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Background: Advances in diagnostic and therapeutic strategies in oncology have significantly increased the chance of survival
of cancer patients, even those with metastatic disease. However, cancer-related cognitive impairment (CRC) is frequently
reported in patients treated for non-central nervous system cancers, particularly during and after chemotherapy.

Design: This review provides an update of the state of the art based on PubMed searches between 2012 and March 2019 on
‘cognition’, ‘cancer’, ‘antineoplastic agents’ or ‘chemotherapy'. It includes the most recent clinical, imaging and pre-clinical data
and reports management strategies of CRCI.

Results: Evidence obtained primarily from studies on breast cancer patients highlight memory, processing speed, attention
and executive functions as the most cognitive domains impaired post-chemotherapy. Recent investigations established that
other cancer treatments, such as hormone therapies and targeted therapies, can also induce cognitive deficits. Knowledge
regarding predisposing factors, biological markers or brain functions associated with CRCl has improved. Factors such as age
and genetic polymorphisms of apolipoprotein E, catechol-O-methyltransferase and BDNF may predispose individuals to a
higher risk of cognitive impairment. Poor performance on neuropsychological tests were associated with volume reduction
in grey matter, less connectivity and activation after chemotherapy. In animals, hippocampus-based memory and executive
functions, mediated by the frontal lobes, were shown to be particularly susceptible to the effects of chemotherapy. It
involves altered neurogenesis, mitochondrial dysfunction or brain cytokine response. An important next step is to identify
strategies for managing cognitive difficulties, with primary studies to assess cognitive training and physical exercise
regimens.

Conclusions: CRCl is not limited to chemotherapy. A multidisciplinary approach has improved our knowledge of the complex
mechanisms involved. Nowadays, studies evaluating cognitive rehabilitation programmes are encouraged to help patients
cope with cognitive difficulties and improve quality of life during and after cancer.

Key words: cancer-related cognitive impairment, cancer treatments, cancer patients, animal model, neuro-imaging,
managementof cognitive impairment
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Introduction

Patients with non-central nervous system (CNS) cancers report
cognitive symptoms, also called ‘cancer-related cognitive impair-
ment’ (CRCI), mainly studied after chemotherapy, such as im-
pairment of short-term and working memory, attention,
executive functions and/or processing speed [1-4]. Cognitive
complaints are reported by >50% of breast cancer patients after
chemotherapy; however, only 15%-25% have objective cognitive
decline [2, 5]. The relation between objective and subjective trou-
bles is still debated and complaints are often linked with psycho-
logical factors [6]. State-of-the-art updates were published in
2011 and 2015 by the International Cancer and Cognition Task
Force (ICCTF) [1, 4], primarily focussing on neuropsychological
tests and clinical data with chemotherapy. Since then, a growing
body of literature has highlighted the potential effects of other
cancer treatments and pathophysiological mechanisms.

New generations of hormone therapies, targeted therapies, and
immunotherapy have resulted in improved survival rates for
some patients with, however, potential impact on cognition [7,
8]. Consequently, the long-term toxic impact of treatment on
neurological function is an important issue in terms of quality of
life (QoL).

Despite recent large cohort studies utilizing neuropsycho-
logical testing and brain imaging in cancer patients treated
mainly with chemotherapy, it remains uncertain whether cogni-
tive deficits result from the treatment, the cancer itself, and/or
psychological factors. Moreover, studies have suggested that
factors such as age, genetic polymorphisms, and psycho-social
components may predispose to a higher risk of cognitive
impairment.

To better understand the pathophysiology of CRCI and the
direct impact of different cancer treatments, animal models have
been developed [9]. Animal studies allow for the investigation of
selective and combined effects of the disease and treatment on
neurocognitive function, the influence of parameters such as
stress, mood and aging on cognitive impairment, and for the de-
velopment of rehabilitation strategies. Brain imaging can also
help document mechanisms involved in CRCI, as shown by re-
cent studies [3, 10, 11].

As cognitive difficulties have a negative impact on QoL (auton-
omy, return to work, social relationships, and self-confidence) in
the context of long-term cancer care, there is a growing demand
from patients for CRCI management. This has led to studies
implementing cognitive rehabilitation in cancer patients.

