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Abstract

This review summarizes the current literature on cancer-related cognitive impairment (CRCI) with
a focus on prevalence, mechanisms, and possible interventions for CRCI in those who receive
adjuvant chemotherapy for non-central nervous system tumors and is primarily focused on breast
cancer. CRCl is characterized as deficits in areas of cognition including memory, attention,
concentration, and executive function. Development of CRCI can impair quality of life and impact
treatment decisions. CRCI is highly prevalent; these problems can be detected in up to 30% of
patients prior to chemotherapy; up to 75% of patients report some form of CRCI during treatment,
and CRCI is still present in up to 35% of patients many years following completion of treatment.
While the trajectory of CRCI is becoming better understood, the mechanisms underlying the
development of CRCI are still obscure; however, host characteristics, immune dysfunction, neural
toxicity, and genetics may play key roles in the development and trajectory of CRCI. Intervention
research is limited, though strategies to maintain function are being studied with promising
preliminary findings. This review highlights key research being conducted in these areas, both in
patient populations and in animals, which will ultimately result in better understanding and
effective treatments for CRCI.

Introduction

Cancer treatments, including chemotherapy, radiation therapy, and targeted biological
therapies, have greatly led to improved survival; however, their administration is often
associated with side effects that greatly reduce quality of life. Cognitive problems are among
the most frequently reported symptoms among patients during treatment, especially related
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to chemotherapy. Longitudinal neuropsychological assessment research studies in cancer
patients indicate that up to 30% of patients experience cancer-related cognitive impairment
(CRCI,; i.e., problems with memory, executive functioning, and attention/concentration)
prior to any treatment; up to 75% experience CRCI during treatment, and up to 35%
experience CRCI months or years following completion of treatments for cancer (Janelsins
et al., 2011). With over 13 million cancer survivors in the United States (ACS, 2013), up to
4.5 million individuals may be living with long-lasting cognitive difficulties resulting from
cancer and cancer treatments. CRCI is of considerable concern as this set of problems can
influence adherence to treatments, impair quality of life, and lead to long-term cognitive
impairments. It is important to note that CRCI can vary in domains affected and may be
subtle or dramatic, temporary or permanent, and stable or progressive (Ahles et al., 2012).
Recent research also suggests that CRCI in patients who received chemotherapy can have a
later onset (Wefel et al., 2010), and may persist for 20 years following treatment
(Koppelmans et al., 2012). The impact of CRCI has led to a field of research to better
characterize and define the problem areas, understand mechanisms that contribute to its
development, and to begin to develop and test putative management strategies.

