls)

90%
73%

63% 65% .
60% m Decline
m Improvement
39% uBoth
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m Stable
30%
* o 21% 21% 24%
0, 0,
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Figure 2. Reliable cognitive changes after GKRS at the individual patient level

Patient level categories: 1) “decline” (>2 declines and <1 improvement on any of the 11 test variables);
2) “improvement” (>2 improvements and <1 decline); 3) “both” (>2 declines and >2 improvements); 4)
“stable” (<1 decline and <1 improvement). Bold text indicates a statistically significant difference in the
proportions of patients and controls with declined, stable or improved performance (+/- indicates that the
percentages were significantly higher (+) or lower (-) in patients compared to controls)
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Predictors of cognitive performance over time — Group level

Patients with low (versus high) KPS had significantly more improvement over time
in verbal recognition. No other significant predictors were found. Neither number nor
volume of BM influenced cognitive performance over time (Supplementary Table 3
shows the LLM results for the baseline predictors of cognitive performances over time).

Individual change in cognitive performance — Test level

Although the proportions of patients with declined, stable or improved performance at
test level fluctuated across the time intervals, there were no significant differences in
proportions between patients and controls, except for information processing speed,
and dominant and non-dominant hand dexterity (Figure 1 and Supplementary Tables
4 and 5, which summarize the individual cognitive changes in patients and controls,
respectively). For information processing speed, over 9 months, and especially in the
first 3 months post-GKRS, significantly more patients (versus controls) had improved
performance (24.3% and 11.7%), and significantly fewer patients had stable scores
(70.3% and 81.7%). For dominant hand dexterity, significantly more patients had
declined (16.4%) or improved (18.0%) performance in the first 3 months only. For
non-dominant hand dexterity, significantly more patients had declined (24.4%) or
improved (26.8%) performance over 9 months.

Individual change in cognitive performance — Patient level

Over 9 months, test performance remained stable in 39.4% of patients and improved
in 33.3% of patients; 21.2% of patients showed a decline and 6.1% of patients had
both improvements and declines (Figure 2). Compared with controls, significantly
fewer patients had stable performance (39.4% versus 77.0%) and more patients
showed an improvement in test performance (33.3% versus 13.1%). Regarding the
separate time intervals, 63.5-73.3% of the patients had stable test performances and
15.4-23.5% of patients had declined test performances. Improved performances were
found in 11.1-21.2% of patients (no patients were categorized as ‘both’; Figure 2).
There were no significant differences in the proportions of patients and controls with
declined, stable or improved test performances (p-values >.14; data not shown).

I-h
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Discussion

In this study, we evaluated group and individual level cognitive performance,
corrected for practice effects, up to 9 months after GKRS in patients with up to 10
BM. Already at baseline, mean performances were worse in patients on all cognitive
tests compared with controls, and at the individual level, percentages of impairment
were significantly higher for most tests.

Over 9 months after GKRS, patients’ performances improved for immediate verbal
memory, working memory and information processing speed. Performances on
all other measures remained stable. Previous studies showed little to no objective
cognitive decline after SRS in patients with 1 up to 4 BM. **** Compared with our
study, these studies had shorter follow-up and/or smaller patient samples at follow-
up. None of the previous studies on cognitive functioning in patients with BM
after SRS took practice effects into account °, which could have led to a potential
underestimation of cognitive decline. '*!" In our study, with correction for practice
effects, still no decline in group performances over 9 months were found in patients
with 1 to 10 BM. However, analyses of the separate time intervals showed both
cognitive improvements and declines. This indicates that although the overall course
remained stable up to 9 months after GKRS, fluctuations in test performances at group
level do occur within the intervals.

Baseline KPS influenced change in test performance for one of 11 tests (more
improvement over time in verbal recognition in patients with lower baseline KPS).
In line with previous studies ¢, the number of BM did not influence cognitive change
over time in multivariate analyses. Neither did we find a statistically significant
association between BM volume and change in cognitive performance. This is in
contrast with previous studies based on univariate analyses that found significant
negative associations between total BM volume and attention, information processing
and executive functions. *°

In accordance with the results at group level, and with van der Meer et al. ¢, for
most patients, both at the patient level and at the test level, cognitive functioning
remained stable or improved over 9 months after GKRS, except for non-dominant
hand dexterity. Performance on non-dominant hand dexterity, a measure that was not
included in the study of van der Meer et al. ®, varied considerably at the individual
level: there were significantly more improvements as well as more declines in patients
as compared with controls. The individual variations in motor dexterity were not
reflected in our group-level results. This underlines the importance of individual-level
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analyses in addition to group-level analyses as the latter can mask individual cognitive
changes. Regarding the separate time intervals, no significant differences were
found between patients and controls in proportions of change except for information
processing speed (more improvement in patients) and dominant hand dexterity (more
improvement and decline in patients) during the first 3 months after GKRS.

At 9 months, performances on most tests, except for the memory tasks (including
working memory), were still significantly below the normative mean of non-cancer
controls. The lowest performances were found for psychomotor speed, information
processing speed, and dominant and non-dominant hand dexterity. Also, frequencies
of impairment were significantly higher in patients than in controls for most tests.
These frequencies were highest for cognitive flexibility, information processing speed
and dominant hand dexterity. This illustrates the persistent character of cognitive
impairments that were already present before BM treatment. The impairments in
dominant hand dexterity may have negatively influenced performance on the other
cognitive tasks (such as the TMT and Digit Symbol) with high motor demands * and
may partially explain the impaired performance on psychomotor speed, cognitive
flexibility and information processing. In addition, chemotherapy and certain targeted
therapies can cause peripheral neuropathy in some patients ¢, which may also partially
explain the impaired performance on these tasks with motor output.

Cognitive impairments may seriously worsen the ability to carry out everyday life
activities and impair patients’ quality of life. Patients may encounter difficulties
with processing (new) information, switching between tasks, remembering new
information, performing adequate movements appropriate to a certain task, and with
the ability to reason through medical treatment decisions. 2 Additionally, patients
may experience time pressure, and over-stimulation, which makes it harder to engage
in, and enjoy, social interactions with others. These difficulties may also increase
the caregiver burden. *® Cognitive interventions, such as rehabilitation programs %,
may improve the quality of life/survival in these patients, especially for subgroups of
patients with BM who have a longer life expectancy.

This study has limitations to consider. We included a heterogeneous study sample
of patients with BM originating from different primary cancers. The study sample
as a whole is, however, representative for the group of patients with BM that is
generally treated with GKRS. Patients who were willing and able to participate in
this study may have been more resilient compared with non-participating patients
and consequently may have performed better than non- participating patients.
Moreover, although mean differences in baseline test performances and clinical
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characteristics between patients with and those without follow-up assessments were
not statistically significant, it is likely that patients who completed the assessment
at 9 months were the ‘better performing’ patients in terms of functional status and
cognitive functioning. Additionally, the NPA was administered in the morning before
treatment and at clinical follow-ups (including MRI scan and consult), during which
patients may have experienced anxiety or depression. However, although patients had
elevated levels of anxiety and depression, we found no evidence for a direct effect
of anxiety and depression on cognitive test performance at baseline. '* This is in
line with a study by Gerstenecker et al. **in patients with BM and suggests that both
anxiety and depression may not be primary contributors for cognitive impairment in
these patients. '*3° Furthermore, despite the correction for practice effects and the
use of parallel versions, an additional practice effect may have occurred at 9 months
because these patients may have been even more familiarized with the tests and the
test procedures compared with the assessments at 3 or 6 months.

To conclude, up to 9 months after initial GKRS, both at the group and individual level,
most patients with 1 to 10 BM showed preserved or improved cognitive functioning.
This suggests that GKRS does not cause additional cognitive damage. Neither number
nor volume of BM influenced cognitive performance.
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Abstract

Background Gamma Knife radiosurgery (GKRS) is increasingly applied in patients
with multiple brain metastases and is expected to have less adverse effects in
cognitive functioning than whole brain radiation therapy (WBRT). Effective treatment
with the least negative cognitive side effects is increasingly becoming important,
as more patients with brain metastases live longer due to more and better systemic
treatment options. There are no published randomized trials yet directly comparing
GKRS to WBRT in patients with multiple brain metastases that include objective
neuropsychological testing.

Methods CAR-Study B (ClinicalTrials.gov registration number NCT02953717; The
Netherlands Trials Register number NTR5463) is a prospective randomised trial
comparing cognitive outcome after GKRS or WBRT in adult patients with 11-20
newly diagnosed brain metastases on a contrast-enhanced MRI-scan, KPS >70 and
life expectancy of at least 3 months. Randomisation by the method of minimization,
is stratified by the cumulative tumor volume in the brain, systemic treatment, KPS,
histology, baseline cognitive functioning and age. The primary endpoint is the
between-group difference in the percentage of patients with significant memory
decline at 3 months.

Secondary endpoints include overall survival, local control, development of new
brain metastases, cognitive functioning over time, quality of life, depression, anxiety,
and fatigue. Cognitive functioning is assessed by a standardized neuropsychological
test battery.

Assessments (cognitive testing, questionnaires, and MRI-scans) are scheduled at
baseline and at 3, 6, 9, 12 and 15 months after treatment.

Conclusions Knowledge gained from this trial may be used to inform individual
patients with BM more precisely about the cognitive effects they can expect from
treatment, and to assist both doctors and patients in making (shared) individual
treatment decisions. This trial is currently recruiting. Target accrual: 23 patients at
3-months follow-up in both groups.
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Introduction

Brain metastases (BM) are the most common tumors in the central nervous system,
and account for 20% of cancer deaths each year. ! Twenty to 40% of all cancer patients
develop one or multiple BM during their illness. * If left untreated, these patients display
a median survival of only one or two months. 3* Most BM originate from lung, breast,
skin, kidney, gastrointestinal tract, lymphoma, and prostate. *¢ The incidence of BM is
thought to be rising as a result of the growing elderly population and advances in cancer
treatments which prolong life, allowing for BM to develop. %71

Most patients with BM already have cognitive deficits prior to BM treatment due to
the BM itself, epilepsy or medication use (i.c., corticosteroids, anti-epileptic drugs,
chemotherapy, other systemic therapies). ''"'* Whole brain radiation therapy (WBRT)
has long been the mainstay of treatment for patients with BM. %15 However, its use has
decreased in recent years due to advances in radiation technology and growing concerns
regarding the often-persistent adverse effects after 6-24 months on cognitive function
(e.g., memory, attention and concentration impairments as measured with objective
neuropsychological tests). *!¢!® Meanwhile, treatment has diversified, and stereotactic
radiosurgery (SRS) is increasingly employed in the management of (multiple) BM to
spare healthy tissue and thereby aiming to prevent cognitive side effects. 1612

Due to increased efficacy of systemic cancer treatments, there is a growing number
of patients with BM that live long enough (i.e., >6 months) to experience radiation-
induced brain injury, including cognitive decline. ?'*> Because cognitive functions are
essential for our daily social, occupational and personal life, and are related to therapy
compliance and quality of life in general, a full understanding of the cognitive side
effects of radiotherapy is essential.

Traditionally, radiation-induced brain injury is divided into three categories: acute, early
delayed, and late delayed. 2-»* Acute and early delayed injury (after 1-6 months) are
thought to be of a transient nature. Late delayed injury (after 6-24 months) on the other
hand is usually more severe and irreversible. Patients with late delayed effects most
often exhibit progressive impairments in memory, visual motor processing, problem
solving ability, and attention, all of which can be very debilitating in daily life. It has
been demonstrated that the extent of delayed cognitive impairment correlates positively
with the total dose received and with the time-dose-fractionation scheme. '>'¢

Radiation-induced brain injury can result from direct neurotoxic effects or indirectly
through metabolic abnormalities, microvascular changes, enhanced cytokine gene

IUI
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expression, persistent oxidative stress and inflammatory processes. >*??7 In addition,
radiation therapy may, disrupt hippocampal neurogenesis, which may, in turn,
negatively affect memory and learning functions. 2%

Among patients with 1-4 BM, the use of SRS has received widespread acceptance
and is supported by prospective data. '** In addition, SRS has been proven effective
as the initial treatment option for patients with multiple BM: Mostly for patients with
5-10 BM, but also for patients with >10 BM and even for patients with >20 BM. 3"
37 Yamamoto and colleagues conducted a case-matched study comparing treatment
results after SRS for patients with 2-9 versus >10 BM. Approximately 90% of all
patients died of extracranial disease, regardless of the number of BM. Survival times
did not differ significantly between groups. It was concluded that these carefully
selected patients with >10 BM (controlled primary cancer, no extracerebral BM, better
KPS scores, and higher RPA class) might be favorable candidates for SRS alone. 3*

Additionally, according to the US guideline on BM there is growing evidence
suggesting that the total tumor volume in the brain is a better selection criterion for
SRS than the number of BM. ** Accordingly, guidelines no longer specify an upper
limit for the number of brain metastases. **3°

In comparison to WBRT, SRS has the better ability to spare healthy tissue because of
the high level of precision and the quick dose fall-off. Therefore, treatment with SRS
is expected to cause fewer cognitive side effects than WBRT. However, there are no
published trials yet directly comparing SRS alone versus WBRT alone, that include
objective neuropsychological testing. This prospective randomized study (CAR-Study
B) will yield information on which treatment modality, Gamma Knife radiosurgery (a
form of SRS) or WBRT, best preserves cognitive function in patients with 11-20 BM, as
assessed with reliable and valid neuropsychological tests. These tests are recommended
by the International Cognition and Cancer Taskforce (ICCTF). 4 Knowledge gained
from this trial may possibly change clinical practice and international guidelines on BM.

This randomised trial is one of the two Cognition and Radiation studies (The CAR-
Studies: CAR-Study A and B). CAR-Study A is a longitudinal trial assessing cognitive
functions after Gamma Knife radiosurgery (GKRS) alone in patients with 1-10 BM
(Clinicaltrials.gov identifier: NCT02953756).

Objectives
CAR-Study B aims to assess, in a randomised design, change in cognitive performance
after treatment with either GKRS or WBRT in patients with multiple (11-20) BM.
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The primary objective is to determine the between-group difference in the
percentages of patients with significant cognitive decline at 3 months after treatment
as assessed by the Hopkins Verbal Learning Test-Revised (a memory task). The
primary hypothesis is that the percentage of patients with reliable cognitive decline
at 3 months will be significantly higher after treatment with WBRT in comparison to
GKRS, in patients with 11-20 newly diagnosed BM.

Secondary outcome measures
*  Cognitive functioning over time (max 15 months)
e Overall survival
*  Local control
*  Development of new BM
« Patient Reported Outcomes (PROs)
» Fatigue
*  Depression and anxiety
*  Quality of life

Methods

Trial Design

CAR-Study B is a two-arm randomised trial. Adult cancer patients (n=46), with 11-
20 BM, Karnofsky Performance Status (KPS) >70 and a life expectancy of at least 3
months, are screened for inclusion and exclusion criteria (Table 1) by the radiation-
oncologist. Eligible patients are invited for study participation at their first visit at the
Gamma Knife Centre. During this first consultation, patients receive an information
letter about the study and its procedures.

After signing a written informed consent statement, co-signed by the principal
investigator or a formally delegated authorized person, a baseline neuropsychological
assessment (NPA) is performed. Subsequently, patients are randomised by the method
of minimization 1:1 to either GKRS (n=23) or WBRT (n=23). The trial schema and
randomisation factors are shown in Figure 1. The trial has been approved by the local
medical ethics review committee (METC Brabant, The Netherlands). Patients from both
arms are followed up at 3, 6, 9, 12 and 15 months after treatment. High rates of attrition
and noncompliance are very common in trials in patients with metastatic disease. '**' In
an attempt to maximize patient comfort and convenience, the administration of the test
battery and additional questionnaires is combined with usual care clinical visits on site
(3-monthly contrast MRI-scans and consult with the radiation-oncologist).

IUI
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In both groups, chemotherapy is administered at the discretion of the primary physician
and recorded by the research team. Type and duration of systemic therapy, use of
steroids and other medication are accurately monitored and registered. Treatment side
effects for both arms are recorded according to the National Cancer Institute Common
Terminology Criteria for Adverse Events (CTCAE version 4). Patients in both treatment
arms may receive additional GKRS or WBRT, or salvage surgery when recurrences
occur at any one of successive follow-ups; these additional treatments are recorded.

Figure 1. Trial Flow

Randomisation

GKRS
1x18-25Gy

Stratification by:

* Cumulative tumour volume
in the brain

* Histology

* Systemic treatment

' _Consult. ) 3-monthly

Follow-ups

Neuropsychological
assessment (NPA)

 Triple dose MRI-scan
showing 11-20 BM

o Eligibility confirmed * KPS

o Informed consent * Systemic disease status

* Age

* Baseline memory score

* NPA
* MRI-scan

WBRT * Consult

5x4 Gy

Participants
Patients who meet the inclusion and exclusion criteria (Table 1) are eligible for the
study. It is projected to include 46 patients.

Setting
Gamma Knife Centre Tilburg, Department of Neurosurgery, Elisabeth-TweeSteden
hospital, The Netherlands.