This review presents an update on CRCI in non-CNS cancers,
taking into consideration the increasing use of newer anticancer
therapies and the development of multidisciplinary (pre-clinic-
al, imaging) and interventional (management) research
strategies.

Search strategy and selection criteria

References are from searches of PubMed between 2012 and
March 2019. The terms ‘cognition’ [MeSH Terms] or ‘cognition
disorders’ [MeSH Terms], ‘cancer’, ‘antineoplastic agents’
[MeSH Terms], or ‘chemotherapy’ were used. Keywords includ-
ing ‘cancer’ and ‘brain’ or ‘cerebral’ or ‘central nervous system’
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and ‘cognition’ and ‘animal’ or ‘mouse’ or ‘rat’ were used for ani-
mal models. We also searched reference lists of identified articles
for other relevant reports. Articles related to CNS cancers, child-
hood cancers, editorials, reviews (except systematic reviews and
meta-analyses, and the four recent reviews of the ICCTF), feasi-
bility, and pilot studies or studies with less than 50 patients were
excluded. The final reference list was generated based on rele-
vance to the topics covered in this review.

Detecting CRCl in cancer patients

Patient cognitive complaints are clinically important, but neuro-
psychological testing provides objective assessments of various
domains of cognition. The literature indicates that there is con-
siderable variability regarding the severity, duration, or alteration
of cognitive domains. The ICCTF [4] recommends using the fol-
lowing criteria for determining cognitive impairment: >2 test
scores <—1.5 standard deviations from the normative mean (or
an appropriate control group) or one test score <—2.0 standard
deviations. Importantly, the more tests administered, the higher
the probability of finding cognitive impairment. Ingraham and
Aiken [12] provide probability curves and a statistical approach
to determine whether the observed frequency of cognitive im-
pairment exceeds the expected rate based upon the number of
tests administered.

Cognitive complaints are usually assessed with PROs such
as FACT-Cog (time frame: 5 min), especially developed to as-
sess cognitive complaints in cancer patients. To help clinicians
and researchers to detect significant complaints, minimal
clinically important difference (MCID) can be used [13, 14].
It could be also used as a screening method to assess cognitive
difficulties before any further assessments and treatment
strategy.

Cognitive complaints and performance on neuropsycho-
logical tests often do not correlate very highly [15]; survivors
often report cognitive problems but score in the normal range
on neuropsychological testing. This pattern is often attributed
to psychological factors such as anxiety, depression [15, 16],
fatigue, or insomnia [17] that influence perceived cognitive
problems to a greater degree than performance on objective
testing [18] enhancing the importance of assessing these fac-
tors [16]. Imaging studies also suggest that survivors employ
compensatory activation of additional brain regions to main-
tain performance on neuropsychological tests [19, 20].
Therefore, survivors’ perception may be correct: cognitive
functioning is affected in day-to-day life, but compensatory
mechanisms maintains performance in the structured,
distraction-free environment of neuropsychological testing.
Finally, this lack of association may be related to concerns
about the sensitivity and specificity of traditional neuro-
psychological tests to detect the relatively subtle cognitive
changes experienced by cancer survivors.

The failure to use of a criterion as described above, heterogen-
eity of study design and lack of consistency of cognitive measures
utilized has led to variability in results and interpretations across
studies [4, 21, 22]. ICTTF recommend using cognitive tests with
adequate sensitivity to assess the cognitive domains most
impaired by cancer treatments (Table 1).
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Table 1. Neuropsychological measures recommended by the international cancer and cognition task force (ICCTF) [ ]

Main measures

Administration time (min)

Domains assessed

Hopkins Verbal Learning Test-Revised (HVLT-R) 10
Controlled Oral Word Association Test (COWA)
Trail Making Test (TMT) 7

Verbal memory and delayed recall
Speeded lexical fluency and executive function
Psychomotor speed and executive function

Additional measures

Domains assessed

Auditory Consonant Trigrams 7
Letter-Number Sequencing (WAIS) 4
Paced Auditory Serial Addition Test (PASAT) 15
Brief test of attention 10

Working memaory,” executive function, complex attention

“Investigators are encouraged to supplement the core battery with additional tests of working memory capacity, based on their own preferences.

WAIS, Wechsler Adult Intelligence Scale.

