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Cancer-related cognitive impairment (CRCI) is a frequent side effect experienced by an
increasing number of cancer survivors with a significant impact on their quality of life.
Different definitions and means of evaluation have been used in available literature; hence
the exact incidence of CRCI remains unknown. CRCI can be described as cognitive
symptoms reported by cancer patients in self-reported questionnaires or as cognitive
changes evaluated by formal neuropsychological tests. Nevertheless, association
between cognitive symptoms and objectively assessed cognitive changes is relatively
weak or absent. Studies have focused especially on breast cancer patients, but CRCI has
been reported in multiple types of cancer, including colorectal, lung, ovarian, prostate,
testicular cancer and hematological malignancies. While CRCI has been associated with
various treatment modalities, including radiotherapy, chemotherapy, hormone therapy and
novel systemic therapies, it has been also detected prior to cancer treatment. Therefore,
the effects of cancer itself with or without the psychological distress may be involved in the
pathogenesis of CRCI as a result of altered coping mechanisms after cancer diagnosis.
The development of CRCI is probably multifactorial and the exact mechanisms are
currently not completely understood. Possible risk factors include administered
treatment, genetic predisposition, age and psychological factors such as anxiety,
depression or fatigue. Multiple mechanisms are suggested to be responsible for CRCI,
including direct neurotoxic injury of systemic treatment and radiation while other indirect
contributing mechanisms are hypothesized. Chronic neuroinflammation mediated by
active innate immune system, DNA-damage or endothelial dysfunction is hypothesized
to be a central mechanism of CRCI pathogenesis. There is increasing evidence of potential
plasma (e.g., damage associated molecular patterns, inflammatory components,
circulating microRNAs, exosomes, short-chain fatty acids, and others), cerebrospinal
fluid and radiological biomarkers of cognitive dysfunction in cancer patients. Discovery of
biomarkers of cognitive impairment is crucial for early identification of cancer patients at
increased risk for the development of CRCI or development of treatment strategies to
lower the burden of CRCI on long-term quality of life. This review summarizes current
literature on CRCI with a focus on long-term effects of different cancer treatments, possible
risk factors, mechanisms and promising biomarkers.
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INTRODUCTION

Considerable advances in clinical oncology over the past decades
have resulted in significant improvement of long-term survival in
cancer patients. Achieving the cure in cancer means that patients
become survivors who may suffer from different types of late
toxicities (Miller et al., 2019). Both patients and survivors often
experience changes in cognition, also called “cancer-related
cognitive impairment” (CRCI), as a side effect of cancer and
cancer treatment (Joly et al., 2015).

Cancer-related cognitive impairment (CRCI) is a term
used to describe the decline in patients cognitive functions,
such as perception, attention, language, thinking, learning
and memory, action planning, understanding, reasoning and
problem solving (Horowitz et al., 2018). The exact incidence
and prevalence of CRCI is still unknown due to its various
definitions in literature and different means of evaluation in
studies. Therefore, the prevalence estimates vary widely from
15 to 75% (Wefel et al., 2004; Vardy and Tannock, 2007;
Janelsins et al., 2011; Schmidt et al., 2016; Lange et al.,
2019b).

Cognitive changes in cancer patients may be induced by
cancer treatment or by the presence of cancer itself. Moreover,
several factors may contribute to the development of CRCI,
such as age, genetic predisposition, psychological and
sociodemographic factors (Ahles and Root, 2018). Cognitive
impairment has been described in a variety of cancer types.
Treatment modalities inducing cognitive impairment include
surgery, radiotherapy, chemotherapy, hormonal therapy,
targeted therapy and immunotherapy (Joly et al., 2015).
Acute and long-term effects on cognitive functioning
resulting from cancer treatment may negatively affect the
quality of life (QoL) and the ability to function in different
aspects of life (Mehnert et al., 2007; Von Ah et al., 2009; Reid-
Arndt et al., 2010; Hsu et al., 2013).

Cognitive dysfunction can be present in various cancers at
the time of diagnosis, during cancer treatment and weeks to
years after its completion. Most of the studies on cognitive
changes in non-CNS cancers investigate women with breast
cancer treated with chemotherapy, but recently patients with
other malignancies have also been intensively studied. Cognitive
impairment has been reported in patients with colorectal cancer
(Cruzado et al., 2014; Vardy et al., 2015), lung cancer (Simo
et al., 2015; Bromis et al., 2017), testicular cancer (Schagen et al.,
2008; Wefel et al., 2014; Stouten-Kemperman et al., 2015; Amidi
et al., 2017b; Chovanec et al., 2018), prostate cancer (McGinty
et al., 2014; Gonzalez et al., 2015; Holtfrerich et al., 2020),
ovarian cancer and other gynecological malignancies (Hess
et al., 2015; Correa et al., 2017; De Rosa et al., 2021), as well
as hematologic malignancies, especially after hematopoietic
stem cell transplantation (HSCT) (Scherwath et al., 2013;
Sharafeldin et al., 2018).

The aim of this paper is to review available literature on CRCI
in non-CNS cancers, with a focus on long-term effects of different
cancer treatments, possible risk factors and mechanisms of CRCI
and promising biomarkers for cognitive dysfunction in cancer
survivors.

DETECTION AND EVALUATION OF
CANCER-RELATED COGNITIVE
IMPAIRMENT
Cognitive changes found in cancer survivors vary in affected
domains and may be subtle, therefore, detection and evaluation of
CRCI can be rather challenging (Horowitz et al., 2018). An
optimal cognitive screening instrument with high sensitivity
and reliability has not been yet established. The complexity of
cognitive assessment in cancer survivors is specific due to two
main aspects of CRCI: cognitive symptoms reported by cancer
survivors (subjective) and cognitive changes evaluated by formal
neuropsychological tests (objective) (Vardy et al., 2017).

Patient-reported cognitive symptoms are usually assessed with
multi-item questionnaires, such as FACT-Cog (The Functional
Assessment of Cancer Therapy-Cognitive Function) developed
specifically to assess cognitive difficulties in cancer patients
(Wagner et al., 2009; FACT-Cog, 2016). FACT-Cog
questionnaire is a validated tool for self-reported measure of
cognitive functions in four domains: perceived cognitive
impairment (CogPCI), perceived cognitive abilities (CogPCA),
quality of life affected by cognitive impairment (CogQoL) and
cognitive impairment perceived by others (CogOth). Total
cognitive function score is the sum of the four mentioned
domains. EORTC QLQ-C30 (European Organization for the
Research and Treatment of Cancer Quality of Life
Questionnaire) is an integrated system for assessing the
health-related QoL of cancer patients. This questionnaire is
composed of five functional scales (including physical, role,
emotional, cognitive and social functioning), three symptom
scales, six single items and a global health status/QoL scale
(Aaronson et al., 1993; EORTC QLQ, 2001).

Formal neuropsychological tests have been established as
standard methods for detection of CRCI, because they provide
objective assessments of various domains of cognition. The
International Cognition and Cancer Task Force (ICCTF)
recommends to evaluate learning, memory, processing speed
and executive functions (Wefel et al., 2011; Joly et al., 2015).
ICCTF suggests the use of validated neuropsychological tests,
namely Hopkins Verbal Learning Test-Revised (HVLT-R)
(Benedict et al., 1998), Controlled Oral Word Association Test
(COWAT) of the Multilingual Aphasia Examination (Benton
et al., 1994) and Trail Making Test (TMT) (Reitan, 1992).
Investigators are then encouraged to supplement additional
executive function tests, based on their own preferences.
Cognitive impairment can be defined relative to population
norms, to a control group or to an individual pretreatment
functioning (a drop from baseline performance) (Horowitz
et al., 2018). ICCTF recommends the following criteria for
determining cognitive impairment: ≥ 2 test scores at or below
−1.5 standard deviations (SDs) from the normative mean (or the
mean score of an appropriate control group) or 1 test score at or
below −2.0 SDs from the mean, or both (Wefel et al., 2011).

However, there is relatively weak or absent association
between self-reported cognitive changes and objectively
assessed cognitive performance. Many cancer survivors
describe cognitive problems, but they have scores within the
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normal range in neuropsychological tests (Hutchinson et al.,
2012; Bray et al., 2018). On the contrary, cognitive complaints
are more strongly associated with other patient-reported
symptoms, including anxiety, depression, fatigue or insomnia
(Pullens et al., 2013; Vardy et al., 2015; Dhillon et al., 2018; Ng
et al., 2018). Therefore, the assessment of these symptoms appears
to be even more important.

Bray et al. (2018) suggested several factors that may be
attributed to the lack of association between self-reported and
objective cognitive changes in their systematic review:

- Patient’s cognitive performance was above the normal range
prior to cancer diagnosis or treatment and while cognition
may have declined, it subsequently remained within the
normal range;

- Conditions in which neuropsychological tests are performed
(structured and distraction-free environment) may not be
representative of daily situations, where patients usually
experience cognitive problems;

- Traditional neuropsychological tests are not sensitive enough
to detect the subtle cognitive changes in CRCI;

- Self-reported and objective measures of cognitive functions
may evaluate unrelated different constructs and perceived
cognitive difficulties may reflect psychological distress rather
than actual cognitive impairment.

Despite the differences, both subjective and objective measures
for cognitive impairment are very important in clinical practice

and cancer research. Both provide an essential information about
the functioning of cancer patients and survivors, as well as about
the impact on their quality of life. Therefore, detection and
evaluation of these two aspects of CRCI should be routinely
performed in cancer patients where possible (Hutchinson et al.,
2012).

POTENTIAL RISK FACTORS AND
MECHANISMS OF CANCER-RELATED
COGNITIVE IMPAIRMENT
The development of CRCI is probably multifactorial, although
the mechanisms are still not completely understood. Therefore, it
remains an area of active research. According to the studies,
multiple factors can increase risk for CRCI, including genetic
predisposition, age, psychological, social and demographic
factors. The potential risk factors and mechanisms of CRCI
are summarized in Figure 1.

