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Abstract
Among the potential adverse effects of breast cancer treatment, chemotherapy-related cognitive impairment (CRCI) has 
gained increased attention in the past years. In this review, we provide an overview of the literature regarding CRCI in breast 
cancer, focusing on three main aspects. The first aspect relates to the molecular mechanisms linking individual drugs com-
monly used to treat breast cancer and CRCI, which include oxidative stress and inflammation, reduced neurogenesis, reduced 
levels of specific neurotransmitters, alterations in neuronal dendrites and spines, and impairment in myelin production. The 
second aspect is related to the clinical characteristics of CRCI in patients with breast cancer treated with different drug 
combinations. Data suggest the incidence rates of CRCI in breast cancer vary considerably, and may affect more than 50% 
of treated patients. Both chemotherapy regimens with or without anthracyclines have been associated with CRCI manifesta-
tions. While cross-sectional studies suggest the presence of symptoms up to 20 years after treatment, longitudinal studies 
confirm cognitive impairments lasting for at most 4 years after the end of chemotherapy. The third and final aspect is related 
to possible therapeutic interventions. Although there is still no standard of care to treat CRCI, several pharmacological and 
non-pharmacological approaches have shown interesting results. In summary, even if cognitive impairments derived from 
chemotherapy resolve with time, awareness of CRCI is crucial to provide patients with a better understanding of the syndrome 
and to offer them the best care directed at improving quality of life.

Key Points 

Mechanisms behind chemotherapy-related cognitive 
impairment development likely include oxidative stress 
and inflammation, reduced neurogenesis, reduced levels 
of specific neurotransmitters, alterations in neuronal den-
drites and spines, and impairment in myelin production.

Cognitive impairment before chemotherapy is usually 
reported in approximately 20–30% of patients with can-
cer, and chemotherapy-related cognitive impairment can 
affect up to 75% of patients after treatment.

There is still no standard treatment for patients with 
chemotherapy-related cognitive impairment, and the 
clinical approach consists mainly of symptom manage-
ment using pharmacological and non-pharmacological 
approaches, such as cognitive training and rehabilitation 
and physical activity.
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1 Introduction

Cancer chemotherapy has significantly improved the sur-
vival of patients with breast cancer (BC) over the past dec-
ades [1]. Nevertheless, although successful, this therapeutic 
approach may also significantly affect the long-term quality 
of life of survivors [2]. Among the potential adverse effects 
of BC chemotherapy, cognitive dysfunction, or the impair-
ment of different cognitive domains, has gained increased 
attention in the last 20 years. Initially named as “chemo-
brain” or “chemofog”, the syndrome of cognitive disorders 
developed from chemotherapy is now commonly referred 
to as chemotherapy-related cognitive impairment (CRCI), 
although other terms can also be used [3]. Chemotherapy-
related cognitive impairment includes symptoms of mental 
fogginess, slowed thinking, memory problems, inability to 
multi-task, and anxiety [4]. Originally thought to be associ-
ated with diagnosis-related and treatment-related depression, 
these symptoms are now recognized as critical neurological 
consequences derived from certain anti-cancer therapies.

Chemotherapy-related cognitive impairment has been 
widely studied in BC, as this is a common cancer type and 
patients usually have high survival rates [5]. Early-stage 
BC deserves even more attention owing to the successful 
and widespread use of adjuvant therapies that significantly 
decrease mortality [6]. Although data regarding incidence 
rates of cognitive decline vary substantially [4], previous 
reports, including cross-sectional and longitudinal studies, 
have shown that up to 75–78% of patients treated for BC 
develop symptoms of CRCI [4, 7]. A more recent meta-anal-
ysis focusing on longitudinal studies only, however, suggests 
that around 24% of patients with BC present with cognitive 
decline after treatment [8]. Deleterious effects of chemo-
therapy over different cognitive domains may start during or 
shortly after neo/adjuvant treatment completion. Although 
long-term or late effects are less well established, longitu-
dinal studies have revealed that CRCI may persist or even 
develop months or years after the end of treatment [9–11].

In the clinic, wide variations in the cognitive assess-
ment methodology, in the cut-offs used to classify the 
results, in the specific domains evaluated, and the con-
trols used (either healthy subjects or those with cancer 
not treated with chemotherapy), as well as in the cultural 
and biological heterogeneity of the patients being analyzed 
have hindered efforts to determine a direct association 
between specific cognitive impairments and the underly-
ing pathophysiological mechanisms [12, 13]. Patient age 
and cognitive reserve before chemotherapy are established 
factors influencing cognitive decline with treatment [14]. 
Menopausal status at diagnosis may also be relevant [15].

