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Abstract

As the population of cancer survivors has grown into the millions, there has been increasing
emphasis on understanding how the late effects of treatment affect survivors’ ability to return
to work/school, their capacity to function and live independently, and their overall quality of
life. This review focuses on cognitive change associated with cancer and cancer treatments.
Research in this area has progressed from a pharmacotoxicology perspective to a view of the
cognitive change as a complex interaction of aspects of the treatment, vulnerability factors
that increase risk for posttreatment cognitive decline, cancer biology, and the biology of aging.
Methodological advances include the development of (8) measurement approaches that assess
more fine-grained subcomponents of cognition based on cognitive neuroscience and (6) advanced
statistical approaches. Conceptual issues that arise from this multidimensional perspective are
described in relation to future directions, understanding of mechanisms, and development of
innovative interventions.

Keywords

aging; biomarkers; cancer; cancer treatment; chemotherapy; cognition; endocrine therapy;
genetics; neuroimaging; radiation therapy

OVERVIEW OF CANCER AND COGNITION

As the population of cancer survivors has grown into the millions (expected to reach 20
million in the United States by 2026; Am. Cancer Soc. 2017), there has been increasing
emphasis on understanding how the late effects of treatment affect survivors’ ability to
return to work/school, their capacity to function and live independently, and their overall
quality of life. Cognitive changes are one of the most feared problems among cancer
survivors (Ahles et al. 2012). Research examining the cognitive impact of brain tumors

and treatments that directly affect the brain (cranial surgery and radiation therapy) has a
long history (Correa 2010). Additionally, there is a substantial literature examining cognitive
deficits in children treated for cancer (Winick 2011) and a growing literature on cognitive
functioning in adult survivors of childhood cancers (Cheung & Krull 2015). However,

ahlest@mskcc.org .

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the
objectivity of this review.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahles and Root

Page 2

evidence for cancer-associated cognitive decline (CACD) for the common non—central
nervous system (non-CNS) cancers in adults (breast, colon, lymphoma, and prostate) has
significantly broadened the scope of the problem and will be the focus of this review.

Research has examined cognitive change across a variety of cancer types (primarily breast
cancer, but increasingly colon, prostate, and hematological cancers) and across a variety

of treatments (standard and high-dose chemotherapy with stem cell transplant, endocrine/
hormone ablation therapies, and local radiation). Cancer is frequently treated with multiple
modalities, which complicates the study of CACD and the identification of the components
of treatment responsible for cognitive change. Treatment for many cancers may consist of

a combination of surgical resection, systemic chemotherapy, and local radiation therapy.
Women with breast cancer may receive en-docrine therapy, and men with prostate cancer
may have hormone ablation therapy included in the treatment regimen. Chemotherapy
treatment may be neo-adjuvant, in which case chemotherapy is initiated prior to surgery to
reduce the tumor size, or adjuvant, in which case chemotherapy fol lows surgery to address
remaining cancer proliferation and occult cells that may have metastasized to lymph nodes
or more remote sites. Radiation treatment may likewise be relatively localized, or the field
may expose multiple organs (e.g., the lungs and heart). Endocrine therapy in breast cancer is
used over longer periods of time post—primary therapy (up to 10 years) to control recurrence
by limiting estrogen binding (tamoxifen) or estrogen production (aromatase inhibitors) in
cases in which tumor cells are positive for either estrogen or progesterone receptors. In

the case of some prostate cancers, tumor cells are sensitive to testosterone, and as a result,
the goal of hormone ablation therapy is to reduce testosterone to nearly undetectable levels
over longer periods of time. Surgery with general anesthesia can cause delirium and lasting
cognitive change, particularly in older patients (Le Strat 2012). Even though radiation
therapy is referred to as localized, it induces a systemic immune response, chronic fatigue,
and potentially cognitive decline (Shibayama et al. 2014). Therapies that alter estrogen

and testosterone levels have been shown to affect cognitive function in breast and prostate
cancer (Schilder et al. 2010a). Therefore, even though many researchers have assumed to be
studying the cognitive effects of chemotherapy, in reality most of the research has examined
the cognitive impact of the entire package of treatment exposures.

Research suggests that most patients experience cognitive change (problems with attention,
concentration, memory, and multitasking) during active treatment due to multiple factors,
including feeling generally ill, anemia, nausea, disturbed sleep, use of sedating medications
and/or steroids for control of side effects, stress/anxiety, etc. A significant number of
patients report improvement in cognitive function following the end of primary treatment as
other treatment side effects resolve, although improvement may be gradual, occurring over
one to two years. The primary clinical concern is that a subgroup of survivors (estimates
vary but are likely to be in the 20-30% range) demonstrates only partial recovery and
report persistent cognitive changes up to 20 years after treatment (Koppelmans et al. 2012).
One study also found no cognitive problems shortly after treatment in a subset of patients
but reported decline at continued follow-up assessments, suggesting that there may be a
subgroup of survivors who experience delayed cognitive decline (Wefel et al. 2010). The
definition of end of treatment has had to change according to increasing evidence that
endocrine treatment for breast cancer for up to 10 years after primary treatment, hormone
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ablation treatment for prostate cancer, and oral cancer treatments taken daily for years (e.g.,
tyrosine kinase inhibitors, TKIs) can also affect cognitive function (Phillips et al. 2013).

Initially, researchers in this area conceptualized the problem of chemotherapy-induced
cognitive decline (known as chemobrain) from a pharmacotoxicology perspective, that is,
assuming that patients diagnosed with cancer would have normal cognitive functioning prior
to treatment, which would be adversely affected by exposure to certain chemotherapeutic
agents. Given the above considerations, research has shifted toward the examination of

the cognitive impact of multiple cancer treatments and of the factors that increase risk for
long-term cognitive decline. Figure 1 provides a conceptual model that outlines the multiple
factors that may contribute to posttreatment cognitive decline.

Cancer and cancer treatments clearly influence the emergence of cognitive decline.

However, the risk for persistent cognitive decline is likely related to an interaction

with sociodemographic, lifestyle, psychological, physiological, and genetic factors. The
addition of biomarkers to cognitive studies that have focused on specific pathways (e.g.,
inflammation; Ganz et al. 2013) or on dysregulation across multiple biological systems (e.g.,
allostatic load; McEwen 2015) has contributed to the literature on potential mechanisms for
cognitive decline. An emerging question, which will be addressed more completely below, is
the extent to which cancer and cancer treatments have a direct effect on brain structure and
function as well as the extent to which cancer treatments accelerate the aging process on a
biological level, including cognitive aging (Ahles et al. 2012).

The goals of this review are to describe what is known about: (8) clinical presentation of
cognitive deficits in cancer patients, (4) risk factors, (¢) potential mechanisms (imaging,
biomarkers, and animal studies), (g) clinical assessment, and (&) treatment. The review will
end with a discussion of challenges and future directions for research.

