cancers m\py

Systematic Review

A Systematic Review on the Potential Acceleration of
Neurocognitive Aging in Older Cancer Survivors

Charlotte Kerstens 1, Hans P. M. W. Wildiers %400, Gwen Schroyen %5°(), Mercedes Almela 7, Ruth E. Mark 7,
Maarten Lambrecht 2%, Sabine Deprez 2->%(" and Charlotte Sleurs 2-57*

Department of Oncology, University Hospital Ghent, 9000 Ghent, Belgium

Leuven Cancer Institute, KU Leuven, 3000 Leuven, Belgium

Department of General Medical Oncology and Multidisciplinary Breast Centre, University Hospitals Leuven,
3000 Leuven, Belgium

Laboratory of Experimental Oncology (LEO), Department of Oncology, KU Leuven, 3000 Leuven, Belgium
Leuven Brain Institute, KU Leuven, 3000 Leuven, Belgium

Department of Imaging and Pathology, Translational MRI, KU Leuven, 3000 Leuven, Belgium

Department of Cognitive Neuropsychology, Tilburg University, 5030AB Tilburg, The Netherlands
Laboratory of Experimental Radiotherapy, Department of Oncology, KU Leuven, 3000 Leuven, Belgium

w

© o N o Ul W

Department of Radiotherapy, University Hospitals Leuven, 3000 Leuven, Belgium
Correspondence: c.sleurs@tilburguniversity.edu

Simple Summary: As survival rates for cancer increase and most patients exceed the age of 65 years,
more emphasis has gone to possible cognitive sequelae, which could be explained by accelerated
brain aging. We conducted a systematic literature review to summarize the existing risks of cognitive
decline, imaging-based indication of neurotoxicity, as well as developing a neurodegenerative disease
in older cancer survivors. Evidence was found for functional and structural brain changes. Cognitive
decline was mainly found in memory functioning. Individual risk factors included cancer types (brain,
hormone-related cancers), treatment (anti-hormonal therapy, chemotherapy, cranial radiotherapy),

genetic predisposition (APOE, COMT, BDNF), increasing age, comorbidities (frailty, baseline cognitive
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Citation: Kerstens, C.; Wildiers, disorder, sleeping problems, fatigue) and social factors (loneliness, caregiver support, socioeconomic
H.PM.W. Schroyen, G.; Almela, M.; status). Further research is needed to provide a more detailed and profound picture of accelerated
Mark, R E.; Lambrecht, M.; Deprez, neurocognitive aging in specific older subpopulations and targeted interventions.
S.; Sleurs, C. A Systematic Review on
the Potential Acceleration of Abstract: As survival rates increase, more emphasis has gone to possible cognitive sequelae in older
Neurocognitive Aging in Older cancer patients, which could be explained by accelerated brain aging. In this review, we provide a
Cancer Survivors. Carncers 2023, 15, complete overview of studies investigating neuroimaging, neurocognitive, and neurodegenerative
1215. https://doi.org/10.3390/ disorders in older cancer survivors (>65 years), based on three databases (Pubmed, Web of Science
cancers15041215 and Medline). Ninety-six studies were included. Evidence was found for functional and structural
Academic Editor: Eduardo Bruera brain changes (frontal regions, basal ganglia, gray and white matter), compared to healthy controls.

Cognitive decline was mainly found in memory functioning. Anti-hormonal treatments were re-
Received: 26 December 2022

Revised: 31 January 2023
Accepted: 3 February 2023
Published: 14 February 2023

peatedly associated with cognitive decline (tamoxifen) and sometimes with an increased risk of
Alzheimer’s disease (androgen deprivation therapy). Chemotherapy was inconsistently associated
with later development of cognitive changes or dementia. Radiotherapy was not associated with
cognition in patients with non-central nervous system cancer but can play a role in patients with

central nervous system cancer, while neurosurgery seemed to improve their cognition in the short-
BY term. Individual risk factors included cancer subtypes (e.g., brain cancer, hormone-related cancers),
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1. Introduction

In 2020, the worldwide incidence of cancer was 19.3 million [1]. Thanks to improve-
ment in treatments, as well as earlier detection, survival rates have increased, resulting in
more long-term and older survivors of cancer [2-4]. Hence, quality of life in survivorship of
these patients has become an important topic in cancer research. While the older population
of cancer survivors is the largest, most neurocognitive studies do not focus on this specific
population. It is important to understand the long-term effects of cancer and its treatment
on the neurocognitive aging process of this older population of survivors [2]. One such
long-term effect entails neurocognitive decline, which is an important factor contributing
to quality of life (QoL) [5]. Cognitive deficits are mostly summarized under the term
“cancer-related cognitive impairment (CRCI)”. CRCI was described earlier by Janelsins
and colleagues (2014) as immediate or delayed cognitive difficulties after cancer and its
treatment, including perceived and objective decline in memory, attention, concentration,
and executive function [6].

The involved neurotoxic mechanisms can be treatment-specific (e.g., radiotherapy,
chemotherapy, and immunotherapy), but overlap between these mechanisms exists. For
instance, the possible mechanisms of chemotherapy-induced cognitive changes include de-
creased integrity of the blood-brain barrier, neuronal apoptosis and reduced neurogenesis,
DNA damage, inflammation and cytokine deregulation, reduced estrogen and testosterone
levels, cardiotoxic effects, neuroendocrine changes, and genetic predispositions [7]. More
recently, Makale and colleagues (2017) reviewed possible central neurotoxic mechanisms
of cranial irradiation. These similarly cover changes of neuronal apoptosis and reduced
neurogenesis, inflammation and damage to neuronal dendrite structures, and prefrontal
cortex damage (white matter, vessels, and neurons) [8]. Joly et al. (2020) studied potential
central neurotoxic mechanisms of immunotherapy. Higher pro-inflammatory cytokines
and growth factors, cytokine dysregulation, increase in T-cell receptor diversity, and white
blood cell count could all have an adverse effect on immune-related events affecting all
organs of the body. All these processes could indirectly cause neural degeneration as well.
However, evidence regarding neuropsychological outcomes post-immunotherapy remains
scarce [9,10].

In most people, the cognitive deficits and/or complaints tend to resolve within the
first few months after treatment, but in about a third of survivors, the cognitive deficits
and/or complaints can persist longer [11]. Confounding factors such as sociodemographic
factors (e.g., age, cognitive reserve, socioeconomic status, education), genetics, physical
conditions (e.g., comorbidities, frailty, postmenopausal status), and psychological factors
(e.g., fatigue, emotional distress, allostatic load and lifestyle) can further explain daily life
functioning [12-14]. The multifactorial nature causes some people to be more at risk for cog-
nitive impairment than others and complicates the identification of responsible components
for changes in cognition, which can even be more elevated in older patients [12,15].

Aging occurs throughout an individual’s lifespan. Normal biological aging involves
the accumulation of damage on the molecular and cellular level over time, resulting
in a deterioration of physical and mental capacities and an increased vulnerability to
disease [15]. The cellular mechanisms involved in this process include DNA damage
and mutations, epigenetic aging, stem cell damage (oxidative stress), cellular senescence
(telomere shortening), and inflammation. Each of these can contribute to neurocognitive
aging and cognitive decline [16]. Cancer, of which dysregulated cell growth is one of
the hallmarks, shares some of the same mechanisms as aging. This could clarify the
bidirectional relationship between cancer and aging [16].

The goal of this review is to better understand the potential central neurotoxic ef-
fects of cancer and its treatment on the neurocognitive aging process in older cancer
survivors. To address this aim in a comprehensive way, we summarized the existing litera-
ture on neuroimaging, neuropsychological functioning, and neurodegenerative disorders
in this population.
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2. Method
2.1. Search Strategy

A literature search was conducted in PubMed, Web of Science, and MEDLINE databases.

See Supplementary S1 for an overview of the searches in the search engines. The search
included articles exclusively in English, dated between 1 January 2000 and 12 June 2021.
The three main key search terms selected were related to ‘Neoplasm’ and ["Neurocog-
nition” or ‘Neurodegeneration’] and ‘Elderly’. Synonyms were searched based on the
database-trees and added for each key term. MeSH-terms were utilized where available.
See Supplementary S2 for the detailed search string. This systematic review is registered at:
https:/ /doi.org/10.17605/OSFEIO/TBDFP (accessed on 17 January 2023).