Effect of cancer treatments on cognitive
functions

Effect of chemotherapy

Clinical studies. Several studies, mainly in breast cancer but also
colorectal, ovarian cancer, and lymphoma, show the impact of
chemotherapy on objective cognitive functioning (Table 2) [23,
25,26]. According to a meta-analysis, CRCI may be related to the
duration of treatment with chemotherapy [22]. These cognitive
impairments are usually mild to moderate and are often transi-
ent. Indeed, a longitudinal study showed a significant cognitive
decrease shortly after chemotherapy in breast cancer patients fol-
lowed by partial recovery 1 year after this treatment in some
patients [23].

Memory, processing speed, attention, and executive functions
are the domains most impaired post-chemotherapy [1, 4, 21-24].
In addition to objective cognitive impairment, subjective cogni-
tive complaints are one of the major side-effects reported by
patients [31] (especially in breast cancer patients) and suggest a
temporary negative effect of chemotherapy on cognition. Breast
cancer patients treated with chemotherapy had more cognitive
complaints, particularly memory and executive functions (1/5 of
patients) [6], and reported more cognitive difficulties than before
treatment (45.2% versus 10.4%) [29]. However, heterogeneous
trajectories of cognitive complaints exist in breast cancer survi-
vors [17]. Furthermore, according to a long-term follow-up
study (7-9years post-surgery), breast cancer survivors treated
with systemic treatment did not have more cognitive complaints
than those who did not receive treatment [28].

Colorectal patients treated with chemotherapy had also more
cognitive complaints particularly at 6 months than patients with-
out chemotherapy (32% versus 16%) [24]. In a small sample of
colorectal cancer patients, CRCI had an impact on patient’s QoL,
but cognitive impairment did not seem to influence patients’
relationships and their functional roles [30].

Animal models. Animal model research has been instrumental in
validating CRCI as a legitimate medical condition in cancer

survivors who receive chemotherapy. In line with the clinical lit-
erature, numerous studies involving rodents, tested on a wide
range of behavioural tasks, have confirmed that commonly used
anticancer drugs produce moderately severe, and often long-
lasting, cognitive deficits [32-37]. Memory loss induced by
chemotherapy is related to hippocampal and frontal lobes dys-
function and is often reported with attention, working memory,
and strategic learning deficits [9, 38].

Animal research has helped to identify critical biological mech-
anisms that account for CRCI. Indeed, cyclophosphamide, doxo-
rubicin, and 5-fluorouracil prevent the production of new cells in
the hippocampus, and suppression of neurogenesis is directly
related to accompanying loss of hippocampus-dependent cogni-
tive functions [32, 39]. Furthermore, mitochondrial dysfunction
[40] and dysregulation of cytokine activity contribute to at least
some of the cognitive deficits seen after chemotherapy. Particular
attention has focussed on increased levels of chemotherapy-
induced pro-inflammatory cytokines (e.g. IL-1B, IL-6, TNF-a,
IL-10) which, in cancer patients, have been related to impair-
ment, especially on tests of frontal lobe function [41, 42].

Impact of other oncological therapies and new
treatment strategies in clinical studies and animal
models

Beyond the impact of chemotherapy, hormone therapies and tar-
geted therapies, such as antiangiogenics, can induce cognitive
deficits (Tables 3 and 4).

Although the results of clinical studies generally are inconclu-
sive, CRCI has been shown with aromatase inhibitors [1]. Breast
cancer patients treated with anastrozole had lower executive
function scores than healthy controls up to 18 months after the
start of treatment [45]. In the same study, women receiving anas-
trozole alone exhibited deterioration in working memory and
concentration 12-18 months after initiation of therapy.
Nevertheless, another study did not show a significant difference
on cognitive scores post-hormone therapy initiation (tamoxifen
or aromatase inhibitors) compared with patients without hor-
mone therapy [27]. Nevertheless, cognitive complaints increased
in patients with hormone therapy. More recently, in breast cancer
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Table 4. Suspected mechanisms involved in cognitive impairment induced by cancer treatments

Cancer treatments
Main studied drugs

Brain functions (excluding complaints)

Suspected mechanisms

Chemotherapy
Doxorubicin
Taxol
Methotrexate
Fluorouracil

Hormone therapies
Aromatase inhibitors
Antiestrogen

Androgen deprivation therapy
Targeted therapies
Antiangiogenic therapy

Immunotherapy
CTLA-4
Anti-PDL-1

Clinical studies: memory, processing speed, atten-
tion, executive function
Animal: working memory, attention, learning