Interventions

Gamma Knife Radiosurgery (GKRS)

GKRS is performed with a Leksell Gamma Knife® ICON, Elekta Instruments, AB.
Depending upon the volume and location, a dose of 18-25 Gy is prescribed with 99-
100% coverage of the target. Dose limits for organs at risk are as follows: brainstem:
18 Gy, optic chiasm, or optic nerves: 8-10 Gy.

Whole Brain Radiation Therapy (WBRT)

Dose and fractionation scheme will be at the discretion of the treating radiation
oncologist (in a tertiary referral hospital dedicated to radiotherapeutic oncology),
though most commonly used dose and fractionation schemes are 20 Gy in 5 fractions
of 4 Gy (standard schedule in Europe) and 30 Gy in 10 fractions of 3 Gy (occasionally
used schedule).
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Inclusion criteria

Exclusion criteria

- Histologically proven malignant cancer

+ Gadolinium-enhanced volumetric MRI-scan
showing 11-20 newly diagnosed BM

- Cumulative tumour volume in the brain <30 cm?

+ Lesion >3 mm from the optic apparatus

- Patient age >18 years

- Karnofsky Performance Status >70

« Anticipated survival >3 months

. Patient informed consent obtained (verifying
that patients are aware of the investigational
nature of this study)

- Patients can be undergoing concurrent
systemic therapy at the discretion of their
treating oncologist

Primary brain tumor
A second active primary tumor
Small cell lung cancer, lymphoma, leukemia,
meningeal disease
Prior brain treatment (radiation/surgery)
Upfront planned surgery after GKRS
History of a significant neurological or
psychiatric disorder
Participation in a concurrent study in which
neuropsychological or quality of life assessments
are involved
Underlying medical condition precluding
adequate follow-up
Patients unable to complete test battery due to
any of the following reasons:

. Lack of basic proficiency in Dutch

- IQ<8s

«  Severe aphasia

. Paralysis grade 0-3 (MRC scale)

. Severe visual problems

Neuropsychological assessment and patient-reported outcomes

A reliable, valid neuropsychological test battery (Table 2) is used to assess cognitive

functioning 404243

and is administered by a trained neuropsychologist. In addition,

measures of patient-reported outcomes (PROs) are used to assess anxiety and

depression, quality of life and fatigue (Table 2). The total time for neuropsychological

test administration, including assessment of PROs, ranges from approximately 60 to

90 minutes.

Assessment of outcome

Primary endpoint

The primary endpoint is the between-group difference in the percentages of patients

with significant memory decline at 3 months after treatment. Memory decline is

defined as a 5-point decrease from baseline in HVLT-R Total Recall score, based on

a reliable change index (RCI). * This definition is based on the result reported by

Chang et al. in 2009.

IUI
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Secondary endpoints

» Differences in percentages of patients with a >5-point decrease in HVLT-R total
recall between treatment arms are evaluated at 6, 9, 12 and 15 months as is done
for the primary endpoint at 3 months

e Group mean scores for all neuropsychological tests and questionnaires are
determined for both treatment arms at baseline, 3, 6, 9, 12 and 15 months

» Percentages of patients with cognitive impairment are determined at baseline, 3,
6,9, 12 and 15 months

*  Overall survival is calculated as the time from the first day of treatment to date
of death

*  The RANO-BM criteria *¢ (Response Assessment in Neuro-Oncology Brain
Metastases) are used to determine local and distant tumour control

Randomisation

A software package (ALEA®) is used to support the online patient registration
and randomisation, which is based on the minimization method. *” Groups are
balanced on various prognostic factors. This method has been proven to provide
more balanced groups in smaller trials when compared with both restricted (stratified)
and unrestricted (simple) randomisation and is able to incorporate more prognostic
factors. 4’** The Dutch Cancer Institute provides access to the online minimization
program. * Eligible patients are assigned in 1:1 to either GKRS or WBRT. Prognostic
factors included in the minimization algorithm are:

e Cumulative tumour volume in the brain (<10 cm?® vs. >10 cm?)

* Histology (lung vs. other)

e Any systemic treatment (yes vs. no)

»  Karnofsky Performance Status (70-80 vs. 90-100)

e Age (18-59 vs. 60 and over)

e Baseline HVLT-R (<17 vs. 18-27 vs. >28, based on the trial by Chang et al., 2009)

Statistical Methods

The Bayesian power analysis and interim analyses are based on the randomised trial
by Chang and colleagues. ¥ An independent statistician will do interim monitoring of
this trial using Bayesian statistical methods. 3'** Each patient’s HVLT-R total recall
score recorded at 3 months is assigned a binary outcome: A decline in the total recall
score of 5 points or greater compared with baseline will be considered a failure (0).
A stable or improved score, or a decline of 4 points or less compared with baseline
will be considered a success (1). The failure rate for treatment & is designated gk.
The prior failure rates for both treatment groups will be modelled as Beta(2.09,
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2.91)-distributions, with a mean of 0.42 for both groups (for details see Appendix
A). During the trial, stopping rules specify that in the case of a probability greater
than 0.975 for the event that the failure rate of one treatment group is higher than
the failure rate of the other treatment group, we will stop randomising patients to
that treatment-arm. In this case, the study is terminated prematurely, and the central
research question will be answered. If the effect sizes are comparable to earlier
accounts in the literature (following Chang et al. an effect size of 0.30 is expected),
the early stopping rule will likely come into effect when 46 patients are enrolled (23
patients at 3-months follow-up in both groups; Appendix A).

Group analyses are carried out on an intent-to-treat principle. Raw cognitive test
scores are compared with published normative values according to age (and, if
available, to education) and converted into standardized scores. Cognitive impairment
is defined as test performance at or below -1.5 SD from the normative mean. %
Reliable change indices (RCI), reflecting change at the individual level in the context
of observed changes based on published normative data, correcting for measurement
errors are calculated, since group results may mask the variability in individual
responses to the intervention. * Number of patients, who have improved versus the
number of patients who remained stable, or declined, will be counted for all follow-up
assessments. These will be compared over conditions with chi-squared tests.

Repeated measures analysis of variance with adjustment for potential confounders will
be used, comparing subsequent follow-ups to baseline to assess cognitive change of
group means over time and across treatment arms. These analyses are similar to those
of the study of Chang et al. in which an identical cognitive endpoint was formulated. +

Missing data, if not too many, will be explicitly or implicitly (dependent on the
statistical technique of choice) imputed to facilitate intention-to-treat analysis.
Multiple imputation may be used for explicit imputation of missing values.
Alternatively, we may use linear mixed models that implicitly deal with missing data
under the assumption of missing at random.

Type and duration of systemic therapy and medication use will be taken into account
if necessary.

Operational considerations
In case of new intracranial tumour activity, patients in both treatment arms may receive
additional WBRT or GKRS at the discretion of the treating radiation-oncologist.

S
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Table 2. Neuropsychological test battery and patient-reported outcomes

Cognitive Domain Cognitive Test

Verbal memory Hopkins Verbal Learning Test-Revised (HVLT-R)

Cognitive flexibility Trail Making Test B (TMT B)

Word Fluency Controlled Oral Word Association (COWA)

Working memory Wechsler Adult Intelligence Scale - Digit Span

Processing speed Wechsler Adult Intelligence Scale - Digit Symbol

Motor dexterity Grooved Pegboard (GP)

Patient Reported Outcomes Questionnaire

Quality of life Functional Assessment of Cancer Therapy-Brain
(FACT-Br)*

- Physical well-being (PWB)

- Functional well-being (FWB)
- Social well-being (SWB)

- Emotional well-being (EWB)

« Brain Cancer Subscale (BRCS)

Fatigue Multidimensional Fatigue Inventory (MFI)*
+ General fatigue
+ Reduced motivation
- Physical fatigue
« Mental fatigue
« Reduced activity

Anxiety and depression Hospital Anxiety and Depression Scale (HADS)®
« Anxiety
« Depression

*Published normative data of FACT-Br and MFI are used for the interpretation of quality of life and fatigue
scores ¢
® A cut-off point >8 is used to indicate symptoms of depression or anxiety *’

Discussion

Over the past decade, the management of patients with brain metastases has changed
substantially. WBRT has long been the mainstay of treatment, especially in patients
with more than 3 or 4 brain metastases. However, increasingly more patients with
brain metastases are treated with SRS. SRS is well established in patients with
a limited number of brain metastases (1-4) and research on SRS in patients with
multiple (>4) brain metastases is growing steadily. According to the American Society
for Radiation Oncology (ASTRO) and the National Comprehensive Cancer Network
Clinical Practice Guidelines in Oncology (NCCN) there now is growing evidence
suggesting that the cumulative volume of the brain metastases, rather than the number
of brain metastases, is a better selection criterion for SRS. Accordingly, the NCCN
guideline no longer specifies an upper limit for the number of brain metastases. 3%

In addition, concerns about the potential late adverse effects of WBRT on cognitive
function has led to decreased use of (adjuvant) WBRT. Compared to WBRT, SRS has
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a better ability to spare healthy tissue because of the high level of precision and quick
dose fall-off. Therefore, few(er) negative cognitive side-effects could be expected
after treatment with SRS.

Cognitive functions are essential to our daily functioning and quality of life.
Since more patients with brain metastases live longer after treatment, reducing or
preventing (late) cognitive side effects is of great importance. CAR-Study B will
yield information on which treatment modality, GKRS or WBRT, best preserves
cognitive functions and quality of life of these patients. In addition to survival and
tumour related outcomes, CAR-Study B measures relevant clinical outcomes, such as
depression, anxiety and fatigue which are important psychological factors that may
influence cognitive functioning. 3* Together with other trials, CAR-Study B may help
diminish the controversy about the role of SRS versus WBRT in the management of
multiple BM.

We chose the 3-months primary endpoint because early effects of radiation on
cognition, albeit mostly transient, can negatively affect patients’ quality of life.
Moreover, at this point in time we will be able to assess cognitive function in as many
of the patients enrolled, maintaining the highest possible statistical power.

The more persistent late delayed effects of radiation on cognitive functioning become
apparent 6-12 months after treatment ** and may be most disruptive for patients’
quality of life. For this reason, we have also included long-term assessments in
our design. Information on test performance in long-term survivors is essential for
complete comprehension of the course of cognitive functions over time, even though
many of the enrolled patients may have deceased at this point in the study.

This study may be highly relevant in clinical decision-making; knowledge gained
from this trial may possibly change clinical practice and international guidelines
on BM. For example, thus far in the Netherlands, the standard of care for patients
with multiple brain metastases (>4) has remained WBRT. Ultimately, the purpose of
CAR-Study B is to inform patients and doctors which treatment modality, GKRS or
WBRT, best preserves cognitive functions and quality of life. This will enable patients
and doctors to make shared treatment decisions grounded on scientific evidence and
consequently maximize the clinical outcome of each individual patient.

Acknowledgments: The authors would like to thank Dr. Ir. Joris Mulder and Prof. Dr.
Maurits Kaptein from the department of Methodology and Statistics at Tilburg University,
the Netherlands, for performing the power analysis based on Bayesian statistical methods.
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Appendix A.

For the Bayesian stopping rule, a weakly informative prior is employed with
Beta(2.09,2.91)-distributions for both treatment groups. This prior contains the same
amount of information as the prior of Chang et al. (2009). Furthermore, the prior
mean is equal to 0.42 which is the sample average of the failure rates based on the
results of Chang et al. The prior is displayed in Figure 2. The trial is terminated
prematurely when the probability of the event that the failure rate of one treatment
group, as computed under the Bayesian model, is higher than the failure rate of the
other treatment group is greater than 0.975. Following Chang et al. an effect size
of 0.30 is expected. A power analysis of the Bayesian stopping rule revealed the
expected Bayesian probability as a function of the sample size n (Figure 3). The
figure shows that for n=46 (23 patients in each group) and using a 0.3 effect size, it is
expected that there is a 0.975 probability that the failure rate of WBRT treatment as
found in the study is larger than the failure rate of GKRS treatment. Hence, we deem
early stopping relatively likely if the effect sizes are comparable to earlier accounts
in the literature.

Density

0.0 0.2 04 0.6 0.8 1.0
Event probability

Figure 2. Prior distributions for failure rates of both groups, with prior mean 0.42.
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Abstract

Background Both stereotactic radiosurgery (SRS) and whole brain radiation therapy
(WBRT) have proven to be effective treatments for multiple brain metastases (BM) with
similar overall survival. Cognition and Radiation (CAR) Study B is a randomized trial
on the effect of Gamma Knife radiosurgery (GKRS) or WBRT on cognitive performance
in patients with 11-20 BM. The primary and secondary aim of this interim analysis were
to check whether Bayesian stopping rules for cognitive failure were met, and to compare
cognitive changes after treatment respectively, for the first 45 patients enrolled.

Methods Patients with 11-20 newly diagnosed BM on a triple-dose contrast-enhanced
MRI-scan, expected survival >3 months and Karnofsky Performance Status (KPS)
>70, were stratified by age, histology, total BM volume, systemic treatment, KPS, and
baseline Hopkins Verbal Learning total recall (HVLT-R TR) score, and randomized
1:1 (minimization) to GKRS or WBRT. Neuropsychological tests were administered
before (TO) treatment (n=21 vs n=20), and at 3 (T3; n=16 vs n=14) and 6 (T6; n=9 vs
n=9) months thereafter. A decline of >5 points in HVLT-R TR score was considered
a cognitive failure. The trial would be halted if the posterior probability for a higher
cognitive failure rate in one group versus the other was >0.975 at T3 or T6 according to
the employed beta (2.09,2.91) prior (prior mean of 42%), based on the average failure
rates at 4 months reported by Chang et al. (2009). Between-group differences in changes
of test performances over 6 months were analyzed using mixed ANOVAs. Proportions
of cognitive changes (T0-T6) at the individual level based on reliable change indices
correcting for practice effects, were determined.

Results HVLT-R TR failure rates in the GKRS versus WBRT group were 31% versus
29% at T3, and 0% versus 33% at T6. The observed failure rates after WBRT at T3 and
T6 were lower than the average failure rates of Chang et al. (2009). Posterior probabilities
were 0.451 at T3 and 0.918 at T6. Over 6 months, changes in performance on tests of
immediate (p=.003) and delayed recall (p=.024), and information processing speed
(p=-003) were significantly different between groups (large effect sizes), with significant
declines after WBRT, but not after GKRS. Over 6 months, at the individual patient level,
there were no declines in performances across all tests in the GKRS group (n=8) while
performances declined in 4 out of 8 patients in the WBRT group.

Conclusions The stopping rules were not met since the posterior probabilities did not
cross the threshold. Other preliminary findings in this small sample suggest that cognitive
decline, both at group and individual level, is more pronounced after WBRT compared to
GKRS. Accrual is continued (NCT02953717; ZonMw 842003006).
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Introduction

Due to increased screening and improved systemic disease control, the incidence of
brain metastases (BM), and particularly of multiple BM, is rising. '* Radiotherapy
remains the mainstay of treatment. Concern about the negative cognitive side-effects
of whole brain radiation therapy (WBRT) has led to an increased use of stereotactic
radiosurgery (SRS) as initial treatment for patients with up to 10 BM. ** The optimal
local treatment for patients with multiple (>10) BM, however, remains a topic of
debate. ® In the shared treatment decision-making process, patient and physician
together evaluate and discuss the patient’s preference and values regarding the benefits
and risks of the available treatment options. The treatment decision is influenced
by a manifold of prognostic and clinical factors including age, expected survival,
performance status, prior treatment(s), histology, extracranial diseases status, the size,
location, and number of BM, and the current (inter)national guidelines. °

Both SRS and WBRT have proven to be effective treatments for multiple BM with
similar overall survival. ' Adjuvant WBRT after SRS has been shown to improve local
control and prevent recurrences but carries an increased risk of cognitive decline and
does not improve survival compared to SRS with surveillance (salvage treatment). !

The US guideline on BM no longer specifies an upper limit for the number of BM,
as emerging evidence supports the hypothesis that the total volume rather than the
number of BM is a better eligibility criterion. '> Hence, the application of SRS is now
rapidly expanding to patients with multiple BM.

Although technological improvements now allow for hippocampal avoidance with
WBRT (HA-WBRT), or HA-WBRT with a simultaneous integrated boost dose to
the BM (HA-SIB-WBRT), to better preserve cognitive functions '*'%, conventional
WBRT remains the standard of treatment for patients with >10 BM in Europe. ! The
long-term cognitive effects of HA-WBRT are yet to be evaluated. '¢

Cognition and Radiation Study B (CAR-Study B), to our knowledge one of the first
randomized trials that directly compares (conventional) WBRT to SRS, evaluates
cognitive change up to 15 months after single fraction GKRS or WBRT in patients
with 11-20 BM using a comprehensive neuropsychological test battery including the
Hopkins Verbal Learning Test-Revised (HVLT-R). 7

The current paper presents interim results of CAR-Study B that concern the primary
outcome measure (failure rates for decline on HVLT-R total recall), and secondary
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outcome measures (change in cognitive test performances) from baseline to three
(TO-T3) and six months (T0-T6) after treatment of the first 41 eligible patients. We
especially focused on the second interval because potential, often persistent, late
delayed effects of radiation on cognitive functioning become apparent about 6 months
after treatment '*!'¥, and because these effects may be most disruptive for patients’
quality of life. ' Changes in test performance are assessed at group and individual
patient level. In addition, test performances of longer-term survivors up until 15
months after treatment are described (T0-T15).