2.2. Eligibility Criteria

Studies considered for review included (1) research on cancer survivorship starting
6 months after the last treatment or at least 1 year post-diagnosis; (2) a mean age of at least
65 years old at the moment of testing; (3) central neurotoxic changes (i.e., inflammation,
hypo- or hyper-brain activation, structural and functional brain changes), neurocognitive
symptoms (deficits or complaints) and neurodegenerative disorders (e.g., dementia diag-
noses); (4) original studies; (5) human studies; (6) non-palliative treatment; and (7) studies
without neuropsychological interventions. Excluded studies were (1) studies with data
acquisition during treatment, or within 6 months after treatment; (2) younger average
age than 65 years old; (3) no neurocognitive or neurological outcomes were measured;
(4) non-original-research articles (case reports, expert opinions, conference summaries), re-
views, meta-analysis, protocols, case studies (i.e., <5 patients); (5) in vitro or animal studies;
(6) palliative population; and (7) post-treatment neuropsychological intervention studies.

2.3. Data Extraction

Duplicate articles were removed through EndNote and uploaded to Rayyan as a
screening measure. Studies were then categorized according to the measurements used
to determine functioning (i.e., imaging studies, neuropsychological tests, or question-
naires/interviews). Some studies used a combination of measurements (imaging, cognitive
testing, interviews/questionnaires) in their analysis. These studies were categorized based
on the focus of the study (Appendix A Table A1 imaging studies, Table A2 cognitive studies,
Table A3 questionnaire studies). Specific neurodegenerative diseases (e.g., Alzheimer’s
disease, Parkinson’s disease, other dementia types or cerebrovascular conditions) following
cancer or its treatment were separately described (Appendix B Table A4).

Information of author, publication year, study-design, cancer subtype, treatment type,
comparison group, participants, mean age at diagnosis, mean age at baseline, measurements
used, and the main findings relevant to the current protocol were extracted per study
(Tables A1-A3).

3. Results
3.1. Study Characteristics

The search identified a total of 8738 citations, of which 2813 were in the search engine
Pubmed, and 5925 in Web of Science (Figure 1). The duplicate articles were eliminated using
EndNote, resulting in 7628 remaining articles. These studies were then uploaded to Rayyan
and evaluated based on their title and abstract, and 7393 articles were excluded. Of the
remaining articles, 235 were evaluated in detail. Four additional articles were identified by
manually searching for studies that have cited these papers. This resulted in a final selection
of 48 publications relating to the research question, which were divided into the different
outcome categories (i.e., imaging studies, cognitive tests, questionnaires/interviews). Five
studies (10%) primarily described imaging findings. Thirty-six studies (75%) assessed
the neurocognitive impact of cancer and its treatment based on cognitive testing and
seven (15%) based on questionnaires/interviews. Fourteen studies used a combination
of measurements (imaging, cognitive testing, interviews/questionnaires) in their analysis.
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Forty-eight studies explicitly reported on neurodegenerative diseases after cancer treatment,
which are separately described (Figure 1).
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Figure 1. PRISMA 2020 flow diagram.

3.2. Imaging Studies

Normal brain aging includes decreases in total brain volume, gray and white matter
connectivity, and hippocampus volume changes [17]. Structural changes in the brain were
found in older survivors of cancer compared to age- and education matched controls. These
included gray matter volume loss in areas such as the basal ganglia and right superior
frontal gyrus [18-20] and white matter changes in the corpus callosum, exceeding the
normal aging process. These brain changes correlated with overall cognitive impairment as
well as specific cognitive functions such as language processing, verbal fluency, processing
speed, executive functions, visuospatial abilities, visual and verbal memories, and word
recall [20].

In addition, functional changes in brain metabolism were also found in survivors after
chemotherapy, chemoradiation, or tamoxifen treatment. These included hypometabolism in
orbital frontal regions and hypermetabolism in the left postcentral gyrus, which correlated
with worse executive functioning, working memory, and divided attention. These changes
could reflect potential dysfunction in frontal-subcortical brain regions [21]. Hypoactivation
of frontal areas is also seen in normal aging. Treatment can thus accelerate or mimic the
effects of normal cognitive aging in survivors [22]. Interestingly, lower concentrations
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of myo-inositol were found in the brain after tamoxifen or estrogen treatments, while
normal aging is associated with increased concentrations of myo-inositol, suggesting
that brain aging might be favorably modulated by specific anti-hormone therapies [23].
Specifically, the most affected regions in cancer survivors were the frontal regions and
changes in the basal ganglia consistent with regions affected by normal neurocognitive
aging [18,20,21,23,24].

3.3. Neuropsychological Testing

A broad spectrum of tests (1 = 36) measuring different cognitive domains were used in
the studies (including attention, memory, processing speed, executive functioning, learning,
language, visuospatial abilities, reaction time, psychomotor function, intelligence, and
non-verbal function). Treatment-specific results were most often found.

Regarding CNS tumors, most often neurosurgery showed improvements in cognitive
function [25,26]. One study showed no cognitive change after stereotactic radiotherapy for
brain metastases [27], while another revealed lower or impaired cognitive scores more than
9 months after focal irradiation for glioblastoma [28].

In non-CNS tumor patients, local therapy (surgery or radiotherapy) did not have a
substantial impact on cognition [29-34]. Only for sinonasal and gynecological cancers,
impaired cognitive functioning was found after radiotherapy and/or surgery [19,35]. This
can be explained as irradiation for sinonasal cancer, which is located close to the brain,
which could indirectly affect the brain [19]. For the study on gynecologic cancers, local
therapy, directly affected ovarian function, resulting in decline in estrogen levels, thus
similarly affecting cognition as was seen by the studies on anti-hormone therapy [35].

Anti-hormonal therapy, specifically tamoxifen, resulted in worse learning (information
processing), verbal memory, and executive functioning in cancer survivors compared to
healthy controls [36-39]. ADT in prostate cancer resulted in worse cognitive performance,
compared to healthy controls, specifically in executive function attention, memory, and
information processing [30,40-43], although not consistently replicated [44—48]. These
deficits related to anti-hormonal therapy are strongest and most often found during and
shortly after treatment [38,40]. A potential cognitive benefit was found of exogenous
levothyroxine in thyroid cancer on the cognitive function of patients who lack endogenous
thyroid hormone [49].

Chemotherapy negatively impacted cognitive processing speed, visual and verbal
memory, spatial function, and attention in most studies [24,50-53], although not consis-
tently replicated [31,33,54]. One study found better recall in survivors that had received
chemotherapy, but this was due to an age and treatment interaction as younger people
were more often in better conditions and received chemo [32].

Inconsistent results were found when comparing studies that did not distinguish be-
tween specific treatments and /or cancer types. Some found similar trajectories of cognitive
functioning compared to healthy controls [31,55,56], others found that cancer survivors
in general have more cognitive impairment [57,58]. One study even showed spurious
results of better memory and slower memory decline in older cancer survivors compared
to healthy controls [59].

Generally, older age or aging-related phenotypes such as frailty were associated with
worse cognition scores and impairment [28,31,33,36,37,51,53,56]. Depression/anxiety and
fatigue were also found to predict worse cognition [31,56,60].

3.4. Interviews/Questionnaires

Divergent results were found in the studies on subjective cognitive complaints. There
were studies that found no association between previous cancer diagnosis and self-reported
cognitive complaints, maintaining good long-term self-reported cognitive complaints [61-63].
Two studies showed the opposite, that long-term survivors most often presented a higher
rate of cognitive complaints [42,64]. Memory domains were most likely perceived as
affected, specifically the ability to learn new information [38,42,58,65]. Loss of memory was
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more often reported in female breast cancer survivors or gynecologic cancers [35,66], and in
patients with pre-existing cognitive or memory complaints [63,65]. One study investigated
anti-hormonal therapy and found that tamoxifen users (but not exemestane users) reported
increased attention/concentration complaints [60]. Chemotherapy studies more frequently
reported loss of memory [65,66] or worse perceived concentration, or general cognitive
abilities [36,63], although not always replicated [61].

3.5. Neurodegenerative Diseases following Cancer

Treatment- and cancer-specific results were most often found. Most studies found
a decreased risk for AD or a delay in onset (but not progression) of PD in patients with
skin cancer [18,67-69]. Two studies found that skin cancer increased the risk of AD [70] or
PD [71]. Divergent results were found for smoking-related cancers (i.e., lung, oral, larynx,
pharynx, esophagus, stomach, pancreas, bladder, kidney, and cervical cancer). While some
studies found a decreased risk of AD, PD, or stroke in these cancers [70-74], others found
the opposite [75-77]. Hormone-related tumors (i.e., breast, uterus, and prostate cancer)
were associated with decreased risk of developing AD or PD in some studies [76,78,79]
while other studies found an increased risk [70] or no association [80,81].