Characterization of CRCI Associated with Chemotherapy

Systematic research to understand CRCI was first reported during the mid 1990s to early
2000’s (Ahles et al., 2002; Brezden et al., 2000; Paraska & Bender, 2003; van Dam et al.,
1998; Wieneke, 1995); these studies initially established CRCI as a phenomenon associated
with cancer and chemotherapy treatments. However, these early studies were often cross-
sectional in design and did not account for pre-treatment assessment data. The importance of
a pre-chemotherapy treatment baseline was first shown in a study conducted by Wefel and
colleagues of the effects of 5-fluorouracil, doxorubicin, and cyclophosphamide (FAC)
chemotherapy on cognitive function in breast cancer (Wefel et al., 2004). As one of the first
prospective, longitudinal studies to assess cognitive function with pre-treatment and post-
treatment cognitive measures, this study demonstrated the importance of assessing changes
in cognition over time. In this study, there were no overall mean differences in cognitive
function between patients and normative data. Within-subject analyses, however, showed
that 61% had cognitive declines in learning, attention, and processing speed. If the pre-
treatment assessment had been unavailable, 46% would not have had detectable cognitive
impairments (because their post-treatment assessment scores were in the normal range). This
finding is extremely important, since cognitive dysfunction can be subtle. If a patient scores
well on a cognitive test before chemotherapy and less well after treatment (but that score is
still within the normal range), the decline can still represent a clinically significant
difference. Many studies of CRCI over the past decade have included pre-chemotherapy
treatment assessments, so that assessments during and after treatment can be interpreted in
the context of baseline status. To date, over 20 longitudinal studies have been conducted
(Ahles et al., 2010; Bender et al., 2006; Biglia et al., 2012; Collins et al., 2009; Debess et al.,
2010; Fan et al., 2005; Hedayati et al., 2012; Hermelink et al., 2008; Hermelink et al., 2007;
Hurria et al., 2006; Jansen et al., 2011; Jenkins et al., 2006; Mehlsen et al., 2009; Quesnel et
al., 2009; Schagen et al., 2006; Shilling et al., 2005; Stewart et al., 2008; Tager et al., 2011;
Vearncombe et al., 2009; Wefel, et al., 2004; Wefel, et al., 2010).
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A majority of longitudinal studies, largely conducted in breast cancer patients, have
compared changes in cognitive function pre- and post-chemotherapy with healthy controls
or normative data. In these studies in patients receiving chemotherapy, 12-82%
demonstrated CRCI in the domains of executive function, memory, psychomotor speed, and
attention (Ahles et al., 2008; Ahles, et al., 2010; Collins, et al., 2009; Hermelink, et al.,
2007; Hurria, et al., 2006; Jansen, et al., 2011; Jenkins, et al., 2006; Ouimet et al., 2009;
Quesnel, et al., 2009; Schagen, et al., 2006; Stewart, et al., 2008; Wefel, et al., 2010). Not all
studies revealed significant changes in all domains; changes in memory, executive function,
processing speed, and attention appear most frequent. Several of the studies consisted of
small sample sizes and, therefore, limited power to significantly detect CRCI. These studies
also utilized a variety of cognitive assessments and control groups, and most investigated
patients on various treatment regimens. Furthermore, criteria for cognitive impairment cut-
offs varied. Additional large-scale, well-powered studies are needed to confirm the findings
of previous studies conducted to date, and should include large multi-center setting studies.
These will help to further clarify, characterize, and determine reliable estimates of CRCI.

Teasing Apart the Impact of Other Cancer Treatments on Cognitive Function

Longitudinal studies assessing effects of chemotherapy have allowed us to better understand
the multiple contributing factors of CRCI. While many studies have investigated the impact
of chemotherapy, other studies have evaluated the impact of radiation therapy and hormonal
therapies on cognitive function and found deficits in similar domains as with chemotherapy
treatments (Castellon et al., 2004; Kohli et al., 2007; Schilder et al., 2009; Schilder et al.,
2010; Schilder et al., 2012). Studies with comparison groups of patients treated with
chemotherapy to those with hormonal therapies both show declines compared to healthy
controls suggesting that hormone therapies can also lead to CRCI (Ahles, et al., 2010), and
the combined treatment of tamoxifen and chemotherapy leads to greater difficulties than
chemotherapy alone (Castellon, et al., 2004) (Palmer et al., 2008). One prospective study
found deterioration in verbal memory and executive function in post-menopausal patients
taking tamoxifen for at least a year compared to healthy controls; those taking the aromatase
inhibitor, exemestane, did not have significant deficits compared to controls (Schilder, et al.,
2010). Additional studies in patients receiving radiation suggests that this modality may also
contribute to CRCI; however, the effects are not as severe as with chemotherapy (Kohli, et
al., 2007). As more large-scale studies are conducted, we will improve our understanding of
the effects of other treatment modalities on CRCI.

CRCI Prior to Chemotherapy

Pre-chemotherapy baseline cognitive assessments also suggest that surgery and development
of cancer itself may also contribute to CRCI by comparing patients’ performance at these
time-points to healthy controls and/or normative data. These studies have revealed that up to
33% of patients exhibit deficits prior to any chemotherapy; including deficits in areas of
verbal learning and memory, reaction time (Ahles, et al., 2008), as well as global cognitive
function (Jansen, et al., 2011). This finding suggests that cancer itself and/or surgical
procedures may alter cognitive function. While a diagnosis of cancer can alter psychological
status and cognitive performance just following diagnosis, some psychological factors (e.g.
depression, anxiety) and surgery factors (e.g. type) have not been associated with cognitive
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function in some studies. However, research in this area is still needed and some evidence
suggests coping strategies may influence cognitive function during this time (Reid-Arndt &
Cox, 2012). Another possibility is that common risk factors for both the development of
cancer and mild cognitive impairment associated with aging lead to CRCI. An area of active
investigation includes DNA repair mechanisms and oxidative stress that may play a role in
both processes (Ahles, et al., 2012).