CLINICAL PRESENTATION

Self-Report

The cognitive effects found in CACD are generally subtle compared to degenerative
conditions and other CNS disorders, but they can significantly affect survivors’ quality

of life. Although cancer is most commonly a disease of the elderly, there are many

people diagnosed with cancer at younger ages, and given the changing demographic of

the workforce, many people above age 65 continue to work and lead active lives. Therefore,
most cancer survivors expect to recover and return to previous responsibilities. However,

a subgroup of survivors consistently report difficulties returning to daily activities in both
domestic life and work, increased stress, the need for more time and effort in their work,
increased frustration, work conflicts, financial impact, and decreased quality of life (QOL)
(Selamat et al. 2014, Von Ah et al. 2013).

The most commonly self-reported dysfunctions in cancer survivors include distraction,
forgetfulness, and difficulties with attention, multitasking, and word finding. In early reports,
half of cancer patients reported cognitive declines at some point in their treatment (Cull et al.
1995). Six months following treatment, 30% of lymphoma patients reported concentration
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difficulties and 52% reported forgetfulness (Cull et al. 1996). Up to 10 years after treatment
in breast and lymphoma patients, Ahles et al. (2002) found reports of difficulties in
concentration and complex attention in survivors who had been treated with chemotherapy.
Other studies have found similar rates of self-reported difficulties (Castellon et al. 2004,
Hermelink et al. 2007, Mehnert et al. 2007, Poppelreuter et al. 2004, Schagen et al. 2008,
van Dam et al. 1998). More recent work on larger samples confirms earlier findings, with
rates of self-reported cognitive dysfunction ranging between 37% and 58% six months
following treatment (Janelsins et al. 2017a). Recent longitudinal studies in breast cancer
suggest roles for both adjuvant chemotherapy treatment and endocrine therapy (Merriman et
al. 2017).

Performance-Based Assessment

Research that utilizes objective, performance-based neuropsychological measures also finds
significant effects of cancer treatments, although most suggest a more subtle dysfunction.
Cross-sectional studies of patients with breast cancer and lymphoma have found significant
differences between chemotherapy-treated patients, patients not exposed to chemotherapy
(breast cancer), and healthy control groups (Ahles et al. 2002, Schagen et al. 1999, van
Dam et al. 1998, Wouters et al. 2016, Yamada et al. 2010). A subset of studies revealed

a chemotherapy dose-response re lationship (van Dam et al. 1998) as well as cognitive
dysfunction at longer intervals (mean = 20 years) after treatment (Koppelmans et al. 2012).
Longitudinal studies that control for baseline differences in cognition reveal subtle but
significant effects (Fan et al. 2005, Hermelink et al. 2007, Schagen et al. 2006, Shilling et
al. 2005). With regard to the specific domains affected, research has demonstrated changes
in attention (Biglia et al. 2012, Hurria et al. 2006, Wefel et al. 2004), working memory
(Collins et al. 2009, Stewart et al. 2008), processing speed (Ahles et al. 2010, Collins et

al. 2009, Wefel et al. 2010), and learning and memory (Ahles et al. 2010; Bender et al.
2006; Collins et al. 2009; Hedayati et al. 2012; Hurria et al. 2006; Quesnel et al. 2009;
Vearncombe et al. 2009; Wefel et al. 2004, 2010). In the most recently reported longitudinal
study (Janelsins et al. 2017b), which included 580 breast cancer patients and 363 controls,
patients’ performance on computerized measures of processing speed, working memory,
and recognition memaory, together with traditional measures of verbal fluency, declined
when contrasted with control performance. Importantly, a subset of prospective studies

of breast and colon cancer patients have found cognitive dysfunction in patients before
chemotherapy treatment (Ahles et al. 2008, Hermelink et al. 2007, Schilder et al. 2010b,
Vardy et al. 2014), before surgery (Hermelink et al. 2007), and before definitive diagnosis
(Hedayati et al. 2011). These pretreatment or even prediagnosis effects have led to questions
regarding the potential shared risk for cognitive decline and cancer (e.g., inefficient DNA
repair mechanisms) (Ahles et al. 2012), the role of potential mood and adjustment reactions
to diagnosis and treatment (Hermelink et al. 2015), and biological effects of stress and
allostatic load (Andreotti et al. 2015). Despite numerous positive findings, a subset of
studies failed to find any effect of treatment (Debess et al. 2010, Hermelink et al. 2008,
Jenkins et al. 2006, Mehlsen et al. 2009). In a large study of colon cancer patients,

Vardy et al. (2015) found that patients had substantially more cognitive impairment at the
pretreatment and posttreatment assessments compared to healthy controls, but they found no
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significant effect of chemotherapy. In addition to baseline differences between patients and
controls, we discuss other possible reasons for these inconsistencies below.

STRUCTURAL AND FUNCTIONAL NEUROANATOMY

Neuroimaging studies indicate prefrontal involvement, in addition to other regional changes,
based on both structural and functional MRI. Cross-sectional and longitudinal studies of
cancer patients have found reduced dorsolateral prefrontal cortex (DLPFC) volume (middle
frontal gyrus, superior frontal gyrus, frontal poles) (Correa et al. 2013, Inagaki et al. 2007,
McDonald & Saykin 2013, McDonald et al. 2010) and alterations in underlying white
matter integrity in anterior/prefrontal regions (Correa et al. 2016, Deprez et al. 2011).
These structural changes have been associated with functional alterations in survivors

as well (McDonald et al. 2010, 2012), mainly in more distributed prefrontal cortical
activation (Conroy et al. 2013, de Ruiter et al. 2011, Ferguson et al. 2007, Kesler et al.
2009, McDonald et al. 2012, Nudelman et al. 2014, Silverman et al. 2007) or in reduced
activation (Wang et al. 2016). Recent work has also found differences in hippocampal
structure, increased memory complaints, and decreased objective memory performance in
breast cancer survivors following chemotherapy maintained on tamoxifen (Apple et al.
2017) and decreased hippocampal function during recognition memory (Wang et al. 2016).
In addition to altered structure and function following treatment, pretreatment differences
have also been reported that further contextualize the posttreatment findings. In a recent
study, breast can cer patients, regardless of planned chemotherapy treatment, exhibited
greater prefrontal activity on a working memory task together with decreased white matter
integrity prior to adjuvant treat ment compared to controls, with fatigue being associated
with both findings (Menning et al. 2015). Despite these structural and functional MRI
differences, outcomes on cognitive paradigms administered as part of functional imaging
are inconsistent in finding behavioral differences. Equivalent performance between groups
despite structural and functional differences has been interpreted as compensatory and more
effortful processing in patients (McDonald et al. 2012), as reflected in activation patterns
that are more distributed and utilize additional cortical regions that support normatively
expected performance.