Genetic Predisposition
Known genetic factors that may predispose a patient for
developing the CRCI include genes encoding apolipoprotein E
(APOE) (Ahles et al., 2003; Ahles et al., 2014; Amidi et al., 2017a),
catechol-O-methyltransferase (COMT) (Small et al., 2011; Cheng
et al., 2016) and brain-derived neurotrophic factor (BDNF) (Ng
et al., 2016). However, more are under investigation. APOE gene
is polymorphic, with three major alleles (APOE e2, e3, e4). The

FIGURE 1 | Illustration summarizing risk factors andmechanisms of cancer-related cognitive impairment (CRCI), resulting in self-reported and objectively assessed
cognitive dysfunction.
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presence of the APOE e4 allele has been associated with increased
risk for the development of Alzheimer’s disease and with
traumatic brain injuries as well. Administration of
chemotherapy may be considered as a type of insult to the
brain, therefore APOE e4 carriers would be more vulnerable to
develop CRCI (Ahles et al., 2003). COMT gene determines levels
of dopamine in the prefrontal cortex. Val158Met single-
nucleotide polymorphism (SNP) represents a substitution of
valine with methionine at codon 158. The presence of the Val
allele is related to higher enzymatic activity compared toMet/Met
homozygotes, leading to greater degradation of dopamine and its
lower availability at synaptic receptors. For that reason, Val
carriers may be predisposed to the development of cognitive
dysfunction following cancer treatment (Small et al., 2011).
BDNF gene encodes a neurotrophin with multiple functions in
the brain. It has several known SNPs, including the most
investigated Val66Met polymorphism (an amino acid change
from valine to methionine at codon 66). Association between
this SNP and neurodegenerative and mental disorders has been
intensively studied, as well as its possible connection to
chemotherapy-induced cognitive dysfunction (Ng et al., 2016).

Genetic risk factors and their association with CRCI are
detailed in the chapter “Promising novel biomarkers of CRCI.”

Age
Age is a well-known risk factor for many cognitive disorders and
may also play a role in the development of CRCI. In addition,
cognitive reserve, defined as innate and developed cognitive
capacity (influenced by education, occupation and lifestyle),
has also been associated with potential vulnerability to
cognitive decline after brain insults. Ahles et al. (2010) studied
the impact of age and cognitive reserve on cognitive functioning
in breast cancer patients (N � 60; mean age � 51.7 years) treated
with adjuvant chemotherapy, showing that older patients with
lower baseline cognitive reserve performed worse in post-
treatment processing speed compared with patients not
exposed to chemotherapy (p < 0.003) and healthy controls
(p < 0.001). Schilder et al. (2010) suggested possible age-
dependency of the effects of tamoxifen on cognition, because
in their study more cognitive domains were affected in women
older than age 65 versus those younger than 65. Many other
studies supported the association between higher age and
increased risk of the development of CRCI (Mandelblatt et al.,
2014; Anstey et al., 2015; Lange et al., 2016; Morin andMidlarsky,
2018; Lange et al., 2019a).

Psychological and Other Factors
Psychological changes in cancer patients as a reaction to cancer
diagnosis and its treatment are very frequent. Therefore, their
potential impact on cognition has been intensively studied.
Several studies found association between cognitive
impairment and anxiety (Schilder et al., 2012; Pullens et al.,
2013; Vardy et al., 2015; Janelsins et al., 2017; Dhillon et al.,
2018), depression (Schilder et al., 2012; Ganz et al., 2013b;
Danhauer et al., 2013; Pullens et al., 2013; Seliktar et al., 2015;
Vardy et al., 2015; Dhillon et al., 2018), post-traumatic stress
disorder (Andreotti et al., 2015; Hermelink et al., 2015) and

sleeping difficulties (fatigue and insomnia) (Schilder et al., 2012;
Vardy et al., 2015; Ng et al., 2018). Moreover, informing patients
about cognitive side effects of the treatment may induce an
increase in self-reported cognitive impairment and decrease in
neuropsychological test performance among vulnerable
individuals (Schagen et al., 2012; Jacobs et al., 2017). In a large
study including 1,393 breast cancer survivors, 47% of them (N �
657) reported cognitive complaints through online FACT-Cog
questionnaires. These complaints were strongly associated with
chemotherapy (OR � 2.26; 95% CI � 1.67–3.05; p < 0.001), as well
as with frequency of psychotropic treatments (OR � 1.70, 95% CI
� 1.23–2.36; p < 0.001), post-traumatic stress symptoms (OR �
2.05, 95% CI � 1.57–2.69; p < 0.001) and sleep difficulties (OR �
2.41, 95% CI � 1.47–3.95; p < 0.001) (Boscher et al., 2020).

Patient comorbidities may also play a role in the development
of cognitive dysfunction in cancer patients. Mandelblatt et al.
(2014) found that comorbidity (primarily cardiovascular disease
and diabetes) was strongly associated with pretreatment cognitive
impairment in nonmetastatic breast cancer patients (N � 164; OR
� 8.77; 95% CI, 2.06 to 37.4; p � 0.003), but not among healthy
controls (N � 182, p � 0.97). Potential explanation for this can be
that the comorbidity itself is associated with cognitive
impairment or it increases the risk for both cancer and CRCI
through chronic inflammation or acceleration of aging.

Additional factors that can influence CRCI include race,
ethnicity, socioeconomic status and education. Genetic
variability and differences in brain structure and function may
cause diverse vulnerability to cognitive decline across racial/
ethnic groups. Borenstein et al. studied frequency of APOE e4
allele in African-American (N � 253) and Caucasian (N � 466)
populations and the association with performance in five
cognitive measures. APOE e4 allele frequency in the African-
American sample was 29.5% compared to 12.1% in the Caucasian
sample. In Caucasians, APOE e4 carriers performed more poorly
on three of the five cognitive tests. However, in the African
Americans, no association was found between the presence of the
APOE e4 allele and any cognitive outcome (Borenstein et al.,
2006). A meta-analysis showed APOE e4 genotype prevalence
varies among the population diagnosed with Alzheimer’s disease
(AD) by geographic region, with the highest estimates in
Northern Europe and the lowest estimates in Asia and
Southern Europe (Ward et al., 2012). Furthermore, Zahodne
et al. found certain structural MRI predictors of cognition
differed across racial/ethnic groups (N � 638; 29% non-
Hispanic White, 36% African American, 35% Hispanic).
Larger white matter hyperintensity volume was associated with
worse language (p � 0.003) and speed/executive functioning (p �
0.006) among African Americans, but not among non-Hispanic
Whites (both p > 0.1). Larger hippocampal volume was more
strongly associated with better memory among non-Hispanic
Whites compared to Hispanics (p < 0.001 vs. p � 0.061) (Zahodne
et al., 2015). Finally, education level of patients may have impact
on their cognitive reserve, as well as socioeconomic status,
affecting their attitude to cancer treatment and psychological
changes associated with cognitive impairment. A premorbid
intellectual functioning (IQ) showed to be statistically
significant predictor of cognitive impairment in a group of
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testicular cancer survivors (N � 72), with higher IQ levels being
associated with lower odds of developing cognitive impairment
(OR � 0.87; 95% CI: 0.81–0.95; p < 0.01) (Amidi et al., 2015b).
Similar results were found in a group of lymphoma patients
(Wouters et al., 2016).

Mechanisms of Cancer-Related Cognitive
Impairment
Based mostly on animal models, suggested mechanisms for the
development of CRCI include inhibition of hippocampal
neurogenesis, white matter damage, oxidative damage,
immune and inflammatory processes, decreased hypothalamic-
pituitary-adrenal axis activity, reduced brain vascularization and
blood flow (Seigers and Fardell, 2011; Seigers et al., 2013). Other
possible mechanisms are direct neurotoxicity with damage of
brain neuronal cells from cytostatic agents that can cross the
blood-brain barrier or hormonal changes induced by
chemotherapy, leading to cognitive impairment (Ahles and
Saykin, 2007; Merriman et al., 2013). Probably one of the
dominant processes in cognitive impairment is chronic
inflammation and neuroinflammatory pathways.
Chemotherapy that disrupts cellular processes and cell division
can lead to increased levels of inflammatory components during
and after treatment administration, especially pro-inflammatory
cytokines (e.g., IL-1, IL-6, and TNF-alpha) and cytokine receptors
(e.g., sTNFRI and sTNFRII). Several studies have demonstrated
an association between markers of inflammation and decreased
cognitive function in cancer patients (Kesler et al., 2013b; Cheung
et al., 2015; Lyon et al., 2016; Williams et al., 2018). A few pre-
clinical studies evaluated changes in the expression of
inflammation-related genes associated with the development of
CRCI (Kovalchuk et al., 2016; Allen et al., 2019; Bagnall-Moreau
et al., 2019). Oppegaard et al. in their recent clinical study
evaluated differentially expressed genes and perturbed
inflammatory pathways across two independent samples of
cancer patients who did and did not report cognitive
difficulties. The 16-item Attentional Function Index (AFI) was
used for the assessment of self-reported CRCI. Approximately
half of the patients in each sample had AFI scores indicating low
levels of cognitive function. A gene expression of total RNA
isolated from peripheral blood of the 717 patients was quantified
for 357 patients (Sample 1) using RNA-sequencing and for 360
patients (Sample 2) using microarray. Twelve signaling pathways
were significantly perturbed between the patients with low and
high AFI scores, five of which were signaling pathways related to
inflammatory mechanisms: cytokine-cytokine receptor
interaction, mTOR (mechanistic target of rapamycin), MAPK
(mitogen-activated protein kinase), IL-17 (interleukin-17) and
TNF (tumor necrosis factor) signaling pathways (all p < 0.05).
This study was the first to describe abnormalities in inflammatory
pathways associated with CRCI, supporting an important role of
inflammation in its pathogenesis (Oppegaard et al., 2021).

In recent years, a role of gut microbiome modulating
neurochemical pathways and brain functions through the
interconnected gut-brain axis has been the subject of intensive
research. Although the exact mechanisms involved in the

communication between the gut microbiome and the brain are
still not known, there are several possible pathways through
which the intestine can influence brain function (Borre et al.,
2014). Differences in the gut microbiome have been observed in
Alzheimer’s disease, Parkinson’s disease and autism spectrum
disorders (Hasegawa et al., 2015; Zhang et al., 2017; Sharon et al.,
2019). Therefore, it may also play an important role in the
development of CRCI in patients receiving chemotherapy or
radiotherapy. However, cognitive impairment in
neurodegenerative diseases and in cancer may have separate
pathogenetic mechanisms. We have previously proposed a
dysregulation of the microbiota-gut–brain communication
pathways as a possible immune-related mechanism of CRCI
(Figure 2) (Ciernikova et al., 2021). Cancer treatment causes
cytotoxic or radiation damage to the physiological gut
microbiome, leading to intestinal dysbiosis and increased
release of lipopolysaccharides (LPS) from the cell wall of
Gram-negative bacteria. Subsequent intestinal barrier
disruption results in translocation of whole bacteria or
bacterial LPS, damage-associated molecular patterns (DAMPs)
and microbiota-derived metabolites (e.g., SCFA), as well as cell-
free DNA into the bloodstream. This leads to the
proinflammatory immune response and activation of microglia
in the hippocampus, resulting in neuroinflammation, oxidative
stress and neuron loss associated with cognitive impairment
(Figure 2) (Chen et al., 2008; Catorce and Gevorkian, 2016;
Ciernikova et al., 2021).