Defining and Measuring CRCI

A remaining challenge in the cancer and cognition field has been defining and measuring
CRCI. Cognition can be measured, analyzed, and interpreted in a variety of ways. Defining
CRCI can be challenging because multiple cognitive domains can be affected, and these can
vary by individual. Currently, the International Cognition and Cancer Task Force (ICCTF)
recommends that the following measures (at minimum) be included in assessing cognitive
function in cancer patients: the Hopkins Verbal Learning Test-Revised (HVLT-R), Trail
Making Test (TMT), and the Controlled Oral Word Association (COWA) that is part of the
Multilingual Aphasia Examination (Wefel et al., 2011).

Self-report measures of perceived cognitive function (Wagner, 2009) correlate with
objective assessments, although these correlations are often weak (Lai et al., 2009; J. Vardy
et al., 2006). Neuropsychological assessments are a snapshot in time, whereas self-report
measures typically ask about experiences over a period of time. Because CRCI symptoms
can come and go, they may not always be detectable by objective neuropsychological
assessment at the time the assessment is done. Therefore, rates of perceived CRCI may be
higher by self-report. Ongoing and future research is aimed at better capturing CRCI with
combinations of self-report and optimized objective neuropsychological assessments and
methods of analysis.

Subtle cognitive change also poses a unique challenge to detection; many standard
neuropsychological tests do not detect subtle change, underscoring the importance of
utilizing self-report measures and the need to further refine objective tests to detect subtle
CRCI.

Understanding CRCI in Populations Beyond Breast Cancer

Most studies of CRCI have focused on breast cancer. Limited studies have been conducted
in testicular cancer (Schagen et al., 2008), lymphoma (Ahles, et al., 2002), colorectal cancer
(J. Vardy et al., 2012), ovarian cancer (Correa & Hess, 2012; Correa et al., 2010), and
prostate cancer (Nelson et al., 2008). Longitudinal studies are needed in other disease groups
to understand whether cognitive difficulties are more or less prevalent and severe in these
populations. Having these data will help determine if the effects of chemotherapy are
“universal” or more pronounced in specific disease populations. Moreover, studies in other
populations will help us to understand whether different treatments (e.g. multi- and single-
agent chemotherapies, androgen deprivation therapy, tamoxifen) for different cancers may
work by different mechanisms of action to lead to CRCI. Such knowledge will help
researchers identify risk factors including disease-specific factors, demographic factors,
psychological factors, and genetic factors.

Int Rev Psychiatry. Author manuscript; available in PMC 2014 July 07.
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Mechanisms of CRCI Development and Progression

Several predisposing and precipitating factors likely contribute to CRCI and include
demographic characteristics, medical and host characteristics, and biological factors (Figure
1).

Demographic and Medical Characteristics—A number of demographic and medical
characteristics have been purported to play a role in the development of CRCI; none of these
has been firmly established. Age is the most frequently used explanation for cognitive
decline; however, evidence suggests that young and older patients both experience CRCI.
Cognitive reserve, assessed by the Wide Range Achievement Test (WRAT) Reading scale,
has suggested that lower innate cognitive capacity (taking into account education,
environment and occupation) prior to chemotherapy treatments, explains the risk for post-
treatment decline in processing speed (Ahles, et al., 2010). However, this result needs to be
replicated. Other medical host factors that could influence CRCI that are known to affect
cognitive function but have not been critically investigated in cancer patients include race,
ethnicity, socioeconomic status, menopausal status, stage of disease, diet and body mass
index (Loef & Walach, 2012, 2013; Sherwin, 2012). One recent study suggests that post-
treatment cognitive function and brain activation vary by pre-treatment menopausal status
(Conroy et al., 2013). Additional research is needed to understand how other symptoms,
including fatigue, sleep dysfunction, and nausea/vomiting—all of which correlate with but
are distinct processes from CRCI—may moderate or mediate effects on cognitive
performance (Morrow et al., 2005; Mustian et al., 2012; Palesh et al., 2012; Ryan et al.,
2007; Vearncombe, et al., 2009).