In addition, differential effects for cancer treatments were found. The majority of
studies found that the use of ADT resulted in increased risk of developing AD compared
to no ADT treatment [82-90], with increasing risk in case of longer use [88], although not
consistently replicated for AD or PD [91-94] or for cerebral infarction [95]. Regarding anti-
hormonal therapy for breast cancer, one study found that aromatase inhibitors resulted in
less risk of dementia than tamoxifen treatment [96] while another study found no difference
between both treatments in the risk for dementia [97]. One study used a comparison group
of no anti-hormonal treatment and found that tamoxifen and aromatase inhibitors were
associated with decreased risk of AD and dementia [98]. Other treatments such as Bacillus
Calmette—Guerin also showed reduced risk of AD and PD [73].

In comparison to radiotherapy in head and neck cancers, surgery had a comparable
risk of consequent cerebrovascular events in one study [99], while in another, higher rates of
cerebrovascular events were found in patients receiving radiotherapy compared to surgery
alone [100]. One study showed that the use of some statins after radiotherapy could reduce
this risk [101].

Some studies showed chemotherapy to be related to drug-induced dementia [102,103],
while the risk of other types of dementia such as AD and vascular dementia were lower in
patients that received chemotherapy [70,102]. Other studies found no associations [104-107].

When comparing studies that did not distinguish between specific treatments and/or
cancer types, the majority of studies found that older cancer survivors have a lower risk of
developing Alzheimer’s disease (AD) compared to healthy controls [18,72,74,78-80,108-110].
Some studies found no relevant association between cancer and risk of dementia or tran-
sient global amnesia [76,111-113]. Comorbid factors such as socio-economic status and
depression increased the risk of dementia [106,107].

4. Discussion

Given the rising incidence of cancer with age, research on the neurocognitive and
neurodegenerative impact of cancer and its treatment in later life is important. Only
a relatively small number of studies have focused on cancer survivors with a higher
biological age. Overall, evidence was provided for functional and structural changes in the
brain, specifically gray and white matter changes in the frontal regions and basal ganglia,
consistent with changes in cognition, specifically working memory, executive functioning,
and information processing. Anti-hormonal treatments were repeatedly associated with
worse cognition (including tamoxifen) and sometimes with an increased risk of developing
Alzheimer’s disease (regarding ADT). Similarly, chemotherapy inconsistently resulted
in cognitive changes or drug-induced dementia. Local surgery or radiotherapy was not
associated with cognition in patients with non-CNS cancer. By contrast, local radiation to
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the head (cranial radiotherapy) did seem to play a cognitive role in patients with CNS cancer.
For these patients, neurosurgery seemed to improve their cognition in the short-term.

Across studies, memory was frequently perceived as affected. When looking at the
studies on neurodegenerative conditions in cancer survivors’, divergent results were found
for skin cancer and smoking- and hormone-related cancers, some increasing the risk of
dementia and others showing a decrease in risk. When focusing on studies that did not
distinguish between specific treatments or cancer types, most of these studies found that
older cancer survivors have a lower risk of developing Alzheimer’s disease (AD) compared
to healthy controls.

4.1. Individual Risk Factors

As results are diverse, possible individual risk factors can be important to consider.
These can include cancer types, treatment, genetic predisposition, age, comorbidities, and
psychological and social factors [57,114]. As frailty increases with aging, due to physical,
psychological-emotional, and cognitive functional deterioration, patients can cognitively
deteriorate. This could even be accelerated, given that cancer patients often suffer from
physiological and emotional sequelae related to their diagnosis and treatment.

A cancer diagnosis and the personal context (e.g., fatigue, sleep problems, hormonal
changes, and tumor-related factors) can have indirect effects on cognition, which could be
even more pronounced in older compared to younger people [3,115]. Relatedly, genetic
predisposition can influence the relationship between cancer and cognition or neurode-
generation, such as genes associated with age-related cognitive decline [22,116]. These
include genes encoding apolipoprotein E (APOE), catechol-O-methyltransferase (COMT),
and brain-derived neurotrophic factor (BDNF) [114].

In addition, age-related comorbidities and frailty are an important consideration as
well, as chronological age alone appears to be a poor predictor of the effects of treat-
ment [117]. The combination of chronological age or age-related phenotypes such as frailty
or cognitive reserve could better predict neurodegeneration in cancer survivors [36,115].
Increasing age also leads to an accumulation of multimorbidity, functional decline, and cog-
nitive dysfunction that may degenerate into dementia symptoms [115,118]. Thus, survivors
who are older and have less reserve pre-diagnosis could be more susceptible to reaching
the threshold of cognitive deficits [64].

Psychological and social factors can also be a risk factor in cancer-related cognitive
impairment or neurodegeneration [114]. The prevalence of mood disorders such as de-
pression or anxiety is known to be high in adults aged 65 and above compared to younger
adults [3,114]. Older people more often have decreased social activities which provides
additional emotional and practical challenges such as loneliness, needs of caregiver support,
transportation, and home care [119]. There is a relationship between social isolation and
increased cancer mortality as well as poorer treatment tolerance [119].

Each of these risk factors (cancer, treatment, genetic predisposition, age, comorbidities,
psychological and social factors) can lead to physiological toxic effects and can affect the
aging brain [114]. However, not all older cancer patients develop cognitive effects, and
the risk can depend on individual resilience factors [22]. Interestingly, brain changes can
also be found in older cancer patients without decline in neuropsychological function-
ing [120]. In some cancer patients overactivation in the brain was found, which could
suggest compensatory mechanisms.

4.2. Physiological Features of Aging

Cancer and aging are linked biological processes, and the diagnosis of cancer and its
treatment can accelerate the aging process [121]. An overlapping pathway involved in
aging, cancer, and treatment are inflammatory responses as they can trigger neurotoxic
cytokines [22].

First, hormonal levels decrease with age and can more profoundly decrease when
anti-hormonal therapies are prescribed as cancer treatment [22]. Hence, different effects
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have been found, dependent on the type of anti-hormonal treatment. Second, treatment
such as chemotherapy can disrupt cellular processes and cell division resulting in increased
inflammatory responses [114]. DNA damage and diminished DNA repair are markers
of senescence and are found in age-related diseases such as PD, AS, and mild cognitive
impairment [22]. Some chemotherapies have been shown to cross the blood-brain barrier
and strengthen central neurotoxicity [22]. Telomere length is a marker of cellular age,
stress, AD, cancer risk, and mortality. Certain cancer treatments influence telomere length,
resulting in a common pathway between aging and cancer-related cognitive decline [22].
Senescent cells are also a biomarker of the frailty phenotypes that could increase the risk of
cognitive decline [22].

These pathways can also result in overlapping brain changes affected by cancer treat-
ment, neurocognitive aging, and neurodegeneration. While normal aging has a curvilinear
process with most decline in older age, the slope can change due to individual risk fac-
tors [122]. Thus, even if cancer treatment has the same impact on the brain independent of
age, the cognitive performance may change depending on the age of the individual and the
slope of cognitive aging [122].

4.3. Gaps in Research and Future Directions

This review demonstrated that cancer diagnosis and treatment could have an adverse
effect on cognition or neurodegeneration and inter-study differences were found. However,
some limitations need to be mentioned. First, a common limitation in many studies was the
relatively small sample size, raising questions on representativeness of the sample group
in the general population. Second, studies often included selected sub-populations (e.g.,
excluding patients with too much comorbidity), which could result in a selection bias. For
instance, the number of studies on patients with CNS tumors was limited. Most studies
looked at the treatment of anti-hormone therapy or chemotherapy while the results on
immune therapy and local therapy were limited. Third, different validated measures of
cognitive function were used in different studies making it difficult to make a comparison.
Given the wide scope of existing findings that we aimed to summarize, and the current
lack of such comprehensive overview, we included both cognitive and dementia research
to integrate different perspectives addressing potential accelerated neurocognitive aging.
In this study, we conducted a systematic review covering different aspects. This was
selected given that the existing data to date are too diverse and limited to perform a meta-
analysis. More specifically, more than thirty different neuropsychological test materials
were used to assess cognitive functioning, covering attention, memory, processing speed,
executive functioning, learning, language, visuospatial abilities, reaction time, psychomotor
function, intelligence, and non-verbal function. Moreover, different cancer populations
were included, both non-CNS and CNS cancer types. The majority of studies covered either
neuropsychological test assessments, or epidemiological studies on neurodegenerative
diseases. Studies focusing on neuroimaging or questionnaire data only in the elderly
population were rather limited.