THE IMPACT OF CANCER TREATMENT ON
COGNITIVE FUNCTIONING
Cancer-Related Cognitive Impairment After
Surgery and Prior to Systemic Treatment
Various studies in patients with non-CNS cancers have shown the
presence of cognitive dysfunction after surgery, before the
administration of systemic treatment or even before any
cancer treatment. The first prospective longitudinal study
evaluating cognition in breast cancer patients was performed
by Wefel et al. (2004). This study included 18 women with non-
metastatic breast cancer (mean age � 45.4 ± 6.7) after surgery,
who were evaluated with neuropsychological tests and self-
reporting questionnaires before the start of adjuvant
chemotherapy (baseline), short-term and long-term post-
chemotherapy (approximately 6 and 18 months after baseline).
Thirty-three percent of women exhibited a cognitive impairment
prior to receiving chemotherapy, especially in verbal learning and
memory. Sixty-one percent of patients exhibited cognitive decline
short-term post-chemotherapy compared to baseline (most
affected domains were attention, learning, and processing
speed). Half of the patients who experienced decline in
cognitive functions demonstrated an improvement in the long-
term post-chemotherapy, whereas half of them remained stable.
Ahles et al. found breast cancer patients with stage I-III disease
(N � 110; age � 54.1 ± 8.1 years) had a significantly lower than
expected overall cognitive performance (p � 0.002) in
neuropsychological tests (22%) following surgery but prior to
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adjuvant treatment, as compared to patients with noninvasive
breast cancer (stage 0) (0%) and healthy controls (4%) (Ahles
et al., 2008). A case-control study in elderly patients with breast
cancer showed similar neuropsychological domain scores in
patient cases and controls before the start of adjuvant
treatment. However, among patient cases (N � 164), women
with stage II-III disease had lower executive function scores
compared to those with stage 0-I disease (p � 0.05)
(Mandelblatt et al., 2014). Lange et al. assessed cognitive
functions in elderly patients with early-stage breast cancer (N
� 123; age � 70 ± 4 years) before adjuvant treatment and reported
objective cognitive dysfunction in 41% of patients compared to
healthy population norms (p < 0.0001). Verbal episodic memory
was impaired in the highest proportion of patients (21%) (Lange
et al., 2014).

Menning et al. (2015) combined neuropsychological testing,
patient-reported outcomes and multimodal MRI to examine
pretreatment cognition, brain functions and structure in breast
cancer patient after surgery. This study showed overall cognitive
performance was lower in the pre-chemotherapy groups (one
about to receive chemotherapy and one not indicated to undergo
chemotherapy), compared to healthy controls (p � 0.021). In
addition, patients demonstrated prefrontal hyperactivation with
increasing task difficulty on a planning task compared to healthy
controls. However, the cognitive and imaging data showed that
symptoms of fatigue were associated with the observed

abnormalities and the differences between groups were no
longer significant when fatigue was accounted for (Menning
et al., 2015). Many other neuropsychological (Hermelink et al.,
2007; Quesnel et al., 2009; Wefel et al., 2010; Jansen et al., 2011;
Yao et al., 2016) and imaging (Cimprich et al., 2010; Scherling
et al., 2011; McDonald et al., 2012; Scherling et al., 2012; Lopez
Zunini et al., 2013) studies in breast cancer patients showed
similar results, pointing to the existence of pretreatment cognitive
and brain dysfunction, although the exact mechanism is still
under investigation.

The presence of cognitive impairment prior to systemic
therapy has been shown in colorectal cancer as well. Cruzado
et al. (2014) showed 37% (30/81) of patients with colorectal
cancer had cognitive impairment in the pre-chemotherapy
evaluation, mainly in processing speed and psychomotor
executive functions. Vardy et al. (2014) found that 45% (126/
281) of patients with early-stage colorectal cancer and 47% (31/
66) of patients with metastatic disease had cognitive impairment
before or after surgery compared to 15% (11/72) of healthy
controls (OR � 4.51, 95% CI 2.28–8.93; p < 0.001 and OR
4.91, 95% CI 2.20–10.97; p < 0.001, respectively). Attention/
working memory, verbal learning/memory and complex
processing speed were the most affected cognitive domains. In
addition, women with early-stage colorectal cancer had greater
cognitive impairment than men [55/105 (52%) versus 71/176
(40%), p < 0.050].

FIGURE 2 | Hypothetical model of proposed immune-related mechanism of cancer treatment induced cognitive impairment in cancer survivors [adopted from
Ciernikova et al. (2021)]. Abbreviations DAMPs � damage-associated molecular patterns; HMGB 1 � high-mobility group box 1; IL-1a/b � interleukin 1a and 1b; IL6 �
interleukin 6; LPS � intestinal microbiota associated lipopolysaccharide; SCFAs � short-chain fatty acids produced by intestinal microbiota; TNFa � tumor necrosis
factor-alpha.
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A recent study assessed presence of cognitive impairment in
newly orchiectomized testicular cancer patients and explored the
structural brain networks, endocrine status and selected
genotypes. Patients (N � 40) performed poorer on 6 out of 15
neuropsychological tests compared to healthy controls (N � 22).
The proportion of cognitive impairment was also higher in
patients’ group (65 vs. 36%; p � 0.04). Global brain network
analysis revealed no differences between these two groups, but
regional analysis indicated differences in node degree and
betweenness centrality in several regions (p < 0.05), that was
inconsistently associated with cognitive performance. In addition,
no associations were found for APOE, BDNF or testosterone
levels (Buskbjerg et al., 2021).

Chemotherapy and Cognitive Impairment
Multiple trials studied effects of chemotherapy (adjuvant
treatment or systemic treatment for metastatic disease) on
cognitive functions. Studies have been focused on patients
with breast, ovarian, testicular, colorectal cancer and others
(Schagen et al., 2008; Cruzado et al., 2014; Wefel et al., 2014;
Hess et al., 2015; Joly et al., 2015; Stouten-Kemperman et al.,
2015; Vardy et al., 2015; Amidi et al., 2017b; Correa et al., 2017;
Chovanec et al., 2018). Cognitive changes were usually evaluated
before the initiation of chemotherapy, shortly after its completion
and in different subsequent intervals. Many studies showed a self-
reported or objectively evaluated cognitive decline after
chemotherapy.

A prospective longitudinal study assessed a cognitive function
in 581 early breast cancer patients (stage I–IIIC) treated with
adjuvant chemotherapy. Cognitive function was assessed using
FACT-Cog questionnaires at prechemotherapy,
postchemotherapy and at a 6-months follow-up and compared
to 364 healthy controls. Patients reported significantly greater
cognitive difficulties from prechemotherapy to
postchemotherapy compared with controls as well as from
prechemotherapy to 6-months follow-up (all p < 0.001)
(Janelsins et al., 2017).

On the contrary, a long-term follow-up study (7–9 years after
primary surgery) with almost 1,900 breast cancer survivors found
no difference in subjective cognitive impairment between women
who had received adjuvant systemic therapies and those who had
not (Amidi et al., 2015a). Cognitive impairment was assessed with
the Cognitive Failures Questionnaire only at 7–9 years follow-up,
therefore it could not explore cognitive changes over further time
points. In addition, an initial cognitive level before cancer
treatment was unknown. However, there are also other studies
that did not show negative impact of neoadjuvant (Hermelink
et al., 2007) and adjuvant (Debess et al., 2010; Tager et al., 2010)
chemotherapy on cognitive functions in women with
nonmetastatic breast cancer.

Hess et al. (2015) evaluated cognitive changes in ovarian
cancer patients (N � 231) with patient-reported questionnaires
prior to chemotherapy, prior to cycle four, after cycle six, and
6 months after completion of primary therapy. Twenty-five
percent (55/218) of patients exhibited cognitive impairment in
at least one domain at the cycle 4 time point. After cycle 6 and at
6-months follow up time points, 21.1% (44/208) and 17.8% (30/

169) of patients, respectively, demonstrated impairment in at
least one cognitive domain. However, there were statistically
significant improvements in processing speed (p < 0.001) and
attention (p < 0.001) from baseline through the 6-months follow
up time period.

Several studies in patients with testicular germ cell tumors
(GCT) showed possible negative effect of cisplatin-based
chemotherapy on their cognition (Schagen et al., 2008; Amidi
et al., 2015b; Stouten-Kemperman et al., 2015; Chovanec et al.,
2018), while other studies did not (Pedersen et al.,2009; Skaali
et al., 2011; Whitford et al., 2020). Schagen et al. (2008) evaluated
cognitive complaints of GCT survivors with median follow-up
3 years. Seventy patients were treated with BEP (bleomycin +
etoposide + cisplatin) chemotherapy after orchiectomy, 57
patients were treated with radiotherapy after orchiectomy and
55 patients were treated with orchiectomy only. The study
showed a cognitive impairment in patients treated with
orchiectomy + chemotherapy versus orchiectomy alone (p �
0.038). However, there were no significant changes between
groups treated with orchiectomy + chemotherapy versus
orchiectomy + radiotherapy (p � 0.7) and orchiectomy +
radiotherapy versus orchiectomy alone (p � 0.07). A study by
Amidi et al. (2015b) evaluated 72 GCT survivors 2–7 years post-
treatment with neuropsychological tests. GCT survivors scored
significantly lower than norms (p < 0.01) on a majority of
neuropsychological subtests (9/12), with 62.5% of survivors
(45/72) categorized as having cognitive impairment. Our
prospective study (Chovanec et al., 2018) evaluated a long-
term cognitive functioning in GCT survivors using FACT-Cog
questionnaires after median 10 years of follow-up. One hundred
and fifty-five survivors were treated with orchiectomy and
subsequent cisplatin-based chemotherapy, radiotherapy or
both, compared to survivors treated with orchiectomy only.
Any treatment beyond orchiectomy resulted in significantly
greater cognitive difficulties on the overall cognitive function
score. Radiotherapy was associated with cognitive declines in
overall cognitive functioning and in subscales for perceived
cognitive impairment and cognitive impairment perceived by
others (both p < 0.05). Chemotherapy + radiotherapy or
radiotherapy groups showed an impairment in all cognitive
functioning domains in comparison with controls (all p < 0.05).