A limited number of studies have used electroencephalography (EEG) to detect alterations
in cancer survivors. Studies that have assessed the relative amplitude and latency of the P3b
ERP component (Kreukels et al. 2006, 2008), a relatively later electrophysiological gauge
of the salience and ease of classification of stimuli held in working memory, found altered
amplitude and latency in chemotherapy-treated individuals relative to controls. These results
suggest that chemotherapy undermines the speed and distinctiveness of stimulus encoding
in working memory, leaving mechanisms of perceptual encoding intact. In preliminary
work from our lab, we examined P50 suppression related to chemotherapy in breast

cancer survivors several years after treatment and found that survivors exhibited a relatively
weakened ability to inhibit redundant sensory stimulation in both a paired-click paradigm
and in an oddball paradigm. The scalp topography of group differences in P50 suppression
differed by paradigm, peaking over the right hemisphere in the paired-click paradigm.
Dipole source analysis localized the survivors’ loss of P50 suppression to the hippocampus,
with relative preservation of function in the gating-out mechanisms of the frontal lobe and
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auditory cortex. Survivors also showed a diminishment in the sensory memory processes
needed to register novel or deviant information in an otherwise homogenous auditory
environment. These findings suggest that chemotherapy is associated with a disruption of
early mechanisms of sensory gating.

ANIMAL MODELS

Animal models have mainly focused on the effects of in vivo chemotherapy exposure

on cognitive/behavioral and cellular changes in the brain. At a cellular/biological

level, increased apoptosis, changes in cell morphology, reduced neurogenesis, and
neuroinflammation have all been demonstrated in response to chemotherapy agents (see
Seigers et al. 2013 for review). Behavioral and cognitive effects have been demonstrated
as well, mainly in memory (Seigers et al. 2008, Winocur et al. 2012), with recent work
suggesting a protective effect of exercise (Winocur et al. 2014). Particularly significant
with regard to the role of poorer initial learning in cancer survivors (discussed below), the
effects of chemotherapy exposure are magnified in high-interference conditions at the time
of learning (Winocur et al. 2015). The finding of increased interference related to competing
stimulation at the time of learning is consistent with EEG studies in humans, discussed
above, as well as in a mouse model that found the P50 component, an index of sensory
gating, to be altered following chemotherapy exposure (Gandal et al. 2008).

BIOMARKERS

Peripheral biomarkers associated with cognitive effects of cancer treatment have also been
investigated. Direct and oxidative DNA damage, as measured by Comet assay techniques,
has been found to be associated with chemotherapy exposure and cognition in a mouse
model (Krynetskiy et al. 2013) and with brain structure and cognition in a cohort of breast
cancer survivors (Conroy et al. 2013). Inflammation has been proposed as a potential
mechanism for CACD. In breast cancer survivors, TNF (sTNF-RI/) has been associated
with self-reported cognitive dysfunction (Ganz et al. 2013), and both STNF-RI/and /L-1ra
have been associated with self-reported difficulties and cerebral metabolism (Pomykala et al.
2013). Serum interleukin-6 (/L-6) and TNF-a have also been associated with verbal memory
performance and hippocampal volume (Kesler et al. 2013b), and /L-6 has been associated
with increased self-reported cognitive difficulties (Amidi et al. 2015, Chae et al. 2016). In

a recent study of testicular cancer patients treated with and without chemotherapy, poorer
cognitive performance was associated with higher levels of 7A/F-a in the chemotherapy-
treated group (Amidi et al. 2017). Cortisol and hypothalamic-pituitary-adrenal (HPA) axis
function have also been hypothesized to play a role in cancer and cognition, as cortisol

level has been associated with learning and memory performance in nonclinical samples
(Andreotti et al. 2015). Altered cortisol response has been associated with fatigue in a
sample of breast cancer patients (Bower et al. 2005), and serum cortisol was found to be
associated with objective cognitive performance across multiple measures of verbal learning,
memory, attention, and psychomotor speed in a sample of testicular cancer patients (Amidi
et al. 2015).
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GENETIC RISK FACTORS

Previous literature has generally demonstrated that only a subset of survivors may be at risk
for CACD, either as assessed by self-report or by objective, performance-based assessment.
We have previously suggested a number of potential moderating or mediating factors that
may play a role in increasing risk for CACD in survivorship (Ahles & Saykin 2007),
including biologic, demographic, educational, and lifestyle factors. However, only a subset
of these factors has been investigated empirically.

Apolipoprotein E
The APOE gene is involved in the creation of apolipoprotein E, a protein, which,
when combined with lipids, forms lipoproteins. Lipoproteins act to transport cholesterol
throughout the vascula ture. Three common alleles consist of APOE e2, e3, e4, for a total
of six genotype combinations. Beyond the increased risk of Alzheimer’s disease with APOE
e4 carrier status (van der Flier et al. 2006), e4 status is also associated with higher risk of
cognitive decline in normal aging (Schiepers et al. 2012) and in the presence of new-onset
disease or insult (HIV, diabetes, stroke). Ahles et al. (2003) were the first to demonstrate a
similar association of APOE e4 status with decreased performance in visual memory and
spatial ability in chemotherapy-treated breast and lymphoma survivors. This finding was
replicated in a prospective study of breast cancer patients (Ahles et al. 2014). Interestingly,
a protective effect of smoking history for e4 carriers was found, presumably related to
a correction for a deficit in nicotinic receptors in e4 carriers. Similar results have been
reported by other groups in breast cancer samples (Koleck et al. 2014, Lengacher et al.
2015), in CNS cancer (Correa et al. 2014), and in a recently reported study on testicular
cancer survivors (Amidi et al. 2017).

Catechol-O-Methyltransferase

The COMT gene encodes the protein catechol- O-methyltransferase, which in turn

regulates the degradation of the catecholamines dopamine, epinephrine, and norepinephrine.
The COMT polymorphism, Val158Met, has previously been identified as affecting
neurotransmission via a three- to fourfold increase in rate of transmitter degradation in the
Val/val versus Metallele, with the effect of decreasing dopamine availability (Bastos et al.
2017). COMT gene polymorphisms have been associated with lower memory performance
in normal aging and with altered prefrontal function and structure. Differences in cognitive
functioning have been demonstrated in survivors of acute lymphocytic leukemia (Cole et al.
2015) and in adult breast cancer survivors (Small et al. 2011): Survivors with the COMT-Val
allele exhibited decreased performance in attention, motor speed, and verbal fluency when
compared to survivors with the COMT-Metallele.