Biological Factors

Brain Structure and Function Alterations. The greatest body of literature on central
nervous system (CNS) mechanisms of CRCI comes from neuroimaging studies of breast
cancer patients previously treated with chemotherapy. Overall, these cross-sectional studies
indicate that patients treated with previous chemotherapy have more gray matter and white
matter volume loss than controls, reduced white matter integrity, and altered brain
activation. Findings of reduced overall gray matter volume appear to be most pronounced in
the prefrontal lobe; however, decreases in parietal and occipital (e.g. precuneus) and
temporal lobes (e.g. thalamus, hippocampus, parahippocampal region) have also been found
via magnetic resonance imaging (MRI) techniques. Decreased white matter integrity and
diffusivity have been noted in widespread brain regions using diffusion tensor imaging
(DTI) (Abraham et al., 2008; de Ruiter et al., 2012; Deprez et al., 2011; Inagaki et al., 2007,
Swayampakula et al., 2007). These studies have been conducted from 12 months to 20 years
following treatment, suggesting that the effects of cancer and cancer treatments are long-
lasting, leaving permanent changes at least in a subset of patients. Additionally,
chemotherapy appears to produce greater deficits compared to hon-chemotherapy treated
cancer patients, though results have been inconclusive (Inagaki, et al., 2007; Yoshikawa et
al., 2005). Cross-sectional functional MRI (fMRI), MR spectroscopy, and positron emission
tomography (PET) studies show altered brain activation, neurochemistry, and metabolism,
respectively, in cancer patients post-treatment compared to healthy controls. Additionally
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those treated with chemotherapy have more pronounced alterations compared to non-
chemotherapy treated patients.

However, compensatory mechanisms may help chemotherapy-treated patients preserve their
performance during certain tasks, masking cognitive-behavioral impairments (Reuter-
Lorenz & Cimprich, 2013). For example, previous fMRI studies have reported hyper-
activation and hyper-connectivity during performance of certain cognitive tasks in
chemotherapy-treated survivors (Ferguson, Ahles, et al., 2007; Hosseini & Kesler, in press;
McDonald et al., 2012). However, studies have also shown hypo-activation during other
cognitive tasks (de Ruiter et al., 2011; S. R. Kesler et al., 2011). A recent review of fMRI
studies in breast cancer suggested that hyper-activation, or neural compensation, is most
apparent at low task difficulty and diminishes as task difficulty increases (Reuter-Lorenz &
Cimprich, 2013). Studies showing hypo-activation also tend to involve very long-term
survivors (de Ruiter, et al., 2011; S. R. Kesler, et al., 2011) and therefore the capacity for
compensation also may diminish as patients age (i.e. become long-term survivors).

Areas most affected by chemotherapy treatment include brain hub regions such as prefrontal
cortex, hippocampus and precuneus (de Ruiter, et al., 2011; Ferguson, McDonald, et al.,
2007; S. R. Kesler et al., 2009; S. R. Kesler, et al., 2011; S. R. Kesler, C. Watson, et al.,
2013). However, recent studies provide increasing evidence that CRCI may be associated
with widespread disruption of brain network connectivity rather than regionally specific
effects (Bruno et al., 2012; Dumas et al., 2013; Hosseini et al., 2012; S. Kesler, in press; S.
R. Kesler, J. S. Wefel, et al., 2013). A few longitudinal studies (including pre-chemotherapy
and post-chemotherapy assessments up to 1 year following treatment) provide further
evidence for changes in brain structure and function during and after chemotherapy
treatments in support of the post-treatment cross-sectional findings (Deprez et al., 2012;
McDonald et al., 2010; McDonald, et al., 2012; McDonald et al., 2013). Lastly, while most
studies have been conducted in breast cancer, investigating the effects of standard
chemotherapy regimens, brain injury has also been observed in advanced breast cancer
patients receiving high dose chemotherapy and stem cell transplants as well as in other
cancer types (Brown et al., 1998; Hsieh et al., 2013).