A combination of imaging, cognitive testing, and subjective cognitive complaints
gives the most information on the effects of cancer and treatment on cognition and neu-
rodegeneration as some results may be very subtle. Fourth, not all studies described the
different cancer treatments (or its timeline) in detail, which complicates the interpretation
of treatment-specific effects. Finally, many studies did not use a control group without
cancer (either healthy controls or cancer survivors who did not receive a specific treatment),
making it difficult to compare to the general healthy population, thus concluding whether
cancer and/or its treatment accelerated the normal aging process.

Future studies on the neurocognitive and neurodegenerative impact of cancer treat-
ment should include sufficient numbers of older cancer survivors in order to capture
variability in reserve and frailty and to highlight the effects of different treatments, biologi-
cal processes and other chronic comorbidities.
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Evaluating someone’s individual risk for developing short- or long-term cognitive
deficits or neurodegeneration in later life is important in creating a treatment plan. This can
be done through a multidimensional assessment, having a predictive value in identifying a
subgroup of cancer patients and older survivors that are at higher risk for cognitive decline,
thus needing closer monitoring and intervention. More imaging studies will be critical
in identifying brain structural links between cancer and neurocognitive aging. Research
on treatments that have less toxic impact and provide more quality of life are essential as
well. For those patients that do experience cognitive decline and neurodegeneration, reha-
bilitation programs and interventions should be created to support these cognitive losses.
Through the understanding of specific risk factors for cognitive deficits in older cancer
survivors, and by understanding the link between cancer treatment and the neurocognitive
aging process, tools could be developed to identify patients more at risk for accelerated
neurocognitive aging, neurodegeneration, or cognitive dysfunctions.

5. Conclusions

In this review, we provided a comprehensive overview of evidence related to potential
accelerated brain aging, including neuroimaging, and neurocognitive and neurodegen-
erative disorders studies in older cancer survivors (>65 years). Evidence was found for
functional and structural brain changes in multiple areas (frontal regions, basal ganglia,
gray and white matter). Cognitive decline was mainly found in memory. Anti-hormonal
treatments were repeatedly associated with cognitive decline (tamoxifen) and sometimes
also with Alzheimer’s disease (androgen deprivation therapy). Chemotherapy was incon-
sistently associated with later development of cognitive changes or dementia. Radiotherapy
was not associated with cognition in non-central nervous system cancer but can play a
role in patients with central nervous system cancer, Neurosurgery rather seemed to im-
prove cognition in the short-term. These overall findings can be moderated by individual
risk factors, which include brain cancer, hormone-related cancers, anti-hormonal therapy,
chemotherapy, cranial radiation, genetic predisposition (e.g., APOE, COMT, BDNF), age,
frailty and cognitive reserve, depression or post-traumatic distress, sleep, fatigue, and
social factors. Based on the current state of the art, more research focusing on accelerated
aging in older cancer patients is required to better understand the risks in subpopulations
and the underlying mechanisms to improve tailored guidance and intervention studies.
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Appendix A

Table Al. Overview of imaging studies in older cancer survivors according to the systematic literature review.

First Author, . Cancer Participants, Mean Age Mean Age R,
Year Design Type No at Dx (yrs) at Baseline (yrs) Measurement Main Findings
Imaging Studies
Imaging Tamoxifen or estrogen resulted in lower
H MRS: concentrations of myo-inositol
Ernst Breast: 16 Tamoxifen; 70.4 Tamoxifen; MRI specifically in. basal gangli.a )
sy ] reast; 27 Healthy HRT; N.A. 71.5 Estrogen; Neuropsychological test Longer duration of tamoxifen resulted in
2002 Other 33 HC 71.8 HC DSST: lower myo-inositol concentrations
MMSiE' No differences between groups on the
TMT p;rt A neurocognitive tests
Imaging
MRI o .
Subjective measures Cancer history is associated with delay in
Subject, informant and AD onset independent of ApoE ¢4
Nudelman, 503; clinician memory concerns; NMSC wasa 51gn1f1car}t drlveF effect
2014 s All 1106 HC N.A. 71-77 physician assessment; Prior cancer was associated with lower
CDR ’ GMD in right superior frontal gyrus,
Neuropsychological tests driven by cancer types
MMSE;
WMS-R Logic Memory II
‘ No survivors and one HC had global PET
[maging score consistent with AD
FDG PET imaging; metabolic pattern
MRI . Hypometabolism in orbital frontal
Ponto, cs Breast 10 Chemo/RT; 250 737 Neuropsychological test regions and hypermetabolism in left
2015 10HC MMSE; postcentral gyrus in survivors
ROCEF; Lower scores in executive functioning,
IMT part B; working memory, and attention
WMI-total in survivors
11% structural abnormalities in irradiated
Sharma cs Sinonasal 27 RT N.A. *67 MRI areas of brain

63 % impaired cognitive function
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Table Al. Cont.

First Author, . Cancer Participants, Mean Age Mean Age R,
Year Design Type No at Dx (yrs) at Baseline (yrs) Measurement Main Findings
Imaging
MRI ‘ - Decrease in GMD in basal ganglia,
Neuropsychological test (thalamus, right insula)
AVLT; - Decreased white matter integrity in
. 11 PCI + chemo BNT, ) corpus collosum
Simo, PR SCLC andor thoracic RT; N.A. * 65 MDRS-2; - Strong association between cognitive
2016 11 HC ROCF; deterioration and white matter changes in
TMT part A "fmd B; corpus collosum in survivors
VET (pf}onetlc and - 45% of survivors met criteria for
semantic); cognitive impairment
WAIS-III Vocabulary;
WAIS-III Digit Span
Table A2. Overview of cognitive studies in older cancer survivors according to the systematic literature review.
Cognitive Testing
Animal Fluency;
Card Rotations;
Conditional Association Learning Test;
COWAT;
69.3 ADT CVLT; - No consistent evidence that 12
Alibhai, PR Prostate 77 ADT; 82 9.6 ﬁon— ADT NA Digit Span forward and backward; months of ADT use had adverse
2010 non-ADT; 82 HC ’ 67.9 HC o D-KEFS Color Word Interference Test; effect on cognitive function

Judgement of Line Orientation;
NART;

Spatial Span forward and backward;
Spatial Working Memory Task Errors;
TMT part A and B
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Table A2. Cont.

Cognitive Testing
Animal Fluency;
Card Rotations;
Conditional Association Learning Test;
COWAT, Ongoi f ADT f 3
Alibhai 77 ADT; 69.3 ADT; CYLT; mr(;i?;zgwuasser?ot associ?al’;eljtlpwfioith6
2017 ’ PR Prostate 82 non-ADT; 69.6 non-ADT; N.A. Digit Span forward and backward; o )
82 HC 67.9 HC D-KEFS Color Word Interference Test; cognitive decline
Judgement of Line Orientation;
Spatial Span forward and backward;
Spatial Working Memory Task Errors;
TMT part A and B
Discontinuation of Tx is
associated with better cognitive
performance, specifically verbal
CAMCO-G; memory ,
et WS Block Design Chenical cxsaion o
2004 PR Prostate 40 ADT 724 N.A. WMS-III Verbal paired Association; IS;PI;( 955 on and testosterone
WMS-II Visual Reproduction; ockade) is associated with rise in
WMS-IIT Word List plasma levels of Af3, and
increased depression and anxiety
Verbal memory was negatively
correlated with A3 plasma levels
AVLT Delayed Recall;
BNT;
TMT part B; No association odds of mild
Alonso- 99 ADT, VET (Semantic),' Cognitive impairment and
Quifiones, CS Prostate 250 non-ADT; N.A. 73.1 WAIS-R Digital Symbol; prostate cancer, history of ADT
2020 2164 HC WAIS-R Picture Completion; use, including length of exposure

WAIS-R Block Design;
WMS-R Logical Memory II;
WMS-R Visual Reproduction I
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Table A2. Cont.