Brain-Derived Neurotrophic Factor

BDNF, a protein implicated in neurogenesis, protection, regulation, and synaptic plasticity,
is found in the hippocampus, caudate nucleus, and cerebral cortex, and has been associated
with hippocampal volume and memory function in aging (Erickson et al. 2010). A recent
study in early-stage breast cancer survivors suggests a protective effect for the BONF
Met/Met polymorphism on cognitive function over Val/Val carriers (Ng et al. 2015).
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ADDITIONAL RISK FACTORS

Age

Advancing age has been found to be associated with changes in cognitive performance, with
fluid abilities exhibiting relative declines, whereas crystallized abilities appear to improve
or remain more stable in middle to older age. Decline in brain reserve—i.e., accrued
structural and functional changes in the brain that decrease redundancy together with
decreasing plasticity—may be one potential mechanism through which age is associated
with declining cognition. Age has been found to moderate the effects of cancer treatment
on cognition. Schilder et al. (2010a) found older age to interact with endocrine treatment
in breast cancer survivors, resulting in more cognitive domains being affected by treatment
in older versus younger survivors. Ahles et al. (2010) found that older-age patients exposed
to chemotherapy had greater decreases in psychomotor speed as compared to patients not
treated with chemotherapy and healthy controls.

A major gap in the field is that the majority of studies have been conducted with younger
adults (<60 years), despite the fact that cancer is a disease of the elderly, with the majority
of cancer patients (including breast, colon, prostate, and lung cancers) being diagnosed

at ages 60 and above. However, results of studies focusing on older adults with cancer

are beginning to emerge. Lange et al. (2017) evaluated older breast cancer patients (>65
years) prior to treatment and at the end of chemotherapy or radiation therapy. Although no
overall differences were found over time between patients and matched healthy controls,
the authors reported that patients 75 years or older who were exposed to chemotherapy
were at the highest risk for cognitive decline. In a similarly designed, larger multicenter
study, Mandelblatt et al. (2014b) found that comorbidity (primarily cardiovascular disease
and diabetes) was associated with pretreatment cognitive impairment in patients but not in
the healthy control group. This ongoing longitudinal study will be able to assess whether
pretreatment comorbidity (along with other potential risk factors) predicts posttreatment
cognitive decline in this older breast cancer population.

Cognitive Reserve

Cogpnitive reserve represents innate and developed cognitive capacity, which is influenced by
genetics, education, occupation, lifestyle, cognitively stimulating activities, etc. (Barulli &
Stern 2013). Low cognitive reserve has been associated with cognitive decline with aging,
risk and severity of neurocognitive disorders (e.g., Alzheimer’s), and cognitive decline
following insult to the brain (Barulli & Stern 2013). Ahles et al. (2010) found lower
cognitive reserve, older age, and treatment with chemotherapy to be associated with greater
posttreatment cognitive decline. Similarly, Mandelblatt et al. (2014b) found that older age,
lower education (a proxy for cognitive reserve), and greater comorbidity were related to
greater cognitive impairment prior to initiation of adjuvant treatment.

Pathologic Tumor Markers

Koleck et al. (2017) found a relationship between HERZ status, immunohistochemistry
classifica tion (IHC), and performance on measures of memory prior to initiation of adjuvant
treatment for breast cancer. Patients with HERZ2-positive tumors scored worse on measures
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of memory compared to patients with HER2-negative tumors, and as IHC scores increased,
memory performance decreased. Although the biological explanation for the link between
HERZ status and memory performance is not known, the investigators speculate that the
relationship may be related to the role of the erb-b2 receptor tyrosine kinase 2 gene
(ERBB2) in encoding HERZand to neural development in both the central and peripheral
nervous system.

Stress/Trauma

An understudied area is the impact of coping with stress/trauma history on brain structure
and function and the potential for these changes to be related to increased risk for CACD
(Andreotti et al. 2015). Exposure to chronic stress and traumatic events, particularly in
childhood, can lead to biological changes such as alterations in the HPA axis (e.g., flattened
cortisol response). Altered HPA axis function has been associated with structural and
functional changes in frontal areas of the brain and hippocampus (similar to areas affected
by cancer treatments) (McEwen 2016). Adaptive coping can reduce the negative impact of
stress, whereas maladaptive patterns of coping (alcohol and drug use, smoking, poor diet,
etc.), disrupted circadian rhythm/disturbed sleep patterns (McEwen 2016), and depletion

of cognitive self-regulatory resources (Arndt et al. 2014) can amplify the effects of stress.
Hermelink et al. (2015) found that the presence of posttraumatic stress symptoms (related to
either the cancer diagnosis or previous traumatic events) mediated the relationship between
breast cancer diagnosis and cognitive performance on a go/no-go task prior to initiation of
adjuvant treatment. Additional research in this area is clearly needed.

Racial/Ethnic Diversity and Socioeconomic Status

A significant gap in the field is that most study samples have been made up of affluent,
highly educated, Caucasian populations. However, there is ample evidence from other areas
of research demonstrating differences in cognitive function, brain structure and function,
and vulnerability to cognitive decline based on race, ethnicity, culturally based cognitive
preferences, and educational and socioeconomic factors (Zahodne et al. 2015). Genetic
variability across racial/ethnic groups may be important; for example, the APOE4 allele
does not confer the same risk for Alzheimer’s disease across racial/ethnic populations (Ward
etal. 2012), and it was not associated with measures of neuropsychological performance

in an African American community—based sample (Borenstein et al. 2006). Cultural
differences have been shown to influence preferred cognitive style (e.g., analytic versus
holistic), which translates into differences in attentional control and categorical memory
errors, as assessed by performance on cognitive tasks and activation patterns evaluated with
functional MRI (fMRI) (Jung & Cimprich 2014, Schwartz et al. 2014). Further, the physical
and psychological stresses associated with poverty are a pervasive cause of vulnerability

to increased allostatic load (the accumulation of dysregulation across multiple biological
systems: immune, endocrine, cardiovascular, HPA axis, etc.) and, potentially, vulnerability
to the cognitive side effects of cancer treatments (Chattarji et al. 2015, McEwen 2016).
Finally, education and cognitive reserve have been shown to be powerful determinants of
cognitive performance and cognitive aging, and low socioeconomic status is associated
with less education and poorer educational environments (Chattarji et al. 2015). Based on
these considerations, it is possible that we have underestimated the cognitive effects of
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cancer treatments, because research has not included the most vulnerable groups, and the
data relevant to posttreatment cognitive decline are not necessarily generalizable to other
populations. Therefore, a serious gap in the field is an examination of treatment-related
cognitive decline across racial/ethnic/cultural groups and socioeconomic levels.