Wouters et al. (2016) studied cognitive changes in patients
with non-Hodgkin or Hodgkin lymphoma who had been treated
with standard dose or supplementary high dose chemotherapy.
This study did not show worse overall cognitive functioning of
patients (N � 106) compared to matched controls (N � 53).
However, a subgroup of 16% of patients had a poorer
neuropsychological performance, that could have been caused
by lower education and lower estimated premorbid intelligence.

According to meta-analyses of studies on cognitive
dysfunction in various cancer patients treated with
chemotherapy, the most affected cognitive domains were
attention, memory, verbal and visuospatial ability, executive
functions and processing speed (Jim et al., 2012; Hodgson
et al., 2013; Lindner et al., 2014). Hodgson et al. (2013) found
a negative relationship between the level of cognitive impairment
and the duration of treatment (r � - 0.63, p < 0.01). The level of
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cognitive impairment was represented by the mean effect size and
duration of treatment was operationalized by the number of
cycles of chemotherapy received. Furthermore, a study by Collins
et al. (2013) showed the cognitive impairment worsened with
cumulative chemotherapy exposure in early-stage breast cancer
patients (N � 60) treated with adjuvant chemotherapy,
supporting a dose-response relationship.

Longitudinal studies found that cognitive decline after
chemotherapy can persist for months or years. Koppelmans
et al. (2012a) evaluated breast cancer survivors (N � 196)
more than 20 years after adjuvant chemotherapy and their
cognitive performance was significantly worse than that of the
reference group on neurocognitive tests of immediate (p � 0.015)
and delayed verbal memory (p � 0.002), processing speed (p <
0 0.001), executive functioning (p � 0.013), and psychomotor
speed (p � 0.001). However, a study by Jansen et al. (2011)
showed a potential reversibility of cognitive changes induced by
adjuvant chemotherapy in early-stage breast cancer patients (N �
71). The reversibility of cognitive impairment was not described
in all cognitive domains. Cognitive functions were assessed prior
to adjuvant chemotherapy, 1 week after the last cycle of
chemotherapy and subsequently after 6 months. Significant
cognitive decreases immediately after completing the
chemotherapy were followed by improvements 6 months after
chemotherapy in the cognitive domains of visuospatial skills (p <
0.001), attention (p � 0.022), delayed memory (p � 0.006) and
motor function (p � 0.043), while executive function, immediate
memory and language scores did not change (p < 0.05).

Interestingly, a large online survey including more than 1,610
cancer survivors who have finished their curative treatments for
different types of cancers (median post-treatment time was
2.83 years), found that cognitive complaints were reported by
75% of participants, and three quarters of them admitted that
cognitive difficulties had an impact on their work resumption
(Lange et al., 2019b). In another online survey 47.2% of almost
1,400 breast cancer survivors reported cognitive complaints,
particularly after chemotherapy (Boscher et al., 2020).

Hormonal Therapy and Cognitive
Impairment
A negative impact of hormonal therapy on cognition was shown
in several studies on women with breast cancer (Castellon et al.,
2004; Schilder et al., 2010; Ganz et al., 2014; Bender et al., 2015;
Wagner et al., 2020; Yamamoto et al., 2020) as well as on men
with prostate cancer (McGinty et al., 2014; Gonzalez et al., 2015).
Castellon et al. (2004) compared the cognitive functioning in
breast cancer survivors who received adjuvant chemotherapy
(N � 18) or chemotherapy + tamoxifen (N � 18) to patients
treated with surgery only (N � 17). A group of patients receiving
only chemotherapy performed significantly worse in the domains
of verbal learning (p � 0.03), visuospatial functioning (p � 0.005)
and visual memory (p � 0.01) than patients treated with surgery
only. In addition, patients who received both chemotherapy and
tamoxifen showed the greatest cognitive impairment in
neuropsychological tests. These findings were supported by
recent study (Wagner et al., 2020) comparing patient-reported

cognitive impairment among women with early breast cancer
(N � 552) treated with chemotherapy + hormonal therapy versus
hormonal therapy alone (58% received an aromatase inhibitor as
initial endocrine therapy and 37% received tamoxifen). In this
study, cognitive functions were assessed using the FACT-Cog
questionnaire at baseline, 3, 6, 12, 24 and 36 months, showing
adjuvant chemotherapy + hormonal therapy was associated with
significantly greater CRCI compared to hormonal therapy alone
at 3 and 6 months (p < 0.001 and p � 0.02, respectively). However,
no significant differences were observed at 12 months and
beyond. Schilder et al. (2010) compared the impact of
adjuvant tamoxifen and exemestane on cognitive functions in
postmenopausal breast cancer patients. Eighty tamoxifen users
and 99 exemestane users were assessed with neuropsychological
tests before the start and after 1 year of adjuvant hormonal
treatment. This study showed that 1 year of adjuvant therapy
with tamoxifen was associated with significantly lower scores in
verbal memory (p < 0.01) and executive functions (p � 0.01)
compared to the healthy controls, and lower scores on
information processing speed (p � 0.02), compared to
exemestane. However, exemestane users did not perform
significantly worse than healthy controls on any cognitive
domain. A longitudinal study by Bender et al. (2015)
evaluated effects of anastrozole on the cognition in early-stage
breast cancer patients for the first 18 months of treatment
(chemotherapy + anastrozole, N � 114; and anastrozole alone,
N � 173). This study found patients had poorer executive
functioning than healthy controls at nearly all time points
(p < 0.0001 to p � 0.09). Furthermore, women treated with
anastrozole alone showed a second decline in concentration
and working memory from 12 to 18 months after initiation of
therapy (p < 0.0001 and p � 0.02, respectively).

Nevertheless, there are studies that did not show significant
negative impact of treatment with selective estrogen receptor
modulators or aromatase inhibitors on cognition (Danhauer
et al., 2013; Hurria et al., 2014; Le Rhun et al., 2015; Phillips
et al., 2016). A recent prospective longitudinal study by Van Dyk
et al. (2019) evaluated cognitive functions of early-stage breast
cancer survivors (N � 189) treated with hormonal therapy
(tamoxifen or aromatase inhibitors) prior to initiation of
therapy, after 6 months, 12 months and 3–6 years of therapy.
Authors did not find any cognitive differences over the follow-up
time between women taking hormonal therapy or not. However,
Hurria et al. (2014) found that even though there was no
significant decline in cognitive function among elderly breast
cancer patients receiving aromatase inhibitors (N � 32) compared
to healthy controls, there was an increased metabolic activity on
PET scans between baseline and 6 months follow-up in medial
temporal and cerebellar regions. The most significant increase
was observed in the right medial temporal lobe (p < 0.0005).

The influence of androgen deprivation therapy (ADT) on
cognitive functions in prostate cancer patients is also
intensively studied. Several studies did not prove significant
negative effects of ADT on cognition (Wiechno et al., 2013;
Alibhai et al., 2017; Morote et al., 2017; Marzouk et al., 2018),
but there are multiple studies that found an association between
ADT and cognitive impairment in prostate cancer patients

Frontiers in Molecular Biosciences | www.frontiersin.org December 2021 | Volume 8 | Article 7704138

Országhová et al. Long-Term Cognitive Dysfunction in Cancer Survivors

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


(Gonzalez et al., 2015; Gunlusoy et al., 2017; Holtfrerich et al.,
2020; Thiery-Vuillemin et al., 2020). According to the meta-
analysis of 14 studies, the most significant cognitive impairment
was in visuomotor functions (McGinty et al., 2014). A large
prospective study by Gonzalez et al. (Gonzalez et al., 2015)
evaluated prostate cancer patients receiving ADT (N � 58) for
12 months and compared them to prostate cancer patients
without the ADT and healthy controls, using
neuropsychological tests. Men treated with ADT had lower
cognitive performance within 6 and 12 months after starting
the ADT in comparison with both control groups (p < 0.05
for both comparisons). Interestingly, there are a few retrospective
studies exploring potential association between the ADT and
neurodegenerative diseases (especially Alzheimer’s disease) in
large electronic databases. Two large analyses by Nead et al.
(2016, 2017) found positive association between the ADT and the
risk of Alzheimer’s disease (N � 16,888; HR � 1.88; 95% CI, 1.10
to 3.20; p � 0.021) and between the ADT and the risk of all types
of dementia (N � 9,272; HR � 2.17; 95% CI, 1.58–2.99; p < 0.001).
A retrospective study among elderly prostate cancer patients (N �
154,089) found that the ADT exposure was associated with
subsequent diagnosis of Alzheimer’s disease or dementia
during the longest mean follow-up of 8.3 years (Jayadevappa
et al., 2019). However, the largest population-based cohort
study evaluating 1.2 million prostate cancer patients with a
mean follow-up of 5.5 years did not find increased risk of
Alzheimer’s disease or dementia for men receiving ADT (Baik
et al., 2017). Discrepancies in these findings might have been due
to the different lengths of follow-up or lack of information about
other risk factors of Alzheimer’s disease and dementia.

Targeted Therapy and Cognitive
Impairment
Current research on CRCI is majorly focused on traditional
chemotherapy-induced cognitive impairment, but there are
several trials studying potential impact of targeted therapies on
cognition. A review by Ng et al. (2014) described the importance
of vascular endothelial growth factor (VEGF) for CNS and
cognitive functioning through its effects on neurogenesis and
neuroprotection, and possible neurotoxic effect of VEGF
inhibitors on cancer patients’ cognitive functions. Mulder et al.
(2014) evaluated a cognitive impairment in patients with
metastatic renal cell cancer (mRCC) or gastrointestinal stromal
tumor (GIST) during the treatment with VEGFR tyrosine kinase
inhibitors sunitinib or sorafenib (N � 30), compared to patients
with mRCC not receiving the systemic treatment (patient
controls, N � 20) and healthy controls (N � 30). This study
found that both patient groups (with or without systemic
treatment) performed significantly worse in the
neuropsychological tests, with executive functions (p � 0.005
and p � 0.049, respectively), learning and memory (p � 0.0001
and p � 0.019, respectively) as the most affected domains. These
findings suggested possible negative effects of treatment with
VEGFR tyrosine kinase inhibitors on cognition. However, the
cognitive decline in patient groups might have been influenced by
anxiety or depression due to treatment as well as fatigue. Another

study examined cognitive effects of antiangiogenic therapies in
patients with mRCC (N � 75) and their relation with fatigue.
Cognitive changes were observed in 31% of patients, especially in
working memory and information-processing speed. A
relationship between fatigue and cognitive complaints was
observed (p < 0.05), but not with objective cognitive decline
(Joly et al., 2016).