Cognitive Testing
No association between history of
‘s - ADT use and risk of mild
Physician examination;
. > i e .
Algnso 20 ADT 25 years; . . Interview (Participant and informant cogmtl.ve 1mpa.1rr¥1ent
Quinones, PR Prostate 47 ADT <5 years; 70 78 CDR); Potential association between
2021 174 non-ADT Neuropsychological battery (9 tests) lgng—tern} ADT use (51' yea1.'s) and
risk of mild cognitive impairment
CRT; ChemoTx at least 8 years ago is
CVLT; . associated with faster decline in
70.58 chemo; Namj:e as marny words with letter “F” memory in late life compared to
81 chemo; 306 no and “C”; HC
Anstey, ) 70.75 no ]
CS All chemo; N.A. ) SDMT; ChemoTx between 1 and 8 years
2015 chemo; . ) .
1562 HC; 70.58 HC Spot-the-Word; ago is associated with slower
SRT; processing speed time compared
TMT part B; to no chemo and HC
WMS Digit Backwards
No association of cancer history
All with poorer cognitive function
Buckwalter, (excluded 541; No differences between women
CS . N.A. >74 TICS-m
2005 skin) 3123 HC - with or without history of cancer
Women in delayed verbal memory
Adjuvant FOLFOX4 can have
negative effect on verbal memory
81 pre-chemo; Eﬁ;\fd})‘na Test Verbal Memory subtest; => 54%. impri‘ﬁ-ngé 33% e
) . ; worsening within 6 months after
Cruzado, PR Colon 73 post-chemo; 66.96 N.A. SCWT; Tx
2014 54 6-months . L .
post-chemo TMT part A .and B; Cognitive impairment was most
WAIS-R Digit Symbol common in older patients and
those with less years of education
Gastrointestinal;
Deschler, PancreatiF; . No cognitive decline 6 months
PR Retroperi- 195 surgery N.A. 75 MMSE ost-surger
2019 toneal p gery

sarcomas
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Cognitive Testing
Global improvement of cognitive
function between pre-surgery and
12 months post-surgery
Attentional Matrices Test; Three patterns: fast recovery, late
AVLT; recovery, and progressive
Corsi Span; recovery o
Digit Span Backward; Fast recovery: dgnommatlon and
Ideomotor apraxia; Eon—verbal m’celhgenceCl
i Cri i i fect: ate recovery: sustained attention
o Czr;)sltg forl PR Meningioma 41 surgery N.A. T4 lggrg;nfrol\fd?rlg(;t, and constructional praxis
RPM; 50% showed deficit in visuospatial
SCWT; and executive functioning 12
Token test; months after surgery => longer
VET (phonemic); recovery needed .
Weig] Test At 12 months 27.4% of patients
had complete cognitive recovery,
7.7% no recovery, 64.9% partial
recovery
BVMT-R (total and delayed recall);
HVLT-R (total and delayed recall); ADT resulted in impaired
NART Full-Scale 1Q; cognitive performance within 12
Gonzalez, 58 ADT; 67.31 ADT;  SCWT; months compared to HC or
2015 PR Prostate 84 surgery only; N.A. 67.72 surgery; SDMT Items Completed; prostatectomy
88 HC 69.10 HC TIADL; ADT performed at an impaired

WMS-III Digit Span;
WMS-III Logical Memory II;
WMSH-III Spatial Span

level on executive function
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Cognitive Testing
BVMT-R (total and delayed recall); ADT'r'esu!ted mn stable rates of
Color trails 1 and 2; cognitive impairment, whereas
COWAT; HC improved over 12 months
HVLT-R (total recall and delayed recall); IL-6 lerels, fatigue, anf:l )
Hoogland, PR Prostate 47 ADT; NA 67.6; NART Full-Scale IQ; depressive symptoms increased in
2021 82 HC A 684HC  SDMT Items Completed; ADT group over 12 months
TIADL; No relationship between
WMS-III Digit Span; ADT-related inflammation and
WMS-III Logical Memory II; cognitiv.e impairment or
WMS-III Spatial Span depressive symptoms
BNT;
COWAT,; o .
HVLT-R (total and delayed recall); 39% decline in cognitive function
. MMSE; from before to 6 months after
Hurria, RCFT: chemoTx
Rosen, PR Breast 28 chemo 71 N.A. SCW"l’"' Most affected: visual memory,
2006 TMT p/ art A and B; spatial function, psychomotor
WAIS III Block Design; function, and attention
WAIS III Digit Symbol;
WRAT-III, reading subtest
AVLT (supraspan and delayed); After LHRH (ADT) therapy
KDCT; declines on tasks of spatial
Mental Rotation (speed and accuracy); memory and ability
. 32 Short-term NART;. . . No correlation between decrease
Jenkins, PR Prostate ADT + RT: 67.5; NA RCFT (immediate, delayed, processing in bioavailable testosterone and
2005 18 HC ! 65.4 HC o speed) cognitive performance 9 months
Semi-structured interviews; after Tx
VFT (phonetic); 25% considered their memory to
WMS III Digit-Span task; be worst after 9 months of Tx
WMS III Spatial-Span task
Improvement in cognitive
Korz‘gignd’ PR Meningioma 47 surgery *70 N.A. MMSE function 6 months post-surgery
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Cognitive Testing
Only female survivors were more
likely to have cognitive
Breast, female impairment than respective twin
gynecologic, Increased risk of cognitive
Kurita o ri)rgltllec}tive hoirleoiheeﬁ"?’or Telephone cognitive screening (unable impairment in female survivors
! CS P ’ L 61.9 73.3 or poor score on cognitive screening who had radiation and/or surgery,
2011 all other surgery; than BDRS) compared to chemoTx
(excluded 415 twin HC Risk was higher among survivors
skin and of gynecologic cancers and those
brain) with Tx affecting ovarian
functioning
Breast,
prostate, L
colorectal, ChemoTx has negative impact on
lymphoma, RST: cognitive processing sp.eed
Kvale, PR bladder, 37 chemo; NA 76.04; TIADL; Poor performance and increased
2010 uterine, head 37 HC A 7581HC  UFOV; age atbaseline were each
and neck, WALIS Digit Symbol Substitution associated with slow processing
ovarian, speed post-chemoTx
multiple
myeloma.
Copying drawings;
Corsi Span;
Digit Span;
MFTC;
MMSE; Survivors had lower cognitive
La Carpia, 63 chemo, RT or 74.2; Nouns naming test; performance, especially in
2020 CS NHL transplant (SCT); N.A. 743 HC RAVLT; executive functioning and
61 HC ROCF; attention domains
RPM 47;
SCWT;
TMT part A and B;

Verbs naming test;
VFT (phonetic, semantic)
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Cognitive Testing
Lower cognitive score for
Lombardi, PR Glioblastoma 35 focal RT and ~65 N.A. MMSE survivors older than 65 years old
2018 chemo o at 9 months after RT
Survivors (especially with ApoE
e4) exposed to chemoTx had
lower long-term attention,
processing speed and executive
COWAT: function and self-reported
DSST: ’ cognition scores)
Do Anti-hormonal Tx, with ApoE ¢4
NAB Digits (forward & backwards); ’ 1%
94 chemo + 66.1 chemo + NAB listg A (gmmediate short and lz)n allele, resulted in short-term lower
Mandelblatt, hormone; hormone; ’ 8 learning and memor
PR Breast N.A. recall); g ory
2018 237 hormone; 68.8 hormone; Logical memory I and II Self_reported Cognltlon was
347 HC 67.8 HC TMT Part A and B ’ associated with cognitive test
Subjective measure Chronological age and aging
FACT-cog questionnaire phenotypes (frailty) were
associated with lower baseline
attention, processing speed and
executive function and
self-reported cognition
No significant decline in
neurocognitive function after
Minniti, Brain 102 stereotactic " stereotact%c radiosur'ger‘y
2013 PR metastases radiosurgery N-A. 77 MMSE Neurological complications

(seizures, motor & speech deficits,
confusion) in 13% of patients
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Cognitive Testing

Moon,
2014

Morin
2018a

Morin
2018b

(&

PR

PR

DTC

All

All

50 TSH
suppression;
90 HC

403

403 chemo, RT,
surgery

N.A.

76.15

76.15

70.9
70.5 HC

N.A.

N.A.

CERAD-K-N

BNT;

Constructional Praxis Recall Test;
Digit Span Test (backward and
forward);

FAB-K;

MMSE;

TMT part A and B;

VFT;

Word List (memory, recall, recognition)

Total recall (Immediate and delayed)

Total recall (immediate and delayed)

Cognitive function of older DTC
survivors under long-term
TSH-suppressive Tx are not
impaired

Higher serum free T4 levels
resulted in better scores on some
cognitive domains => potential
benefit of exogenous
levothyroxine on cognitive
function of patients who lack
endogenous thyroid hormone

Three classes of cognitive
functioning best fit the data: High
(18%), Middle (52%) and Low
recall (30%)

Stable trajectories from pre-Dx to
4 years after Dx

More depressive symptoms after
Dx predicted membership to Low
Recall Class

Older age, male gender, and fewer
years of education predicted
membership to Low Recall Class

None of the Tx predicted
membership to the low recall class
ChemoTx predicted likely
membership in the high recall
class, due to age x treatment
interaction. No effect surgery or
RT.