Given the paucity of evidence on this topic we deem it important to communicate
these interim results of this ongoing trial. We believe this preliminary information is
of interest to patients with >10 BM and their doctors as it can be used in the shared
decision-making process.

Methods

Design

This paper presents preliminary interim results from the ongoing randomized trial
CAR-Study B (45 patients enrolled). CAR-Study B (Clinical trials ID NCT02953717)
was approved by the Medical Ethics Committee Brabant (MEC file NL53447.028.15).
The full study protocol has been published in 2018 and includes a detailed description
of the eligibility criteria, randomization method, tests, and questionnaires, and
stopping rules. '” The updated study protocol, with an additional stopping rule at T6,
equal to the one at T3, has been approved by the MEC in 2019. In short, adult cancer
patients with 11 to 20 BM on a triple-dose contrast-enhanced MRI-scan, a total BM
volume < 30 cm?, a Karnofsky Performance Status (KPS) > 70 were recruited at the
Gamma Knife Center, Elisabeth-TweeSteden hospital (Tilburg, the Netherlands).

Randomisation

Patients were assigned 1:1, using a software package (ALEA ) which is based on the
minimization method?, to either GKRS or WBRT. Factors that were included in the
minimization algorithm were: total volume of BM (< or >10 c¢m?), histology (lung
or other), systemic treatment for primary cancer (yes or no), KPS (70-80 or 90-100),
age (<or >60) and baseline Hopkins Verbal Learning Test-Revised (HVLT-R) raw test
score (<17 or 18-27 or >28).
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Procedure

During the first consultation visit, the radiation-oncologist screened for study
eligibility, after which eligible patients, received study information. Patients
provided written informed consent prior to enrollment and randomization. The
neuropsychological assessments (NPAs) were scheduled after the first consultation
(baseline; T0) and were repeated at 3 (T3), 6 (T6), 9 (T9), 12 (T12) and 15 (T15)
months after treatment. In case of local recurrences and/or new BM, patients in
both arms received salvage treatment (GKRS, WBRT or surgery) as long as it was
considered clinically meaningful.

Study treatments

GKRS was performed with a Leksell Gamma Knife® ICON, Elekta Instruments AB
(Stockholm, Sweden). Depending upon the volume and location, a GKRS dose of
18-25 Gy was delivered to the target with 99-100% coverage. Dose limits for organs
at risk were 18Gy for the brainstem and 8Gy for the optic nerves (there was no dose
limit set for the hippocampus).

Patients randomly assigned to (conventional) WBRT received 20 Gy in five fractions
of 4 Gy (or 30 Gy in 10 fractions of 3 Gy), delivered 5 days a week.

Clinical outcomes

Patient characteristics were retrieved from patients’ medical records. Baseline total
volume of BM was determined using triple-dose contrast-enhanced T1-weighted
images (1.5-mm slices). Overall survival (OS) was defined as the interval between date
of enrollment and date of death from all causes, or date of last follow-up for survivors.
Causes of death were assessed by the radiation-oncologist, based on imaging and
clinical evaluation. The cause of death was classified as: intracranial in case of stable
systemic disease and evidence of progression of the treated BM, development of
new BM, intracranial bleeding, complications of seizures, or leptomeningeal disease;
extracranial in case of extracranial (systemic) progression and stable intracranial
disease; both in case of documented intra and extracranial progression; intercurrent
in case the cause of death was not related to the tumor; or unknown.

Neuropsychological assessment

Cognitive functioning was measured with a well-established battery 2'*, including
six neuropsychological tests, generating 11 test variables (duration approximately 60
minutes): The HVLT-R, a verbal memory test, with six parallel versions (immediate and
delayed verbal recall, and recognition), Trail Making Test (TMT-A; psychomotor speed
and TMT-B; cognitive flexibility), Controlled Oral Word Association with two parallel
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versions (COWA; word fluency), Wechsler Adult Intelligence Scale (WAIS) Digit Span
(attention span and working memory), WAIS Digit Symbol (information processing
speed) and Grooved Pegboard (GP; dominant and non-dominant hand dexterity).

Statistical Analyses

To compare patient characteristics between groups at TO, T3 and T6, independent
samples t-tests, and chi-square/Fisher Exact tests were performed. To analyze overall
survival (OS), Kaplan-Meier curves were used. OS was compared between groups using
log-rank tests. Logit transformation was employed as a method for estimation of the
confidence intervals to address skewed data.

The applied Bayesian interim analysis focused on dichotomized change scores of the
HVLT-R total recall score at T3 and T6. These change scores were considered a failure
(=5 points decline) or a success (stable/improved/<4 points decline). Failure rates at T3
and T6 were calculated. The prior failure rates for both treatment groups were modelled
as Beta(2.09, 2.91)-distributions, with a prior mean of 42%, based on the randomized
trial by Chang et al.?® The trial would be terminated early if the posterior probability
for a higher failure rate in one group compared to the other is >0.975 at 3 or 6 months.

For normative purposes, raw cognitive test scores were converted into socio-
demographically adjusted z scores, based on data from our control group including
age, sex and education as covariates. >*** Follow-up z scores were also corrected for
practice effects. 26

To test for between-group differences in mean cognitive performances at TO and T6,
independent samples t-tests were used. To examine whether mean test performances
followed a different trajectory over time after GKRS or WBRT, mixed ANOVAs with
between-subjects factor group (GKRS vs WBRT) and within-subjects factor time
(TO, T3, T6) were performed for each test variable. Post-hoc pairwise comparisons
with Bonferroni adjustments were conducted when appropriate. In case of statistical
significance, test performances for these measures were further explored at the
individual level in a small group of long-term survivors (TO-T15).

Reliable change indices (RCIs) were calculated using formula 10 as proposed by
Maassen et al. 27, for each individual patient for TO-T3, T0-T6 and TO-T15. RCIs reflect
change in test performance in individual patients in the context of observed changes
in the control group and allow for correcting for measurement error including practice
effects. 7 RCI values >1.645 and <-1.645 were defined as reliable improvement and
decline (otherwise ‘stable’/no change).
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At the individual patient level, patients were categorized based on their RCI values
into four patient-level categories (visualized by histograms): (i) ‘decline’ (>2
declines and <I improvement on any of the 11 test variables); (ii) ‘improvement’ (>2
improvements and <1 decline); (iii) ‘both’ (=2 declines and >2 improvements); (iv)
‘stable’ (<1 decline and <1 improvement).

All statistical analyses were performed with SPSS Statistics 28.0, except for the
evaluation of the stopping rule and the survival analysis, which were performed with
R, version 3.6.1 (R Core Team 2019). 2%

Results

The literature Between October 13, 2016, and August 26, 2019, 45 patients were
enrolled and randomized. Four patients were excluded after randomization (Figure
1). Eventually, 41 patients were treated with GKRS (n=21) or WBRT (n=20). Median
time-to-treatment initiation was 3 days (range 1-12) in the GKRS group versus 8 days
(2-25) in the WBRT group (one patient in this group received 10 fractions of 3 Gy).
Most patients had primary lung cancer and the median number of BM was 12 (IQR
11-15) and 12.5 (IQR 12-17.5) in the GKRS and WBRT group, respectively. Patient
characteristics (Table 1), including the variables used in the minimization algorithm,
did not significantly differ between groups at TO, T3 or T6, except for the use of
dexamethasone at TO (p=.0307): more patients used dexamethasone in the GKRS
group compared to the WBRT group.

Median OS did not significantly differ between groups (¥*(1) = .002, p=.9650): 5.3
months (95% CI 3.5-15.0; 2 out of 21 patients were censored) for the GKRS group
and 6.9 months for the WBRT group (95% CI 5.8-14.9; 2 out of 20 censored).

The cause of death in the GKRS versus WBRT group was classified as intracranial
(n=5 versus n=2), extracranial (n=10 versus n= 8), both (n=3 versus n=7), intercurrent
(n=0 versus n=0), or unknown (n=1 versus n=1).

Applied Bayesian stopping rules

In January 2020, after 45 patients were enrolled and randomized, the Bayesian interim
analysis was performed at T3 (n=30) and T6 (n=18). Failure rates after GKRS versus
WBRT were as follows: 31% (5/16) versus 29% (4/14) at T3, and 0% (0/9) versus
33% (3/9) at T6. The posterior probabilities of 0.451 (T3) and 0.9175 (T6) for the
event that the failure rate for decline in the HVLT-R total recall score after WBRT was

|C\



148 | Chapter 6

higher than after GKRS, did not cross the threshold of 0.975 at T3 nor at T6. Hence,
accrual was continued.

Cognitive Status at Baseline and at 3 and 6 Months after GKRS or WBRT
Most of the patients’ mean baseline test scores were below the normative mean with
group mean deviations up to -2.2 SD. At baseline, patients assigned to GKRS (versus
WBRT) performed somewhat worse on most test variables but there were no statistical
differences in any of the mean test performances at this time-point, nor at six months
after treatment (independent samples t-tests, p-values >.1000). In both groups, we
observed that mean z scores for performances on almost all test variables remained
negative at T3 and T6 (Supplemental Table 1).

Change in Cognitive Performance at Group Level

Figure 2 visualizes the course of test performances (n=9 in both groups) over the
first six months after treatment. There was a statistically significant (cross-over)
interaction with large effect size between treatment and time for immediate verbal
recall (p=.0034, n*p=.30), delayed verbal recall (p=.0235, n?’p=.21), and information
processing speed (p=.0028, n’p=.31), indicating that, mean test performances changed
differently after GKRS (showing minimal change) as compared to WBRT (showing
significant decline). Post-hoc comparisons showed that within the WBRT group
significant decline in performances (mean difference in z scores; MD) for immediate
verbal recall and information processing speed occurred from both baseline to T3
(p=.0361, MD = .9, 95% CI .05-1.7 and p=.0057, MD = .9, 95% CI .3—-1.6) and
from baseline to T6 (p=.0106, MD = .9, 95% CI .2—-1.6 and p=.0338, MD = .8, 95%
CI .1-1.5); for delayed verbal recall decline occurred from baseline to T6 (»p=.0080,
MD =1.4,95% CI .3-2.4).



Table 1. Patient characteristics
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Baseline characteristics?® Baseline 3 months 6 months

GKRS WBRT GKRS WBRT GKRS WBRT
Number of patients (n, %) 21 20 16 14 9 9
Sex, male 12 (57) 8 (40) 8(50) 7(50) 4(44) 4(44)
“Age (yr), median (range) 64 (41-85) 60 (34-74) 59 (41-85) 60 (34-71) 58(43-75) 60 (52-71)
Educational level ®
Low 12 (57) 10 (50) 7 (44) 7(50) 5(56) 6(67)
Middle 3(14) 7(35) 3(19) 6(43) 1(11) 2(22)
High 6 (29) 3 (15) 6(38) 1(7) 3(33) 1(11)
*KPS, median (range) 90 (70-100) 90 (80-100) 90 (70-100) 90 (80-100) 100 (70-100) 90 (90-100)
70-80 5(24) 4(20) 3(19) 1(7) 1(11) 0(0)
90-100 16 (76) 16 (80) 13 (81) 13 (93) 8 (89) 9 (100)
RPA: Class 1 (favorable) 11 (52) 7(35) 10 (63) 6(43) 5(56) 5(56)
Class 2 10 (48) 13 (65) 6(38) 8(57) 4(44) 4(44)
DS-GPA:
Class 1 (favorable) 1(5) 2.(10) 1(6) 2.(14) 0(0) 2(22)
Class 2 8(38) 5(25) 7(44) 4(29) 5(56) 3(33)
Class 3 11(52) 12 (60) 7(44) 8(57) 4(44) 4(44)
Class 4 1(5) 1(5) 1(6) 0(0) 0(0) 0 (0)
Number of BM, median (IQR) 12 (11-15.0) 12.5 (12-17.5) 12 (11-14.8)  12.5 (12-16.5) 12 (11-15.5) 13 (11.5-16.5)
*Volume of BM cm?, median  10.2 (4.7-16.7) 9.1(3.1-18.4) 7.4 (4.3-14.7) 8.4(2.5-21.9) 6.1(4.7-11.3) 4.6 (1.6-22.1)
(IQR)
*Histology
Lung 15 (71) 14 (70) 11 (69) 11 (79) 6(67) 7(78)
Breast 2.(9) 2 (10) 2(13) 1(7) 1(11) 1(11)
Melanoma 0(0) 3(15) 0(0) 2.(14) 0(0) 1(11)
Renal 1(5) 1(5) 1(6) 0(0) 1(11) 0(0)
Other 3 (15) 0(0) 2(13) 0(0) 1(11) 0(0)
*Systemic therapy(yes) ¢ 9 (43) 9 (45) 8 (50) 7(50) 6(67) 3(33)
Chemotherapy¢ 9 (43) 4(20) 8 (50) 3 (21) 6(67) 2.(22)
Synchronous BM 9 (43) 9 (45) 7 (44) 6(43) 3(33) 4(44)
Extracranial hematogenous  7(33) 10 (50) 5031 6(43) 3(33) 3(33)
metastases (yes)
Symptomatic BM (yes) 13 (62) 13 (65) 10 (63) 8(57) 6(67) 4(44)
Use of anti-epileptic drugs 3(14) 3 (15) 2.(13) 3(21) 2(22) 1(11)
(yes)
Use of dexamethasone (yes) 18 (86) 11 (55) 13 (81) 7(50) 7(78) 3(33)
HVLT-R Total recall
*Raw score, mean (SD) 23 (5.1) 24 (5.1) 24 (5.0) 25 (4.8) 23(5.2) 25 (4.5)
Z score, mean (SD) -0.3(1.0) -0.1(1.1) -0.2 (1.1) 0.4(0.9) -0.6 (-1.1) 0.2.(0.7)

GKRS, Gamma Knife radiosurgery; WBRT, whole brain radiation therapy; BM, brain metastases; KPS, Karnofsky
performance status; RPA, recursive partitioning analysis; DS-GPA, diagnosis-specific graded prognostic assessment;
IQR, interquartile range; HVLT-R, Hopkins verbal learning test - revised; CI95 95% confidence interval * Percentages
may not total 100 due to rounding® Educational level (Verhage, 1964; 7 levels): Low = 1-4, Middle = 5, High = 6-7° Before
or at time of GKRS or WBRT ¢Alone only or in combination with other systemic therapies * (Prognostic) factors that
were included in the minimization algorithm
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45 Randomized

23 Assigned to receive GKRS 22 Assigned to receive WBRT
21 Received GKRS as assigned 20 Received WBRT as assigned
2 Exclusions after randomization: 2 Exclusions after randomization:
e >40 BM on planning MRI-scan e KPS 40 at time of treatment planning
o Insufficient command of the Dutch language o Follow-up elsewhere, no WBRT
21 Completed baseline NPA 20 Completed baseline NPA
o 3 patients with missings values (TMT A/B, DS, GP) e 1 patient with missings values (GP)
16 Completed NPA at T3 14 Completed NPA at T3
® 5 patients with missings values (TMT A/B, DS, GP) 4 Died prior to NPA at T3
5 Died prior to NPA at T3 2 No clinical follow-up
9 Completed NPA at T6 9 Completed NPA at T6
5 Died prior to NPA at T6 e 1 patient with missings values (TMT B, GP)
1 Follow-up elsewhere 2 Died prior to NPA at T6
1 No clinical follow-up 1 Follow-up elsewhere

2 No clinical follow-up

v v

7 Completed NPA at T9 6 Completed NPA at T9
o 1 patient with missings values (GP) 2 Died prior to NPA at T9
2 No clinical follow-up 1 Follow-up elsewhere

v v

6 Completed NPA at T12 4 Completed NPA at T12
1 Died prior to NPA at T12 2 No clinical follow-up
5 Completed NPA at T15 4 Completed NPA at T15
1 No clinical fo||ow-up e 1 patient with missings values (TMT B)

Figure 1. Patient flow of the first 45 patients in CAR-Study B

GKRS, Gamma Knife radiosurgery; WBRT, whole brain radiation therapy; BM, brain metastases; KPS,
Karnofsky performance status; NPA, neuropsychological assessment; TMT, Trail Making Test (A and B); DS,
Digit Symbol; GP, Grooved Pegboard; TO0, baseline; T3, T6, T9, T12, T15, 6-, 9-, 12-, and 15-months follow-
up. In total and over time, for 10 patients (24%) scores on one to three tests were missing due to: unfamiliarity
with the alphabet (TMT), inability to complete the test (TMT), patient’s explicit wish to stop (TMT), visual
problems (TMT, DS, GP), invalid assessment (GP), impairments in dexterity (DS, GP), and tiredness (GP)

> Figure 2. Mean performances + standard error

TO, baseline; T3, T6, 3- and 6-months follow-up; GKRS, Gamma Knife radiosurgery; WBRT, whole brain
radiation therapy. Lower z scores indicate worse performance. The dashed line represents the normative
mean (M = 0) * Indicates a significant interaction effect between group and time * Mixed ANOVA with
between-subjects factor group and within-subject factor time °® Partial eta squared: small (n2p = .01),
medium (n2p = .06), and large (n2p = .14) effects ¢ Greenhouse-Geisser correction
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Verbal Memory Performance and Information Processing Speed in Long-
term Survivors at the Individual Level

At the individual level, the course of test performance on immediate recall, delayed
recall and information processing speed remained stable up fo 15 months in three
out of the five long-term survivors in the GKRS group (Figure 3). The two other
long-term survivors showed reliable improvement in delayed verbal recall and
information processing speed, or in delayed verbal recall only. In the WBRT group,
test performances on these measures remained stable over 15 months in two out of the
four long-term survivors and declined in the other two patients (one patient declined
on all three tests and one patient declined on information processing speed only).