A cognitive impairment has not been specifically described in
patients receiving cancer immunotherapy with immune
checkpoint inhibitors (CPI) or chimeric antigen receptor
T-cells (CAR T-cell therapy), even though neurological
immune-related adverse events associated with
immunotherapy are well known. A review by Joly et al. (2020)
summarized potential biological and pathophysiological effects of
immunotherapy on cognitive functions in cancer patients. The
immune-related neurological adverse events (nAEs) induced by
CPI are uncommon, with very heterogeneous clinical spectrum
(including encephalopathies, meningoradiculoneuritis, Guillain-
Barré like syndromes, myasthenic syndromes and more), usually
grade 1–2. An overall incidence of nAEs was described <4% after
treatment with anti-CTLA-4 agents, 6% with anti-PD-1 agents
and 12% with combination therapy (Cuzzubbo et al., 2017). CAR
T-cell therapy causes frequent and severe neurological disorders
that appear soon after the infusion. A study with animal models
combining radiotherapy and immunotherapy showed behavioral
alterations and cognitive impairment accompanied by an
increased microglial activation and changes in
proinflammatory cytokines (McGinnis et al., 2017).

The selected cancer treatments and their effect on cognitive
functions with associated possible mechanisms of CRCI are
summarized in Table 1.

Radiotherapy and Cognitive Impairment
Treatment of both primary and metastatic brain tumors includes
brain irradiation (partial or whole brain radiotherapy) and its
association with cognitive changes has been known for a long
time. The cognitive decline after whole brain radiotherapy may
manifest several months to years following radiation exposure
and may progressively worsen (Monje and Dietrich, 2012). The
most affected cognitive domains are attention, learning and
memory, processing speed and executive function (McDuff
et al., 2013). Radiation-induced cognitive impairment involves
multiple mechanisms, such as damage of different neural cell
types, structural and functional changes in the brain blood vessels
and glial cells, reduction of neurogenesis in the hippocampus,
thus altering of neuronal function and inducing
neuroinflammation (Makale et al., 2017).

Radiotherapy for localized or locally advanced disease has been
a mainstay of cancer treatment for several decades. However, the
impact of radiation on cognitive function in early non-CNS cancer
is relatively understudied. While the majority of studies in patients
with localized breast cancer evaluated an impact of chemotherapy
or chemoradiotherapy, only a few studies focused on the adverse
cognitive effects of radiation therapy alone. A study by Quesnel
et al. (2009) compared the effect of adjuvant chemotherapy and
adjuvant radiotherapy on cognitive functioning in breast cancer
patients (N � 81). Forty-one patients received chemotherapy, that
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was subsequently followed by radiotherapy in 38 patients. Forty
patients received radiotherapy without chemotherapy. Patients
were evaluated using different neuropsychological tests at
baseline, after treatment and at a 3-months follow-up. This
study showed that both chemotherapy and radiotherapy group
performed worse in neuropsychological tests compared to healthy
controls. (Shibayama et al., 2014, 2019) showed that breast cancer
patients exposed to adjuvant regional radiotherapy might develop
the cognitive impairment several months after the treatment.
However, the cognitive decline restored approximately 3 years
after the treatment. Additionally, the presence of cognitive
changes correlated with changes in plasma IL-6 levels

(increased at the time of the cognitive decline and decreased
after restoration).

Radiotherapy to retroperitoneal lymph nodes in patients
with seminomatous testicular germ cell tumors (GCT) has
been widely used for stage I or II disease (Chung and Warde,
2011). While the adjuvant radiotherapy is no more the
recommended therapeutic approach, the irradiation of
retroperitoneal lymph nodes up to 3 cm in size is still
accepted for stage II disease (Gilligan et al., 2019). Our
prospective study (Chovanec et al., 2018) evaluated a long-
term cognitive functioning in GCT survivors (with a median
follow-up period 10 years) treated with cisplatin-based

TABLE 1 | Selected cancer treatments and affected cognitive functions with associated possible mechanisms of CRCI.

Cancer treatment Affected cognitive functions Possible mechanisms

CHEMOTHERAPY

Doxorubicin-based
regimens

Clinical studies: executive function, language, memory (short-term
verbal memory), processing speed Eide and Feng (2020);

Inflammation
Increased oxidative stress DNA damage
Mitochondrial dysfunction
Activation of apoptosis

Animal studies: short-term memory (Matsos and Johnston (2019) Damaged neurogenesis
Synaptic dysplasia
Down-regulation of neurotransmitters
Epigenetic alterations Ongnok et al. (2020); Du et al. (2021)

Cisplatin-based
regimens

Clinical studies: overall cognitive decline, verbal learning, memory Amidi
et al. (2017b); Chovanec et al. (2018)

Direct damage of oligodendrocytes
Mitochondrial dysfunction; Increased oxidative stress

Animal studies: short- and long-term memory, executive function Lomeli
et al. (2017); Matsos and Johnston (2019)

Loss of microtubule stabilization—increasing phosphorylation of tau
protein Ongnok et al. (2020)
Damage of gut microbiome leading to neuroinflammation (Ciernikova et al.
(2021)

Taxane-based
regimens

Clinical studies: attention, concentration, executive function Ibrahim
et al. (2021)

InsP3R calcium pathway and impaired neuronal morphology Chen et al.
(2021); Nguyen et al. (2021)

Animal studies: short-term spatial memory Callaghan and O’Mara
(2015); Nguyen et al. (2021)

Reduction of hippocampal neurogenesis via down-regulation of vesicular
zinc Lee et al. (2017)

Methotrexate Clinical studies: leukoencephalopathy (childhood ALL) Bhojwani et al.
(2014)

Activation of microglia and neuroinflammation

Animal studies: spatial and visual memory, executive function Wen et al.
(2018)

Decrease in the number of oligodendrocytes and in the extent of
myelination—disruption of white matter
Suppression of neurogenesis in the hippocampus Geraghty et al. (2019);
Gibson et al. (2019); Berlin et al. (2020)

HORMONAL THERAPY

SERM
Aromatase inhibitors

Clinical studies: verbal memory, executive function, processing speed
Schilder et al. (2010), working memory and concentration Bender et al.
(2015)

Decline in levels of estrogen and its effects on brain, inducing endocrine
disorders and disbalance in hypothalamo-pituitary-adrenal axis Merriman
et al. (2013)

ADT Clinical studies: visuomotor ability McGinty et al. (2014); executive
function Gonzalez et al. (2015)

Reduced levels of testosterone and its impact on cognition Nelson et al.
(2008)
Acceleration of age-related brain changes Plata-Bello et al. (2019)

TARGETED THERAPY

VEGF inhibitors Clinical studies: executive function, learning, memory Mulder et al.
(2014); Joly et al. (2016)

Impaired neurogenesis, neuroprotection, and cerebral blood flow
Inhibition of long-term potentiation Ng et al. (2014)

Immune checkpoint
inhibitors

Clinical studies: headaches, encephalopathy, meningitis, hypophysitis
(immune-related nAEs) Joly et al. (2020)

Changes in proinflammatory cytokines and increased microglial activation
leading to neuroinflammation McGinnis et al. (2017); Joly et al. (2020)

CAR T-cell therapy

Abbreviations ADT � androgen deprivation therapy; ALL � acute lymphoblastic leukemia; CAR � chimeric antigen receptor; InsP3R � inositol trisphosphate receptor; nAEs � neurological
adverse events; SERM � selective estrogen receptor modulator; VEGF � vascular endothelial growth factor

Frontiers in Molecular Biosciences | www.frontiersin.org December 2021 | Volume 8 | Article 77041310

Országhová et al. Long-Term Cognitive Dysfunction in Cancer Survivors

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


chemotherapy, radiotherapy or both, in comparison to
survivors treated with orchiectomy only, using FACT-Cog
questionnaires. Radiotherapy was associated with declines in
overall cognitive function score and in two cognitive domains.
Survivors treated with radiotherapy and radiotherapy +
chemotherapy reported the statistically significant decline
in all cognitive domains compared to patients treated with
orchiectomy only (all p < 0.05), as well as in overall cognitive
function score (mean score ±SEM; 106.3 ± 4.1 vs. 119.8 ± 2.7;
p � 0,01).

PROMISING NOVEL BIOMARKERS OF
CANCER-RELATED COGNITIVE
IMPAIRMENT
In order to identify cancer patients at increased risk for the
development of CRCI or to detect cancer patients that have

already developed CRCI, it is crucial to discover potential
markers of cognitive impairment. Biomarkers of cognitive
dysfunction in cancer patients can be divided into several
categories: genetic biomarkers, plasma biomarkers, biomarkers
of cerebrospinal fluid and radiological (neuroimaging)
biomarkers (Figure 3). The molecular biomarkers are
summarized in Table 2. Currently, the increased interest is
focused on plasma biomarkers, that can be relatively easily
measured by blood sampling before, during and after cancer
treatment.

Genetic Biomarkers
APOE (Apolipoprotein E) facilitates transport of lipids through
bloodstream and plays an important role in neuronal plasticity
and repair. APOE-E4 gene polymorphism has been associated
with cognitive impairment in Alzheimer’s disease (van der Flier
et al., 2006), as well as higher risk of cognitive decline in normal
aging (Schiepers et al., 2012). The association between APOE-E4

FIGURE 3 | Biomarkers of cognitive dysfunction in cancer patients can be divided into several categories: genetic biomarkers, plasma biomarkers, biomarkers of
cerebrospinal fluid and radiological (neuroimaging) biomarkers.; Abbreviations: APOE-E4 � apolipoprotein E4; BDNF � brain-derived neurotrophic factor; COMT �
catechol-O-methyltransferase; SCFAs � short-chain fatty acids.
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allelic variant and CRCI was firstly demonstrated by Ahles et al.
(Ahles et al., 2003) in long-term survivors of breast cancer (N �
51, age � 55.9 ± 8.8) and lymphoma (N � 29, age � 55.8 ± 11.6)
treated with standard-dose chemotherapy. The mean follow-up
period was 8.8 ± 4.3 years. Survivors with at least e4 allele (N � 17;
21%) scored significantly lower than survivors without e4 allele in
the visual memory (mean ± SD; - 0.30 ± 1.12 vs. 0.04 ± 0.81; p <
0.03) and the spatial ability (mean ± SD; -0.38 ± 1.17 vs. -0.13 ±

0.97; p < 0.05) domains. More recent prospective study by the
same authors (Ahles et al., 2014) examined the association
between post-treatment cognitive changes, APOE status and
smoking history in breast cancer patients treated with
adjuvant therapy. Patients treated with chemotherapy (N � 55,
age � 51.9 ± 7.1) were evaluated with neuropsychological tests
prior to chemotherapy and 1-, 6- and 18-months post-
chemotherapy. No chemotherapy group treated primarily with

TABLE 2 | Molecular biomarkers of CRCI with potential mechanisms of the development of cognitive dysfunction in cancer patients.