Immune Function: Cancer patients have increased levels of circulating cytokines
(compared to healthy controls) (Korkaya et al., 2011; Rego et al., 2013), and inflammation
has been associated with chemotherapy treatment and cognitive dysfunction(Janelsins et al.,
2012), supporting a role for dysregulated immune function in the predisposition or
perpetuation of CRCI. It is well established that inflammation plays a role in cognitive
dysfunction and “sickness behavior” (e.g. fatigue, sleep dysfunction, loss of appetite,
withdrawal and other psychological symptoms: all symptoms experienced by cancer
patients) (Dantzer & Kelley, 2007), and this has led several investigators to propose
inflammation as central to CRCI etiology (Ahles & Saykin, 2007; Cleeland et al., 2003;
Raffa, 2011).

Earlier studies indicated that chemotherapy is associated with increased levels of pro-
inflammatory cytokines (e.g. interleukin (IL); IL-10) in those treated for cancers of the
lymphatic system (Ahles & Saykin, 2007; Meyers et al., 2005; Villani et al., 2008). In breast
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cancer patients receiving paclitaxel, levels of IL-6 increased 3 days after treatment compared
to pre-treatment, but not in those who received a combination of fluorouracil,
cyclophosphamide and methotrexate (Pusztai et al., 2004). Significant changes in markers of
endothelial and platelet activation were found in breast cancer patients receiving
anthracycline-based treatment, further supporting the hypothesis that inflammation occurs as
a result of chemotherapy (Mills et al., 2008). Another study found a trend between cytokine
levels and cognitive performance in breast cancer (J. L. Vardy et al., 2007), and these
investigators are currently assessing cytokine levels in relationship to cognitive function (via
neuropsychological and computerized tests) in an ongoing observational study of cognitive
function in colorectal cancer (J. Vardy, et al., 2012). Another study in breast cancer patients
receiving chemotherapy found increases in monocyte chemoattractant protein one (MCP-1),
IL-6, and IL-8 in patients receiving anthracycline-based chemotherapies but not non-
anthracycline-based regimens; associations between MCP-1 changes and perceived
cognitive function were significant (Janelsins, et al., 2012). More recently, in a large,
prospective cohort study, increased circulating soluble TNF Receptor 2 (STNFRII) was
associated with higher memory complaints in post-chemotherapy patients (prior to hormone
therapy). A decline in STNFRII levels was also associated with improvements in memory at
1 year post-treatment, suggesting that inflammation plays a role in the progression of CRCI
and is reduced as patients regain cognitive abilities (Ganz et al., 2013).

Two published studies have examined the relationship between circulating cytokine
expression in breast cancer survivors with neuroimaging. In the first study, investigators
assessed regional brain volume and IL-6 and TNF-a in breast cancer survivors compared to
controls. Overall, lower hippocampal volume was associated with higher levels of both
markers in the entire cohort. In breast cancer survivors, lower volume was associated with
higher TNF-a and lower IL-6, with an interaction effect between both cytokines. Both were
also associated with memory performance; overall, these results suggest that both molecules
play a role in the development of CRCI (S. Kesler, M. Janelsins, et al., 2013). Another pilot
study of breast cancer survivors investigated brain metabolism, and cytokines (i.e. CRP and
IL-6) and cytokine receptors (i.e. IL-1 receptor antagonist (ra) and STNF-RII). Significant
relationships were found between all markers and metabolism at the baseline timepoint, and
additionally, baseline levels of IL1ra and STNFRII were significantly positively associated
with increased frontal lobe metabolism at the 1 year follow-up timepoint (Pomykala et al.,
2013).

Further clarification of the role of cytokines, chemokines, and other immune factors on
cognitive function in cancer is needed. Large-scale observational studies that correlate
changes in cytokines and chemokines with those in cognitive function should help clarify
the association between inflammation and cognitive function in cancer patients.