Survivors <80 were more likely to
receive chemoTx and have high
recall cognition
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Cognitive Testing
Older survivors had better
memory and slower memory
Ospina- All 2950: Immediate and delayed recall of decline than HC
Romero, PR (excluded g 71.7 N.A. 10-word list (proxy assessment if Possibility of a common
12,333 HC e . . . : .
2019 NMSC) individual was too lmpalred) pathologlc process in Opp051te
directions in cancer and AD
Tamoxifen use for standard or
Box Copying Task (Necker Cube); longe.r.resu1te.d in increased
P ini-Hill 710 Tamoxifen; Clock Drawing; physician visits for memory
aganui-Hitl, PR Breast 453 No tamoxifen * 60-64 *69 Narrative writing Task problems. Especially for current
2000 . users
(other Tx) Subjective measure .
Surve Current use of tamoxifen
y s
adversely effects cognition
No differences between cancer
Counting backwards; survivors and HC in cognitive
Naming the date, day, (vice)president; function in later life
Poster All 1270 chemo, Elejsll)Zf;ry- Nodassoci’i’tion between chemoTx
’ . ; and cognition
2013 CS (exslilfj)lng 80;1;261;()1( N-A. 748 Word list (immediate, delayed recall, Older age, male gender, comorbid
/ reco.gni.tion) conditions, depressive symptoms,
Subjective measure less education associated with
Self-rated memory worse condition
40% survivors had cognitive
impairment 18 months post-Dx
At 18 months, cognition improved
in comparison to 6 months
(improvement in phonemic
Regier, 'Oral'- 88 surgery, 65.93; ﬂu§ncy and memory) .
PR digestive chemo, RT; N.A. MoCA Neither chemo or RT associated
2019 72.85 HC
Males 88 HC

with worse cognition

Older age, low hemoglobin, and
cancer-related PTSD were
associated with worse cognition at
18 months
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Cognitive Testing

Shaffer,
2012

Schilder,
2010

Tan,
2013

PR

PR

PR

24 breast chemo;
64 colo chemo;
Breast and 117 breast no
colorectal chemo;
160 colo no
chemo

80 Tamoxifen;
Breast 99 Exemestane;
120 HC

Prostate 50 ADT

75.5

N.A.

*71

N.A.

68.7
Tamoxifen;
68.3
Exemestane;
66.2 HC

N.A.

TICS-m

Fepsy Finger Tapping;

Fepsy Reaction Time;

RAVLT;

SCWT;

TMT part A and B;

VFT (phonetic, semantic);

Visual Association Test;

WAIS-III Letter-Number Sequencing;
WMS-R Visual Memory

California Verbal Learning Test-Short
Form;
MMSE

No differences in rates of
cognitive decline before and after
Dx

Cognitive decline after Dx did not
differ between those receiving
chemoTx and those who did not

1 year of tamoxifen is associated
with lower functioning in verbal
memory and executive
functioning

1 year of exemestane is not
associated with negative effects on
cognitive functioning

Processing speed was worse for
tamoxifen group compared to
exemestane group

Older age tamoxifen group
resulted in worse verbal memory
and processing speed compared
to HC

Younger age tamoxifen group
performed worse on executive
functioning compared to HC

No cognitive decline or change in
memory function over time after
Tx with leuprolide

No elevated plasma amyloid short
term after Tx with leuprolide

Age was correlated with plasma
amyloid ABlevels
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Cognitive Testing
BVMT-R;
RAVLT;
TMT part A and B; . )
VFT (phonetic); Decline on verbal memory in
Underwood, L S older women after 1 year of
2019 PR Breast 42 hormone N.A. 68.38 WAIS-1V Digit Symbol Coding; docrine th
WAIS-IV Symbol Search; endocrine therapy (ET)
WAIS-IV Matrix Reasoning;
WAIS-IV Block Design;;
WAIS-IV Visual Puzzles
LDST;
MMSE; Cognitive trajectories of cancer
van der 718 No Tx, local PPT; survivors were similar to HC (but
Willik, PR Non-CNS Tx, chemo or £703 N.A. SCWT; most received local therapy only)
2021 hormone; WEFT: After Dx largest decline was
4859 HC WLT (immediate, delayed recall and found in memory
recognition)
Cancer survivors have more
cognitive impairment (processing
speed, attention, executive
Williams, All . 408; 72.87; DSST; _ function, learning and
2016 CS (exclt}dmg 2639 HC N.A. 70.67 HC Self-reported memory of confusion workipg memory)
skin) problems 17% higher odds of self-reported
problems with memory or
confusion in cancer survivors
ADT group had lower scores on
cognitive tasks including
AVLT (immediate, delayed recall, gttentlon., memory a.nd
recognition); information processing
69.28 ADT; MoCA; Receiving ADT may have
Yang, 43 ADT; 68.83 SCWT: selective reductions in EBPM
2015 CS Prostate 35 non-ADT; N.A. Non-ADT: TMT A and B: performance but unimpaired
40 HC 67.80 HC, VFT; ' TBPM performance

WAIS III-R Digit Span (forward &
backward)

Deficits induced by ADT may
result from changes in function
and structure of the

pre-frontal cortex
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Cognitive Testing

BNT;
BVRT;
COWAT; - In long-term survivors, previous
Facial Recognition Test; Tx may augment cognitive
IED Stage 5 errors; dysfunction associated with
MMSE; age-related brain changes

Yamada, 30 chemo; 72.8; RAVLT; - Dom.al.ns affectefi: global ‘

CS Breast ROCF; cognition, attention, working
2010 30 HC 72.6 HC

TMT part A and B; memory, psychomotor speed, and

WAIS-III Digit Span;

WAIS-III Letter-number Sequencing; _
WAIS-III Arithmetic subtests;

WASI;
WCST;
WRAT-III reading subtest

executive functioning
Reflects potential dysfunction in
frontal-subcortical brain region

Table A3. Overview of self-report studies in older cancer survivors according to the systematic literature review.

Questionnnaires/Interviews

Freedman,
2013 PR Breast
. All
Heflin, CS (excluded
2005 .
brain)
Hurria,
Goldfarb, PR Breast

2006

297 chemo

702;
702 twin HC

45 chemo

*71.5

N.A.

70

N.A.

74.9

N.A.

NBF-ADL

Telephone cognitive screening (unable
Or poor score on cognitive screening
then BDRS); If score 3 Dementia
screening using Diagnostic and
Statistical Manual-IV criteria

Squire Memory Self-Rating
Questionnaire

ChemoTx was not associated with
longitudinal changes in self-reported
cognitive function

No changes by Tx (standard vs capecitabine)
At 24 months, most survivors reported
normal cognition

Long-term survivors presented higher rates
of cognitive dysfunction complaints than
their healthy twin

Cancer survivors were twice as likely to be
diagnosed with dementia as their

healthy twin

51% of survivors perceived decline in
memory when comparing to before chemoTx
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Questionnnaires/Interviews

Similar rates of self-reported memory, and
among 65+, similar cognition scores between

Keating, 964; Survey survivors and HC
2005 s Al 14 330 HC 220 683 TICS No difference in cognitive complaints
between survivors and HC
Most older survivors maintained good
long-term self-reported cognitive function
(42%)
2.1x higher odds of accelerated decline when
519 chemo + exl,:;o}sled to chlel%m)Tx (with or without
anti-hormonal Tx
Manzc(l)eilglatt, PR Breast 681;0;23?;(% N.A. 72.7 EORTC-QLQ-C30 Comorbidity (or frailty) and low
alone pre-diagnosis function increased odds of
accelerated cognitive decline
Age was not related to accelerated group
Cognition trajectories were related to
physical function trajectories
CFQ Dutch version;
Interview questions “Do you have any
complaints with regard to memory and Increased attention/concentration
attention/ concentration?” complaints in tamoxifen users 1 year after Tx,
Neuropsychological tests but not in exemestane
68.7 Dutch Adtﬂt Readi.ng Test; Tamoxifen or exemestane use did not
Schilder 80 Tamoxifen; Tamoxifen; Egpzy Egg(:ifoiar?&r;%f mﬂu.ex.me se}f—reported frequency of
! PR Breast 99 Exemestane; N.A. 68.3 Ex- psy e . ! cognitive failures
2012 120 HC emestane: RAVLT (immediate and delayed); Self-reported cognitive function was
66.2 HC ’ SCWT; associated with anxiety/depression, fatigue,

TMT A and B;