Clinical studies: executive functions, working mem-
ory, concentration (Anastrozole), visuomaotor
functions

Clinical studies: fatigue, one main domain of cogni-
tion in a subpopulation of patients, working
memory

Clinical studies: headaches, encephalopathy, fatigue,
and meningitis or hypophysitis with endocrine
disorders

Diminution of neurogenesis
Disruption of myelin and of oligodendrocyte

precursors

Mitochondrial dysfunction

Increased peripheral and brain cytokine
production

Linked to endocrine disorders, hypothalamo-pitu-
itary-adrenal axis

Increased plasma VEGF (fatigue)
Leukoencephalopathy

Inhibition of long-term potentiation

Brain microglial activation

Increased peripheral inflammatory cytokines cross-
ing the BBB

Animal: executive functions

VEGF, vascular endothelial growth factor; BBB, blood-brain barrier.

Fatigue, psychological and socio-demographic
factors

Anxiety, depression, and fatigue are frequent in cancer patients
and should be taken into account for cognitive assessment.
Several studies showed an association between cognitive com-
plaints and anxiety [15, 16, 24, 29, 43, 56-59], depression [6, 15,
16, 24, 29, 43, 44, 57, 58, 60], post-traumatic stress disorder
symptoms [58], negative affect (e.g. distress and negative mood)
[44] and motivation [61].

Fatigue was also frequently associated with CRCI [24, 43, 57—
59] and insomnia [17]. Risk factors for these difficulties included
education level [25, 58], premorbid intelligence [25, 62], or cog-
nitive reserve [29, 63]. Patient information about cognitive side-
effects associated with cancer treatments could induce cognitive
complaints [64, 65].

Aging

Although aging is a risk factor for cancer and cognitive impair-
ment, and despite the potential impact of these impairments
on patient’s autonomy, few studies have focussed on CRCI in
cancer patients over 60—65years old [61, 66-73]. Although
several studies showed an impact of age on CRCI, others did
not support age as a risk factor. Until now, it is not proved that
cancer and/or its treatments (particularly hormone-therapy)
induce Alzheimer disease [74]. However, ADT may increase
the risk of dementia [75]. Among elderly cancer patients, the
difficulty of isolated early signs and symptoms of dementia in
relation with the age and cognitive decline induced by cancer
treatments is an issue.

Using a cognitive screening tool, a prospective cohort in older
patients with breast or colorectal cancer did not show cognitive
decline to be associated with chemotherapy [76]. Nevertheless, an
interaction was found between age and chemotherapy treatment
on memory functioning [66]. Furthermore, in breast cancer
patients >65 years old, 49% had objective cognitive decline after
adjuvant treatment [72] a higher proportion than that reported in
younger patients. Among patients with decline, 12% of patients
had a non-pathological decline, 31% without initial cognitive im-
pairment developed impairment, and 6% experienced accelerated
cognitive decline [71]. Furthermore, the oldest patients were
more likely to have cognitive decline with chemotherapy, particu-
larly with docetaxel [72]. Chemotherapy in cancer patients 60—
64 years old seemed to be associated with faster memory decline
compared with older patients treated with chemotherapy, patients
without chemotherapy and healthy controls [73]. In addition,
results suggest a significant association between measures of bio-
logical aging and cognition in breast cancer survivors [77].

Markers, genetic predisposition/polymorphism

Biomarkers of cognitive decline post-cancer treatment, and/or
risk factors such as inflammatory status or predisposing genetic
factors have been investigated recently [78]. Results on correla-
tions between levels of cytokines or inflammation [79, 80],
neurobiological status and genetic polymorphisms are conflict-
ing. However, the most reliable biomarkers associated with CRCI
were cytokines (IL-6, TNF-a, etc.), cytokine receptors (sTNRFII,
sTNFRI, etc.) and inflammation components [41, 42, 57, 81-83],
while mitochondrial DNA content in peripheral blood can be
specifically associated with fatigue during chemotherapy [84].
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1. COGNITIVE FUNCTIONS

Subjective impairment/complaint

* Memory
« Executive functions

Other altered functions from anti-cancer
treatments

« Fatigue

« Anxiety

« Depression

« Post-traumatic stress disorders

« Negative effects

« Motivation

« Altered sleep cycle/Hypersomnia
« Anemia/menopause (from chemotherapy)