Molecular biomarkers of CRCI Association with cognitive impairment Potential mechanisms

GENETIC BIOMARKERS

APOE-e4 Ahles et al. (2003); Ahles et al. (2014); Amidi
et al. (2017a)

worse visual memory (p < 0.03) and spatial ability (p <
0.05) Ahles et al. (2003)

Impaired neuronal repair and plasticity

prefrontal grey matter reductions (p � 0.03) Amidi et al.
(2017a)

Deficit in nicotinic receptor binding sites, Reduced
dopaminergic activity

COMT Small et al. (2011); Cheng et al. (2016); (Val allele) poorer attention (p � 0.015), verbal fluency (p � 0.009)
and motor speed (p � 0.033) Small et al. (2011)

Increased metabolic degradation of dopamine resulting
in its reduced amount in the frontal cortex

BDNF Erickson et al. (2010); Ng et al. (2016); (reduced
levels)

worse spatial memory (p < 0.05) hippocampal volume
decline (p < 0.001) (Erickson et al. (2010)

Impaired neurogenesis and synaptic plasticity in the
dentate gyrus

PLASMA BIOMARKERS

Cytokines and cytokine receptors Meyers et al. (2005);
Ishikawa et al. (2012); Kesler et al. (2013b); Cheung
et al. (2015)

Induction and potentiation of immune response leading
to chronic inflammation.

IL-1 poorer speed performance (p � 0.023) Cheung et al.
(2015)

Immune cells and inflammatory components crossing
the blood–brain barrier causing neuroinflammation and
damage of brain tissueIL-6 worse executive function Meyers et al. (2005)

IL-8 better memory performance Meyers et al. (2005)
TNFRII increased memory complaints (p < 0.0001) Ganz et al.

2013a)
—

Peripheral amyloid beta and tau Henneghan et al.
(2020)

poorer neuropsychological tests score (p < 0.0001) Increased neurodegeneration

pNF-H Natori et al. (2015) more self-perceived cognitive symptoms (p � 0.77) Axonal damage

miRNAs Sheinerman et al. (2012); Grasso et al. (2014);
Xie et al. (2015); Xie et al. (2017); Kenny et al. (2019)
miRNA-206 higher risk of MCI (all p < 0.05) Xie et al. (2015); Xie et al.

(2017); Kenny et al. (2019) and conversion to AD (p �
0.0079) (Kenny et al. (2019)

Impaired synaptic plasticity and neurogenesis

miRNA-132 family higher risk of MCI (p < 0.001) Sheinerman et al. (2012);
Xie et al. (2015)

Silencing/down-regulation of BDNF

miRNA-134 family higher risk of MCI (p < 0.001) Sheinerman et al. (2012)

Exosomes Koh et al. (2020) under investigation Crossing the blood–brain barrier and changing
microenvironment of the brain

SCFAs Erny et al. (2015); Ciernikova et al. (2021) microglia defects in mice Erny et al. (2015) Impaired microglia maturation and function
Neuroinflammation

BIOMARKERS OF CEREBROSPINAL FLUID

Palmitic and stearic acid (monounsaturated to
saturated ratio) Moore et al. (2008)

declines in verbal IQ (p � 0.001), full-scale IQ (p � 0.008)
and math calculation scores (p � 0.02)

Increased permeability of blood– brain barrier

Impaired cell membrane integrity

Phospholipids (higher SM and lower LPC) Krull et al.
(2013)

SM and reduced motor speed (from p < 0.001 to
p � 0.02)

Cellular membrane andmyelin defects (disruptedmyelin
development and demyelination)

LPC and lower verbal working memory (p � 0.007)

Tau protein Protas et al. (2009) lower verbal IQ (p < 0.006) Increased neurodegeneration

Abbreviations AD � Alzheimer’s disease; APOE-E4 � apolipoprotein E4; BDNF � brain-derived neurotrophic factor; COMT � catechol-O-methyltransferase, IL-1 � interleukin 1; IL-6 �
interleukin 6; IL-8 � interleukin 8; IQ � intelligence quotient; LPC � lysophosphatidylcholine; MCI �mild cognitive impairment; pNF-H � phosphorylated neurofilament subunit H; SCFAs �
short-chain fatty acids; SM � sphingomyelin; TNFRII � tumor necrosis factor receptor type II; Val � valine.
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endocrine therapy (N � 68, age � 56.8 ± 8.3) and healthy controls
(N � 43, age � 53.0 ± 10.1) were evaluated at similar intervals.
This study found that negative effect of APOE-E4 genotype on
post-treatment cognitive functions (especially processing speed)
was moderated by smoking history in both chemotherapy and
endocrine therapy group. Amidi et al. (2017a) investigated
cognitive changes and brain grey matter morphology in
testicular cancer patients (N � 65) with stage I-III undergoing
treatment, as well as associations with genotype, immune and
endocrine markers. Twenty-two patients received chemotherapy
(+CT) and 43 did not (−CT). Patients were assessed
(neuropsychological testing, whole-brain MRI and blood
samples) after surgery prior to further treatment and 6 months
after. Both groups showed higher proportions of patients with
cognitive decline compared to healthy controls (63.6% in +CT
group and 39.5% in -CT group vs. 8% in HC; p < 0.05). MRI
revealed widespread grey matter reductions in both patient
groups, with prefrontal reductions specific to the +CT group
(p � 0.02). Worse cognitive performance was associated with
prefrontal grey matter reductions in the +CT patients (r � −0.49,
p � 0.03), but not with global grey matter reductions (r � −0.23,
p � 0.33). In addition, the study revealed a significant interaction
effect between APOE-E4 status and chemotherapy on cognition
[F (1,46) � 4.50, p � 0.03] with poorer cognitive performance of
APOE e4 allele carriers.

COMT (Catechol-O-methyltransferase) regulates the metabolic
degradation of catecholamines through methylation of dopamine,
influencing its levels in the prefrontal cortex. Small et al. (2011)
evaluated the COMT Val158Met single-nucleotide polymorphism
in breast cancer patients treated with radiotherapy (N � 58), and/or
chemotherapy (N � 72). The presence of the Val allele of COMT is
related to higher enzymatic activity, leading tomore degradation of
dopamine and decrease of its availability at synaptic receptors. This
study found that patients, who were COMT-Val carriers had worse
performance on tests of attention (p � 0.015), verbal fluency (p �
0.009), and motor speed (p � 0.033) compared to COMT-Met
homozygotes. In a study by Cheng et al. (Cheng et al., 2016) the
presence of rs165599 polymorphism in COMT gene was associated
with impaired retrospective memory in breast cancer patients (N �
245; triple-negative, TNBC � 80; non-triple negative, NTNBC �
165) treated with standard-dose adjuvant chemotherapy, but no
hormonal therapy. Cognitive scores of breast cancer patients after
chemotherapy were significantly worse (higher) compared to those
before chemotherapy (17.21 ± 4.59 vs. 16.23 ± 4.03; p < 0.01) and
TNBC patients scored poorer than NTNBC patients after
chemotherapy (19.10 ± 2.36 vs. 16.29 ± 5.10; p < 0.01).

BDNF (Brain-derived neurotrophic factor) found mainly in
the hippocampus, caudate nucleus and prefrontal cortex is
involved in neurogenesis and synaptic plasticity. Erickson et al.
(2010) studied relation between serum levels of BDNF, changes in
hippocampal volume and memory deficits in adults (N � 142)
without dementia between 59 and 81 years of age. This study
found increasing age was associated with decline in hippocampal
volumes on MRI (p < 0.001), reduced levels of serum BDNF and
poorer memory performance (evaluated with spatial memory
task in which memory load was parametrically increased). A
study by Ng et al. (2016) evaluated effect of Val66Met

polymorphism (rs6265) in BDNF gene on CRCI in patients
receiving adjuvant chemotherapy for early-stage breast cancer
(N � 145; mean age � 50.8 ± 8.8; 82.1% were of Asian ethnicity).
Patients were assessed prospectively prior to treatment, 6 weeks
after the start of treatment and 3 months after the start of
treatment (at the end of chemotherapy). Interestingly, Met/
Met genotype was associated with statistically significant lower
odds of developing CRCI (OR � 0.26; 95% CI: 0.08–0.92; p <
0.036). The carriers of Met allele were less likely to experience
impairment in the domains of verbal fluency (OR � 0.34; 95% CI:
0.12–0.90; p < 0.031) andmultitasking ability (OR � 0.37; 95% CI:
0.15–0.91; p < 0.030) in comparison with the Val/Val
homozygotes, suggesting protective effect of Met allele
against CRCI.

Additionally, rs949963 polymorphism of interleukin 1
receptor, type 1 (IL1R1) gene was associated with lower
perceived attentional function in breast cancer patients (N �
397; OR � 1.98; 95% CI: 1.18, 3.30; p � 0.009), suggesting that
cytokine dysregulation may negatively impact some cognitive
domains (Merriman et al., 2014). A different gene expression with
perturbed inflammatory pathways of cytokine-cytokine receptor
interaction, mTOR, MAPK, IL-17 and TNF were also described
to be associated with low levels of cognitive functions in cancer
patients (all p < 0.05) (Oppegaard et al., 2021).