The most common chemotherapeutic agents used to 
treat early-stage BC include anthracyclines, alkylating 

agents, taxanes, antimetabolites, and platinum-based com-
pounds. In this narrative review, we present an updated 
discussion about CRCI in BC with special attention to 
how these common chemotherapeutic agents are poten-
tially linked to cognitive impairments, both in terms of 
molecular mechanisms and clinical manifestation patterns.

Some of the mechanisms linking these drugs to CRCI 
have been uncovered in preclinical studies, which revealed 
oxidative stress and inflammation as important players to 
cognitive deficits [16–24]. Other complex processes such 
as reduced neurogenesis [25–28], reduced levels of specific 
neurotransmitters [29, 30], alterations in neuronal dendrites 
and spines [31, 32], and impairment in myelin production 
[33] have also been implicated (Fig. 1). Clinical studies, 
however, have explored CRCI manifestations in patients 
treated with chemotherapy combinations, and have provided 
information on CRCI incidence and duration, as well as on 
the involved cognitive domains.

A broad literature survey on the theme of CRCI was car-
ried out in the Web of Science database. Additional docu-
ments selected from reference lists of articles, as well as 
from author searches were also included. Search details are 
available in the Electronic Supplementary Material (ESM). 
A full list of articles and a summary of their main character-
istics are also shown in the ESM [5, 7, 9–11, 16–23, 25–80, 
80–116, 116–127].

2  Mechanisms of CRCI Associated 
with Single Chemotherapeutic Agents

2.1  Anthracyclines

Anthracyclines are one of the most used chemotherapeutic 
classes in the treatment of BC. They exert cytotoxic effects 
mainly through DNA intercalation and topoisomerase II 
inhibition, causing DNA strand breaks [128]. Chemother-
apy-related cognitive impairment animal models (mainly 
mice and rats) revealed that the main affected brain areas 
by anthracycline exposure are the prefrontal cortex and the 
hippocampus, with deficits especially observed in learning 
and memory, but also in exploratory behavior [19, 20, 25, 
26, 37, 47, 48, 62, 82, 83]. In addition, the anthracycline 
doxorubicin (DOX) was shown to cause a reduction in glu-
cose consumption in the pre-frontal cortex [62, 82] and hip-
pocampus [82], and increase blood vessel density in these 
brain regions [80]. However, the passage of DOX across the 
blood–brain barrier (BBB) is considered restricted [16, 129]. 
Therefore, the neurological effects exerted by DOX might 
be caused either by the small amounts of the drug that reach 
the brain or by the occurrence of an indirect mechanism that 
incites central neurotoxicity.



603Chemobrain in Breast Cancer

Once in the tissues, DOX undergoes redox cycling, lead-
ing to the production of reactive oxygen species (ROS) [46]. 
As a consequence, this process leads to significant oxidative 
stress levels, with increases in protein oxidation and lipid 
peroxidation and an imbalance in cell antioxidant defense. 
The oxidative properties of DOX have been confirmed in 
several studies [17, 18, 20, 37, 47, 59, 72, 83, 130–132], 
showing both increases in pro-oxidative markers, such as 
lipid peroxidation, and reductions in levels of main antioxi-
dant enzymes, including glutathione, superoxide dismutase 
(SOD), and catalase in the brain of animals. Nitrosative 
stress has also been described as a consequence of DOX 
treatment, further enhancing protein modifications and ham-
pering intracellular signaling in brain tissue [17].

The brain is particularly susceptible to oxidative stress 
because of its high-energy requirements, limited antioxi-
dant defenses, and limited capacity of anaerobic respira-
tion. Therefore, DOX-mediated oxidative stress is closely 
related to the induction of cognitive damage [22]. In vitro 
studies using rat embryo-derived primary neurons or neu-
roblastoma cell lines have revealed a remarkable decrease 
in cell viability after treatment with DOX [18, 31, 47, 56, 
59] with frequent associations between oxidative stress 
and apoptosis [17, 18, 20, 59], as well as with evidence 
of mitochondrial alterations [56]. Similar findings were 

observed for microglial cells treated with epirubicin (EPI) 
[133]. High intracellular oxidative stress can trigger apop-
tosis especially due to mitochondrial dysfunction. The 
main functions of mitochondria in neurons involve control 
of redox signaling and calcium homeostasis, developmen-
tal and synaptic plasticity, and control of cell survival and 
death [26, 134, 135]. After DOX treatment, mitochondrial 
dysfunction in the hippocampus [26] and brain cortex [83] 
was observed, with alterations in mitochondrial biogenesis 
and dynamics (fusion/fission), decreased oxidative phos-
phorylation levels, and a higher susceptibility to perme-
ability transition pore opening, which can lead to apoptosis 
[26, 83].