2. CANCER AND CANCER TREATMENTS

« Cancer

« Surgery/anesthesia
« Chemotherapy

« Targeted therapy

« Hormonotherapy
« Immunotherapy

3. GENETIC FACTORS - POLYMORPHISMS

o APOE-4: rs429358, rs 7412
 IL-1R1: 52287047, rs949963
« COMT: 154680, 1s165599

« BDNF: rs 6265

Objective performances
4. SOCIO-DEMOGRAPHICAL
« Short-term and working memory VARIABLES
« Attention

« Executive functions
« Processing speed

« Prospective memory

« Education level

« Premorbid intelligence
« Cognitive reserve

o+ Age

4. COMORBIDITIES

« Vascular risk
« Diabetes

5. MANAGEMENT: REHABILITATION

« Behavioral interventions

« Education, cognitive behavioral therapy,
teaching of compensatory strategies,
cognitive training

« Prescription medication (donepezil)

« Physical activity

« Yoga

3. BIOLOGICAL FACTORS

« Inflammation and cytokines TNF-a/sTNFRI, sTNF-RII,
« BBB alteration IL-1p, IL-2, IL-10, IL-6, IL-8
« Cell redox stress, apoptosis NAA/Cho, NA/AMyo-I, pNF-H

Figure 1. Schema outlining the complexity of cancer-related cognitive impairment. In cancer patients and survivors, the effect of chemo-
therapy on cognitive functions has been shown to impact different brain areas involved in attention, processing speed, memory, and execu-
tive functions. Recently, newly developed therapies involving targeted therapy, hormone therapy, and immunotherapy also appear to affect
cognitive functions. The cancer treatments were associated with changes in brain volume, metabolic, or network modifications potentially
related to direct neuronal toxicity and inflammation and genetic polymorphism combined with the aging process, patients’ emotional status,
co-morbidities, or lifestyle. Cancer patients can be affected in multiple aspects, highlighting the urgency of initiating specific onco-neuro-psy-
chological patient care. APOE, Apolipoprotein E; BBB, blood-brain barrier; BDNF, brain-derived neurotrophic factor; Cho, choline; COMT, cat-
echol-O-methyltransferase; IL1-R1, interleukin-1-receptor1; Myo-I, Myo-inositol; NAA, N-acetylaspartate; pNF-H, phosphorylated neurofilament
subunit H; TNF-a, tumour necrosis factor-alpha; sTNF-RII, tumour necrosis factor-receptor type |l.

Neurological markers or factors also detected during cancer
treatments included decreased N-acetylaspartate (NAA)/choline
(Cho) and NAA/myo-inositol (myo-I) ratios [85]. The breast
cancer group with the lowest ratios reported reduced cognition,
highlighting defects in the neurobiological status post-
chemotherapy [85]. The serum axonal phosphorylated neurofila-
ment subunit H pNF-H level in patients undergoing chemother-
apy for breast cancer increased in a cumulative dose-dependent
manner, suggesting its potential application as a biomarker of
neural damage post-chemotherapy [86].

The potential role of genetic single nucleotide polymor-
phisms (SNPs) has been explored in other recent studies. Based
on the inflammation-associated cognitive dysfunctions, a pro-
tective relationship between the SNP IL1R1 rs2287047 and cog-
nitive complaints was established in breast cancer survivors.
However, the SNP IL1R1 rs949963 was shown to be a significant
genotypic predictor with breast cancer patients carrying the rare
‘A’ allele (e.g. GA + AA) having lower perceived attentional
function [87], highlighting the complexity of cytokine SNPs.
One of the first candidates suspected was the gene encoding

apolipoprotein E (APOE). The allelic variants APOE-4 is a well-
known risk factor for Alzheimer’s disease. APOE-4 may also
contribute to poorer cognitive performance following chemo-
therapy and/or hormonal therapy in breast cancer patients [88].
Furthermore, an association between APOE status, breast can-
cer treatment, and cognition were found and moderated by
smoking history [78]. Prefrontal volume reductions specific to
patients treated with chemotherapy were associated with poorer
cognitive performance related to an increase in TNF-a and in
APOE-4 carriers, providing a strong relationship between in-
flammation, brain functions and cognitive impairment post-
chemotherapy [10].