Change in Cognitive Performance across tests for each individual patient
Over six months, we observed that test performances remained stable in 6 out of 8
patients in the GKRS group, while 2 improved. Test performances declined in 4 out
of 8 patients in the WBRT group (Figure 4), remained stable for 3, and improved for
1 patient.

——@— GKRS @ WBRT
n=5 n=4

Immediate verbal recall Immediate verbal recall

Z score
Z score

Z score
Z score

Z score
Z score

3
2
1
0 . _——
1
2
3
4

Figure 3. Individual z-scores from baseline to 15-months after GKRS or WBRT

GKRS, Gamma Knife radiosurgery; WBRT, whole brain radiation therapy. A higher score means better
performance. The red and green lines indicate a reliable cognitive decline (red) or improvement (green)
over time from baseline to 15-months follow-up, based on the RCI (cut-off value +/- 1.645). Lower z scores
indicate worse performance. The dashed line represents the normative mean (M = 0)
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Reliable cognitive changes at patient level

90%

T0-T3 TO-T6
S 60%
-] 5/10 7/14 4/8
2 6/14
5 4/10 3/8
&
£ 30% 2/8
E %
1/8
1/10 1/14 I
0/10 0/14 o/8 0/8 o/8
o M
GKRS (n=10) WBRT (n=14) GKRS (n=8) WBRT (n=8)

M Decline M Improvement M Stable Both

Figure 4. Reliable cognitive changes after GKRS or WBRT at the individual patient level

TO, baseline; T3, T6, 3- and 6-months follow-up; GKRS, Gamma Knife radiosurgery; WBRT, whole brain
radiation therapy. Patient-level categories: (i) ‘decline’ (>2 declines and <1 improvement on any of the
11 test variables); (ii) ‘improvement’ (>2 improvements and <1 decline); (iii) ‘both’ (>2 declines and >2
improvements); (iv) ‘stable’ (<1 decline and <I improvement). Note. None of the patients were categorized
as ‘Both’

Discussion

Both SRS and WBRT have proven to be effective treatments for multiple BM with
similar overall survival. '° The question, which treatment modality, GKRS or WBRT,
best preserves cognitive functioning in patients with more than 10 BM, addresses
a highly relevant and important research topic. CAR-Study B is one of the first
randomized trials to assess change in cognitive test performance in patients with 11-
20 newly diagnosed brain metastases up to 15 months after randomization to either
GKRS or WBRT using a comprehensive neuropsychological test battery. The current
paper presents interim results of CAR-Study B that provide gained insights into
cognitive test performances over time of the first 41 patients as well as an evaluation
of the pre-specified stopping rules.

The early data showed insufficient support to justify early termination of the trial since
the posterior probabilities, for the event that failure rates for verbal memory (decline)
were higher in the WBRT versus the GKRS group, did not cross the threshold at 3 or
6 months after treatment. Hence, accrual was continued. The observed failure rates
after WBRT at 3 and 6 months, were lower than the expected failure rate according to
the employed beta (2.09,2.91) prior (having a prior mean of 42%), which was based
on the average failure rates reported by Chang et al. at 4 months. 2
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Our other findings, both at group and individual level, suggest that cognitive decline
was more pronounced after WBRT compared to GKRS. Changes in mean cognitive
performances differed significantly between groups over a period of six months (n=9
in both groups). There were significant declines in immediate and delayed verbal
recall and information processing speed after WBRT but there were no significant
changes after GKRS. Performance on these measures also remained stable (or
improved) in the five long-term survivors in the GKRS group, while in the WBRT
group we observed declined performance on these measures in two out of the four
long-term survivors. At the individual patient level, we observed more patients with
declined performance in the WBRT group compared to the GKRS group over six
months after treatment.

Given the paucity of evidence on this topic, we believe that it is important to
communicate the first interim results of this ongoing trial, and that these interim
results are of interest to patients with >10 BM and their doctors as this information
can (cautiously) be used in the shared decision-making process. The preliminary
results presented here should be interpreted with caution as sample sizes are still
small, and we are awaiting more robust findings from the ongoing trial.

However, our findings are in line with a recently published abstract on a randomized
trial by Li and colleagues. 3° By using the HVLT-R, COWA and TMT, cognitive
functioning was assessed in patients with 4-15 BM who were randomized to either
SRS or WBRT (a small majority of patients in the WBRT arm also received the
neuroprotective agent memantine). Four months after treatment (total n=31) mean
immediate verbal recall scores significantly improved in the SRS arm but declined
in the WBRT arm. A similar result, significant improvement after SRS and decline
after WBRT, was found regarding a composite score including HVLT-R, COWA and
TMT. Median OS appeared higher (10.4 versus 8.4 months in the SRS and WBRT
group; non-significant) than in our study (5.3 versus 6.9 months; non-significant). An
explanation for this may be the fact that patients with 1-3 BM who were previously
treated with SRS were also allowed on their trial. These patients might represent a
patient group with more favorable prognosis, despite the subsequent development of
multiple BM after the initial treatment with SRS. In addition, their study included
patients with a lower median number of BM at enrollment: 8 versus 12 in our trial.
Unfortunately, we were not able to compare additional patient characteristics (such as
the number and, in particular total volume of BM, age, functional/performance status,
etc.) as the results have only been published in an abstract. The authors conclude that
in patients with 4-15 BM SRS was associated with a reduced risk of cognitive decline
compared to WBRT, without compromising OS.
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Additionally, in a single arm trial by Minniti and colleagues 7, cognitive functioning
was assessed with the HVLT-R (only) in 40 patients with 10-21 BM (median 13)
and total volume of BM <15c¢m?® at 3 (n=32), 6 (n=26), 12 months (n=21) after SRS.
Percentages of decline for immediate and delayed recall and recognition ranged
between 4.7% and 18.7% across all follow-ups (based on an RCI). The higher median
OS (14.1 versus 5.3 months in our GKRS study arm) may, in part, be explained by
the younger age of their patients (median age 57 versus 64 years) and the lower total
volume of the BM (4.7cm? versus 10.2¢cm?). The authors concluded that learning and
memory performance is preserved in most patients with >10 BM after SRS.

The findings of these studies emphasize the importance of the continuation of CAR-
Study B, generating additional data that will allow for more reliable conclusions.

There are limitations to consider. As mentioned, the current evaluation is based on
a small number of patients and there was a relatively high dropout rate (which is
inherent to this patient population). The most common reason for dropout was death,
due to either intra- or extracranial disease progression. Moreover, there were five
patients at T3 in the GKRS group (versus none in the WBRT group) with missing
values. The missing values did not concern the primary outcome (failure rates for
decline in verbal memory). In addition, test performances were also analyzed at the
individual patient level, including patients with complete scores on all measures only.
However, these missing values concerned tests with high motor demands such as the
TMT (4 missings), Digit Symbol (2 missings) and GP (4 missings). This may have
caused a bias towards better mean performance in the GKRS group. In addition,
measuring change in mean test performance in a terminal stage may cause a bias
toward better long-term cognitive performance, as ‘decliners’ may dropout after
which mean scores may increase or show less decline. It should however be noted
that dropout rates were comparable between both groups, and analyses were also
performed at the individual patient level. Finally, it is very difficult to disentangle
the cognitive effects of radiation therapy (GKRS/WBRT) from the effects of the
intracranial and extracranial disease status, systemic treatments, salvage treatments,
additional medications or treatments, and time to radiation and systemic treatment
initiation. Eventually, with increased power (larger sample size) CAR-Study B will
be able to provide more definite answers and examine and report on the influence of
some of these confounding factors.

Notwithstanding these limitations, the interim results suggest that cognitive decline
is more pronounced after WBRT compared to GKRS. Aiming to prevent or delay
cognitive decline to maintain quality of life is a clinically significant treatment goal
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for patient with multiple BM who have a relatively short life expectancy. Ultimately,
CAR-Study B aims to assist doctors and individual patients in making shared
treatment decisions to maximize the clinical outcome and quality of life of patients.
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Summary, general discussion and future directions

General objective

Diagnostic and therapeutic progress has led to longer survival in cancer patients with
rising incidence of brain metastases. ! Many patients present with multiple brain
metastases at initial diagnosis. >* Over the years, the clinical management of brain
metastases has evolved considerably. Historically, radiation to the whole brain (whole
brain radiation therapy; WBRT) has been the cornerstone of treatment. In contrast to
WBRT, stereotactic radiosurgery (SRS) delivers a high radiation dose to visible brain
metastases only with low radiation dose to the surrounding brain tissue. Both SRS
and WBRT have proven to be effective treatments for brain metastases with similar
overall survival. 5% As the survival of cancer patients is increasing, the prevention or
delay of radiation-induced cognitive decline to maintain quality of life has become a
highly relevant treatment goal for patients with brain metastases. *

Cognition and Radiation (CAR) Studies A and B

In this doctoral dissertation we examined the impact of SRS versus WBRT on
cognitive functioning in adult patients with up to 20 brain metastases. Firstly, we
performed a systematic literature review to summarize and evaluate the available
information pertaining to the cognitive side effects of SRS, alone or in combination
with WBRT, in patients with brain metastases (Chapter 2). Secondly, we designed
two clinical trials assessing cognitive functioning in patients with up to 10 brain
metastases (Cognition and Radiation Study A; CAR-Study A) and 11 to 20 brain
metastases (CAR-Study B), respectively.

CAR-Study A is a prospective single-center, single-arm longitudinal trial. Cognitive
functioning was assessed before Gamma Knife radiosurgery (GKRS) and every three
months thereafter, up to 21 months. For this dissertation, CAR-Study A data up until
the follow-up assessment at nine months (T9; n=41), was used (Chapters 3 and 4).

CAR-Study B is a prospective randomized (multicenter) trial that compares cognitive
effects up to 15 months after either GKRS or WBRT (Chapter 5). An interim analysis
was performed after the first 41 eligible patients were enrolled (all recruited at the
Gamma Knife Center Tilburg, ETZ; Chapter 6).

Both CAR-Studies were initiated at the Gamma Knife Center Tilburg, department of
Neurosurgery, Elisabeth-TweeSteden Hospital (ETZ), in close collaboration with the
department of Cognitive Neuropsychology of Tilburg University. The trial proposals
were awarded with research grants from the Dutch organization for health research and
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development (ZonMw) for a period of four years: from 2015 to 2019 for CAR-Study
A and from 2016 to 2020 for CAR-Study B. Subsequently, research ethics committee
approval for both studies was obtained in June 2015 (CAR-Study A) and October
2016 (CAR-Study B). In October 2017, CAR-Study B, originally a single-center
trial, also received research ethics committee approval for a second collaborative
research site, the Antoni van Leeuwenhoek hospital (AvL) in Amsterdam. In March
2020, additional funding from Elekta Instrument AB (Sweden) was granted for the
(prolonged) continuation and completion of CAR-Study B.

Neuropsychological tests and additional questionnaires

Cognitive functioning was measured using a formal neuropsychological test battery
measuring several cognitive domains, including verbal learning and memory,
cognitive flexibility, word fluency, information processing speed, and hand dexterity.
In addition, three questionnaires, measuring fatigue, health-related quality of life, and
symptoms of anxiety and depression were administered. For normative purposes, we
recruited a control group consisting of 104 adults without cancer. The control group
was assessed at 3 and 6 months after the first assessment. This allowed us to correct
for practice effects. Both patients and controls signed for informed consent before the
start of the studies, and all completed the same tests and questionnaires.

This section provides a summary and general discussion of the results of this thesis.
Methodological challenges and limitations, translation of our findings into clinical
practice, and recommendations for future research are discussed.

Summary and discussion of the main research findings

The systematic literature search (Chapter 2) showed that, prior to the start of the
CAR-Studies, little research had been conducted in this field. Moreover, only few
studies used objective neuropsychological tests to assess cognitive functioning after
SRS (versus WBRT) in patients with brain metastases. Six out of the 12 clinical
trials (mostly patients with up to 4 brain metastases) that were identified, relied on
the Mini-Mental State Examination (MMSE), a screening tool for dementia, solely to
assess cognitive functioning. However, the MMSE is known to be rather insensitive
to cognitive changes after radiotherapy. ' Moreover, none of the studies corrected
for potential practice effects due to repeated neuropsychological testing over time
(e.g., improvements in test performances due to familiarity with the test and the test
procedures). Additionally, differences in study designs and neuropsychological tests,
but also variations in the definition and calculation of cognitive change, made it
difficult to compare results.
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Nonetheless, in general, the studies we reviewed suggest that patients with brain
metastases show little to no objective cognitive decline in the early phase after SRS,
followed by a trend towards improvement or stabilization up to 12 months after SRS.
Because these studies did not correct for practice effects, cognitive decline may have
been masked or cognitive improvements may have been overestimated. Although
higher intracranial tumor control rates were achieved with the addition of WBRT to
SRS, no survival benefit was observed. However, the combination of WBRT and SRS
resulted in significantly more cognitive decline over time.

At the time of publication, the systematic literature search revealed no evidence
of published randomized trials that directly compared cognitive outcomes after
stereotactic SRS or WBRT in patients with more than 10 brain metastases.

CAR-Study A

Further to our review, we assessed the incidence and severity of cognitive impairments
at baseline (prior to GKRS), at the group and individual level, in 92 patients with
up to 10 brain metastases (Chapter 3). We showed that patients already suffer from
cognitive impairments prior to treatment of brain metastases, which is in line with
previous research. "¢ At group level, patients performed significantly worse than
controls on all 11 tests (mostly with large effect sizes). At the individual level,
significantly more patients (62% and 46%) than controls (18% and 3%) suffered
from severe cognitive deficits in at least two or three cognitive domains, respectively.
Both at group and individual level, information processing, cognitive flexibility, and
hand dexterity were affected most. Number and volume of brain metastases were not
found to be predictive of pretreatment cognitive test performance.

As a next step, we evaluated group and individual cognitive changes over time in
41 patients with nine months follow-up after GKRS (Chapter 4). Our main finding,
based on group-level linear mixed model analyses (LMMs), was that cognitive
performances had not significantly changed over 9 months, except for significant
improvements on immediate memory, working memory and information processing
speed. There were no significant cognitive declines during this interval. Group
analyses of three separate time intervals (of three months each) however, showed
both cognitive improvements and declines after correction for practice effects. This
indicates that although the overall course of performances remained stable up to nine
months after GKRS, fluctuations in test performances at the group level do occur
within the time intervals. Neither number nor volume of brain metastases influenced
cognitive performances over time.
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Evaluation of individual cognitive changes (per individual patient as well as per
individual test and with correction for practice effects) also showed stable or
improved cognitive performances in most patients (73%) up to nine months after
GKRS, except for performances on nondominant hand dexterity. For this measure,
there were significantly more improvements (27%) as well as declines (24%) in
patients compared with our controls. The group-level results did not reflect these
individual variations in hand dexterity. This stresses the importance of individual-
level analyses, both at patient and at test level, in addition to group-level analyses as
the latter can mask individual cognitive changes.

At nine months after treatment, patients still performed worse on most tests as compared
with controls which illustrates the persistent character of the cognitive impairments.
These findings were confirmed in another study of our research group in which we
analyzed the course of cognitive test performances of long-term survivors in the same
CAR-Study A cohort, up to 21 months after GKRS. 7 Herein, 38 long-term survivors
who at least completed the follow-up neuropsychological assessment at 12 months
after initial GKRS were included, of whom 21 completed the final assessment after
21 months. Cognitive performance was preserved or improved up to 21 months after
GKRS, both at group and individual level and after correction for practice effects. In all,
our findings at group-level in patients with up to 10 brain metastases are in line with the

previous studies that were described in our systematic review. 71315161820

After publication of our review, three studies, including a secondary/additional
analysis, have been published that also report on cognitive changes after SRS for
(limited number of) brain metastases at the individual level. In accordance with our
results, cognitive performances of most patients were preserved for at least six to
twelve months after SRS. 2122 However, the authors from the most recent study >
stated that their results were not in line with our publication ** (Chapter 4). Their
main conclusion was that a considerable proportion of patients with brain metastases
experience cognitive decline after SRS. This (non-randomized) study examined
individual cognitive declines over three and six months after SRS using an RCI with
correction for practice effects. SRS was delivered with a Gamma Knife (GKRS group;
n=40) or a linear accelerator (LINAC group; n=29). 2> These groups were analyzed
separately. In both groups, most patients had one to four brain metastases (like in our
study) but there were significant differences between groups (GKRS versus LINAC)
regarding the number of patients with >4 brain metastases (38% versus 7%; p =
0.001) and the mean total volume (standard deviation) of brain metastases (4.1 (4.8)
versus 6.2 (10.4); p = 0.013). The upper limit of the number of brain metastases
in both groups was not reported. To match these significantly different patient
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characteristics, patients with six or more brain metastases from both groups were
excluded for additional analyses. The same core test battery as in the CAR-Studies
was used, except theirs did not include the Digit Symbol (a measure of information
processing speed) and ours did not include the Boston Naming Test (assessing naming
abilities/language). The definition of decline at test level (RCI values below —1.645)
was similar between both studies but a different definition of decline at patient level
was used: “>2 declines on any of the 10 test variables” in their study as compared
to “>2 declines and <1 improvement on any of the 11 test variables” in our study.
The authors argued that in our study, patients could ‘overcompensate’ for decline
by improvements on other test variables. Firstly, this argument is only applicable to
the analysis at the individual patient level, not to the individual test level. Secondly,
in our study we used an additional category ‘both’, defined as “>2 declines and >2
improvements”. We considered a patient with decline on only one single test variable
and improvement on one other single test variable as ‘stable’ because of the many (11)
test variables. In case a patient would decline on two or more tests and improve on
two or more of the other tests, this patient would have been classified as ‘both’ (not as
‘stable’ or ‘improved’) which would have been the case if we indeed allowed patients
to overcompensate. Also, only two of 33 patients in our study were classified as ‘both’
for the 9-month interval (none of the patients were classified as such regarding the
separate time intervals), indicating that only very few patients “compensated” for
declines on two or more tests by improving on two or more of the other tests. The
authors also stated that the statistical testing for differences between proportions of
patients and controls in each category of cognitive change (decline, improvement,
both or stable) in our study could be viewed as an overcorrection as these categories
of cognitive change were already defined based on reliable change intervals in our
control group. We recognize this might be a topic of discussion. In our control group
(based on the same RCI formula) performances of a subgroup of controls had also
changed over six months’ time (2% to 9% decline and 3% to 7% improvement at test
level) indicating that, to some degree, cognitive change ‘normally’ occurs in non-
cancer controls. We chose to not to ignore this and to take these ‘normal’ fluctuations
into consideration.