Doxorubicin and its pegylated liposomal formulation 
are also capable of disrupting cellular autophagy [74]. 
Doxorubicin is a membrane-permeable drug that easily 
reaches the cytoplasm. Once it enters intracellular acid 
compartments, such as the lysosomes, DOX gets proto-
nated and retained, increasing the pH inside lysosomes, 
which prevents them from fusing with autophagosomes 
and degrading their cargo [74]. As a consequence, 
autophagosomes accumulate in the cytoplasm along with 
damaged organelles including mitochondria [74] and per-
oxisomes, producing high levels of ROS [63]. All these 
intracellular disturbances can trigger neuronal cell death, 

Fig. 1  Possible mechanisms 
underlying chemotherapy-
related cognitive impairment, 
including high levels of oxida-
tive stress and inflammation, 
reduced levels of neurotrans-
mitters, reduced neurogenesis, 
altered dendrites and spines 
in neurons, and impairment 
in myelin production. BDNF 
brain-derived neurotrophic 
factor, IL-1β interleukin-1β, 
IL-6 interleukin-6, Ox oxidized 
species, Red reduced species, 
TNFα tumor necrosis factor-α
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potentially contributing to CRCI (although cognitive per-
formance was not specifically assessed in these studies).

Oxidative stress is also related to the induction of 
inflammatory responses, and thought to be one of the main 
indirect mechanisms through which systemic DOX could 
affect the brain even without crossing the BBB. In several 
in vivo studies, DOX was shown to enhance both oxida-
tive stress markers and the levels of inflammation. Reac-
tive oxygen species generated from DOX redox cycling 
can lead to the activation of the nuclear factor-kappa B, 
mainly by inducing the inhibitor IκB decoupling and 
facilitating its targeting to the nucleus [136, 137]. Nuclear 
factor-kappa B regulates the expression of multiple genes 
involved in inflammation in immune cells, such as tumor 
necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6 
[138].

Tumor necrosis factor-α was one of the first molecules 
associated with DOX-mediated central nervous system 
(CNS) toxicity [16], activating other inflammatory cytokines 
and apoptotic factors in the brain that cause an increase in 
ROS and mitochondrial dysfunction [139, 140]. Higher 
levels of TNF-α have been frequently related to CRCI. In 
animals, TNF-α starts to rise in the circulation 1 hour after 
DOX administration [16], and it increases not only in the 
blood but also in the brain, after crossing the BBB [16, 17, 
141, 142]. In patients, DOX-based chemotherapeutic regi-
mens were shown to cause an increment in the plasma con-
centrations of TNF-α 6 hours after the first chemotherapy 
administration [90]. In addition to TNF-α, DOX can also 
increase other inflammatory molecules, such as prostaglan-
din E2 and cyclooxygenase 2, in the hippocampus [18, 20, 
37] and frontal cortex [18] of different species of rodents.

Another link to the increase of TNF-α and other inflam-
matory mediators in plasma after DOX treatment is the oxi-
dation of the apolipoprotein A1 [110]. Apolipoprotein A1, 
a multifunctional apolipoprotein that plays several roles in 
the human body including cholesterol transport and regu-
lation of inflammation [143], is involved in the regulation 
of inflammatory responses by depressing the production of 
inflammatory cytokines, particularly TNF-α. Oxidation of 
apolipoprotein A1 leads to elevated peripheral TNF-α levels 
that can then cross the BBB and contribute to neuroinflam-
mation and neuronal death [143, 144]. Interestingly, studies 
have shown that one of the alleles of the apolipoprotein E 
(APOE) gene, the APOE4, is one of the most reproducible 
genetic risk factors for CRCI [5, 93]. After treatment with 
DOX, greater deficiencies in spatial learning and memory 
along with reduced levels of gray matter in the frontal cortex 
were observed for APOE4 young and old mice compared 
with untreated animals [34, 48]. Although the mechanisms 
linking APOE4 and susceptibility to CRCI are not com-
pletely understood, an increased predisposition to inflam-
mation may be a possible factor [34, 48].