VFT (phonetic, semantic);

Visual Association Test;

WAIS-III Letter-Number sequencing;
WMS-R Visual Memory (immediate and
delayed)

and menopausal complaints
Cognitive test was not associated with
self-reported cognitive functioning
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Questionnnaires/Interviews

Stava,

2006 s

- Survivors who received chemoTx more
814 breast frequently reported loss of memory
cancer; (11.3% vs. 4.8%) .
- 334 chemo; 46.8 breast;  69.4 breast; Surv - Women who received chemoTx more
- 470 no chemo 42.7 other 66.4 other urvey freqlienﬂy re}())orted loss of memory
1894 other (123 Yo vs. 7.2 /0) .
cancers - Breast cancer survivors reported more loss of
memory than other cancers (18.4% vs. 12.5%)

Breast;
Other
Female

NOTE. * Indicates median. Abbreviations: 3MS, Modified Mini-Mental State Examination; AD, Alzheimer’s Disease; ADT, Androgen Deprivation Therapy; ApoE ¢4, Apolipoprotein E;
AVLT, Auditory Verbal Learning Test; BDRS, Blessed Dementia Rating Scale; BNT, Boston Naming Test; BVMT-R, Brief Visual-Memory Test-Revised; BVRT, Benton Visual Retention Test;
CAMCO-G, Cambridge Cognitive Examination; CDR, Clinical Dementia Rating; CERAD-K-N, Consortium to Establish a Registry for Alzheimer’s Disease; CFQ, Cognitive Failure
Questionnaire; CNS, Central Nervous System; COWAT, Controlled Oral Word Association Test; CRT, Complex reaction time; CS, Cross-sectional; CVLT, California Verbal Learning Test;
D-KEFS, Delis-Kaplan Executive Function System; DSST, Digit Symbol Substitution Test; DTC, differentiated thyroid cancers; Dx, Diagnosis; EBPM, event-based prospective memory;
EORTC-QLQ-C30, European Organization for Research and Treatment for Cancer Quality of Life Questionnaire; FAB-K, Frontal Assessment Battery; FACT-cog, Functional Assessment
of Cancer Therapy-Cognitive Function; FDG, fluorodeoxyglucose; GMD, gray matter density; HC, healthy controls; H MRS, Proton Magnetic Resonance Spectroscopy; HVLI-R, Hopkins
Verbal Learning Test, Revised; IED; Intradimensional /Extradimensional; IL-6, Interleukin 6; KDCT, Kendrick Assessment of Cognitive Aging battery; LDST, Letter-Digit Substitution
Test; LHRH, Luteinizing hormone releasing hormone; LMWT, Luria Memory Word test; MDRS-2, Mattis Dementia Rating Scale-2; MFTC, Multiple Features Target Cancellation Test;
MMSE, Mini-Mental State Exam; MoCA, Montreal Cognitive Assessment; MRI, Magnetic Resonance Imaging; MTCE, Modified Taylor Complex Figure Test; NAB, Neuropsychological
Assessment Battery; NART, National Adult Reading Test; NBFADL, Neurobehavioral Functioning and Activities of Daily Living Scale; NHL, Non-Hodgkin Lymphoma; NMSC,
Non-Melanoma Skin Cancer; No, number; PCI, prophylactic cranial irradiation; PET, Positron emission tomography; PMA-V, Primary Mental Abilities-Vocabulary; PPT, Purdue
Pegboard Test; PR, Prospective; PTSD, Post-Traumatic Stress Disorder; RAVLT, Rey Auditory Verbal Learning Test; RCFT, Rey Complex Figure Test; ROCE, Rey—Osterrieth Complex
Figure; RPM, Raven’s Progressive Matrices; RST, The Road Sign Test; RT, Radiotherapy; SCLC, Small Cell lung Cancer; SCWT, Stroop Color Word Test; SDMT, Symbol Digit Modalities
Test; SRT, Simple reaction time; TBPM, time-based prospective memory; TIADL, Timed Instrumental Activities of Daily Living; TICS-m, Telephone interview cognitive screening; TMT,
Trail Making Test; TSH, Thyroid Stimulating Hormone; Tx, Treatment; UFOV, Useful Field Of Vision; VFT, Verbal Fluency Test; WAIS-III, Wechsler Adult Intelligence Scale III; WASI,
Wechsler Abbreviated Scale of Intelligence; WCST, Wisconsin Card Sorting Test; WFT, Word Fluency Test; WLT, 15-Word Learning Test; WMI, Working Memory Index; WMS, Wechsler
Memory Scale; WRAT, Wide Range Achievement Test; Yrs, years.

Appendix B

Table A4. Overview of neurodegenerative diseases in older cancer survivors according to the systematic literature review.

First Author/Year

Cancer Study Participants and

Subtype Controls, No Disease Outcome Main Findings

Baik,
2017

440,129 ADT; - No association between ADT use and AD

Prostate 798,750 non-ADT AD; Dementia or dementia
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First Author/Year Cancer Study Participants and Disease Outcome Main Findings
Subtype Controls, No
Senile.dementia; Presepﬂe demc?ntia; . ChemoTx was not associated with greater risk of
Baxter, 2913 chemo; Dru'g—mduced d(?mentla; AD; P{ck s disease; dementia Dx over time
Breast Senile degeneration of the brain; Other Hormone receptor status was not associated with
2009 18,449 no chemo . .
cerebral degeneration; Toxic encephalopathy; dementia or possible dementia Dx
Senility
Blanchette, 8770 AL ) Al Tx was associated with decreased incidence of
2020 Breast 3307 Tamoxifen Dementia dementia compared tamoxifen Tx
Cerebrovascular events:
Boulet 5718 RT _Transient ischemic attack; Statin use pgst RT was associated wiFh reduction
;811 ; ’ Thorax, head and neck - 4166 statin use -Stroke; in stroke, with a trend toward reducing
- 1552 nonusers -Carotid revascularization; cerebrovascular events
-Stroke death
Prevalent cancer was not associated with
Bowles, 756 prevalent cancer; ) ) decreased risk of dementia or AD
2017 All 583pincident cancer Dementia; Possible AD; Probable AD Incident cancer was associated with decreased
risk of AD
) Tamoxifen and steroid-Al were associated with a
Branigan, Breast 18,126 hormone Tx; AD; MS; PD; ALS decrease in Dx of NDD, specifically AD and
2020 39,717 no hormone Tx dementia
Bromley, Breast 8018 AL AD; VaD; Dementia with Lewy bodies; Mixed No eviidence for a difference in cllementia, AD or
2019 6296 Tamoxifen dementia; Unknown type VaD risk between Al and tamoxifen users
Lung cancer was associated with increased risk
of subsequent stroke within 1 year after Dx for
Chen, Lung 52,089; Stroke men and 2 years for women
2011 104,178 HC Risk was stronger for hemorrhagic than for
ischemic stroke
Chung, 1335 ADT; ' ADT use was not associated with higher risk of
2016 Prostate 4005 HC AD; PD AD or PD
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First Author/Year Cancer Study Participants and Disease Outcome Main Findings
Subtype Controls, No
Al Cancer survivors had a lower risk of AD
Driver, 176; i ; . Risk of AD was lowest in smoking related
2012 (excluded NMSC) 1102 HC Any dementia; Possible AD; Probable AD cancers 8
ChemoTx use 24% more likely to develop
» - ) ) drug-induced dementia
Du 23 484 chemo: Unspecified cognitive disorder; Amnestic Risk of AD, VaD or other dementias was lower
201 é Colorectal 48,8/90 no cherr{o disord.er; AD; VaD; Un.specified dementia; when receiving chemoTx
Drug-induced dementia; Psychoses Cognitive disorder was not different between
groups
No association between chemoTx and risk of
developing drug-induced dementia &
Du 14.057 chemo: Cognitive disorder NOS; Amnestic disorder; ur.lspecified cognitive disorders )
4 Breast ! ¢ AD; VaD; Dementia; Drug induced dementia; Risk of developing AD, VaD, or other dementias
2010 48,508 no chemo Psychoses was lower in patients receiving chemoTx
Cognitive disorder was not different between
groups
No strong association between nonfatal cancer
and PD
Elbaz, All 38; PD Suggestive trends stratified by sex and age at
2002 46 HC onset of PD, and for specific cancers related to
smoking or hormonal factors
36 breast; Cancer history associated with better cognition
Fowler, Breast, prostate, colorectal, 103 prostate,' . and later age of AD onset
2020 NMSC 29 colorectal; Progression of AD Progression was similar to those without cancer
165 NMSC; history
904 HC
Non-screening-related cancer survivors had
lower AD risk
Frain, All 771,285; Alzheimer’s disease; Non-AD dementia; Screeping-related cancer survivors had increased
2017 (excluded NMSC) 2,728,093 HC Stroke; Macular degeneration. AD risk