INTERVENTIONS

Cognitive Rehabilitation

Cogpnitive rehabilitation involves either specific training and/or teaching survivors to
manage/compensate for their cognitive deficits. Cognitive training involves regular practice
of skills in an attempt to restore attention, psychomotor speed, memory, and/or executive
functioning (increas ingly done with computer software). Managing cognitive deficits
includes teaching survivors to (a) pace themselves during cognitive activities to contend
with cognitive fatigue; (4) avoid or decrease distractions; (¢) plan and organize time;

and () utilize strategies such as calendars, day planners, and mnemonics. Education
about brain functioning, cognitive deficits, and their implications for the instrumental
activities of daily living is also an essential part of cognitive rehabilita tion. Manualized
individual interventions (Ferguson et al. 2012) and group interventions (Ercoli et al.
2015) have shown promise in improving scores on neuropsychological tests of memory
and executive function and on self-reports of cognitive problems and interference with
daily activities. Computer-based cognitive rehabilitation programs are being increasingly
evaluated. Survivors randomized to use speed of processing training software (Brain HQ
by Posit Science) improved their processing speed and memory, whereas those who had
exclusively memory training exhibited only improved memory (Von Ah et al. 2012).
Using Lumaosity software, breast cancer survivors improved on neuropsychological tasks
of cognitive flexibility, verbal fluency, and processing speed, as well as on their self-reported
ratings of executive functioning skills (planning, organizing, and task monitoring) in daily
life (Kesler et al. 2013a). These findings are in contrast to those reported for breast cancer
patients with cognitive impairment who were randomized to individual computer-based
training from various software vendors or compensatory skills rehabilitation, where no
significant intervention effect was found (Poppelreuter et al. 2009).

Pharmacological Treatment

There are no pharmacological treatments specifically targeted for CACD. The National
Comprehensive Cancer Network (NCCN) recommends pharmacologic interventions as a last
line of therapy (Denlinger et al. 2014). Clinical trials have primarily studied psychostimulant
medications, although emerging studies have examined the efficacy of medications like
memantine and estradiol (prostate cancer).

Treatments with methylphenidate and, more recently, modafinil have been studied with
CACD. Methylphenidate has been approved for the treatment of attentional symptoms and
attention deficit disorder through its action as a mild CNS stimulant. Methylphenidate
improves neural activation by stimulating predominantly the prefrontal cortex and cortico-
striatal regions (Berridge & Devilbiss 2011) and by acting as a dopamine and norepinephrine
agonist (Hannestad et al. 2010). Studies of methylphenidate have demonstrated positive
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outcomes on cognition, QOL, and fatigue in breast cancer patients undergoing adjuvant
chemotherapy (Mar Fan et al. 2008), in breast and ovarian cancer survivors (Escalante et al.
2014, Lower et al. 2005), and in melanoma patients treated with interferon (Schwartz et al.
2002).

Modafinil has been approved for treating narcolepsy, shift work disorder (SWD), and the
excessive sleepiness in obstructive sleep apnea. It affects dopamine and norepinephring,
but it activates more selectively than methylphenidate, optimizing function in the locus
ceruleus and prefrontal cortex and having selective action on hypothalamic sleep-wake
centers (Young & Geyer 2010). In a study, breast cancer survivors completed an open-label
phase of modafinil for four weeks (phase 1) and a randomization phase that involved
modafinil treatment or placebo (phase 2) (Kohli et al. 2009). The results revealed that 200
mg/day of modafinil during phase 1 significantly increased participants’ ability to store,
retain, and retrieve verbal and nonverbal information. For participants receiving continued
treatment with modafinil in phase 2, greater improvement in memory speed and quality
as well as increased attention were found. Evidence for the efficacy of modafinil was also
reported in a double-blind, randomized, crossover, single-dose trial in a sample of patients
with multiple advanced cancers (Lundorff et al. 2009).

Other pharmacological treatments for CACD include memantine and estradiol. Memantine
blocks A-methyl-D-aspartate (NMDA) receptors—a glutamate subfamily broadly involved
in brain functioning. Memantine (20 mg/day) yielded modest effects as a pharmaceutical
treatment for cognitive deficits in patients receiving whole brain radiotherapy, including
survivors of breast, lung, or colon cancer with brain metastases randomized to memantine

or placebo (Brown et al. 2013). Memantine-treated patients exhibited a significantly longer
time until cognitive decline and had better delayed memory at 24 weeks; however, this
difference was not significant. Estradiol treatment in prostate cancer patients receiving either
neoadjuvant chemotherapy or luteinizing hormone-releasing hormone agonist has shown
mixed results (Taxel et al. 2004).

METHODOLOGICAL ISSUES

Although significant advances have been made in understanding CACD, there are
methodological issues that may explain inconsistencies in the pattern of results across
studies in terms of which domains are affected by treatment and whether there is evidence
of posttreatment cognitive decline. Some scholars have offered methodological and study
design differences as potential explanations for these discrepancies (Wefel et al. 2011).
However, others have raised concerns about the adequacy of traditional neuropsychological
measures to detect subtle changes in cognitive function and the capacity of traditional
statistical methods to elucidate associations between treatment exposures and cognitive
change. These concerns have led to interest in using measurement approaches based on
cognitive neuroscience and to the development of new statistical methods, which are
necessary for future progress in the field (Andreotti et al. 2016, Li et al. 2016b).
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Limitations of Traditional Neuropsychological Testing

The standardized neuropsychological measures commonly used were developed originally
to determine lesion location and impairment in patients with overt neurological injuries and
illnesses, such as traumatic brain injury or dementing conditions with moderate to severe
dysfunction. The cognitive impact of treatment in survivors, in contrast, is relatively subtle,
and measurement error in traditional objective measures alone could obscure true changes.
We recently examined to what extent poor sensitivity might be due to measurement error
and low test-retest reliability in two control samples collected as part of research projects in
two different labs (in the United States and the Netherlands) over six-month and one-year
intervals (Andreotti et al. 2016). The results indicated attenuated test-retest reliability at
longer intervals compared to the reliability values reported by test developers at shorter
intervals (i.e., 1-3 weeks). Reliability values generally fell below r= 0.8, with a subset of
measures exhibiting reliability values as low as 7= 0.23-0.35. The range of random variation
in our healthy control samples between time 1 and time 2, during which no change should
be evident, represents medium to large effect sizes, in contrast to much smaller expected
changes in survivors. As a result, the inherent noise of measurement error, here represented
by low test-retest reliability, obscures the signal of true treatment-related change.

Memory Versus Attention

A major source of confusion relates to the fact that most cancer survivors describe memory
deficits but tend to score in the normal range on neuropsychological tests of memory.
Findings from our lab have investigated specific learning and memory processes that
might contribute to greater reports of memory dysfunction. The subjective experience of
forgetting can be due to failures to retain information, to retrieve information, or to acquire
information at the time of learning. In our clinical experience, we have routinely identified
primary registration and encoding difficulties with some consistency. This may suggest
that patient-reported memory complaints are driven by initial learning difficulties that are
misidentified as actual forgetting by patients in daily activities. We confirmed this in two
separate analyses of clinically referred survivors (Root et al. 2015) and of a research data
set of survivors (Root et al. 2016) in which serial list learning measures were administered.
Serial learning measures include multiple trials for the acquisition of information, and they
allow for the decomposition of single trial learning, multiple trial learning, and retention and
recall of information, so that specific areas of weakness can be identified. In both studies,
survivors exhibited lower initial learning of information (Trial 1), compensation through
repetition (Trial 5), and normal recall of this information following a delay (Long-Delay
Free Recall). True-forgetting rates in each study were equivalent to normative and healthy
control performance. Significantly, in the second analysis (Root et al. 2016), both lower-
and higher-performing breast cancer survivors (stratified by performance on nonmemory
measures) exhibited the same pattern of weaker initial learning, with the lower-performing
group exhibiting decreased learning even after multiple trials, but both groups showed intact
retention and recall of successfully learned information following a delay.