After entering the brain, TNF-α binds to TNF receptors in 
microglia and astrocytes and activates these cells, amplify-
ing the inflammatory signals [19]. Doxorubicin significantly 
increases the number of activated microglia (the first cells 
of the CNS parenchyma to become activated in response 
to inflammation, infection, and trauma), and consequently 
the levels of proinflammatory cytokines (IL-1β, IL-4, IL-6, 
and others) in the hippocampus of mice [19]. Doxorubicin 
also increases the numbers of reactive astrocytes in the 
hippocampus [20]. Reactive astrocytes (usually activated 
by reactive astrogliosis) release inflammatory mediators, 
including TNF-α, contributing to this proinflammatory sign-
aling state that can culminate in neuronal injury or death 
[140].

In addition to oxidative stress and inflammation, DOX-
induced cognitive impairment can also be associated with 
alterations in the levels of neurotransmitters [145]. In an 
animal model of CRCI, DOX significantly reduced the levels 
of serotonin and dopamine, neurotransmitters closely associ-
ated with cognitive functions [29]. In another study, DOX 
greatly reduced dopamine and its metabolite (3-methoxy-
tiramine) in the hippocampus of rats; however, it did not 
affect serotonin and noradrenaline [30]. The effects of DOX 
on acetylcholine are also unclear. Some in vivo studies show 
DOX-mediated increase in acetylcholinesterase activity in 
the brain [20], while others demonstrate no alteration in this 
parameter [18, 59].

In addition, preclinical experiments have demonstrated 
that DOX treatment can affect the dynamics of glutamate in 
the synaptic cleft of mice brain, decreasing glutamate clear-
ance with a decline in the uptake rate constant in the frontal 
cortex and delayed clearance in the dentate gyrus of the hip-
pocampus [65]. The induced overflow of glutamate in the 
hippocampus was also higher for DOX-treated animals than 
saline controls [65]. Interestingly, brain TNF-α induced by 
DOX treatment has been shown to inhibit glutamate clear-
ance through a similar mechanism as the glutamate uptake 
inhibitors [146]. Additionally, the activation of astrocytes 
induced by TNF-α can trigger a massive release of gluta-
mate in the synaptic cleft, which can bind to N-methyl-D-
aspartate receptor, lead to calcium-dependent excitotoxicity, 
and inhibit the synthesis of brain-derived neurotrophic factor 
(BDNF) [36]. Brain-derived neurotrophic factor plays a key 
role in neuronal survival and neurogenesis, affecting cogni-
tion and memory. In rats, DOX was shown to reduce the 
levels of BDNF and its receptor tropomyosin-related kinase 
B, as well as the amount of neural precursor cells in the hip-
pocampus, all associated with a reduction in neurogenesis 
[26]. A remarkable neurogenesis reduction of 80–90% was 
observed after DOX administration to rats compared with 
a saline control [25]. Histological analyses also revealed 
morphological changes in neurons, with neurite loss or 
decreased neurite density [18, 31, 59, 147].
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2.2  Alkylating Agents 

Alkylating agents can interact with DNA bases (mainly gua-
nine and adenine) generating covalent adducts that cause 
DNA lesions, which can be mutagenic and/or block essential 
biological processes, such as DNA replication and transcrip-
tion, leading to cell death [148]. Cyclophosphamide (CP) is 
the most common alkylating agent used to treat BC. There 
are several reports associating CP treatment with cognitive 
dysfunction [21, 25, 27, 32, 78, 82]. Cyclophosphamide-
related cognitive impairment, evaluated in studies using 
mice and rats, include mainly the domains of learning and 
memory. The mechanisms by which CP may cause cogni-
tive dysfunction include oxidative stress, inflammation, 
neurogenesis inhibition, and structural changes affecting 
the morphology and possibly physiology of neurons. Cyclo-
phosphamide is a prodrug that metabolizes into phosphora-
mide mustard (anticancer moiety) and acrolein (responsible 
for toxicity) [21]. Acrolein was shown to interfere with the 
antioxidant defense system and can be mutagenic to mam-
malian cells [149, 150]. Cyclophosphamide was shown to 
cause neuronal oxidative stress in animal models, increasing 
lipid peroxidation and reducing the levels of superoxide dis-
mutase, catalase, and glutathione [21, 130]. Consequently, a 
transient adaptive increase in the percentage of the nuclear 
factor erythroid 2-related factor 2-positive neurons was also 
observed. Nuclear factor erythroid 2-related factor 2 expres-
sion usually culminates in the activation of a strong antioxi-
dant response, with the transcription of detoxifying enzymes 
and increased levels of antioxidants [21]. As a consequence 
of oxidative stress, CP also increases nuclear factor-kappa 
B expression in the hippocampus and frontal cortex with a 
consequent augmentation in the proinflammatory cytokines 
TNF-α, IL-6, and IL-1β and a diminution in anti-inflam-
matory IL-10 levels [21]. Induction of oxidative stress in 
the CNS together with increases in inflammation-associated 
molecules after CP treatment are also observed [22], as well 
as higher numbers of activated microglia in the hippocam-
pus [25]. As discussed above, this combination of oxidative 
stress and neuroinflammation can cause brain damage and 
cognitive dysfunction.