Genetic Factors: Genetic studies not only provide important information on possible
mechanisms for CRCI, but they may also have clinical utility in helping to predict those that
might be at increased risk for cognitive impairments. Two studies examined the association
between apolipoprotein E (APOE) and catechol-o-methyltransferase (COMT) genotypes and
CRCI (Ahles et al., 2003; Small). APOE is a complex glycolipoprotein that facilitates
uptake, transport, and distribution of lipids, and plays and important role in neuronal repair
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following an insult (Morley & Montgomery, 2001). The E4 allele has been associated with a
variety of disorders with prominent cognitive dysfunction including aging-related cognitive
decline, Alzheimer’s disease, and poor cognitive outcomes in stroke and traumatic brain
injury (McAllister et al., 2004). Cancer survivors with at least one E4 allele scored
significantly lower in the visual memory and spatial ability domains, with a trend to score
lower in executive function compared to survivors who did not carry an E4 allele (Ahles, et
al., 2003).

The COMT Val158Met single nucleotide polymorphism (SNP) has been associated with
dopamine levels in the prefrontal cortex. COMT-Val carriers metabolize dopamine more
rapidly than COMT-Met carriers, with less availability of the neurotransmitter that is critical
for cognitive function, making this an important SNP for further investigation in cancer. In a
cross-sectional study of cancer survivors treated with chemotherapy and healthy controls,
COMT-Val carriers performed more poorly on tests of attention, verbal fluency, and motor
speed compared to COMT-Met carriers. Breast cancer survivors who were COMT-Val
carriers and exposed to chemotherapy performed more poorly on tests of attention than
healthy controls who were also carriers. Additionally, COMT-Met carriers treated with
chemotherapy performed better on an attention task than COMT-Val carriers also treated
with chemotherapy, further supporting that Val carriers have less bioavailable dopamine to
support cognitive function.

These studies support the hypothesis that there may be a genetic predisposition to CRCI but
these results need to be validated in additional research. Other possible genetic gene targets
that warrant future investigation include: genes of neural repair, neuronal plasticity genes,
DNA damage and repair genes, and other inflammation genes. Finally, increasing interest in
transcriptional changes and epigenetics and cognitive function in cancer patients may lead to
improved understanding of the mechanisms involved in CRCI.

Further research on the assessment of various medical, genetic, and biological factors may
help us further clarify pathways involved in CRCI development and progression and identify
high risk groups for cognitive difficulties or those at highest risk for persistent long-term
effects. Although we currently have no clinically recommended treatments for cognitive
difficulties in cancer patients, identifying biological markers related to cognitive function
would enable us to understand possible mechanisms and aid in the development of targeted
interventions.

Impact of CRCI on Quality of Life and Activities of Daily Function

Several studies have investigated the impact of CRCI on daily function and quality of life.
CRCI has been associated with a reduction in the ability to return to work at all or to a
limited capacity (Bradley et al., 2005; Wefel, et al., 2004). CRCI—specifically executive
dysfunction—has also been associated with reduced function in productivity, social role
functioning, and community engagement (Reid-Arndt et al., 2009). Patients also report
difficulties driving and reading that interfere with quality of life (Myers, 2012).

Int Rev Psychiatry. Author manuscript; available in PMC 2014 July 07.
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Management of CRCI

While researchers and clinicians are continuing to understand and characterize CRCI, efforts
have begun to develop and test interventions that might alleviate or prevent CRCI
development. Based on the clinical research literature, possible approaches with the most
promise to date include cognitive behavioral therapy approaches, cognitive brain training,
modafinil, and physical activity.

A brief CBT-I intervention, Memory and Attention Adaptation Training, has been tested for
feasibility and preliminary results in a small randomized waitlist trial. The results of this
study suggest that this intervention is safe, feasible, and results in high patient satisfaction,
and preliminarily improves working memory and quality of life (Ferguson et al., 2012).
Cognitive training, used in a breast cancer survivor waitlist trial with a novel, online, home-
based program targeting executive function, significantly improved multiple executive
function skills by objective and self-report measures (S. Kesler, S. M. Hadi Hosseini, et al.,
2013). A second cognitive training trial, focused on memory training and speed of
processing training, showed that both types of training produced improvements in objective
and perceived cognitive function (Von Ah et al., 2012). A single-arm pilot trial of tai chi in
cancer survivors demonstrated significant improvements in objective and subjective
cognitive function tests as well as on psychological and physical health (Reid-Arndt et al.,
2012). Further evidence of improvements in memory produced by exercise came from a
secondary analyses of a large study in which older cancer patients who exercised reported
less memory loss than non-exercisers (Sprod et al., 2012). Lastly, medical Qigong, a
practice consisting of meditation and gentle exercise, improved perceived cognitive function
in a pilot randomized controlled trial (Oh et al., 2012). These behavioral interventions all
show promise; however, larger efficacy trials are needed to confirm these preliminary
positive findings.