These findings suggest that initial attention, registration, and encoding of information
may be altered in survivors, and indicate the need for a greater emphasis on attentional
processes and subprocesses. Consistent with other initial research on these topics, we
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have found increased variability of attention across longer go/no-go tasks, and increasing
variability in the latter portions of the task (E. Ryan, T.A. Ahles & J.C. Root, manuscript
in preparation). This suggests that survivors tended to lose focus throughout the task,
particularly in relatively unstimulating conditions as well as in later phases of the task.
Similar findings have been reported by other groups in patients both before (Yao et al.
2016) and following treatment (Bernstein et al. 2014). Finally, one study has focused on
identifying inefficiencies in attention networks using the Attention Network Test (ANT).
Chen et al. (2014) administered the ANT and traditional neuropsychological measures to
breast cancer survivors treated with chemotherapy, surgery only, and healthy controls; they
found differences in the alerting and executive networks, but not the orienting network, in
chemotherapy-treated individuals compared to either surgery only or healthy controls.

At this point, the precise mechanism(s) for learning difficulties have not been defined;
however, we and others have proposed that changes in attentional processes both preattentive
(see discussion of EEG studies above) and volitional (orienting, shifting, disengaging,

and inhibiting attention) interfere with efficient and effective encoding of information in
memory. Therefore, survivors’ perception of memory problems is accurate, but it is related
to deficits in earlier stages of information processing related to attention rather than to
memory per se.

Leveraging Cognitive Neuroscience

The limitations of traditional neuropsychological measures and the potential importance of
attentional processes, including preattentive processes underlying cognitive decline, suggest
the need for a different approach to the assessment of cognitive function in cancer survivors.
Similar issues have arisen in other clinical areas, leading to the development of cognitive-
experimental measures to better assess cognition associated with clinical syndromes (NIH
EXAMINER,; see Kramer et al. 2014). The National Cancer Institute has also encouraged
researchers to leverage cognitive neuroscience measures to improve assessment of cancer
and cancer treatment-related cognitive impairment (https://grants.nih.gov/grants/guide/pa-
files/PAR-16-212.html).

Treatment Implications

The considerations made so far also have treatment implications. As described above,

most cognitive rehabilitation approaches have focused on strategies to enhance memory

and compensation. However, researchers from other areas have focused on experimental
methods designed to enhance the ability to focus on relevant information and filter

out irrelevant information in order to improve memory processes. For example,

perceptual training designed to improve signal-to-noise discrimination produced generalized
improvement in working memory performance. Further, improvement in working memory
was correlated with EEG recordings (N1 amplitude) demonstrating more efficient encoding
of stimuli (Berry et al. 2010). Approaches like perceptual training have yet to be tested in the
treatment of CACD.

Transcranial direct current stimulation (tDCS), used in other disorders, may also enhance
the impact of approaches like perceptual training. tDCS delivers minimal electric current
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by means of electrodes placed on the scalp and exerts its effect by lowering the threshold
at which action potentials are generated (Zhao et al. 2017). As such, combining tDCS
with cognitive training may “open windows of neuroplasticity” (McEwen 2016, p. 56) in
affected areas that are supportive of a given cognitive task, e.g., attentional function. We
have recently begun a clinical trial to test the feasibility and efficacy of this combined
treatment in breast cancer survivors (https://clinicaltrials.gov/show/NCT02726763).

STATISTICAL ISSUES

Self-Report Versus Objective Cognitive Measures

Similar to research in other areas, studies of the association of self-reported cognitive
dysfunction in cancer survivors with objectively tested performance on traditional
neuropsychological measures suggest a weak-to-nonexistent relationship. Although we
cannot assume that individuals can make perfectly accurate assessments of their own
abilities, one potential contributor to subjective/objective disagreement may be the
limitations of conventional statistical methods that rely on aggregating item responses

into total scores or subdomains and on submitting these to traditional correlation-based
analyses. We have identified significant associations between self-reported dysfunction

and traditional neuropsychological measures using latent regression Rasch modeling (Li

et al. 2016b). Advantages of the latent Rasch approach include (&) direct modeling of
individual, item-level, and cognitive symptom ratings, whereas the conventional approach
aggregates over symptom ratings to form subscale or global scores, obscuring specific
patterns of symptoms; and (a) weighting the endorsement of rare symptoms more highly
than commonly reported symptoms, whereas the conventional approach normally weights
all symptoms identically. Using the Rasch approach, we found that changes in objective
performance from pretreatment to posttreatment predicted self-report of cognitive problems,
whereas traditional correlations were low or non-significant (Li et al. 2016b). Consistent
with the proposed role of attention, self-reported memory problems correlated with
performance on measures of attention and processing speed rather than measures of memory
itself.

Subgroups of Impairment and Trajectories of Change

Another problem in the field is that patients tend to be categorized as impaired or not
impaired, with no consideration of the potential for different patterns of impairment at
pretreatment and various trajectories of change over time. Using Bayesian latent class
analysis, we identified three different patterns of pretreatment performance, which included
normal performance across measures, impairment in processing speed, and impairment

in memory but not processing speed (Li et al. 2016a). Further, there was a significant
interaction between treatment and subgroup, and the patients in the impaired processing
speed group who were exposed to chemotherapy demonstrated the worst posttreatment
outcomes compared to healthy controls (Li et al. 2016a).
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CONCEPTUAL ISSUES AND NEW DIRECTIONS

The Interface of Cancer, Cancer Treatments, and Aging/Cognitive Aging

Recently there has been increasing interest in the intersection of chronic diseases (e.g.,

HIV, diabetes, and cancer) and the biology of aging (Hodes et al. 2016). Cancer, cancer
treatments, and aging are linked through a variety of biological changes, including increased
cell senescence, DNA damage, oxidative stress, inflammation, and decreased telomere
length (telomerase activity) (Ahles & Saykin 2007, Campisi et al. 2011). Cancer and

aging are linked, although the molecular mechanisms responsible for the increasing risk

of cancer with increasing age are not completely understood. Systemic cancer treatments,
particularly chemotherapy, have been shown to affect each of these systems in both tumor
and healthy cells, leading to the hypothesis that cancer treatments may accelerate the aging
process (Ahles et al. 2012). Chemotherapy has been associated with increased DNA damage,
oxidative stress, inflammation, and shortened telomeres (Ahles & Saykin 2007). Further,
research has suggested that the targets for certain cancer treatments have a reciprocal impact
on biological markers of aging—e.g., increases in tumor suppressor mechanisms through
the P53 pathway are associated with increased cell senescence systemically (Campisi et al.
2011). Tamoxifen has also been shown to be genotoxic, and other endocrine therapies may
be associated with increased DNA damage because of the role of estrogen in antioxidant
pathways (Wozniak et al. 2007). Finally, as described by Ahles & Saykin (2007), all of

the above processes have been implicated in cognitive decline and the development of
neurodegenerative diseases.