The role of neurotransmitter metabolism as a potential genetic
risk was reported with the catechol-O-methyltransferase
(COMT) which catalyses the metabolic breakdown of catechol-
amine. Rs165599 in the COMT gene was correlated with
impaired retrospective memory in patients receiving chemother-
apy, suggesting that the COMT metabolic pathway is a determin-
ant in CRCI [89]. Furthermore, the BDNF polymorphism
(rs6265) [Val66Met] was implicated in the decreased

1934 | Lange et al.
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Cingulum Ant R Cingulum Ant L
Rectus R Frontal Mid L
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Figure 2. Brain regions that show changes in brain morphology, perfusion and/or activation after chemotherapy as reported by longitudinal
studies issued from Li & Caeyenberghs, 2018 [11]. Changes in morphology [voxel-based morphometry (VBM) of grey matter or diffusion tensor
imaging of white matter] are indicated in red. Changes in perfusion [arterial spin labelling (ASL)] are indicated in green. Changes in brain activation
(fMRI) are indicated in blue. Several brain regions reveal overlap between modalities: magenta for overlap between brain morphology and activa-
tion, cyan for overlap between activation and perfusion, yellow for overlap between morphology and perfusion, orange for overlap between the
three modalities. White matter regions are not included in the figure, nor was the cerebellum. However, two fMRI studies have revealed changes
in the right cerebellum (lobule 4-5 and Crus- 2). The longitudinal studies are including cancer types, sample sizes, and chemotherapeutic agents:
morphological changes—VBM: [10] 22 TC+, 43 TC—, 25 HC; bleomycin, etoposide, and cisplatin; [91] 8 BC+, 6 BC—; doxorubicin and cyclophos-
phamide/fluorouracil, epirubicin, cyclophosphamide, with or without docetaxel. In two patients, trastuzumab was also administered; [92] 14 GC+,
11 HG capecitabine, oxaliplatin; [93] 19 BC+, 19 HC; fluorouracil, epirubicin, cyclophosphamide, docetaxel/cyclophosphamide, docetaxel/cyclo-
phosphamide, doxorubicin; [94] 16 BC+, 12 BC—, 15 HG, doxorubicin/cyclophosphamide/paclitaxel, docetaxel/cyclophosphamide, docetaxel/car-
boplatin, docetaxel/doxorubicin/cyclophosphamide, docetaxel/cisplatin, paclitaxel. DTI: [95] 22 TC+, 43 TC—, 25 HC; bleomycin, etoposide, and
cisplatin; [96] 34 BC+, 16 BC—, 19 HC; fluorouracil, epirubicin, and cyclophosphamide with or without paclitaxel; [97] 26 BC+, 23 BC—, 30 NG
doxorubicin, cyclophosphamide with or without docetaxel or paclitaxel, fluorouracil, epirubicin, cyclophophamide. Changes in perfusion: [98] 31
BC+, 34 HG doxorubicin, cyclophosphamide, docetaxel; [99] 27 BC+, 26 BC—, 26 HC; doxorubicin, cyclophosphamide, paclitaxel/docetaxel, cyclo-
phosphamide//docetaxel, doxorubicin, cyclophosphamide/docetaxel, cisplatin/doxorubicin, cyclophosphamide/paclitaxel. Changes in activation:
[100] 18 BC+, 12 HC; doxorubicin, cyclophosphamide with or without docetaxel. One patient also received trastuzumab; [101] 18 BC+, 16 BC—,
18 HC; fluorouracil, epirubicin, cyclophophamide, with or without paclitaxel; [92] 14 GC+, 11 HC; capecitabine, oxaliplatin; [102] 21 BC+, 21 HC, flu-
ororacil, epirubicin, cyclophosphamide, docetaxel/cyclophosphamide, docetaxel/cyclophosphamide, doxorubicin; [103] 16 BC+, 12 BC—, 15 HG
doxorubicin/cyclophosphamide/paclitaxel/docetaxel/doxorubicin, cyclophosphamide/doxorubicin/cyclophosphamide [20] 28 BC+-, 24 BC—, 31
HC; doxorubicin, cyclophosphamide with or without docetaxel or paclitaxel/fluorouracil, epirubicin, cyclophophamide. BC, breast cancer; TC, tes-

ticular cancer; GC, gastric cancer; HC, healthy controls. Reprinted from [11], Copyright (2019), with permission from Elsevier.

susceptibility of cognitive complaints in breast cancer patients
receiving some chemotherapy regimens [90].