More importantly, percentages of decline and improvement were comparable between
both studies, both at the individual test and patient level, even though the results
were interpreted somewhat differently. At test level, performances declined in 3%
to 13% of patients in their GKRS group and in 0% to 24% in their LINAC group
over six months. In our study, performances of 2% to 24% of patients declined over
nine months after GKRS. Stability or improvement at test level occurred in 87% to
97% of patients after GKRS and in 76% to 100% of patients after LINAC based SRS
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(compared to 76% to 98% in our study). At the individual patient level, cognitive
performances on at least two tests declined in 23% (GKRS) and 24% (LINAC) of
patients, compared to 21% of patients in our study. Percentages of improvement on at
least two tests were also comparable between studies: 25% (GKRS group) and 24%
(LINAC group; supplemental information) compared to 33% in our patients. The
authors underline the fact that considerable proportions of individual patients (patient
level) suffered from cognitive declines after SRS.

Considering our work and all acquired evidence to date, the general conclusion
of CAR-Study A is that at group level, GKRS does not cause additional cognitive
decline in patients with up to 10 brain metastases. Furthermore, at the individual level,
performances remain stable in most patients although cognitive fluctuations (declines
as well as improvements) may occur in a subset of patients.

CAR-Study B

In Chapter 5,we presented the study protocol of CAR-Study B. Patients with 11 to 20
brain metastases were randomized to either GKRS or WBRT using the minimization
method. Stratification factors included patients’ age, histology, cumulative volume
of the brain metastases, systemic treatment, Karnofsky Performance Score (KPS),
and baseline Hopkins Verbal Learning Test - Revised (HVLT-R) score. The primary
objective was to determine the between-group difference in the percentages of
patients with significant decline in immediate verbal recall at three and six months
after treatment as assessed with the HVLT-R. Interim monitoring was based on
Bayesian statistics. Early stopping rules specified that the trial would be terminated
prematurely in case the risk of verbal memory decline would be higher after WBRT
than after GKRS at three or six months after treatment (posterior probability >0.975).
The interim analysis was performed in January 2020 after 41 eligible patients were
enrolled and randomly assigned to receive GKRS (n=20) or WBRT (n=21). The
primary aim of the interim analysis (Chapter 6) was to check whether the Bayesian
stopping rules for cognitive failure were met. The secondary aim was to compare
cognitive changes after treatment between groups. The early data showed insufficient
support to justify early termination of the trial because the stopping rules were not
met at that time. Hence, the accrual was continued.

Our preliminary findings suggested that patients in the GKRS group experienced less
cognitive decline over time compared to those in the WBRT group, both at group and
individual level and after correction for practice effects. At group level, changes in
cognitive performances differed significantly between groups over a period of six
months (n=9 in both groups). There were statistically significant declines in mean

7
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immediate and delayed verbal recall and information processing speed after WBRT
but there were no significant changes after GKRS. The five long-term survivors
(patients who completed the 15 months follow-up) in the GKRS group demonstrated
stable (or improved; n=2) performance on these measures while we observed a decline
in performances on these measures in two out of the four long-term survivors in the
WBRT group. At the individual patient level, we observed more patients with declined
performance in the WBRT group compared to the GKRS group over the period of six
months after treatment.

In our literature review we already concluded that the addition of WBRT to SRS in
patients with one to three brain metastases resulted in significantly more objective
cognitive decline over time, based on two trials that randomized between either
SRS or SRS plus WBRT. 1520 Our preliminary findings that cognitive decline is
more pronounced after WBRT compared to GKRS was supported by a more recent
published abstract on a randomized trial by Li and colleagues. ° In this study,
cognitive functioning was assessed in 72 patients with four to 15 brain metastases
who were randomized to either SRS or WBRT (a small majority of patients in the
WBRT arm also received memantine). Four months after treatment, verbal memory
as measured with the HVLT-R (n=31), significantly improved in patients in the SRS
group but declined in patients who were treated with WBRT. A similar significant
improvement after SRS and decline after WBRT was found for the composite
cognitive score including multiple cognitive domains (HVLT-R, COWA and TMT).
The authors concluded that SRS was associated with a reduced risk of cognitive
decline compared to WBRT (even despite a small subgroup receiving memantine),

without compromising survival.

In another recent, prospective single arm trial by Minniti and colleagues, verbal
memory was assessed with the HVLT-R in 40 patients with 10 to 21 brain metastases
up to 12 months after SRS (n=21). *! Verbal memory remained stable in the majority
of patients: 95%, 91% and 86% for immediate recall, delayed recognition, and
delayed recall, respectively (compared to 98%, 90% and 85% up to nine months in
our study). The authors concluded that SRS is a safe treatment for patients with 10 or
more brain metastases, with a small risk of decline in immediate (4.7%) and delayed
(14.2%) verbal memory, and delayed recognition (9.5%) at 12 months, comparable
to the findings reported in patients with one to four brain metastases. Nevertheless,
the interim results from CAR-Study B need to be interpreted carefully because the
results are preliminary, and the study still needs to be finalized.
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A second interim analysis was performed in April 2022 after 81 patients were enrolled.
This time the data did show sufficient support to justify early termination of the trial
as the prespecified stopping rule came into effect: The chance of verbal memory
decline at six months was greater after WBRT than after GKRS. Consequently,
CAR-Study B was halted. This suggests confirmation of our previous preliminary
conclusions. Results from the second interim analysis were not discussed in this
dissertation because the available data is currently being processed and analyzed.
All (longer term) follow-up assessments were completed in January 2023. Before we
will be able to answer the central research question, important variables need to be
considered that may have influenced cognitive change after WBRT versus GKRS.
These include, among others, the extracranial disease status, systemic therapies,
intracranial tumor status, and location of the brain metastases. For the latter two, all
baseline and follow-up metastases on MRI-scans are being (manually) segmented. 2*
We are currently also exploring the possibilities of deep learning models for (fully)

automated tracking and segmentation of brain metastases and peritumoral edema. >°

Predictors of baseline cognitive functioning (prior to GKRS)

We examined potential predictors of baseline cognitive functioning in the CAR-Study
A cohort (Chapter 3), using multivariable regression with correction for multiple
statistical testing. We found that both clinical and psychological factors influenced
pretreatment cognitive test performance. Mental fatigue was predictive of slower
psychomotor speed. Symptomatic brain metastases, as opposed to asymptomatic, were
predictive of declined immediate verbal memory. Patients with a metachronous (versus
synchronous) diagnosis of brain metastases performed worse on delayed recognition and
information processing speed. Posthoc analysis showed that patients with metachronous
brain metastases had a lower Karnofsky performance status at baseline and had already
received systemic treatment(s) for their primary tumor (mostly chemotherapy), whereas
patients with synchronous brain metastases were almost all treatment naive prior
to enrollment. The primary tumor itself as well as the systemic therapies including
chemotherapy may have contributed to the cognitive impairments that were already
present before diagnosis of the brain metastases. 333 Previous studies showed that
these (cancer-related) cognitive impairments primarily involve the domains of memory,
attention, processing speed and executive functioning. 3%

The patients in CAR-Study A our study reported significantly more symptoms of
anxiety and depression than our controls. We did not find a direct effect of anxiety
and depression on cognitive test performance, in accordance with a previous study
in patients with BM. This suggests that anxiety and depression may not be (primary)

36

contributors to cognitive impairment in these patients. ** Regarding the number and
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the total volume of brain metastases, we found that neither of these factors were
predictive of test performances on the 11 cognitive measures at baseline. Accordingly,
the number of brain metastases was not associated with baseline cognitive functioning
in previous studies (including two pilot studies). ':1*!%1¢ The same studies did however
find negative associations between total volume of brain metastases and baseline
performance on measures of attention, verbal memory, information processing and
executive functions. 131416 These findings were uncorrected for multiple testing
and based on univariate analyses.

Predictors of cognitive change after radiotherapy for brain metastases

Specific patient- and tumor-specific factors can predict cognitive outcomes over
time. Identification of these characteristics may allow for timely, more individually
tailored care for patients. In our CAR-Study A cohort, performance status (KPS) at
baseline influenced change in only one out of the 11 measures (multivariate analyses):
patients with lower baseline KPS showed more improvement in verbal recognition
over time (Chapter 4). In a previous study higher age was found to be predictive of
cognitive decline over six months after SRS in patients with brain metastases. 2> We
did not include age in our prediction models as the number of potential predictors
that were allowed to be included was limited, given our sample size of 92 patients
(CAR-Study A). In accordance with previous research, the number of brain metastases
was not predictive of cognitive change after GKRS (in multivariate analyses). '
Neither did we find any association between the total volume of brain metastases at
baseline and change in cognitive test performances over time. In contrast, Habets and
colleagues '® found a univariate association between larger initial tumor volume (>
12.6 cm®) and worse information processing speed over a period of six months after
SRS. Performances on most measures however did not differ between patients with

larger or smaller initial total tumor volumes. '

Although we used the same definition
of ‘large’, ‘medium’ and ‘small’ total volumes, the median total volume and its range
differed between studies: 7.8cm? (range 0.12 — 63.9cm?) in the study by Habets et al.
(2016) and 5.6cm? (range 0.02 — 31.1cm?®) in the CAR-Study A cohort. Moreover, the
study by Habets et al. included patients with up to 4 brain metastases whereas the
patients included into CAR-Study A had up to 10 brain metastases. The total tumor
volume in the brain is defined as the sum of all individual lesion volumes. These
individual volumes (and their locations) may vary greatly by patient. To illustrate, one
or two (very) large metastases and other smaller ones, or many microscopic and other
small/medium sized metastases can both sum up to a large total tumor volume. Large
metastases, where mass effect is of concern, tend to cause more neurologic symptoms,
including cognitive deficits as compared to (multiple) small(er) brain metastases. The
fact that Habets et al. (2016) included patients with limited brain metastases but with
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a relatively high median total tumor volume, might therefore explain why they did
find total tumor volume and information processing speed to be negatively associated
in univariate analyses.

Next to the individual lesion volume and total volume, it is vital to assess intracranial
tumor control (i.e., the change in volume of individual lesions and the development
of new lesions after treatment) and its association with cognitive performance as
intracranial progression can be associated with cognitive decline. *373° In CAR-
Study A, we found no differences in mean test performances between patients with
or without intracranial progression at 3, 6 and 9 months after GKRS (Chapter 4).
Habets et al. (2016) found that patients with intracranial progression declined on
executive functioning while patients with a partial response improved over six months
after SRS. There were no differences between patients with or without intracranial
progression regarding the other six cognitive domains.

Confounding factors

As described in chapters 2 and 3, there are many factors that may influence/predict
cognitive change after SRS or WBRT. These include the effects of the brain metastases
itself, intracranial tumor control, location, and volume of the brain metastases,
peritumoral edema '3, other (systemic) treatments and medication, as well as (cancer-
related) symptoms as fatigue, anxiety, and depression. Because of this, it is very
difficult to entangle the cognitive effects of SRS or WBRT from all these other
(confounding) factors. Multivariate/multivariable analyses in much larger samples
are required to address this problem. Prediction analyses of individual cognitive
changes also require large(r) patient samples. Single institutions may encounter
difficulties in accruing such large samples especially for robust trials possessing
enough statistical power to make comparisons between treatment modalities. *° (Inter)
National cooperation between treatment centers and the pooling of prospectively
uniformly managed/gathered data could be a solution to this problem. *°

The challenges of CAR-Study B

The implementation of CAR-Study B was a challenge despite our extensive experience
with the logistical planning of large longitudinal trials of our collaborative Elisabeth
TweeSteden Hospital / Tilburg University research team. At the start of CAR-Study B,
the recruitment and inclusion was rather slow. Firstly, the ethics approval took much
longer than expected because the medical ethics committee initially regarded GKRS
in patients with more than 10 brain metastases highly experimental. Our research
team had to submit additional scientific evidence and a rationale on the feasibility
and efficacy of GKRS in these patients. Secondly, we experienced an initial hesitation
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among the physicians to refer patients with multiple brain metastases for possible
treatment with GKRS. In addition, about two years later, patients were sometimes no
longer referred to participate in CAR-Study B because patients or their doctors now
preferred treatment with GKRS and did not want to be randomized and possibly be
treated with WBRT.

As inherent to this patient population, also CAR-Study B suffered from a relatively
high drop-out rate. Either because patients died before their first follow-up
appointment, or because their appointment was canceled due to deterioration of the
condition of the patient. Like in other studies, the most common reason for dropout
was death, due to either intra- or extracranial disease progression. ?*?? Finally, because
of the long-term follow-up of 15 months, it took a significant amount of time to
collect all neuropsychological data.

Dutch guideline on brain metastases

Historically, patients were primarily being referred for SRS based on the number
of brain metastases. However, previous research **? showed that the cumulative
volume rather than the actual number of brain metastases is important for survival.
At the beginning of the CAR-Studies, the then applicable Dutch guideline (2011)
recommended that SRS was to be restricted to patients with good performance status
and up to 3 brain metastases. The updated Dutch guideline (2020) * reflects the
results of our work and shows a paradigm shift in the treatment of brain metastases.
The guideline now recommends considering SRS as a treatment option for patients
with good performance status and up to 10 brain metastases, and even in selected
patients with more than 10 brain metastases, with a total cumulative volume of the
brain metastases of less than 30cm’.

Quality of life and fatigue

Fatigue is one of the most prevalent and distressing symptoms experienced by cancer
patients. Persistent feelings of fatigue may negatively influence patients’ functioning
in daily life and quality of life in general. **® Our research group has previously
published on changes in different aspects of quality of life (FACT-Br) and fatigue
(MVI) of patients in the CAR-Study A cohort. Already at baseline, most patients
(64%) reported clinically meaningful low health-related quality of life (HRQOL)
on at least one subscale compared to the general population. *” Most (58%) patients
reported problems with emotional well-being. Also, at group mean level, patients
reported statistically significant and clinically meaningful lower emotional well-being
compared to the general population and a normative adult cancer sample. However,
patients reported significantly, and clinically meaningful, higher social well-being.
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An explanation for this could be that patients may have experienced increased support
just before the upcoming treatment. Higher levels of anxiety and depression as well
as physical and mental fatigue were predictive of lower baseline HRQOL. Over a
period of nine months after GKRS, aspects of HRQOL remained stable, except for an
improvement in emotional well-being and a decline in physical well-being. Similar
to our results on cognitive performances, HRQOL scores did vary considerably at the
individual patient level. *

Patients (compared to controls) also experienced significantly higher levels of fatigue
on all five subscales before GKRS (both at group and individual level), especially on
reduced activity and mental fatigue. * Over six months after GRKS, different patterns
were found for the various aspects of fatigue: general and physical fatigue increased
significantly, whereas mental fatigue decreased significantly. Our findings showed
that fatigue is not only a prevalent, but also a severe and persistent problem in patients
with brain metastases.