Plasma Biomarkers
An important group of plasma biomarkers associated with CRCI
represent inflammatory markers, mainly cytokines (IL-1, IL-6,
TNF-alpha), cytokine receptors (sTNFRI, sTNFRII) and other
inflammatory components. Cytokines are small secreted proteins
produced by immune cells in order to regulate and influence
immune response (Takeuchi and Akira, 2010). Pro-inflammatory
cytokines, including IL-1, IL-6, IL-8, TNF-alpha, can induce or
potentiate inflammation through various pathways. IL-1
(interleukin 1) family of cytokines comprises 11 proteins, that
are major mediators of innate immune reactions by activation of
monocytes/macrophages and T-cell proliferation, and play an
important role in autoinflammatory diseases (Weber et al., 2010).
IL-6 (interleukin 6) is involved in the acute phase response, final
maturation of B cells into antibody-producing cells, macrophage
differentiation and T-cell differentiation towards T-helper 2
(Th2) cells and Th17 cells (Diehl and Rincon, 2002). IL-8
(interleukin 8) is a chemokine for granulocytes, primarily
neutrophils. It is produced by macrophages, but also
endothelial cells and smooth muscle cells. IL-8 guides
neutrophils to the direction of inflammation (chemotaxis) and
stimulates phagocytosis (Baggiolini and Clark-Lewis, 1992).
TNF-alpha (tumor necrosis factor alpha) is produced by
monocytes/macrophages during acute phase of inflammation
and is responsible for numerous signalling events within cells,
leading to programmed cell death or necrosis. Levels of cytokines
and their receptors are often increased in cancer patients and
could be determinants of CRCI (Meyers et al., 2005; Ishikawa
et al., 2012; Kesler et al., 2013b; Cheung et al., 2015; Lyon et al.,
2016; Williams et al., 2018). Meyers et al. (2005) evaluated levels
of cytokines and presence of cognitive impairment and fatigue in
patients with acute myelogenous leukemia (AML) and
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myelodysplastic syndrome (MDS) prior to chemotherapy. Levels
of IL-1, IL-1RA, IL-6, IL-8, and TNF-alpha were highly elevated
compared to healthy controls. Higher IL-6 levels were associated
with poorer executive function, but higher IL-8 levels were
associated with better memory performance. IL-6, IL-1RA and
TNF-alpha levels were related to fatigue. A study by Cheung et al.
(2015) found that higher levels of IL-1β and IL-6 were associated
with more severe cognitive disturbances, specifically IL-1β levels
were associated with poorer response speed performance.
However, elevated IL-4 levels were associated with better
response speed performance and fewer cognitive complaints in
breast cancer patients, suggesting protective role of this cytokine
against CRCI. Ganz et al. (2013a) showed that levels of TNF
receptor type II (TNFRII) were significantly higher in
chemotherapy-treated patients compared to controls, with no
differences observed in IL-1RA, IL-6 or CRP. In addition, there
was a significant correlation between plasma TNFRII and self-
reported memory complaints. Another study found elevated IL-6
and TNF-α levels after approximately 5 years after the completion
of chemotherapy of breast cancer (Kesler et al., 2013b). These
findings were supported by Janelesins et al. (2012), showing
different inflammatory responses induced by different
chemotherapy regimens. Interestingly, a study by van der
Willik et al. (2018) showed cancer survivors had increased
levels of inflammation on average 20 years after treatment and
that they were associated with lower cognitive performance. The
chronic inflammation induced by cancer and cancer treatments is
associated with higher levels of pro-inflammatory cytokines and
cytokine receptors in cancer patients. Furthermore, if the
permeability of blood-brain barrier is impaired, inflammatory
components may reach nervous tissue and possibly cause damage
to neural cells, leading to cognitive dysfunction.

A recent study by Henneghan et al. (2020) evaluated
peripheral amyloid beta (Aβ) and tau, biomarkers of
neurodegeneration, and cytokines, in relation to cognitive
functions in breast cancer survivors, suggesting potential
interplay between neurodegenerative biomarkers and cytokines
to influence cognitive functioning of these patients.

Another possible plasma biomarker of CRCI is axonal
phosphorylated neurofilament subunit H (pNF-H). Its levels are
increased in the blood of patients who have had acute brain ischemic
stroke and associated with the severity of the stroke (Singh et al.,
2011). Therefore Natori et al. (2015) measured pNF-H levels and
cognitive changes in breast cancer patients undergoing
chemotherapy, showing increased serum pNF-H in a cumulative
dose-dependent manner and suggesting it as biomarker of neural
damage after chemotherapy. However, cognitive failure
questionnaires used in this study did not show significant
cognitive impairment (p � 0.77).

Circulating microRNAs (miRNAs), a family of short single-
stranded non-coding RNAs of 21–22 nucleotides in length,
making up about 1% of the human genome, could also be
potential biomarkers of CRCI. The main function of miRNAs
is modulation of gene expression at the post-transcriptional level,
causing inhibition of translation of mRNA or its degradation
(Piscopo et al., 2019). Some miRNAs act as important regulators
of various biological functions in the brain, including synaptic

plasticity and neurogenesis, and may indirectly affect
neurogenesis by regulating neural stem cell proliferation and
repair. For this reason, they play an important role in the
development of neurodegenerative diseases and other
conditions in which impaired brain function is present
(Grasso et al., 2014). Studies evaluating levels of expression of
certain miRNAs are primarily focused on the diagnosis of mild
cognitive impairment (MCI) as an intermediate stage between
normal cognition and dementia, in order to identify a potential
biomarker of MCI and its progression to Alzheimer’s disease. The
most important microRNAs that have been shown to associate
with MCI include miRNA-206, miRNA-132, and miRNA-134.
These miRNAs are overexpressed in patients with MCI and even
higher levels correlate with the rate of decline in cognitive
functions. Their target genes are BDNF and SIRT1, which are
involved in cognitive processes in the brain and their expression is
reduced in patients with MCI. Several studies suggest that the
detection of these microRNAs could serve for the early diagnosis
of MCI (Sheinerman et al., 2012; Xie et al., 2015; Xie et al., 2017;
Kenny et al., 2019). Even though an association between these
miRNAs and CRCI has not been demonstrated in clinical studies
yet, it may be interesting subject of future research.

The role of exosomes in cancer has been well-known (Zhang
et al., 2015; Han et al., 2019), but cancer exosomes and their
interactions with the nervous system to modulate various
neurological processes are under active investigation.
Exosomes are small endocytic vesicles formed by the inward
budding of multivesicular bodies, released into the extracellular
environment through exocytic pathway (Rajagopal and
Harikumar, 2018). They can influence various neurological
processes such as neurogenesis, synaptic plasticity, neuronal
stress response and cell-to-cell communication, suggesting
their potential role in the development of CRCI by multiple
studies (Koh et al., 2020).

A production of short-chain fatty acids (SCFAs), that are
likely to play a key role in neuro-immuno-endocrine
regulation (Silva et al., 2020), might be a mechanism by
which gut microbiome influences brain function. SCFAs
are small organic monocarboxylic acids with a chain
length of up to 6 carbon atoms. Acetate (C2), propionate
(C3) and butyrate (C4) are the major metabolites produced in
the colon by bacterial fermentation of indigestible
polysaccharides such as fiber and resistant starch (Pascale
et al., 2018). At the same time, bacterial production of SCFAs
has been shown to control the maturation of the microglia
and affect its functions. The absence or alteration of a healthy
gut microbiome causes impaired microglia development,
leading to disruption of innate immune responses.
Additionally, application of a mixture of the three major
SCFAs led to microglia maturation and restoration in germ-
free mice (Erny et al., 2015).

Biomarkers of Cerebrospinal Fluid
Analysis of CSF can provide promising information about
biological processes in the CNS and possible cognitive
alterations in cancer patients, even though lumbar puncture as
a sampling method is more invasive. Moore et al. (2008) evaluated
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levels of palmitic and stearic acid (ratio between monounsaturated/
saturated) in the CSF of pediatric patients with acute lymphoblastic
leukemia (ALL) treated with methotrexate for more than 3 years.
Results showed a significant increase in the ratio of
monounsaturation to saturation of both fatty acids, positively
correlating with the number of intrathecal methotrexate doses
received during the first year, and negatively correlating with
decreased global intelligence ability. Krull et al. (2013) studied
associations between changes in CSF phospholipids and
neurocognitive function in children undergoing chemotherapy for
ALL. Sphingomyelin (SM) and lysophosphatidylcholine (LPC)
concentrations were increased in CSF after chemotherapy
induction and were associated with lower motor speed, visual
and verbal working memory. A study by Protas et al. (2009)
showed a significant elevated levels of tau protein in CSF after
induction and during consolidation treatment with methotrexate in
ALL patients, compared to baseline levels. In addition, levels of tau
protein were negatively correlated with verbal abilities.

Radiological (Neuroimaging) Biomarkers
Over the past few years, great progress has been made in
neuroimaging research on cognitive functions of cancer patients.
Neuroimaging studies provide important information on structural,
functional and molecular changes in brain, helping to objectify the
presence of cognitive impairment. Structural magnetic resonance
imaging (MRI), functional MRI (fMRI), diffusion tensor imaging
(DTI), MR spectroscopy (MRS), and positron emission tomography
(PET) have been used in the clinical research studying the impact of
cancer treatment on cognition, with the main focus on breast cancer
patients treated by chemotherapy (Saykin et al., 2013). Multiple
studies have reported reductions in white matter microstructure,
reductions in grey matter volume or density, alterations in brain
activation and connectivity after chemotherapy (Li and
Caeyenberghs, 2018). Some studies showed functional
hyperactivation and hyperconnectivity of brain regions after
cancer treatment, but it could be interpreted as compensatory
mechanisms against brain injury (Menning et al., 2015; Apple
et al., 2018). A study by Amidi et al. (2017b) evaluated early
effects of BEP chemotherapy on brain structure in testicular
cancer patients, finding multiple reductions in grey matter
density and especially reductions in prefrontal areas were
associated with cognitive decline. Koppelmans et al. (2012b)
evaluated breast cancer survivors 20 years after chemotherapy
and showed global reductions in grey matter volume associated
with worse performance on neuropsychological tests. More other
studies support these findings and also showed structural and
functional brain changes in patients with cognitive dysfunction
related to cancer treatment (Deprez et al., 2012; McDonald et al.,
2012; Correa et al., 2013; Lopez Zunini et al., 2013; McDonald et al.,
2013; Stouten-Kemperman et al., 2015).

TREATMENT OF CANCER-RELATED
COGNITIVE IMPAIRMENT

While researchers and clinicians are intensively studying the risk
factors, mechanisms and biomarkers of CRCI development, the

increasing number of studies are evaluating potential methods for
effective treatment of cognitive dysfunction in cancer patients
and survivors. A variety of therapeutical interventions has been
tested to reduce self-reported cognitive symptoms and restore
CRCI. These interventions include cognitive rehabilitation/
training, physical activity, mind-body interventions and
pharmacotherapy.