Imaging of brain changes after cancer
treatments

Many studies have reported reductions in grey matter volume or
density, reductions in white matter microstructure, changes in
brain activation and connectivity post-chemotherapy [3]
(Figure 2) [11]. Findings of functional hyperactivation and
hyperconnectivity of brain regions that support cognition have
been interpreted as compensatory processes for treatment-
induced brain injury [19, 20].

A decrease in white matter microstructure specific for
chemotherapy-exposed patients 3—4 months post-treatment
were observed in breast cancer patients, associated with perform-
ance decline in attention and verbal memory [96]. Three to four
years of follow-up suggested cognitive and brain recovery [104].

A study evaluating breast cancer survivors 20 years post-
chemotherapy showed worse performance on neuropsychologic-
al tests and global reductions in grey matter volume relative to
a control group, comparable to 4years of normal brain
aging [105].

A prospective study evaluating early effects of BEP chemother-
apy (bleomycin, etoposide, cisplatin) exposure on brain structure
assessed testicular cancer patients after surgery but before further
treatment and again 6 months later [10]. Widespread reductions
in grey matter density occurred, with prefrontal reductions spe-
cific for the chemotherapy-treated patients (3 months post-
completion) associated with cognitive decline. Network analyses
carried out by DTT revealed altered global and local brain net-
works that were also associated with cognitive decline [106]. Ten
years post-BEP chemotherapy, testicular cancer survivors had
changes in white matter structure and cognitive decline com-
pared with non-exposed survivors [107].

Some evidence indicates that the type and extent of neurotox-
icity depend on the type of chemotherapy. In breast cancer survi-
vors 2 years post-treatment, resting-state functional magnetic
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resonance imaging showed anthracycline-based chemotherapy
was associated with lower connectivity of the default mode net-
work in addition to showing more cognitive impairments than
patients treated with other cytotoxic regimens [108]. In breast
cancer survivors 10years post-treatment, multimodality MRI
revealed treatment dose-dependent effects on grey matter vol-
ume, white matter microstructure and task activation [109, 110].

In addition to providing an assay for neurotoxicity, neuroi-
maging measures might provide a means to identify patients at
high risk for treatment-induced cognitive decline, such as those
with suboptimal brain network characteristics [63, 111].

Management strategies

A survey conducted in ~1600 survivors (>85% breast cancer sur-
vivors), at a median of ~3 years after cancer treatment, found
75% of participants self-reported cognitive symptoms related to
cancer treatments [5]. Three quarters of respondents reported
cognitive symptoms impacted their ability to return to work.
Most participants (75%) wished to receive support, particularly
cognitive training (72%). This highlights the importance of mon-
itoring for CRCI. Strategies of management of CRCI have been
studied [112-127].

Physical activity

A few studies have shown exercise programmes can improve cog-
nitive complaints [118, 126] but most have not assessed objective
cognitive function [116]. However, a recent study evaluates cog-
nition in sedentary breast cancer survivors randomized to a 12-
week exercise programme compared with a wait-list control
group. The exercise group had improvement in processing speed
in those diagnosed within the previous 2 years, and reduction in
cognitive symptoms [126]. Another analysis of survivors
randomized to eight sessions of yoga versus controls found im-
provement in cognitive symptoms in the yoga group [118]. In rat
models, physical exercise has been shown to reduce cognitive def-
icits induced by chemotherapy by preventing diminished hippo-
campal neurogenesis [119].

Behavioural

Behavioural interventions generally focus on education, cognitive
behaviour therapy and/or teaching of compensatory strategies, or
cognitive training. Cognitive behaviour therapy and cognitive re-
habilitation studies in cancer survivors consistently report im-
provement in cognitive complaints but show variable results for
objective cognitive tests [117, 120].