Another possible mechanism behind CP-related cogni-
tive impairment is inhibition of neurogenesis. Cyclophos-
phamide alkylates DNA and prevents genome duplication 
in dividing cells, compromising the formation of new neu-
rons. Cyclophosphamide has the potential to inhibit adult 
hippocampal neurogenesis, reducing the amounts of prolifer-
ating and differentiating neurons, at least in a transient man-
ner [25, 27, 28]. In a specific study [80], CP did not affect 
mice neurogenesis either in the short term (3 weeks after 
treatment) or the long term (16 weeks after treatment). How-
ever, animals received only one injection of CP (150 mg/
kg) and neurogenesis was evaluated after at least 3 weeks 

of recovery. In other studies in which reduced neurogenesis 
was detected, the analyses were mostly carried out 1 or 2 
days after CP administration [25, 27, 28]. In one of them, 
neurogenesis returned to the control levels after 2–10 days 
of recovery [27], and in another study [25], neurogenesis 
was still significantly reduced 3–4 weeks after treatment, 
but animals received four injections of CP (total of 200 mg/
kg). Therefore, when evaluating the effects of CP in neuro-
genesis using animal models, it may be relevant to use more 
than one administration of the drug, as multiple doses are 
used in the clinic.

Cyclophosphamide can also induce abnormal morpholog-
ical changes in neurons, either alone [22] or in combination 
with other chemotherapeutics [151]. A higher percentage 
of degenerated cells was observed in the hippocampus and 
frontal cortex of mice after treatment [21]. Abnormalities in 
dendrites of granule cells of the rat hippocampus, including 
less branching, shorter length, and thinner and torturous den-
dritic shafts with intermittent appearances of varicosities, 
were further detected after CP treatment [32]. Moreover, 
CP treatment altered dendritic spines, critical for learning 
and memory. Once the morphology of spines is critical in 
receiving excitatory projections, abnormalities such as those 
are expected to result in lower excitability and insufficient 
integration of newborn granule cells, which could contribute 
to the development of cognitive decline [32]. Last, deficits 
in cognitive function after chemotherapy are associated with 
a reduced metabolic activity (with lower glucose consump-
tion) in certain brain areas [152]. Positron emission tomog-
raphy analysis in rats confirmed that CP reduces glucose 
metabolism both in the medial prefrontal cortex and hip-
pocampus [82].

2.3  Taxanes

Paclitaxel (PTX) and docetaxel (DTX), the main repre-
sentative drugs of the taxane class, cause cytotoxicity by 
disruption of microtubule function, being therefore called 
anti-microtubule agents. They stabilize guanosine diphos-
phate-tubulin in the microtubules, thereby inhibiting their 
depolymerization and the process of cell division as a con-
sequence [153].

Taxanes are particularly sensitive to the action of P-gly-
coprotein exporter at the BBB, an efflux pump that exhibits 
high efficiency in limiting the passage of these substances 
to the CNS [154, 155]. However, small amounts of the drug 
have been detected in the CNS in different studies [95, 
156–158]. Radiolabeled PTX, for example, was detectable 
in the brain tissues of mice after intravenous administra-
tion [156]; and radiolabeled DTX was detected in the brain 
of patients with advanced solid tumors in quantities cor-
responding to less than 1% of the total administered dose 
[157]. In another study [95], plasma and brain concentrations 
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of DTX were quantified by mass spectrometry in mice with-
out tumors. Docetaxel brain concentrations reached a peak 
of 28.3 ± 3.2 ng/g 1 h after administration followed by a 
rapid decline within 24 hours, and levels below the limit of 
detection after 48 hours post-injection [95].