Daily life problems and treatment decision-making

In daily living, patients with brain metastases often suffer from a combination of
different symptoms and problems that all have their influence on daily life functioning
and on the appraisal of quality of life. Cognitive impairments such as memory loss and
slowed processing of information, combined with emotional and physical symptoms
such as anxiety, depression, mood changes, pain, headaches, sleep disturbances
and fatigue may seriously interfere with the ability to carry out tasks in daily life.
For example, patients may find themselves struggling to follow a conversation,
or to concentrate on or switch between certain tasks (e.g., financial management
or administration or household chores). Patients with brain metastases may find it
difficult to engage in and enjoy social interactions with others. This in turn may
increase the caregiver burden ascaregivers often have a variety of responsibilities/
caregiving tasks that can become stressful and overwhelming. 3

Patients may experience difficulties with processing and remembering (new)
information which may interfere with the ability to reason through medical treatment
decisions. Patients at risk for cognitive dysfunction may need additional guidance
through this process. For example, by also providing information in writing that
is clear and understandable for all patients (regardless of their educational level),
using decision aids, engage family and caregivers, and actively trying to listen to and
understand patients’ goals in life and health. In a study by Zeng et al. (2017), patients
with up to four brain metastases were asked to participate in the decision-making
process by taking either an active or passive role. ** All patients (n=23) actively
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engaged in treatment decision-making (SRS or SRS plus WBRT). Most important
factors influencing treatment preference were quality of life, functional independence,
and survival.

Limitations and methodological considerations The studies regarding the CAR-
Study A and B, as described in this dissertation have limitations to consider. One
of these limitations is the high dropout, as patients with brain metastases are a very
vulnerable population (as discussed earlier). Moreover, the patients that lived long
enough, and were willing, to complete the follow-up measurements at six and nine
months (or even at 15 or 21 months) might have been the better performing patients
in terms of functional status and cognitive functioning. Information on longer term
cognitive functioning after radiotherapy is however of high relevance for the growing
number of such patients with better prognosis. Also, we included a heterogeneous
sample of patients with different primary histologies. These different histologies
and consequently different systemic therapies, may have influenced cognitive
performances differently. Our study samples of patients with up to 10 (CAR-Study
A) and up to 20 brain metastases (CAR-Study B) do represent the groups of patients
that are treated in our daily clinical practice. Additionally, the baseline and follow-up
neuropsychological assessments were scheduled just before treatment or follow-up
consultations with the radiation-oncologist to minimize patient burden and attrition.
The upcoming treatment and/or consultations may have caused worrying/anxiety
or disturbed sleep during the nights prior to the assessments, which may in turn
have caused depressive feelings. These potentially elevated levels of anxiety/stress
and depression may have had their influence on patients’ performance during the
assessments, although we did not find evidence for a direct effect of anxiety or
depression on patients’ test performances at baseline. Finally, the neuropsychological
test battery includes some tests that highly rely on motor dexterity, such as the Trail
Making and Digit Symbol test. Many of our patients had impairments in motor
dexterity, which may have confounded the outcomes on information processing
speed and cognitive flexibility. > As impairments in dexterity are (highly) prevalent
in this patient population, additional neuropsychological tests with minimal motor
requirements should be considered. For example, an oral version of the Digit Symbol
test, which doesn’t require a psychomotor response, might capture ‘cognitive’
information processing speed more accurately. This version of the Symbol Digit
Modalities Test for example, has been shown particularly sensitive to slowed
information processing in patients with multiple sclerosis and stroke. 33
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Future directions and recommendations

Whole brain radiation therapy with hippocampal avoidance

and/or memantine

Radiation to the hippocampus may induce impairments in learning, (short-term)
memory, and spatial processing. By avoiding the hippocampus during WBRT (HA-
WBRT), these impairments may be prevented or minimized. *> However, cognitive
functioning also includes several other functions such as attention, decision making,
planning and language abilities that are associated with multiple other structures in the
brain at the network level. HA-WBRT may preserve certain cognitive functions but
does not prevent the potential cognitive impairment caused by radiation damage to the
rest of the healthy brain. Another option to minimize the cognitive effects of WBRT is
to use neuroprotectants, such as memantine. 3 To determine which treatment approach
provides the most benefit, in terms of multiple aspects of cognitive functioning as
well as intracranial tumor control, patients should be recruited in prospective trials
that compare different radiation modalities (i.e., WBRT, HA-WBRT, SRS) and the

value of the use of neuroprotectants. 3"~

Multimodality treatment of brain metastases

New systemic treatments with potential intracranial efficacy have become available.
6061 This has influenced the management of brain metastases. Current treatment
strategies are now usually multimodal including molecular targeted therapies and
immune checkpoint inhibitors whether or not combined with radiation therapy. *¢
Such novel combinations should ideally result in radio-sensitization of the brain
metastases and/or provide normal tissue protection to reduce side-effects. 7576364
Current research concerns the safety and intracranial efficacy as well as the optimal
timing, sequencing, and combination of these targeted therapies along with SRS for
brain metastases. °"% Future trials addressing this topic should routinely incorporate
objective cognitive outcome measures to assess and monitor the potential ‘collateral
damage’ of these novel drug-radiotherapy combinations, and to determine whether
normal brain tissue is indeed protected, and cognitive functioning is preserved.

Early screening and cognitive interventions

As has been described in chapters 3 and 4, most patients with brain metastases already
suffer from (severe) cognitive impairments prior to treatment. These impairments may
also be predictive of longer-term cognitive impairment. Identification of cognitive
impairment at an early stage may enable timely interventional rehabilitation programs
aimed at teaching compensatory strategies to promote neuroplasticity. This may
help to ameliorate or delay further cognitive decline and to minimize the effect

|\l
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of cognitive impairment on daily life. Eventually, this can improve overall quality of
life by making patients more functionally independent. Research into these cognitive
rehabilitation programs in patients with brain metastases is still scarce, most likely
due to the historically dismal prognosis for many patients. *” However, as the number
of patients with longer survival is increasing, more patients may benefit from early
cognitive rehabilitation. In turn, this may positively influence patients’ therapy
adherence and their shared decision-making capacity.

Harmonization of instruments

There are many validated neuropsychological tests and questionnaires on
patient-reported measures and/or experiences (PRMs) available. This causes
a large heterogeneity across studies. ° Already in 2011, the ICCTF published
recommendations to harmonize studies of cognitive function in patients with cancer
by using a standardized neuropsychological test battery. ** The ICCTF provided
guidelines on the use of appropriate control groups to determine whether cognitive
impairment is present and to correct for potential practice effects. Although several
clinical trials in patients with brain metastases trials have made use of the test battery
as recommended by the ICCTF 1112152122 " gtj]| many different tests and especially
different questionnaires are being used. ' In addition, differences in the definitions
of impairment and change, as well as differences in normative data and statistical
methods, may also hamper the comparison between studies.

PRM questionnaires cover topics such as quality of life, subjective cognitive
functioning, fatigue, symptoms experience, adequate involvement in and explanation
of care, trust and communication and shared decision-making with clinicians, and
dignity and respect. PRMs are becoming increasingly important in the context of
individual patient management. 7 To be able to compare and pool results, preferably
in open databases, there is an urgent need to also harmonize these instruments and
(statistical) methods. °

Conclusions

With the studies presented in this thesis, we aimed to evaluate the cognitive
performances before and changes after WBRT or SRS in patients with up to 20 brain
metastases, using a formal, internationally recommended neuropsychological test
battery, correcting for practice effects. ** In line with previous research, we showed
that most patients with brain metastases already suffer from cognitive impairment prior
to treatment. GKRS did not cause additional cognitive decline in the CAR-Study A
cohort (patients with up to 10 brain metastases) as cognitive functions remained stable
at the pretreatment level or improved over nine months after treatment. Individual
cognitive changes occurred in a minority of patients. Neither number nor cumulative
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volume of brain metastases influenced cognitive performances over time. In terms of
preservation of cognitive functioning, GKRS can be safely applied in patients with up
to 10 brain metastases. The revised and current Dutch guideline now also reflects the
results of our work and the paradigm shift from WBRT to SRS for selected patients
with up to 10 brain metastases.

CAR-Study B is one of the first randomized trials that directly compares cognitive
functioning after WBRT or SRS in patients with 11 to 20 brain metastases. Patients
underwent neuropsychological evaluation before, and up to 15 months after treatment.
The preliminary findings from the first interim analysis suggested that cognitive decline
is more pronounced after WBRT compared to GKRS. After a second interim analysis,
CAR-Study B was halted as the stopping rule came into effect: The chance of verbal
memory decline at six months was greater after WBRT than after GKRS. This confirms
our preliminary conclusion. Potentially confounding factors, such as the intracranial
tumor status have not yet been accounted for. Final results from CAR-Study B are
forthcoming and may provide additional guidance for clinicians, patients, family or
other caregivers in shared decision-making. CAR-Study B already created awareness
among referring clinicians of the paradigm shift in brain metastasis treatment: SRS
should also be considered as one of the treatment options for selected patients with more
than 10 brain metastases. Eventually, CAR-Study B has the potential to impact and
improve the standard of care for patients with multiple brain metastases by minimizing
cognitive impairment and optimizing patients’ quality of life.

With the emergence of novel, targeted and immunologic therapies, the future role of
radiotherapy for brain metastases is evolving. Preservation of cognitive functioning
and quality of life will remain a key treatment outcome in future trials. Ultimately,
the purpose is to facilitate patients, their caregivers, and treating physicians to have
a well-informed discussion about the potential risks and benefits of the different
treatment options for brain metastases.
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Nederlandse samenvatting

Achtergrond
Hersenmetastasen zijn uitzaaiingen in de hersenen afkomstig van een tumor elders
in het lichaam.

Het percentage kankerpatiénten bij wie hersenmetastasen ontstaan, varieert athankelijk
van het type en stadium van de kanker. Kankersoorten zoals longkanker, borstkanker,
huidkanker (melanoom) en nierkanker hebben een hoger risico om (via de bloedbaan of
het lymfestelsel) uit te zaaien naar de hersenen. Naar schatting ontwikkelt ergens tussen de
15 en 30 procent van alle kankerpatiénten hersenmetastasen gedurende het ziekteverloop.

Vanwege de vooruitgang in diagnostiek (vroeger opsporen van hersenmetastasen met
verbeterde beeldvormingstechniek) en de toegenomen overleving van kankerpatiénten
(meer systemische behandelopties) worden steeds vaker hersenmetastasen
gediagnosticeerd. Bovendien worden bij de eerste vaststelling/diagnose vaak meerdere
hersenmetastasen gevonden.

Er zijn verschillende behandelingen voor hersenmetastasen, waaronder operatie
(neurochirurgie), radiotherapie (bestraling) en soms chemotherapie. Ook een
combinatie van behandelingen is mogelijk. Nieuwere systemische behandelingen,
zoals immunotherapie (hierbij wordt het immuunsysteem van de patiént gebruikt om de
kankercellen aan te vallen) en doelgerichte therapie (behandeling met medicijnen die
de groei en deling van kankercellen blokkeren), kunnen nu naast bestralingstherapie
worden gebruikt. Dit biedt meer mogelijkheden voor een behandeling op maat. Hierbij
is het belangrijk om een evenwicht te vinden tussen tumorcontrole enerzijds en de
toxiciteit die gepaard gaat met de behandeling anderzijds (ofwel een behandeling
die de tumorgroei effectief aanpakt met minimale nadelige effecten voor de patiént).

Hersenmetastasen kunnen normale functies van de hersenen verstoren. Klachten
kunnen variéren afhankelijk van het aantal, de locatie en grootte van de
hersenmetastasen. Veel voorkomende klachten zijn hoofdpijn, evenwichtsstoornissen
en epileptische aanvallen. Daarnaast ervaren veel mensen met hersenmetastasen
cognitieve klachten zoals problemen met het geheugen of de aandacht. Dit kan
veroorzaakt worden door de metastasen, door epilepsie of het gebruik van medicatie
(bijvoorbeeld anti-epileptica of chemotherapie).

Ook radiotherapie kan cognitieve klachten of bijwerkingen veroorzaken. Deze
cognitieve klachten kunnen aanzienlijke impact hebben op het dagelijks leven
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van patiénten en hun naasten, en uiteindelijk de algehele kwaliteit van leven
verminderen. Er zijn twee soorten radiotherapie voor de behandeling van
hersenmetastasen: een volledige hersenbestraling of een heel gerichte bestraling
(stereotactische radiochirurgie). Bij een volledige hersenbestraling worden de gehele
hersenen bestraald, meestal in vijf sessies verspreid over verschillende dagen.
Stereotactische radiochirurgie daarentegen is een eenmalige behandeling waarbij
enkel de hersenmetastasen heel precies worden bestraald en het omliggende gezonde
hersenweefsel nauwelijks of geen straling ontvangt. Beide vormen van radiotherapie
hebben bewezen een effectieve behandeling te zijn voor (meerdere) hersenmetastasen
met vergelijkbare algehele overleving. De stralingsbelasting voor het normale/
gezonde hersenweefsel is lager bij stereotactische radiochirurgie in vergelijking met
een volledige hersenbestraling. Daarom worden minder cognitieve klachten verwacht
na stereotactische radiochirurgie.

Het is belangrijk om te onderzoeken welke behandeling de minste cognitieve
stoornissen veroorzaakt, zeker nu steeds meer patiénten langer leven door meer
en betere systemische behandelopties. Tenslotte zijn cognitieve vaardigheden
van essentieel belang voor het dagelijks leven. Tot op heden zijn er echter geen
gepubliceerde studies die het effect op het cognitief functioneren van stereotactische
radiochirurgie en gehele hersenbestraling direct met elkaar vergelijken. Het gaat
dan om objectief neuropsychologisch onderzoek bij patiénten met meerdere
hersenmetastasen. Dit vormde de aanleiding om deze wetenschappelijke onderzoeken
te doen.

Cognition and Radiation (CAR) Studies A en B

In dit proefschrift onderzochten we het effect van een volledige hersenbestraling en
van Gamma Knife radiochirurgie, een vorm van stereotactische radiochirurgie waarbij
de bestralingsdosis wordt toegediend met het Gamma Knife. Gemeten werd het effect
op de cognitieve vaardigheden over een langere periode bij patiénten met maximaal 10
(CAR-Study A), of 11 tot 20 hersenmetastasen (CAR-Study B). De studies werden
door ZonMw gesubsidieerd en worden uitgevoerd binnen het Gamma Knife Centrum
in Tilburg, Elisabeth-TweeSteden ziekenhuis, in samenwerking met Tilburg University.

CAR-Study A is een prospectief longitudinaal onderzoek. De cognitieve vaardigheden
van 92 patiénten met 1-10 hersenmetastasen werden beoordeeld voorafgaand aan
Gamma Knife radiochirurgie en elke drie maanden daarna, tot 21 maanden na de
behandeling. Voor dit proefschrift werden de gegevens gebruikt tot en met het
meetmoment negen maanden na de behandeling.

|>
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CAR-Study B is een prospectief gerandomiseerd (multicenter) onderzoek dat
cognitieve effecten vergelijkt tot 15 maanden na Gamma Knife radiochirurgie of
een volledige hersenbestraling. De resultaten van een tussentijdse analyse die werd
uitgevoerd nadat de eerste 41 patiénten waren geincludeerd (allen bij het Gamma
Knife Centrum in Tilburg) worden in dit proefschrift beschreven.

Neuropsychologisch onderzoek

Het cognitief functioneren van patiénten is gemeten met behulp van een gevalideerde
testbatterij bestaande uit zes neuropsychologische testen. Om de belasting van dit
onderzoek voor patiénten zo laag mogelijk te houden is gekozen voor een kort
neuropsychologisch onderzoek, niet langer dan 90 minuten per keer. Specifieke
cognitieve domeinen waaronder verbale leerprestaties en geheugen, aandacht,
cognitieve flexibiliteit, woordvloeiendheid, werkgeheugen, verwerkingssnelheid
(de snelheid waarmee iemand in staat is om, in dit geval, visuele informatie te
ontvangen, begrijpen, verwerken en hierop te reageren) en fijne motoriek (van
de dominante en niet-dominante hand) zijn onderzocht. In totaal werden met de
testbatterij 11 verschillende testvariabelen gemeten. Daarnaast hebben we drie
vragenlijsten afgenomen om vermoeidheid, gezondheidsgerelateerde kwaliteit van
leven en symptomen van angst en depressie te meten. We hebben dezelfde testen en
vragenlijsten ook afgenomen bij een controlegroep van 104 volwassenen zonder een
(eerdere) vorm van kanker. Dit deden we om referentiewaarden vast te stellen en zo de
ernst van eventuele cognitieve stoornissen bij patiénten te kunnen beoordelen. Deze
controlegroep is 3 en 6 maanden na de eerste beoordeling opnieuw getest. Hiermee
konden we rekening houden met zogeheten oefen/leereffecten.

Beknopte samenvatting van de belangrijkste onderzoeksbevindingen

Stereotactische radiochirurgie wordt steeds vaker toegepast bij patiénten met
hersenmetastasen en wordt verondersteld minder schadelijke effecten op cognitieve
functies te hebben dan een volledige hersenbestraling. Niettemin zijn er relatief
weinig studies verricht naar de cognitieve bijwerkingen van stereotactische
radiochirurgie. Hoofdstuk 2 presenteert een systematische review van bestaande
prospectieve studies over de effecten van stereotactische radiochirurgie op cognitieve
functies bij patiénten met hersenmetastasen. Deze studies werden gevonden
door systematisch te zoeken in medische databases met geschikte zoektermen.
Slechts acht studies voldeden aan de selectiecriteria. Over het algemeen tonen de
resultaten dat patiénten met hersenmetastasen kort na stereotactische radiochirurgie
weinig tot geen objectieve cognitieve achteruitgang vertonen, gevolgd door
een trend naar verbetering of stabilisatie tot 12 maanden na de behandeling. Er
waren echter ernstige methodologische beperkingen in de meeste studies, zoals
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bijvoorbeeld het ontbreken van correctie voor leereffecten in de testprestaties. Dit
kan de resultaten hebben beinvloed. Bovendien gebruikten slechts enkele studies
objectieve neuropsychologische tests om cognitieve vaardigheden na stereotactische
radiochirurgie te beoordelen.