The largest cognitive training study randomized cancer survi-
vors (n=242) with cognitive symptoms 6—60 months after adju-
vant chemotherapy, to a web-based rehabilitation programme
done at home, or a control group [112]. There was significant im-
provement in self-reported cognitive problems, anxiety/depres-
sion, and fatigue, but no significant differences among the groups
on neuropsychological testing. Two smaller cognitive training
studies in breast cancer survivors also found improvement in
cognitive complaints but reported improvement in some aspects
of objective cognitive function [121, 122].
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Many of the studies included few participants and did not
have a therapeutic control group making it difficult to deter-
mine whether any improvement seen was due to an expectancy
effect.

Pharmacological

There is no evidence to support the use of pharmacological
agents, such as erythropoietin or methylphenidate, in random-
ized controlled trials for the treatment of CRCI [1], as reported in
a recent review [128]. At this time, clinical trials testing diverse
neurostimulating, neuroprotectants or antineuroinflammatory
therapeutic agents are currently in test phase, with the objective
to prevent or treat CRCI. Efficacy of neurostimulants such as me-
thylphenidate or modafinil is diverse and clinical experience con-
cerning antidementia drugs (e.g. donepezil, memantine) is
limited [128].

Work in animals suggests that several drugs, including fluoxet-
ine [115], donepezil [38], and cotinine, the main derivative of
nicotine [113], can improve cognitive performance as well as
emotional state following chemotherapy, but further research is
required.

Discussion

Conclusions and future directions

Cognitive impairments are reported during and after treatment
in cancer patients receiving chemotherapy. Even if other treat-
ments, such as hormone therapies in breast and prostate cancer
patients, seem to have lower impact on cognition, the real current
difficulty is to assign selective cognitive disorders to specific treat-
ments because surgery, anaesthesia, and radiotherapy are often
part of treatment. Further studies are needed to take into account
the care trajectory and investigate the impact of newer therapies
such as the new generation of hormone therapies in prostate can-
cer and immunotherapy, with preliminary data supporting cog-
nitive alterations.

While there has been progress in identifying factors involved in
CRCI (psychological and sociodemographic variables or bio-
markers and genetic predisposition), complementary studies,
including work with animal models and neuroimaging, are
needed to define precisely which factors predispose to a higher
risk of cognitive impairment.

Translational research, including clinical, imaging, and animal
models has improved knowledge about CRCI. Studies on animal
models have helped identify neurobiological mechanisms, high-
lighting a strong translational role for animal models in this field.
Neuroimaging studies have provided valuable insights into func-
tional and structural brain regions and networks affected by can-
cer treatment. As imaging methods continue to develop, we
expect these will aid in uncovering the biological mechanisms
involved and identifying patients at high risk for cognitive decline.

Significant progress in the field has been made utilizing trad-
itional neuropsychological tests and validated self-report meas-
ures of cognition. However, concerns have been raised about the
sensitivity and specificity of traditional neuropsychological tests
to detect the relatively subtle cognitive changes often experienced
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by cancer survivors. Some investigators are advocating the add-
ition of tests based on cognitive neuroscience, which may be
more sensitive and assess specific subcomponents of cognitive
processes [129] with the use of more ecological tests.

There is limited high-quality evidence guiding how best to help
cancer survivors with cognitive complaints. No pharmacological
agents have been approved to reduce CRCI and, despite encourag-
ing results with animals, none of the drugs examined in animal
models have been subjected to clinical trials. For those with sus-
tained impairment, or for whom impairment impacts daily func-
tion, referral to a neuropsychologist is recommended. Due to the
association of cognitive symptoms with anxiety/depression, fa-
tigue, and sleep disorders, it is essential to assess patients with
CRCI for common symptom clusters and to treat these symptoms
if present. The most promising strategy is likely cognitive rehabili-
tation but its impact on improvement in daily function remains
unclear. Although only preliminary data are available, physical ac-
tivity programmes could also be considered. More studies and es-
pecially robust clinical trials are needed to find adequate strategies
of management of CRCI for routine oncology supportive care, to
respond to demands and improve QoL of patients.

Multidisciplinary cooperation between oncologists, neurolo-
gists, imaging researchers, and neuroscientists is encouraged to
define mechanisms of CRCI and to optimise medical care and
patients’ rehabilitation. Early detection of cognitive impairment
is needed, especially in elderly patients who could be referred to
an onco-geriatrician and/or neurologist to screen for cognitive
impairment before and during treatment. Management of CRCI
should be incorporated into clinical practice as for patients with
neurodegenerative disease.
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