Despite their limited passage through the BBB, both 
PTX and DTX have been related to cognitive impairment, 
suggesting that even these small amounts of taxanes that 
reach the CNS may be sufficient to cause serious damage. 
Docetaxel caused object recognition impairment in rats 
shortly after treatment (~ 1–3 weeks), although it did not 
appear to affect spatial reference memory [97]. Similar 
patterns of cognitive impairment were observed in a later 
study using a mouse model [95]. In contrast, opposite results 
were described in another study after DTX administration 
to rats, in which long-term impairment of spatial memory 
was found, but no effect on object recognition was observed 
[88]. Regarding PTX, studies using different drug doses 
and schedules of administration found significant cognitive 
impairment related to spatial memory both in mice [66] and 
rat models [23].

The specific capacity of taxanes to inhibit microtubules 
can distinctly affect neuronal function. Microtubules are 
important for the development and maintenance of neurons, 
providing structural support, participating in neurite growth, 
and mediating axonal transport in the neuron. As such, inter-
ference with microtubule function can culminate in defec-
tive neuronal development [159] and affect hippocampal 
neurogenesis [28]. In this line, treatment with PTX [66] 
was shown to induce the disruption of vesicular zinc stores 
in hippocampal mossy fiber terminals, reducing zinc lev-
els, likely owing to a deficient axonal transport. Zinc is an 
important factor for neurogenesis. As a consequence, the 
authors observed that PTX significantly impaired neuronal 
differentiation in the subgranular zone of the hippocampus, 
together with the induction of cognitive impairment [66].

However, studies in the literature have been proposing 
microtubule-independent mechanisms through which taxa-
nes can lead to CRCI. One of these mechanisms is inflamma-
tion. Taxanes can induce proinflammatory factors, increas-
ing the production of TNF-α and IL-1β in patients and 
animal models [23, 160], and can cause neuronal apoptosis 
in the hippocampus of rats [23]. Although blocking inflam-
mation before PTX treatment may not protect from cognitive 
impairment [161], some studies showed that specific inhibi-
tion of TNF-α can revert PTX-induced impairment of spatial 
learning and memory [23]. Additionally, intermittent treat-
ment with DTX was already shown to elevate the number 
of glial fibrillary, acidic protein-positive activated astrocytes 
in the hippocampus and also to provoke a transient increase 
in autophagy levels in the brain [95]. These patterns appear 
to be consistent with the transient increases in brain levels 
of DTX shortly after each new injection of the drug in mice 

[95]. Docetaxel was also linked to a redox imbalance in neu-
roblastoma cells [162].

Another potential microtubule-independent mechanism is 
the dysregulation of calcium homeostasis. Calcium signaling 
is a crucial factor for several neuronal functions, including 
the control of neurotransmitter release in the synaptic cleft 
and the maintenance of spines and dendrites [163]. Recent 
evidence has suggested PTX-induced intracellular calcium 
signaling alterations as a potential cause of CRCI [158, 164]. 
Mitochondrial dysfunction, through opening of the mito-
chondrial permeability transition pore and loss of mitochon-
drial  Ca2+, is likely involved [165, 166].

Interestingly, treatment with taxanes is associated with 
both peripheral and central neurotoxicity. Peripheral neurop-
athy, for example, is observed upon treatment with taxanes 
both in animals and humans [167, 168]. One of the pos-
sible mechanisms leading to peripheral neuropathy is the 
dysfunction of microtubules in dorsal root ganglia, axons, 
and Schwann cells [167, 169], but other studies also sug-
gest calcium signaling dysregulation as a potential cause 
[170–172]. By altering microtubule dynamics and causing 
mitochondrial dysfunction, taxanes damage the peripheral 
nerves, which then triggers both peripheral and central 
inflammation [173], and the latter can be a potential cause 
to CRCI, as already mentioned.

Importantly, the solvents used to solubilize taxanes in 
aqueous medium can be an additional source of neurotoxic-
ity. Although polyethoxylated castor oil (Cremophor EL), 
for example, has a low volume of distribution to the tissues, 
it has been shown in in vitro studies to lead to axonal degen-
eration and demyelination [174].

2.4  Other Classes

2.4.1   Antimetabolites

Antimetabolites used to treat BC mainly include 5-fluoro-
uracil (5FU), methotrexate (MTX), and capecitabine, which 
are small molecules that interfere with cellular metabolism. 
Acting as false substrates for enzymes involved in the DNA 
or RNA synthesis, these molecules impair nucleic acid syn-
thesis and progression through the cell cycle [175].