Cognitive Rehabilitation/Training
Cognitive rehabilitation refers to behaviorally orientated
interventions, which are designed to improve cognitive
performance and to manage/compensate for cognitive deficits.
Cognitive training involves regular practice of skills in order to
restore attention, psychomotor speed, memory and executive
functioning. A study in early-stage breast cancer survivors
with cognitive complaints (N � 82; mean age � 56.5 ± 8.5;
time post-treatment � 5.5 ± 4.2 years) reported improvements
in objectively measured memory and speed of processing, as well
as perceived cognitive functioning immediately after in-person
cognitive training delivered in a group setting and at 2-months
follow-up, compared to waitlist controls (all p < 0.04) (Von Ah
et al., 2012). Several other studies in breast cancer survivors
showed similar results, some of them with home-based training
intervention (Kesler et al., 2013a; Ercoli et al., 2015; Ferguson
et al., 2016; Park et al., 2017; Meneses et al., 2018). A study
evaluating web-based cognitive training in breast cancer
survivors with CRCI (N � 94; mean age � 54.98 ± 8.51) did
not result in improvement of perceived cognitive functioning, but
improved performance was observed on verbal learning and
working memory tests at 5-months follow-up, compared to
waitlist controls (p � 0.040–0.043) (Damholdt et al., 2016).
Bray et al. (2017) randomized solid tumor cancer survivors
(N � 242; mean age � 53 years; 95% female) with cognitive
symptoms 6–60 months after adjuvant chemotherapy to a
home-based cognitive training intervention or to a standard
care (authors did not specify). Cognitive functions were
assessed with FACT-Cog questionnaires and
neuropsychological tests after the intervention and 6 months
later. This study showed significant improvement in perceived
cognitive impairment, lower levels of anxiety/depression and
fatigue in the intervention group at both assessment times, but
no significant differences between the groups on
neuropsychological testing (Bray et al., 2017). Recent
systematic reviews on cognitive rehabilitation and training in
cancer patients and survivors with cognitive problems showed
that available evidence support clinical implementation of these
interventions for treatment of CRCI. However, more clinical
trials are needed to assess the effectiveness, optimal dose,
delivery, access and cost of different cognitive programs
(Fernandes et al., 2019; Von Ah and Crouch, 2020).

Physical Activity
Physical activity has been shown to decrease a variety of cancer-
and cancer treatment-related physiological and psychological
symptoms and to be beneficial for cognitive functions in
general. The important role of exercise was also enhanced by
its implementation in the guidelines for cancer survivors
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(Schmitz et al., 2010; Campbell et al., 2019). In animal models,
physical exercise reduced chemotherapy-related cognitive
impairment by preventing suppression of hippocampal
neurogenesis (Winocur et al., 2014). Multiple clinical studies
investigated different types of exercise interventions (e.g., aerobic,
resistance, mixed, yoga, etc.) in cancer patients during or after the
end of treatment and showed improvement in self-reported
cognitive functioning and neuropsychological performance,
although many studies have evaluated effects on CRCI as a
secondary outcome (Campbell et al., 2020). A study in breast
cancer survivors (N � 317; mean age � 59.1 ± 7.9; stage 0—IIIc; all
less than 10 years post-treatment) showedmoderate and vigorous
levels of physical activity moderated breast cancer treatment
effects on depression and cognition. Furthermore, the effects
of exercise could be partially explained by changes in depressive
symptoms (Bedillion et al., 2019). Our recent study in testicular
cancer patients also showed regular exercise had positive effects
on different physical and psychosocial outcomes during and after
cancer treatment, including cognitive impairment (Amiri et al.,
2021). Therefore, the current evidence supported physical activity
as a potential management strategy for CRCI, although the
questions of optimal timing, duration, mode or intensity of
the exercise should be answered in future research and
individualized for patients based on their psychosocial and
physiological limitations and preferences.

Mind-Body Interventions
Mind-body interventions are supposed to bring an awareness of
patient’s individual potential for healing or restoration and
through this to improve cognitive function as well. These
interventions include meditation (Milbury et al., 2013), guided
imagery (Freeman et al., 2015), mindfulness-based stress
reduction (MBSR) (Hoffman et al., 2012; Johns et al., 2016),
restorative environment (Cimprich and Ronis, 2003) and
biofeedback (Alvarez et al., 2013). For example, meditation in
breast cancer patients has been showed to improve verbal
memory, short-term memory and processing speed (Milbury
et al., 2013). In addition, EEG biofeedback in breast cancer
survivors had a potential for reducing negative cognitive and
emotional symptoms of cancer treatment with improving fatigue
and sleep patterns (Alvarez et al., 2013).

Pharmacotherapy
The National Comprehensive Cancer Network (NCCN)
recommended “the use of nonpharmacologic interventions for
CRCI whenever possible, with pharmacologic interventions as a
last line of therapy in cancer survivors for whom other
interventions have been insufficient” (Denlinger et al., 2014).
Many pharmacotherapeutic interventions for the management of
CRCI in non-CNS cancer patients have been tested in clinical
studies. However, the results have been conflicting and no
uniform guidelines for pharmacological prevention or
treatment of CRCI have yet been established (Karschnia et al.,
2019). Pharmacotherapies evaluated as a potential management
for CRCI include CNS stimulants (e.g., methylphenidate and
modafinil), anti-dementia drugs (e.g., donepezil and memantine),
selective-serotonin reuptake inhibitors (e.g., sertraline and

paroxetine) and other agents, including Ginkgo biloba and
erythropoietin. Clinical trials assessing the effects of
methylphenidate have reported mixed results (Mar Fan et al.,
2008; Lower et al., 2009) with one study showing improvements
in cognition and ability to work more hours (Escalante et al.,
2014). Modafinil was reported to improve memory and attention
skills in breast cancer survivors (Kohli et al., 2009), as well as
psychomotor speed and attention in patients with multiple
advanced cancers (Lundorff et al., 2009). Donepezil was
associated with better cognitive performance in multiple
memory tasks in breast cancer patients 1–5 years after
receiving adjuvant chemotherapy (Lawrence et al., 2016).
Antidepressant agent sertraline improved executive functions
and quality of life in patients with advanced cancer (Li et al.,
2014). Barton et al. (2013) in their clinical trial evaluated Ginkgo
biloba for the prevention of CRCI in patients with breast cancer
receiving adjuvant chemotherapy and did not show any effect on
preventing cognitive dysfunction. On the contrary, Chang et al.
(2004) reported improvement of cognition and functional well-
being with the use of epoetin alfa in breast cancer treated with
adjuvant chemotherapy. Furthermore, novel treatment strategies
for cognitive dysfunction in cancer survivors are emerging with
an increasing knowledge on the underlying molecular
mechanisms.

FUTURE DIRECTIONS AND
RECOMMENDATIONS

Long-term cognitive impairment is an emerging health issue in
survivors of cancer. While evidence supporting the increased
cognitive difficulties in long-term survivors of cancers is
emerging, the results of available studies show certain level of
inconsistence and controversies.

Relevant standardized tools with high sensitivity and reliability
for the assessment of CRCI still need to be established. In
addition, the discordance between the self-reported and
objectively assessed cognitive function may be difficult to
explain and should serve as a substrate for scientific
exploration. Furthermore, we believe that self-reported
cognitive impairment should not be disregarded and should be
carefully assessed and managed by the attending clinician.

The impact of CRCI on patients’ quality of life, as well as on
socioeconomics in the population with growing number of cancer
survivors, remains serious issue to discuss and investigate. Actually,
negative effect of even mild cognitive impairment may be
potentiated by psychological factors (such as anxiety, depression
or fatigue), leading to significant self-perceived cognitive changes. In
addition, these cognitive difficulties may affect different aspects of
everyday life (e.g., family, work and social life).

Awareness of CRCI among clinicians is essential in order to
prevent, diagnose and manage cognitive impairment
appropriately. However, recommendations for prevention,
diagnostics and management of CRCI from leading cancer
organizations are in demand. Clinicians thinking of CRCI as a
side effect of cancer treatment may consider risk-benefit of
certain therapy to avoid overtreatment. Clinicians should also
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advocate for maintaining the healthy lifestyle with regular
physical activity, balanced diet and smoking cessation. The
emphasis should be placed on mental health as well, even if
psychological intervention is needed. Another important issue for
clinicians is their ability to adequately communicate the possible
side effects of cancer treatment to the patients (especially
vulnerable individuals) without causing “unnecessary toxicity”
of incorrect communication.

The increasing number of cancer survivors provides a strong
rationale to systematic establishment of specialized survivorship
clinics, where diagnostics and management of late toxicities of
cancer and cancer treatment should be implemented.
Furthermore, comprehensive assessment of quality of life
should be performed in all survivors of cancer and we
advocate for life-long annual follow-up performed by a
clinician trained in cancer survivorship.

Future research should focus on the understanding of
underlying molecular mechanisms of CRCI. In addition,
clinical studies should also implement possible novel
preventive and treatment strategies (e.g., educational,
psychological, exercise, pharmacologic, etc.). Discovery of
novel biomarkers is crucial for identification of early CRCI
onset or uncovering the population in risk for CRCI
development. This could possibly help clinicians to design and
implement early treatment interventions in order to lower the
burden of cognitive changes on the long-term quality of life.

CONCLUSION

This review summarizes the current evidence on cancer-related
cognitive impairment, that is experienced by many cancer
survivors with a significant impact on their everyday life. The
research has been focused mainly on breast cancer patients, but
CRCI has been reported in multiple types of cancer, including
colorectal, ovarian, testicular cancer, etc. Incidence of CRCI is
associated with radiotherapy, chemotherapy, hormonal therapy
and even novel systemic therapies. However, CRCI has been also
detected prior to cancer treatment, suggesting possible negative

effects of cancer itself with or without the psychological distress in
its pathogenesis. Various mechanisms are suggested to be
responsible for CRCI, including direct neurotoxic injury of
systemic treatment and radiation, as well as chronic
neuroinflammation, that is very likely to be the central
mechanism of CRCI pathogenesis. There is increasing
evidence of potential genetic (APOE, COMT, BDNF), plasma
(e.g., inflammatory molecules, circulating microRNAs,
exosomes, short-chain fatty acids and others), cerebrospinal
fluid and neuroimaging biomarkers of CRCI in cancer patients.
Various therapeutical interventions have been tested and
shown to alleviate or restore CRCI, including cognitive
rehabilitation/training, physical activity, mind-body
interventions and several pharmacological agents. Cognitive
dysfunction may represent a serious issue in the increasing
population of cancer survivors and therefore intensive research
is necessary in order to develop appropriate prevention,
diagnostics and management of CRCI.
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