ChemoTx was associated with decreased risk of
AD
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First Author/Year Cancer Study Participants and Disease Outcome Main Findings
Subtype Controls, No
Freedman, 836,947; ; o di Risk of AD was 13% lower in cancer patients
2016 All 142 869 HC Alzheimer’s disease P
Cancer was not protective against AD
Hanson, Under certain model specifications, inverse
2017 All 92425 AD association between cancer and AD can be
replicated
Heck, 6289 chemo ) Increase in dementia Dx over time (long-term) in
2008 Breast 12,071 no chemo Dementia subjects who received chemoTx
Early-stage laryngeal cancer post-surgery or RT
Hong, ) 358 surgery; have a higher burden of cerebrovascular events
2013 Glottic 1055 RT Cerebrovascular events RT and surgery are associated with comparable
risk of subsequent CVD after Tx.
Higher risk of overall cognitive dysfunction in
patients receiving ADT
Antiandrogen-only ADT was associated with
increased risks of overall cognitive decline, PD,
Hong, Prostate 12,740 ADT; Qverall. cognitive decline; Dementia and non-AZD, but not AD
2020 4685 no ADT (including AD and non-AZD); PD CAB was associated with higher risks of overall
cognitive decline and non-AD.
ADT duration did not correlate with cognitive
dysfunction
6904 no ADT; Use of antiandrogen monotherapy was
11,817 GnRH; associated with increased risk of dementia or AD
Huang, Prostate 876 orchiectomy; Dementia; AD GnRH agonist use and orchiectomy had no
2020 4054 anti-androgen difference compared with patients who did not
monotherapy receive ADT.
1137 MM D d risk for AD i i ith MM and
Ibler, 2506 BCC; ecreased risk for in patients wit an
2018 Melanoma and NMSC 967 SCC; AD NMSC

78,305 controls
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First Author/Year Cancer Study Participants and Disease Outcome Main Findings
Subtype Controls, No
4 A Use of ADT was associated with subsequent Dx
Jayadevappa, 62,330 ADT; i of dementia or AD over a follow-up period of

2019 Prostate 91,759 no ADT Dementia; AD 10 years
No difference in new-onset AD and related
dementias after surgery, RT or chemoTx (risk

Jazzar, 2403 RC . ) similar regardless of Tx)

2020 Bladder 2411 RT andor CTX AD; Related dementias Older patients and patients with depression were
at increased risk of developing dementia
related diseases

Jhan, Prostate 15,959 ADT; AD ADT usg is associated with increased risk of

2017 8401 no ADT developing AD
No difference in risk of subsequent dementia in
ADT receivers versus no-ADT receivers

Kao, Prostate 755 ADT; Dementia No association between GnRH agonists and

2015 559 no ADT incidence of dementia in prostate
cancer survivors

Khan, Breast, colorectal and 26,213; ) Increased incidence of dementia in colorectal

2011 prostate 104,486 HC Dementia cancer survivors compared to controls

Khosrow-Khavar, 15,310 ADT; ) ) ) ADT use was not associated with increased risk

2017 Prostate 15,593 no ADT All dementia events, including AD of dementia

Klinger, Bladd 1587 BCG; New-onset dementia; New-onset AD; PD; BCG Tx ir.1 bladder cancer was associated with

2021 adder 5147 non-BCG Stroke reduced risk of AD (and PD)

Association between pharmacologic ADT and
Krasnova, Prostate 37,911 ADT; AD:; All-cause dementia higher risk of all-cause dementia, AD, and use of

2020 62,503 no ADT psychiatric services
Increased odds of AD associated with ever use

Liao, 173 breast with AD; tamoxifen

2017 Breast 684 breast no AD AD Longer tamoxifen use was associated with

increased AD (survival effect)
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First Author/Year Cancer Study Participants and Disease Outcome Main Findings
Subtype Controls, No
Mahajan 125: Skin cancer, may delay onset but not progression
’ Skin / PD £ PD
2020 125 HC o
) Inverse association between cancer and AD
Musicco, All 21451 AD Older people with cancer have a reduced risk
2013 ! of AD
Nead, 2397 ADT; Use of ADT resulted in an increased future risk
2016 Prostate 14,491 no ADT New-onset AD of AD
Use of ADT was associated with an increased
Nead, 1826 ADT; ) risk of dementia
2017 Prostate 7446 no ADT New-onset dementia Longer ADT use resulted in increased risk
of dementia
Increased prevalence of malignant melanoma
Olsen 8090 PD: and skin carcinoma before Dx of PD
’ All ' PD D d 1 f smoking-related
2006 32,320 control ecreased prevalence of smoking-related cancers
before PD
Ording, 679,122; ] No clinically relevant association between cancer
2020 All 3,395,597 HC AD; VaD, All-cause dementia and risk of AD, Vad, or all-cause dementia
No association was found between types of
chemoTx agents for breast cancer and risk of new
. ) dementia Dx
Raji, Breast 6932 Anthracycline, CMF, Dementia Increasing age at cancer Dx, black ethnicity,
2009 Taxane, others living in census tract with level of lower
education, and increasing number of
comorbidities associated with new dementia Dx.
Inverse association between AD and cancer
Realmuto, All 126 AD; AD diagnosed before onset of dementia (limited to
2012 252 HC

endocrine-related tumors)
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First Author/Year Cancer Study Participants and Disease Outcome Main Findings
Subtype Controls, No
Cancer history was associated with reduced risk
Roe, Any AD; Pure AD; Any VaD; Pure VaD; of any or pure AD
All 3020 . N iati bet hist d
2010 Mixed AD/VaD o0 association between cancer history and any
or pure VaD, or mixed dementia
Increased incidence of dementia in patients with
Roderburg, 92,868; ) ) o ) different cancer entities (19.7%) than in
e g All 92,868 HC Dementia; Mild cognitive impairment non-cancer patients (16.7%)
Effect most pronounced in lung cancer patients
. 5748 ADT; Senile Dementia; Organic or Drug-related Cognitive disorders were increased in patients
Shahinian, ; receiving ADT, due to increased age, comorbid
2006 Prostate 34,865 no ADT; memory disturbances; Cerebral V1 g ’ ge,
50,476 HC degenerations; Any cognitive disorder conditions, and more advanced cancers
. 1983 RT; Cerebrovascular events: RT for head and neck cancer, but not
Smith, Head and neck 2823 surgery + RT; -Stroke; Carotid revascularization; postoperative RT, was associated with
2009 2056 surgery Stroke death cerebrovascular disease risk in older patients
Risk of dementia was lower up to 10 years of
Sun, 732,901; . follow up
2020 35 types 1,769,357 HC Dementia Risk of dementia was higher after more than 10
years survival
Tae, Jeon, Shin Prostate 24,929 ADT; Cognitive dysfunction: ADT.qse was assocliated with increased risk of
2019 12,620 no ADT - Dementia; AD cognitive dysfunction
Tae, Jeon, Choi 24,069 ADT; : ; ADT was not associated with cerebral infarction
2019 Prostate 12,077 no ADT Cerebrali 1nfarct.10n .
White NMSC 1102 Dementia; Possible AD; Probable AD; Mixed NMSC had reduced risk of developing AD
2013 VaD
Zhu, 322,558; ) ) No evidence that patients with cancer had higher
2015 All 5,365,608 HC Transient global amnesia (TGA) risk of TGA than cancer-free individuals

NOTE. Abbreviations: AD, Alzheimer’s Disease; ADT, Androgen Deprivation Therapy; Al, Aromatase inhibitors; ALS, Lou Gehrig’s disease; BCC, basal cell cancers; BCG, Bacillus
Calmette—Guérin vaccine; CAB, Combined Androgen Blockage; CMF, Cyclofosfamide Methotrexaat Fluorouracil; CTX: cyclophosphamide chemotherapy; CVD, Cerebral Vascular
Disease; Dx, Diagnosis; GnRH, Gonadotropin-releasing Hormone; HC, Healthy Controls; MM, Multiple Melanoma; MS, multiple sclerosis; NMSC, Non-Melanoma Skin Cancer; NOS,
Not Otherwise Specified; PD, Parkinson’s Disease; RC, radical cystectomy; RT, Radiotherapy; SCC, squamous cell cancers; VaD, Vascular Dementia.
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