5-Fluorouracil, a fluorinated analog of uracil, inhibits 
thymidylate synthase, blocking the synthesis of thymidine. 
5-Fluorouracil penetrates the brain by passive diffusion, 
readily crossing the BBB [176]. In this way, 5FU concen-
tration in the cerebrospinal fluid can reach 11–50% of the 
serum concentration [177]. Potential neurotoxic effects 
associated with this drug have been investigated, including 
CRCI.

Systemic treatment with 5FU alone caused a syndrome 
of delayed myelin destruction in the CNS of mice, lasting 
for 6 months after treatment [33]. A significant reduction 
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in proliferation and an increase in apoptosis in neurogenic 
regions after treatment was also observed. The degeneration 
caused by 5FU seemed to have no correlation with chronic 
inflammation or vascular damage, representing yet another 
mechanism of CNS degenerative damage [33]. Reduction in 
neural cell proliferation in the dentate gyrus of hippocampus 
in mice [28] and decreased levels of BDNF and doublecor-
tin, markers of immature progenitor cells, in rats after 5FU 
treatment were also reported [117].

Regarding the evaluation of cognitive symptoms in pre-
clinical models, subtle impairment in object recognition 
[106], slight deficits in spatial memory [117], or more sig-
nificant effects on cognition [111] have been reported. How-
ever, in other studies, 5FU affected neither memory function 
nor object recognition [49]. Differences in animal species, 
drug doses, treatment frequency, and the cognitive perfor-
mance tests used may account for the discrepancies found 
among studies, although these significant variations may 
indicate that the deficits caused by 5FU are subtle [177].

Methotrexate, a folate antagonist (inhibiting dihydrofolate 
reductase), is also shown to have an impact on the CNS. 
Regimens containing MTX and 5FU together caused an 
increase in IL-1α levels in the rat brain [178]. In addition, 
MTX alone was found to cause chronic microglial activation 
and astrocyte reactivity, which further leads to a dysregula-
tion in the oligodendrocyte lineage cells in mouse models 
[41]. This dysregulation significantly affects myelin produc-
tion and impairs cognitive function. The myelination process 
impairment is likely related to BDNF signaling disruption in 
oligodendrocyte cells by MTX [40]. The white matter dam-
age seems to be a common characteristic of antimetabolite 
agents.

Capecitabine, as an oral antineoplastic prodrug of 5FU, 
can potentially cross the BBB [179] and cause similar 
damage to the CNS. However, in a clinical trial that com-
pared the isolated prodrug with the regimens CMF and AC 
(consisting of DOX plus CP) [100], measurements of self-
reported cognitive function performed before and after treat-
ment showed that average cognitive function scores for all 
treatments remained within “normal ability”, and did not 
differ among groups.

2.4.2  Platinum‑Based Compounds

Platinum-based compounds cause cytotoxicity because of 
a direct interaction with DNA bases (especially purines), 
causing DNA crosslinking (monoadducts, inter-strand or 
intra-strand crosslinks) [180]. This results in inhibition of 
DNA repair and/or DNA synthesis in cancer cells. Carbo-
platin, cisplatin, and oxaliplatin are the most popular drugs 
in this group. Cisplatin crosses the BBB, especially through 
uptake mediated by the copper transporter 1 protein. Direct 
damage to mitochondrial DNA has been implicated as one 

of the main mechanisms behind cisplatin-induced and pos-
sibly other platinum compound-induced cognitive impair-
ment. Cisplatin-induced mitochondrial DNA damage results 
in mitochondrial dysfunction and structural abnormalities 
that can increase oxidative stress levels and lead to apopto-
sis. As neurons, especially dendritic and presynaptic regions, 
are rich in mitochondria, they are also extremely vulnerable 
to cisplatin [36]. Recently, it has been suggested that a treat-
ment regimen including carboplatin led to a more significant 
shortening of telomeres in blood cells of patients with BC 
than other regimens, although it is not certain whether this 
effect is associated with significant cognitive deficits [181].

3  Clinical Manifestations of CRCI in Patients 
Treated with Different Chemotherapeutic 
Regimens

Several chemotherapy regimens are considered appropriate 
for the treatment of patients with early-stage BC [182]. In 
general, multiple drug regimens containing an anthracycline 
(DOX or EPI) and a taxane are selected for the treatment 
of patients with high-risk disease, while shorter and less 
complex regimens may be used for patients with lymph 
node-negative or certain lymph node-positive BC with more 
favorable disease biology. There are also non-anthracycline-
containing regimens (Table 1).