Pharmacological interventions are also being tested for alleviating CRCI. Modafinil
produced improvements in memory, speed of memory, and attention in breast cancer
patients with fatigue compared to those who had received modafinal but switched to a
placebo in a secondary data analysis of a completed randomized controlled trial (Kohli et al.,
2009). A pilot placebo-controlled trial of modafinil in advanced cancer showed
improvements in psychomotor speed and attentional function (Lundorff et al., 2009). Further
research on modafinil needs to be confirmed in Phase Il and 111 trials. Clinical trials have
also investigated the effects of methylphenidate on cognitive function. To date, results with
this psychostimulate have not been promising for patients with non-CNS tumors in placebo-
controlled studies, although at least one of these may have been underpowered (Lower et al.,
2009; Mar Fan et al., 2008). Ginkgo biloba, an herbal supplement, was tested for prevention
of CRCI in a 10 week randomized clinical trial, but did not show any improvement in CRCI
by subjective or objective measures (Barton et al., 2013).

Animal Models Aid Clinical Research

Animal models continue to aid future directions of clinical research by allowing researchers
to further elucidate mechanisms that cannot easily be assessed in humans (Seigers & Fardell,
2011). Rodent model studies investigating the effects of chemotherapy administration on
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molecular and biological processes reveal reduced neurogenesis (Dietrich et al., 2006;
Janelsins et al., 2010), indicators of reduced metabolism and oxidative stress (Tangpong et
al., 2007), reduced myelination (Han et al., 2008), increased inflammation (Tangpong et al.,
2006), and cognitive dysfunction. Healthy mice and rats given chemotherapy display deficits
in multiple cognitive domains including spatial memory, object recognition, and associative
tasks (Fardell et al., 2013; Fardell et al., 2010; Reiriz et al., 2006).

Chemotherapy animal models also provide a platform to preclinically investigate
interventions for CRCI (Fardell et al., 2011). Mice receiving chemotherapy that are exposed
to voluntary running show less cognitive dysfunction in spatial memory and object
recognition compared to mice receiving chemotherapy alone (Fardell et al., 2012). Future
research with animal models could help determine dose and intensity needed for translation
into human trials. Preclinical studies of fluoxetine also may have promising results for future
human trial translation; fluoxetine mitigates chemotherapy-induced memory impairments
and reverses neurogenesis impairments in rats (Lyons et al., 2012; Lyons et al., 2011).
Lastly, antioxidants have also been tested in animal models, exhibiting improvements in
cognitive function, oxidative stress, and neurogenesis (Helal et al., 2009; Joshi et al., 2007;
Konat et al., 2008).

CRCl is a prevalent side effect of cancer treatments that can persist for years following
treatment and negatively affect quality of life. Current research, supported by human and
preclinical animal model studies, demonstrates that chemotherapy can cause immediate or
delayed cognitive dysfunction in areas of memory, attention, concentration, and executive
function. The underlying etiology of CRCI is not well understood; however, a combination
of host characteristics, genetic factors, and biological factors all likely play a role in the
predisposition and perpetuation of CRCI. Interventions, both behavioral and
pharmacological, are currently being developed and tested for alleviating or preventing
CRCI.
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Demographic and Medical Biological and Molecular
Characteristics Factors

Demographics Brain Structure and Function

*  Age *  Metabolism
* Race ¢ Plasticity
«  Ethnicity * Neurogenesis

*  Oxidative Stress
Immune Function
* Inflammation
* Neuroinflammation
¢ Cellular responses
Genetics
« APOE
« COMT
* DNAdamage genes

o

CRCI

Possible Predisposing and Prepetuating Contributors to CRCI

Socioeconomic Status

Medical

Stage of disease
Menopausal Status

Diet

Body Mass Index
Psychological Symptoms
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