Recent studies (Sanoff et al. 2014) have demonstrated that breast cancer chemotherapy
(anthracycline-based regimens) affects biomarkers of aging (016/NK4aand ARF) in a way
that investigators suggest equated to 10.4 years of chronological aging. Animal studies

have also demonstrated that the administration of cyclophosphamide and doxorubicin to rats
increases the activation of markers of aging and stress (Erk1/2 and AKT) (Salas-Ramirez

et al. 2015). Consequently, researchers have speculated that cancer treatments may affect
specific brain regions (see the discussion of imaging and animal model studies above)

and the biology of aging, including cognitive aging (Ahles et al. 2012, Mandelblatt et

al. 2014a). Therefore, as our population ages, a critical research question is whether the
diagnosis of cancer and exposure to cancer treatments has an initial posttreatment effect on
certain domains of cognitive function and regions of the brain and whether the following
age-associated cognitive decline parallels that of older adults with no cancer history (phase
shift hypothesis) or follows a steeper slope (accelerated aging hypothesis). These hypotheses
are not mutually exclusive, in that one subgroup of cancer survivors may follow the phase
shift pattern, whereas another subgroup with multiple risk factors may follow the accelerated
aging pattern. Figure 2 illustrates that even if a certain cancer treatment has the same impact
on brain resources across patients, the impact on performance on cognitive tests can vary
depending on age and risk factors like cognitive reserve, so that older individuals with

high cognitive reserve will demonstrate fewer performance deficits compared to similarly
aged patients with low cognitive reserve. The change in brain resources in younger patients
translates into minimal change in cognitive performance compared to older patients.
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Intersection of Theories of Aging, Allostatic Load, and Frailty

Given the complex set of factors that are involved in the development of CACD and aging,
it is useful to look to theories of aging of complex systems in relationship to the concepts

of allostatic load and frailty. The reliability theory of aging (Gavrilov & Gavrilova 2004),
developed from systems engineering to explain the failure rates of complex machines, is

an example of a model of aging that is consistent with a systems biology perspective.
Reliability theory proposes that complex biological systems have developed a high level of
redundancy to support survival. In a highly redundant system, failure of system components
may not be problematic if other components are available to support a specific function.
Due to this redundancy, however, these systems are tolerant of damage accumulation as
subcomponents fail, which can lead to increasing energy consumption to maintain a less
robust system (Mao et al. 2010). Therefore, aging is determined by the failure rate of
systems (loss of redundancy with subsequent damage accumulation), which in turn is
influenced by the initial extent of system redundancy, the systems repair potential, and
factors that increase failure rate, such as poor health care, lifestyle risk factors, stress/trauma,
poverty, and/or exposure to environmental toxins. Someone with a low failure rate and/or
high repair potential will show fewer signs of biological aging as they age chronologically,
whereas someone with a high failure rate and/or low repair potential will age more rapidly—
as evidenced by disease onset due to either a specific set of failures in a given system or
isolated failures across multiple systems (see below). One implication of reliability theory
is that there are multiple potential combinations of systems failures that contribute to aging
rather than specific biological aging pathways.

The imperfectness model of aging is a related theory that posits that aging is related to
damage accumulation, which is inevitable due to the imperfectness of biological systems
(Gladyshev 2013). Even if biological systems (e.g., enzymatic reactions) are 99% efficient,
there is a 1% error rate that causes damage to the system. Evolution has created processes
for correcting major sources of damage (e.g., multiple DNA repair mechanisms); however,
minor damage types remain because repair mechanisms do not exist and/or because it is
impossible to deal with all sources of damage.

Allostatic load refers to cumulative physiological dysregulation related to a lifetime of
adapting to exposure to physiological and psychological demands (McEwen 2015, 2016).
Accumulation of allostatic load occurs when adaptive responses to challenges chronically
fall outside the normal operating range, resulting in wear and tear on the multiple
components of the regulatory system. Consistent with reliability theory, these physiological
and psychological challenges can increase failure accumulation across biological systems,
resulting in decreased resiliency. Measurement of allostatic load is operationalized as the
assessment of biological parameters related to risk of disease across several biological
systems, including HPA axis, sympathetic nervous system, immune system, cardiovascular
system, and metabolic processes. To date, numerous studies have demonstrated that high
levels of allostatic load are associated with risk for mortality, development of specific
diseases and frailty, and cognitive decline associated with aging (Karlamangla et al. 2014).
The concept of frailty, developed by geriatricians, is consistent with the suggestions

of reliability theory and the notion of allostatic load. A broad definition of frailty is
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a diminished biologic reserve and reduced resistance to stressors that are caused by
cumulative declines across physiologic systems, leading to vulnerability and adverse
outcomes (Fried et al. 2001). Individuals who are pre-frail or frail are at known risk of
subsequent functional decline, hospitalization, falls, in stitutionalization, and mortality, and
recent evidence suggests that frailty may be a better marker of aging than comorbidities
(Fried et al. 2001). A relationship between frailty and cognitive im pairment has been
reported in the geriatric literature, with frail individuals having an increased prevalence of
cognitive impairment (Avila-Funes et al. 2009) and an increased risk of longitudinal decline
in cognitive function. Pre-frail and frail phenotypes typically emerge gradually with aging;
however, the biological underpinning (damage accumulation/increased allostatic load) likely
develops over years and is measurable prior to the identification of the clinical syndrome.

Consistent with the integration of these three lines of thought, researchers utilizing

the reliability theory of aging have demonstrated that the rate of multisystem deficit
accumulation (allostatic load) correlates with the slope of age-associated frailty (Rockwood
et al. 2010). One implication of these constructs is that vulnerability to posttreatment
cognitive change does not necessarily depend upon a given treatment’s affecting a specific
biological pathway. Rather, different patterns of failure rate (redundancy loss) across various
biological systems may confer more or less vulnerability to specific treatments to each
individual. Therefore, one patient may be vulnerable to the DNA damaging effects of a
chemotherapy regimen, whereas another patient may be vulnerable to the impact on the
hormonal milieu of endocrine treatments. This vulnerability may be strongly influ enced by
the pattern of systems failure prior to cancer diagnosis related to smoking, diet, exercise,
toxic environmental exposures, stress/trauma, poor neonatal care, inadequate health care,
etc.