In Hoofdstuk 3 onderzochten we het cognitief functioneren van 92 patiénten met
1 tot 10 hersenmetastasen (CAR-Study A) voorafgaand aan de behandeling met
het Gamma Knife. Deze baselinemeting of nulmeting is belangrijk omdat het
dient als referentiepunt waartegen latere veranderingen in testprestaties kunnen
worden geévalueerd. Een grondige baselinemeting is dus een voorwaarde voor
het evalueren van verandering in cognitieve functies na behandeling. Daarnaast
hebben we onderzocht of er factoren waren die de testprestaties voor behandeling
konden voorspellen. Deze factoren kunnen mogelijk ook een rol spelen bij het
voorspellen van cognitieve uitkomsten na radiochirurgie. Uit de resultaten bleek
dat respectievelijk 62% en 46% van de patiénten reeds stoornissen had in ten
minste twee of drie verschillende cognitieve functies (testvariabelen), wat aangeeft
dat patiénten al (ernstige) cognitieve problemen hadden voor de behandeling met
radiochirurgie. Het percentage stoornissen was het hoogst voor verwerkingssnelheid
(55,3%), fijne motoriek (43,2%) en cognitieve flexibiliteit (28,7%). Deze cognitieve
beperkingen kunnen dagelijkse activiteiten belemmeren en het vermogen van
patiénten om (gezamenlijke) behandelingsbeslissingen te nemen, beinvloeden. Dit
benadrukt het belang van een (standaard) cognitieve screening, nog vooér behandeling
van de hersenmetastasen. Zowel klinische (kenmerken van de hersenmetastasen)
als psychologische (mentale vermoeidheid) factoren beinvloedden de cognitieve
prestaties. Noch het aantal, noch het volume van de hersenmetastasen voorspelde de
testprestaties van pati€nten.

In Hoofdstuk 4 onderzochten we voor en negen maanden na Gamma Knife
radiochirurgie de veranderingen in cognitieve testprestaties bij 41 pati€nten met 1
tot 10 hersenmetastasen (CAR-Study A). Hierbij hebben we gecorrigeerd voor de
mogelijke leereffecten die konden ontstaan door de herhaalde afname van cognitieve
tests. Daarnaast is onderzocht of er factoren waren die de cognitieve testprestaties
van patiénten over tijd (voorafgaand aan de behandeling tot negen maanden erna)
konden voorspellen. Negen maanden na Gamma Knife radiochirurgie verbeterden het
onmiddellijk geheugen, het werkgeheugen en de verwerkingssnelheid van patiénten
als groep. Andere prestaties bleven stabiel; er was geen cognitieve achteruitgang
op groepsniveau. Zowel het aantal als het volume van de hersenmetastasen waren
niet voorspellend voor veranderingen in testprestaties over tijd na Gamma Knife
radiochirurgie. Er werden daarnaast geen structurele voorspellers voor veranderingen
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in het cognitief functioneren gevonden. Evaluatie van individuele cognitieve
veranderingen (per individuele patiént en per individuele test, met correctie voor
leereffecten) toonde ook stabiele of verbeterde cognitieve prestaties bij de meeste
patiénten (73%) tot negen maanden na radiochirurgie, behalve voor prestaties op
fijne motoriek van de niet-dominante hand. Voor deze meting was er significant
meer verbetering (27%) evenals achteruitgang (24%) bij patiénten vergeleken met
onze controlegroep. De resultaten op groepsniveau weerspiegelden deze individuele
variaties in handmotoriek niet. Dit benadrukt dat analyses op individueel niveau naast
groepsanalyses van groot belang zijn, omdat groepsanalyses mogelijk individuele
cognitieve veranderingen kunnen maskeren. Negen maanden na de behandeling
presteerden patiénten nog steeds slechter op de meeste tests in vergelijking met
controles, hetgeen de blijvende aard van de cognitieve beperkingen illustreert.

Hoofdstuk 5 omvat het studieprotocol van CAR-Study B. In CAR-Study B werden
volwassen patiénten met 11 tot en met 20 hersenmetastasen gerandomiseerd
naar Gamma Knife radiochirurgie of naar een gehele hersenbestraling. Voor de
behandeling (en voor de randomisatie) werd het cognitief functioneren gemeten met
behulp van de eerder beschreven neuropsychologische testbatterij. Na de behandeling
kwamen patiénten elke drie maanden terug voor een controle MRI-scan en de tests,
beide tot 15 maanden na de behandeling. Omdat cognitieve vaardigheden cruciaal
zijn voor het dagelijkse functioneren en de kwaliteit van leven, was het van belang
om te onderzoeken welke van de twee behandelingen gepaard ging met de minste
achteruitgang in cognitieve functies. Bij de randomisatie (een soort gewogen loting)
is rekening gehouden met een aantal (stratificatie)factoren zoals het totale volume
van de hersenmetastasen, de histologie van de primaire tumor, de leeftijd en fysieke
conditie van de patiént en de testprestaties op de geheugentaak voorafgaand aan de
behandeling. Dit hebben we gedaan om de twee groepen (volledige hersenbestraling
versus stereotactische radiochirurgie) zoveel mogelijk vergelijkbaar te maken. De
belangrijkste (primaire) uitkomstmaat van CAR-Study B is het verschil tussen de
groepen in het percentage patiénten met significante geheugenachteruitgang na 3
maanden. Secundaire uitkomstmaten zijn algehele overleving, lokale tumorcontrole,
ontwikkeling van nieuwe hersenmetastasen, cognitieve functies in de loop van
de tijd, kwaliteit van leven, depressie, angst en vermoeidheid. Kennis die met dit
onderzoek wordt verkregen, kan worden gebruikt om individuele patiénten met
hersenmetastasen nauwkeuriger te informeren over de te verwachten cognitieve
effecten van de behandeling, en om zowel artsen als patiénten te ondersteunen bij het
maken van gezamenlijke behandelbeslissingen. In het studieprotocol van CAR-Study
B zijn zogenaamde stopregels opgenomen die gebaseerd zijn op een eerdere studie
van Chang en collega’s (Chang et al., 2009, The Lancet). Als met 97.5% zekerheid
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geconcludeerd kan worden dat de kans op een cognitieve achteruitgang op 3 of 6
maanden na de behandeling significant groter is na de ene behandeling in vergelijking
met de andere behandeling, zal de inclusie worden stopgezet en de studie vroegtijdig
worden beéindigd.

Hoofdstuk 6 bespreekt de resultaten van de eerste tussentijdse analyse die werd uitgevoerd
in januari 2020 nadat 41 geschikte patiénten waren geincludeerd en gerandomiseerd naar
Gamma Knife radiochirurgie (20 pati€énten) of een gehele hersenbestraling (21 pati€nten).
Het belangrijkste doel van deze tussentijdse analyse was om te controleren of de grens
van de (Bayesiaanse) stopregels voor cognitieve achteruitgang na 3 en 6 maanden werden
overschreden. Een ander doel was om cognitieve veranderingen na de behandeling
tussen de groepen te vergelijken. De tussentijdse resultaten toonden dat de grens van de
stopregels niet werd overschreden. Daarom werd er op dat moment doorgegaan met het
includeren van patiénten in de studie.

De voorlopige bevindingen laten zien dat de cognitieve testprestaties van patiénten
na Gamma Knife radiochirurgie in de loop van de tijd minder achteruit gingen in
vergelijking met patiénten die behandeld werden met een gehele hersenbestraling. Dit
zagen we zowel op groeps- als op individueel niveau en na correctie voor leereffecten.
Op groepsniveau verschilden veranderingen in cognitieve prestaties significant tussen
de groepen gedurende een periode van zes maanden (9 patiénten in beide groepen).
Er waren statistisch significante afnames in onmiddellijk en vertraagd verbaal
geheugen en informatieverwerkingssnelheid na een gehele hersenbestraling, maar
er waren geen significante veranderingen na Gamma Knife radiochirurgie. De vijf
langetermijnoverlevenden (patiénten die het neuropsychologisch onderzoek na 15
maanden voltooiden) in de Gamma Knife radiochirurgie-groep vertoonden stabiele
of verbeterde prestaties op deze metingen, terwijl we een achteruitgang in prestaties
op deze metingen observeerden bij twee van de vier langetermijnoverlevenden in
de andere groep (gehele hersenbestraling). Op individueel niveau zagen we meer
patiénten met verslechterde prestaties na een gehele hersenbestraling in de periode
van zes maanden na de behandeling in vergelijking met de patiénten die met Gamma
Knife radiochirurgie behandeld werden. Een tweede tussentijdse analyse werd
uitgevoerd in april 2022 nadat 81 patiénten waren geincludeerd. Deze keer toonden
de gegevens voldoende ondersteuning om vroegtijdige beéindiging van het onderzoek
te rechtvaardigen omdat de vooraf gespecificeerde stopregel van kracht werd: de
kans op achteruitgang van het verbale geheugen na zes maanden was groter na een
gehele hersenbestraling dan na Gamma Knife radiochirurgie. Als gevolg daarvan
werd de inclusie stopgezet. Dit lijkt onze eerdere voorlopige conclusies te bevestigen.
Resultaten van de tweede tussentijdse analyse zijn niet besproken in dit proefschrift
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omdat de beschikbare gegevens momenteel worden verwerkt en geanalyseerd.
Belangrijk is nogmaals te benadrukken dat de bevindingen van CAR-Study B in dit
proefschrift voorlopig zijn. Aanvullende analyses en onderzoek zijn noodzakelijk om
een meer definitieve uitspraak te kunnen doen over de effecten van stereotactische
radiochirurgie versus volledige hersenbestraling op cognitieve functies bij patiénten
met 11 tot 20 hersenmetastasen. Alle (langere termijn) metingen zijn afgerond in
januari 2023 en momenteel worden (storende) factoren onderzocht die mogelijk (ook)
invloed hebben gehad op de cognitieve veranderingen over tijd na behandeling met
volledige hersenbestraling of stereotactische radiochirurgie. Hierbij zijn onder andere
de intracraniéle tumorcontrole (veranderingen in volume van de metastasen over tijd),
de status van de extracraniéle ziekte (ziekte buiten het hoofd), systemische therapieén,
peritumoraal oedeem (zwelling van weefsel rondom een tumor) en de locatie van de
hersenmetastasen van belang.

De uitdagingen van CAR-Study B

De uitvoering van CAR-Study B bleek een uitdaging, ondanks de uitgebreide
ervaring met de logistieke planning van grote longitudinale onderzoeken binnen
ons samenwerkende onderzoeksteam van het Elisabeth TweeSteden Ziekenhuis en
Tilburg University. Bij de start van CAR-Study B verliep de werving en inclusie van
deelnemers langzamer dan verwacht. Dit werd deels veroorzaakt door vertraging bij de
ethische goedkeuring. De medisch-ethische commissie had aanvankelijk aarzelingen
over het toepassen van Gamma Knife radiochirurgie bij patiénten met meer dan
10 hersenmetastasen. Ons onderzoeksteam moest aanvullend wetenschappelijk
bewijs en een goed onderbouwde rationale aanleveren om de haalbaarheid en
effectiviteit van Gamma Knife radiochirurgie voor deze patiénten te benadrukken.
Daarnaast was er aanvankelijke terughoudendheid bij artsen om patiénten met
meerdere hersenmetastasen door te verwijzen voor behandeling met Gamma Knife
radiochirurgie. Echter, na verloop van ongeveer twee jaar ontstond er een verschuiving
in deze houding. Deze verandering kwam voort uit de voorkeur van pati€nten en
hun artsen voor behandeling met Gamma Knife radiochirurgie, waarbij ze nu juist
terughoudend waren om willekeurig te worden ingedeeld en mogelijk behandeld te
worden met een gehele hersenbestraling. Zoals inherent aan deze pati€ntenpopulatie,
kampte ook CAR-Study B met een relatief hoog uitvalpercentage. Dit kwam ofwel
doordat patiénten overleden voor de eerste vervolgafspraak, of omdat de afspraak
werd geannuleerd wegens de verslechterde gezondheidstoestand van de patiént. Ten
slotte nam het verzamelen van de neuropsychologische gegevens veel tijd in beslag
vanwege de langetermijnopvolging van 15 maanden.
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Nederlandse richtlijn hersenmetastasen

De CAR-Studies zijn in 2015 gestart. Volgens de toen geldende Nederlandse richtlijn
hersenmetastasen (2011) werden patiénten met meer dan 3 of 4 hersenmetastasen
nog standaard doorverwezen voor een gehele hersenbestraling. De introductie
van stereotactische radiochirurgie als behandeling bij patiénten met maximaal 20
hersenmetastasen betekende voor Nederland dan ook een fundamentele verandering,
een paradigma shift, in het behandelmanagement van deze patiénten. De nu geldende
herziene Nederlandse richtlijn (2020) weerspiegelt deze verandering en raadt aan om
stereotactische radiochirurgie te overwegen als behandeloptie voor patiénten met een
goede gezondheid en tot 10 hersenmetastasen, en zelfs voor geselecteerde patiénten
met meer dan 10 hersenuitzaaiingen, zolang het totale volume van de metastasen
niet te groot is. De behandeling van deze patiénten is complex en om een optimaal
individueel behandelplan op te stellen is multidisciplinair overleg van groot belang.

Dagelijkse uitdagingen en behandelingsbeslissingen

Mensen met hersenmetastasen ervaren in hun dagelijks leven vaak verschillende
symptomen en cognitieve problemen zoals geheugen- of concentratieproblemen
of vertraagde informatieverwerking, samen met emotionele en fysieke klachten
zoals angst, depressie, stemmingswisselingen, (hoofd)pijn, slaapproblemen en
vermoeidheid. Dit alles kan het uitvoeren van dagelijkse taken aanzienlijk belemmeren,
waardoor zelfs eenvoudige handelingen zoals een gesprek voeren of het schakelen
tussen taken moeilijk kunnen worden. Sociale interacties kunnen hierdoor als minder
plezierig of lastig worden ervaren. Cognitieve stoornissen, zoals moeilijkheden
bij het verwerken en onthouden van (nieuwe) informatie, kunnen ook van invloed
zijn op het nemen van (gezamenlijke) beslissingen over medische behandelingen.
Patiénten met cognitieve stoornissen hebben hierbij mogelijk extra begeleiding
nodig. Bijvoorbeeld door de informaticoverdracht te vertragen en herhaling toe te
passen, door ook informatie schriftelijk te verstrekken die duidelijk en begrijpelijk
is voor alle patiénten (ongeacht hun opleidingsniveau), door gebruik te maken van
beslissingshulpmiddelen, familie en verzorgers te betrekken, en actief te proberen de
doelen van patiénten in het leven en op het gebied van gezondheid te beluisteren en
te begrijpen. Dit zorgt ervoor dat patiénten, ondanks eventuele cognitieve stoornissen,
actief kunnen meebeslissen over hun zorg.
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Conclusies

In dit proefschrift is ons onderzoek naar de effecten van behandeling op het cognitief
functioneren van patiénten met hersenmetastasen beschreven. We gebruikten
een internationaal aanbevolen neuropsychologische testbatterij om cognitieve
testprestaties voor en (langere tijd) na stereotactische radiochirurgie of een gehele
hersenbestraling te evalueren. Hierbij corrigeerden we voor eventuele leereffecten
als gevolg van herhaald testen.

Onze bevindingen toonden aan dat de meeste patiénten reeds voor behandeling
cognitieve stoornissen hadden. Bij de groep patiénten met 1 tot 10 hersenmetastasen
(CAR-Study A), veroorzaakte Gamma Knife radiochirurgie geen extra achteruitgang;
cognitieve functies bleven stabiel of verbeterden gedurende negen maanden na
behandeling. Slechts een minderheid van de patiénten vertoonde individuele cognitieve
veranderingen. Noch het aantal noch het cumulatieve volume van de hersenmetastasen
beinvloedde het beloop van de cognitieve testprestaties na behandeling. Met betrekking
tot het behoud van cognitieve functies, is Gamma Knife radiochirurgie een geschikte
behandelingsoptie bij patiénten met 1 tot 10 hersenmetastasen.

CAR-Study B is een van de eerste gerandomiseerde onderzoeken die cognitieve
testprestaties vergelijkt na een gehele hersenbestraling of stereotactische
radiochirurgie bij patiénten met 11 tot 20 hersenmetastasen. Patiénten werden
neuropsychologisch getest voor, en tot maximaal 15 maanden na de behandeling.
Het doel van CAR-Study B is te onderzoeken welke behandeling, Gamma Knife
radiochirurgie of een gehele hersenbestraling, de minste cognitieve stoornissen
veroorzaakt. De voorlopige bevindingen van de eerste tussentijdse analyse suggereren
meer cognitieve achteruitgang na een gehele hersenbestraling. Na een tweede
tussenanalyse werd CAR-Study B stopgezet omdat de vooraf opgestelde stopregel van
kracht werd: De kans op verbale geheugenvermindering na zes maanden was groter na
een gehele hersenbestraling dan na Gamma Knife radiochirurgie. Dit bevestigt onze
voorlopige conclusie. Alvorens de definitieve studieresultaten gepresenteerd kunnen
worden, worden momenteel mogelijke storende variabelen onderzocht. Dit zijn
factoren zoals intracraniéle tumorcontrole, die ook van invloed kunnen zijn geweest
op de veranderingen in het cognitief functioneren over tijd. CAR-Study B heeft de
bewustwording onder verwijzers vergroot over de verschuiving in de behandeling
van hersenmetastasen, waarbij stereotactische radiochirurgie ook kan worden
overwogen als een behandelingsoptie voor geselecteerde patiénten met meer dan 10
hersenmetastasen. Uiteindelijk heeft CAR-Study B het potentieel om de standaardzorg
voor pati€nten met meerdere hersenmetastasen te verbeteren door de impact op
cognitieve vaardigheden te minimaliseren en zo de levenskwaliteit van patiénten te
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verhogen. De opkomst van nieuwe, gerichte en immunologische therapieén zal de
toekomstige rol van radiotherapie in de behandeling van hersenmetastasen verder
doen evolueren. Behoud van cognitieve functies en kwaliteit van leven blijven
belangrijke behandeluitkomsten in toekomstige onderzoeken.
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een puntige en efficiénte manier afgesloten met de vooraf opgestelde agendapunten,
een plan van aanpak en een geniale uitsmijter of prachtige zinsnede van Margriet - die
ik vaak, zodra ik achter mijn eigen laptop op mijn werkplek zat, tot mijn frustratie
weer vergeten was. Hoewel het op het eerste gezicht als tijdverspilling zou kunnen
worden beschouwd, bracht het me vooral ontspanning, en juist daardoor de nodige
inspiratie. Lieve Margriet, je hebt me altijd de vrijheid gegeven om mijn eigen tijd in
te delen en om eigen keuzes te maken. Dank voor jouw vertrouwen, dank voor alles.
Lieve Karin, mijn diepe respect voor jouw onvermoeibare inzet voor de wetenschap,
met hart en ziel. De deadline voor het indienen van de TopZorg-aanvragen bij ZonMw
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staat me nog helder voor de geest (20 januari 2015, 15:00u). Tot de laatste minuut was
het spannend. Na afloop stonden we vol opwinding allebei te springen van vreugde,
jij in Arnhem, ik in Helvoirt. Wat ik zo leuk vind, is dat we allebei welgemeend
konden zeggen "... en anders gaan we bloemen verkopen op de markt." We delen een
ietwat onconventionele "woon/leefstijl." Buiten, te midden van de natuur, daar zijn
weinig woorden nodig. Dankjewel voor alle fijne momenten, voor alles, ik hoop dat
ons contact blijft.

Patrick E.J. Hanssens, radiotherapeut-oncoloog, grondlegger van de CAR-Studies,
wil ik bedanken voor de vele jaren. Wie had ooit gedacht dat beide aanvragen
goedgekeurd zouden worden en dat we het glas zouden heffen in Geert-Jan's tuin.
Dat moment markeerde het begin van een prachtige reis. Lieve Patrick, ik wil je
bedanken voor het onvoorwaardelijk vertrouwen dat je in mij en Eline stelde bij
het opzetten en uitvoeren van de CAR-Studies. Jouw woorden waren op belangrijke
momenten ontzettend waardevol. Met een eenvoudig "Houd moed" of "Ik ben fier op
u" kon ik weer maanden vooruit. Ik heb enorm respect voor de complete en oprechte
betrokkenheid bij al je patiénten. Je bent de beste dokter die elke patiént zich wenst op
dat cruciale moment. Samen met Eline vormden wij als musketiers een team dat vele
ziekenhuizen bezocht om de CAR-Studies te promoten. Naarmate de tijd verstreek,
werd de aarzelende houding van verwijzers merkbaar anders. Onvergetelijk zijn de
jaarlijkse fietstochten waarbij je je samen met je familie inzet voor de teamspirit van
het Gamma Knife centrum, de congresbezoeken in Marseille, de “inteken-avonden”
en met name de avonden waarop we samen een artikel zin voor zin doornamen.
Schaven en vijlen tot er echt en duidelijk staat wat er bedoeld wordt.

Leden van de promotiecommissie: prof. dr. T. Smeets, dr. E.J.J. Habets, prof. dr.
P.C. de Witt Hamer, prof. dr. M.J.G. Jacobs en prof. dr. M. Smits, wil ik hartelijk
bedanken voor het lezen en beoordelen van dit proefschrift en voor jullie deelname
aan de verdediging.

Veel dank aan alle co-auteurs: Daniélle Eekers, Marjan Bakker, Wilco Emons, Joris
Mulder, Maurits Kaptein en Xynthia Kavelaars. Bedankt voor jullie feedback, advies
en waardevolle bijdrage. Ook wil ik graag alle studenten die hebben geholpen met
het verzamelen en verwerken van de onderzoeksgegevens, bedanken voor hun inzet
en betrokkenheid.

|>
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Lieve Eline, je naam viel al eerder. Samen waren wij de CAR-Studies. Ik ben enorm
dankbaar voor onze samenwerking. We hebben lief en leed en (betere en mindere)
hotelkamers gedeeld op verschillende continenten. Onze gezamenlijke reis naar
Marseille was zeker een van de hoogtepunten. Een tijd lang zagen wij elkaar meer dan
onze geliefden. Slechts enkele woorden en we begrijpen elkaar: “Let op het staat foutief
goed in het moederbestand dus het klopt wel” (deze heb ik destijds genoteerd voor dit
moment, zo briljant). We werkten tussen voortgangs- en tussenverslagen, priors en
posterior kansen, de zoekgeraakte stopwatch, TopZorg mri’s, Pegboard pinnetjes, het
planningsbestand, et cetera. We vulden elkaar op vele manieren aan en overwonnen
lastige hindernissen door open en eerlijk met elkaar te praten. Veel respect voor jouw
voortdurende inzet voor CAR-Study B, die resultaten gaan er zeker komen, daar heb ik
alle vertrouwen in. Dankjewel voor je vriendschap, dankjewel voor alles.

Lieve paranimfen, lieve Sophie, Sophie en Eline, ik kan me geen fijnere/betere
afronding van dit promotietraject wensen dan met jullie achter me! Met zijn vieren
vormden we een hecht ‘clubje’ en deelden we alle ups en downs die bij het promoveren
horen. Het is inmiddels weer even geleden dat we gezamenlijk in kamer 1 werkten
(good work takes time, they say). Gedeelde smart is halve smart, dat voelde (en
voelt) met jullie echt zo. We weten elkaar nog altijd te vinden en blijven op de hoogte
van elkaars drukke levens. Allen verschillend en dat maakt het zo speciaal. Jullie
aanwezigheid tijdens de ceremonie is niet alleen symbolisch, maar herinnert ook aan
de waardevolle banden die we hebben opgebouwd. Lieve Sophie (van der Linden), ik
heb enorm respect voor jouw snelheid van denken, jouw inzet en ambitie en hoe je dat
weet te combineren met een druk sociaal leven en gezin. We deelden veel interessante
artikelen en boeken over en weer en als we elkaar spreken is er altijd ruimte om te
sparren over het leven en hoe dat te leiden. Ik ben blij dat ik jou ken. Lieve Sophie
(Rijnen), thank you for being you. Met weinig woorden wist je me met regelmaat
te (onder)steunen. Dankjewel voor al je begrip. Je hebt maar een woord nodig. Veel
respect voor hoe jij het moederschap combineert met je ambities.

Dank aan iedereen van het Gamma Knife Centrum (onder wie Diana, Marion, Reneé,
Anja, Sabine, Marcel, alle laboranten, de neurochirurgen, poli-assistenten, iedereen).
Het is zo mooi om te zien hoe jullie als hecht team werken en er dagelijks voor zorg
dragen dat elke patiént zich gezien, gehoord en gewaardeerd voelt en bij jullie in goede
handen is. Dank voor jullie enthousiasme voor de studies. In het bijzonder wil ik Anja
bedanken, jouw inzet voor de CAR-Studies was vanaf het begin onmisbaar! In de eerste
hectiek van het verhuizen liep ik je mis in Portugal; dat gebeurt me niet nog ‘n keer!
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Maud en Iris met jullie klikte het direct, we hebben veel gesproken, soms zelfs over
werk. Iris, ik mis onze wekelijkse ‘podcast’ waarin we toch iedere keer de wereld
een beetje verbeterden of mooier maakten! Maud, enorm respect voor hoe jij geen
seconde weet te verkwanselen en recht op je doel afgaat. Eerlijk en recht door zee. Ik
heb er alle vertrouwen in dat je een geweldige neurochirurg zult worden! Ook wil ik
mijn andere geweldige voormalige collega's bedanken voor de gezellige tijd: Irena,
Giilizar, Lea, Paula en Linda. En niet te vergeten Winnie en Elke — jullie humor heeft
menig werkdag verlicht en stress verdreven. Dank daarvoor.

Het is alweer even geleden maar ik wil zeker ook een aantal mensen van de
universiteit bedanken, ik heb me altijd erg welkom gevoeld op het departement
Cognitieve neuropsychologie. Jean, altijd in voor een grapje of een praatje, dankjewel,
je was altijd geinteresseerd in ons onderzoek (en wanneer ik nu eindelijk eens zou
promoveren). Wouter, we hebben niet echt samengewerkt maar kwamen elkaar wel
regelmatig tegen, van een afstand heb ik je altijd bewonderd voor je harde werk en
inzet voor de wetenschap. Marion, wat heb ik een respect voor jouw ambitie! Ooit
waren we samen onderzoeksassistenten en gaven we statistiek practica, ik herinner me
veel pret. De wandelingen door de Oude Waranda waren altijd fijn. Ton van Boxtel,
alles gezien en gelezen, de universele en creatieve oplossing voor elk intellectueel,
bestuurlijk, methodologisch dilemma, immer in staat om alle kleuren van het argument
te laten zien. Had niet elk departement een Omtzigt nodig?

Een spagaat, zo heb ik het vaak ervaren, het combineren van een promotie met het
moederschap. Hierbij wil ik een aantal mensen, waaronder Merel, Ilse, Monique,
Saskia, Daphne en Pieternel bedanken die deze spagaat op vele momenten enkele
graden verlicht hebben. Ik heb genoten van alle gezellige momenten, inspirerende
verhalen, de wandelingen en andere uitjes. Ik hoefde me nooit zorgen te maken als
een onderzoek of afspraak uitliep, een van jullie was altijd wel bereid om Simon mee
te nemen. Ilse, je bent gewoon de beste! Dankjewel voor alle fijne momenten, lieve,
eerlijke appjes. Merel, Ties en Simon werden beste maatjes, en als vanzelfsprekend
stond jij altijd klaar om te helpen, dankjewel!

Lieve Anke, in 2012 schreef (signeerde) je in je prachtige boek Change of light “En
zo zijn jullie steeds bij alle belangrijke momenten.” Dat is zo gebleven. Harm-Jan,
hoeveel tijd (of afstand) er tussenin ook verstrijkt, er zijn weinig woorden nodig om
op afstand zo nabij te zijn. Bijzondere vriendschap. Ik ben zo dankbaar Anke dat jouw
kunst mijn thesis mag sieren. Zo mooi hoe jij de eenvoud, weidsheid en het late licht
in was weet te verstillen.

|>
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Lieve Linda, my long-time friend, ook al zien we elkaar niet vaak, toch wist je me
over de jaren heen regelmatig te motiveren om door te zetten als het even tegenzat. Op
een of andere manier weet je altijd het juiste moment en de juiste woorden te vinden.
Dit leek me de uitgelezen plek om je daarvoor te bedanken. Ik hoop dat we, zoals jij
‘t noemt, op deze manier nog heel lang bij elkaars leven aan weten te haken. Die
wandeling ergens in Europa moet lukken.

Lieve Aline, in 2011 was er vriendschap op het eerste gezicht tijdens onze
kennismaking voor de master medische psychologie. Samen studeren (koffiedrinken
in die heerlijke stoelen waar je in kon wegzinken in gebouw A en vervolgens te
laat komen). We vinden elkaar altijd weer (zonder appje of telefoon; ik stond op
het perron in Marseille en jij kwam op de afgesproken tijd aan). Gouda, Sesimbra/
Azeitao, Helvoirt, Oisterwijk, Samoreau/Fontainebleau, aan de Goilberdingerdijk,
Rhijnauwen... we blijven elkaar zien. Ik heb zo'n diep respect voor hoe jij je leven leidt
met jouw prachtige gezin. Moeder van vier en je droom verwezenlijken: Geneeskunde
studeren in Belgié. Ik geloof dat je naast psycholoog ook een fantastische dokter zult
zijn. Dank voor jouw vriendschap en steun.

Sometimes moral support came from as far as Kashmir, with a story of a tiny frog.
Thank you, Dr. M. Yasin. Dr. Mark Rayson, friend that feels family, with envious
optimism enlightening every FaceTime call.

Wie hier zeker niet mag missen, Anja, dat ben jij. Als gastouder van Simon (hij was
pas anderhalve maand oud!) ontfermde jij je over hem als je 'vijfde kindje'. Simon
voelde zich zo thuis bij jullie op de boerderij, bij de hele familie; je hebt hem tot
aan zijn schooltijd echt mede opgevoed, zodat ik kon werken. Dankjewel voor al die
goede zorgen. Ik vind het heel mooi dat we elkaar zo nu en dan nog eens zien.

Tot slot wil ik mijn familie en gezin bedanken. Allereerst mijn ouders, bedankt voor
de onvoorwaardelijke steun, liefde en aanmoediging, in alles. Jullie leerden me de
waarde van bescheidenheid, geduld, naastenliefde, verwondering en nieuwsgierigheid.
Wie goed doet, goed ontmoet. Zonder jullie was dit proefschrift er zeker niet geweest.
Ik mis hier in Portugal de vrijdagavonden, de avonden waarop jullie niet alleen een
blije Simon thuisbrachten maar ook een schaal warme lasagne. Regelmatig luidden
we zo het weekend in. Bedankt voor alles, ik houd van jullie.

Lieve Olaf, mijn grote broertje, dankjewel voor het gevoel dat je me altijd gegeven hebt,
dat ik een grote broer heb die er altijd voor me is. Geweldig dat je samen met Chirstel,
Kayla en Denya daags na de verdediging naar Portugal komt, proosten we samen op het
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leven!! Marianne, jou wil ik ook graag bedanken, je hebt de bijzondere gave om van ver
weg, van een afstand toch vaak dichtbij te zijn met een mooie gedachte, een lief woord,
een knuffel of een mooie steen.

Lieve Erik, Linde, Scato, Dirk, Simon en Marian. Een familie waar ik heel dankbaar
voor ben en ook trots op ben. Lieve Linde en Dirk, maar liefst 81% van de inmiddels
zestien jaar dat ik jullie ken, waren we gezamenlijk aan het ‘studeren’. Met de nodige
ups en downs en andere afleidingen. We deelden accountgegevens voor Office,
Surfspot en Laerd. En dat we dan nu alle drie “klaar zijn”! Dat vraagt om een feestje.
Ik vind het prachtig om te zien hoe jullie allebei je eigen weg gevonden hebben.
Lieve Simon, dappere Simon. Je ouders bedachten dat het tijd was voor meer zon in
het leven en nu staat jouw school in Caldas da Rainha. Ik vind het zo knap hoe je het
doet. Hopelijk heeft het je, als je er later op terugkijkt, iets gebracht. Dankjewel voor
jouw geduld (“Is dat boekje nu nog niet af mama?”), ik kijk er naar uit om samen
onze nieuwe omgeving verder te ontdekken! En dan nog iets, dankzij jou lieve Simon
begrijp ik je vader steeds beter. You’re both truly one of a kind. I can see your father’s
character in you; honest, steadfast, strongheaded, responsible, and above all, you both
possess the talent to think completely outside any box, by nature. It never ceases to

amaze me.

Erik. Love of my life. Somehow, it only feels right to write these words for you in
English. You taught me to appreciate the expressive richness and elasticity of this
language. Our never-ending conversation started sixteen years ago, and ever since we
have been steadily building a personal vocabulary based on the peculiarities of the
human kind. Even Simon now contributes to this enthusiastically. You encouraged me
to return to college and remained convinced and in support of this dissertation where
I had my moments. You’ve shown me the absolute beauty and strength of trust. Thank
you for being exactly what it says on the tin.
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Para ser grande, sé inteiro: nada

To be great, be complete:
don’t exaggerate or exclude anything.
Be each thing. Put yourself
in the littlest thing you do.
So, in each lake the full moon shines
because it rises so high.

Fernando Pessoa from Pessoa in Lisboa, translation Sharon Dolin

Para ser grande, sé inteiro: nada

Wees, om groot te zijn, geheel: maak niets wat jouw is
Groter of tot niets.
Wees al in alles. Leg zoveel je bent
In ’t minste dat je doet.
Zo blinkt de maan in ieder meer geheel
Wijl zij verheven leeft.

Fernando Pessoa in Gedichten, vertaling August Willemsen
(Amsterdam Uitgeverij De Arbeiderspers, 1978)
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