Inverse Association with Cancer and Neurodegenerative Diseases

As a counterpoint to the discussion on the interaction of cancer treatments and aging,

several population studies have suggested an inverse relationship between cancer and various
neurodegenerative diseases, including Alzheimer’s disease. Although there are limitations to
these studies, there is increasing speculation of plausible biological mechanisms that may
explain the inverse relationship, including biological processes that increase the tendency
toward cellular proliferation versus aggregation (see Snyder et al. 2017 for review). On

the other hand, as discussed above, there is increasing evidence that cancer treatments
accelerate the aging process on a biological level. Therefore, there may be an overall inverse
relationship between cancer and Alzheimer’s disease; however, there may be individuals
with certain vulnerability factors for Alzheimer’s disease (APOE4) whose risk is increased
if exposed to certain types of cancer treatments. Additional research is clearly necessary to
sort out these complicated relationships. However, from a clinical point of view, answers to
these questions are important, given that cancer survivors with a family history of dementia
frequently ask whether exposure to chemotherapy will increase their risk for dementia.

Even if future research verifies the inverse association between cancer and
neurodegenerative disease, having one disorder does not completely protect from the other.
As our population ages, increasing numbers of cancer patients present with significant
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cognitive problems at diagnosis that may or may not be related to their cancer. Given the
increasing complexity of cancer treatments and the need for high patient compliance, the
presence of cognitive difficulties can present challenges in treatment planning and care for
older adults with cancer. Geriatric oncology is an emerging field that is helping to define
appropriate care for older cancer patients with multiple comorbidities/frailty through the
development of geriatric assessment tools (Magnuson et al. 2016). However, additional
research examining the impact of cognitive dysfunction on treatment decision making and
the supportive services (e.g., family, visiting nurses, etc.) needed to ensure patient safety is
clearly necessary.

Tipping Point

Although an expansion of our conceptual models may be needed to portray the multiple
factors that can lead to the experience of cognitive decline in cancer survivors, this necessity
makes research in the area much more complicated. If posttreatment cognitive deficits are
determined by a complex interaction of specific impacts of cancer treatments on brain
structure and function, innate (e.g., genetic) and accumulated risk factors, and aging,

the determination of the specific mechanisms of CACD becomes a significant challenge.
However, research related to the concept of tipping points in complex systems may be
relevant (Scheffer et al. 2009, van de Leemput et al. 2014).

Many complex systems, ranging from climate change to financial markets to social
networks, have tipping points that mark an abrupt change from one state to another.
Prediction of these transitions is difficult because of the complexity of the system and
because the system may show little evidence of change prior to the transition. However,
research has identified early warning signs for critical transitions that relate to the
phenomenon known in dynamic systems theory as critical slowing down (Scheffer et al.
2009, van de Leemput et al. 2014). Characteristics of critical slowing down include (a)
overall slowing of the system and either () increased autocorrelation (i.e., the rate of
change decreases because of slowing of the system, and therefore the state of the system
at any given time is more similar to past states) or (¢) increased variability. Examination of
cognitive performance seen in cancer patients has demonstrated (&) slowing of processing
speed (Ahles et al. 2010), () decreased ability to benefit from practice (performance

from time 1 to time 2 remains similar, which may be a sign of higher autocorrelation)
(Tager et al. 2010), and (a) increased intra-individual variability on reaction time tasks both
before (YYao et al. 2016) and following treatment (Bernstein et al. 2014). At least three
questions for future research emerge from this conceptualization. First, does critical slowing
prior to treatment—represented by slowed processing speed, inability to benefit from
practice, and increased variability in reaction time—predict vulnerability to posttreatment
cognitive decline? Second, neuropsychology researchers commonly dichotomize survivors
into impaired or not impaired. However, another hypothesis is that all patients are affected
at some level (see Figure 2); is it the case that only a subgroup reaches a tipping point
where the cognitive system shifts to a new state that is no longer sufficient to maintain
pre-diagnosis task performance, and where cognitive deficits are measurable? Finally, are
biological markers of systems disruption (e.g., allostatic load) and/or symptoms of frailty
associated with critical slowing and movement toward the tipping point?
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SUMMARY

As the cancer survivor population continues to increase and our population continues to
age, the importance of understanding the clinical significance of the impact of cancer

and cancer treatments on cognitive function will continue to grow. Research has evolved
from asking whether cognitive dysfunction occurs in cancer survivors, to investigating
what specific treatments might be implicated, to examining predisposing risk factors and
interactions with biological and genetic variables. Over the years, the field has progressed
from viewing this problem from a pharmacotoxicology perspective to understanding CACD
from a multidimensional perspective that includes the interaction of risk factors, cancer
treatments, cancer biology, and aging. From a measurement perspective, the field has begun
to move toward the inclusion of measures developed by cognitive neuroscientists that assess
subcomponents of attention, including preattentive processes. The identification of risk
factors and mechanisms as well as refinements in assessment techniques will be critical to
the development of targeted approaches to the treatment and, hopefully, the prevention of
CACD.
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SUMMARY POINTS

The field has evolved from viewing CACD from a pharmacotoxicology

(i.e., chemobrain) perspective to a multidimensional model that examines the
contribution of multiple cancer treatments, the biology of cancer, and factors
that confer risk for posttreatment cognitive decline.

Evidence from self-report, neuropsychological, and imaging studies has
demonstrated persistent cognitive change in a vulnerable subgroup of cancer
survivors up to 20 years after treatment.

Changes in attentional processes may decrease efficient registration and
storage of infor mation and explain the common pattern of self-reported
memory deficits in the context of normal performance on neuropsychological
tests of memory.

The impact of cancer and cancer treatments on the biology of aging is an
emerging area of research; therefore, cancer treatments may have specific
effects on brain structure and function that are superimposed on accelerating
aging, including cognitive aging.
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FUTURE ISSUES

1 Concerns about the adequacy of traditional neuropsychological tests to
assess relatively subtle changes in cognitive function have led to the
recommendation to leverage cognitive neuroscience theory and measures
designed to evaluate cognitive subprocesses; however, the optimal assessment
battery has not yet been defined.

2. Despite growing evidence from imaging, genetic, biomarker, and animal
studies, the mechanism(s) for CACD have not been defined.

3. Although intervention research is growing, optimal treatments for CACD
have not emerged.

4, The apparent inverse relationship between cancer and neurodegenerative
disorders requires additional research.

5. Understanding whether the concepts of tipping point and critical slowing
down are useful in the context of understanding CACD remains to be
determined.
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Conceptual model: predictors of cognitive change in cancer survivors
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Figure 1.

Cancer treatment can have a direct effect on cognition and can interact with various risk
factors. The factors on the left side of the figure represent predisposing risk factors, whereas
the remaining factors (physiological, psychological, allostatic load, and lifestyle) are both
predisposing factors and factors that can be modified by treatment.
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A cancer treatment can cause an identical change in brain resources; however, the impact on
cognitive performance will be lower at a younger age and will increase as the individual
moves along the continuum of age-related cognitive changes. Further, the impact on
cognitive performance will be lower in an individual with high cognitive reserve and higher

in an individual with low cognitive reserve.
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