The chemotherapy regimen selection is made consider-
ing multiple patient and disease factors. Treatment choice 
depends on BC stage and on receptor status [195]: hormone 
receptor-positive, HER2-positive, or triple-negative BC. It 
also depends on the estimated risk of recurrence and relative 
risk reduction effect of chemotherapy, balanced by drug tox-
icity profile, patient comorbidities, and patient preferences. 
The main findings regarding CRCI manifestations in patients 
after chemotherapy for BC are discussed below.

3.1  Anthracycline‑Based Regimens

In a recently published meta-analysis, DOX-containing 
regimens were shown to significantly impair the cognition 
of patients with BC compared with healthy controls [196]. 
In a study evaluating patients with early-stage BC (median 
age 52.4 years), standard-dose AC adjuvant chemotherapy 
induced significant deterioration in delayed memory (affect-
ing 19% of the patients, as assessed up to 30 days after treat-
ment), although not altering immediate memory and verbal 
learning process [64]. Moreover, AC chemotherapy was also 
shown to negatively impact semantic memory in patients 
with early-stage BC [69]. Other longitudinal studies evaluat-
ing both AC and AC-T regimens observed that 1 week after 
completion of chemotherapy, 52% of women experienced 
a decline in a variety of cognitive domains, including total 
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cognitive score, attention, delayed memory, motor function, 
and visuospatial skills [109, 118]. In that cohort, 23% were 
classified as having cognitive impairments at baseline. At 
the 6-month follow-up, 20% of patients still had a significant 
decrease from baseline scores for two or more tests, 7% had 
some improvement, and the remainder were stable [109]. In 
a study evaluating the effects of anthracycline-based chem-
otherapies including AC, AC-T, FEC (5FU plus EPI plus 
CP), and FEC-T (FEC followed by a taxane) in 418 newly 
diagnosed patients with BC with no cognitive impairment at 
baseline, approximately 8% of patients presented with inci-
dent cognitive impairment during the first year of follow-up. 
In particular, patients receiving AC (regardless of the use of 
taxanes) had a significantly higher risk of developing cogni-
tive impairment than those not treated with chemotherapy 
[70].

Association between cognitive impairment and changes 
in white matter integrity, evaluated by magnetic resonance 
imaging (MRI), has been observed in several studies of 
patients with BC treated with anthracycline-based regimens. 
For instance, patients treated with AC or AC-T and anti-
estrogen therapy had a slower processing speed combined 
with lower fractional anisotropy, a measure of white matter 
integrity in MRI, in the genu of corpus callosum (responsi-
ble for communication between brain hemispheres), when 
compared with healthy controls [120]. Furthermore, patients 
receiving AC, AC-T, or FEC had a decline in white mat-
ter integrity in the superior longitudinal fasciculus and 
corticospinal tract detected after 6 months of treatment, 
when compared with patients who did not receive systemic 
chemotherapy [60]. In another study, a comparison between 
the effects of anthracycline-based and non-anthracycline-
based regimens on cognitive status and functional brain 

connectivity, performed 2 years after treatment, demon-
strated that the anthracycline-based group had significantly 
lower verbal memory performance (including immediate and 
delayed recall), as well as lower left precuneus connectivity 
compared with the non-anthracycline or no systemic chem-
otherapy groups, suggesting decreased efficiency of infor-
mation processing [81]. Other reports showed that adjuvant 
therapy with EPI and DTX [51], or EPI plus CP plus DTX 
(followed by tamoxifen) [197], was also capable of affecting 
the integrity of white matter, and this lower integrity was 
correlated with poorer performances in neuropsychological 
scales [51, 197]. Finally, MRI analyses revealed that patients 
treated with both anthracycline or non-anthracycline regi-
mens demonstrated significantly increased brain perfusion 1 
month post-treatment relative to baseline, particularly in the 
right precentral gyrus [92]. This perfusion increase was neg-
atively correlated with baseline overall neuropsychological 
performance, and may reflect a compensation mechanism for 
chemotherapy-induced cellular, vascular, or tissue damage.

Neuropsychological tests did not reveal differences 
in cognitive function between patients treated with FEC 
chemotherapy and healthy controls 6 months after treatment 
[112], even though treated patients still were up to three 
times more likely than controls to rate themselves as cogni-
tively impaired. However, in another longitudinal study, both 
FEC and FEC-T regimens had significant negative effects on 
cognitive performance [50, 68]. In a short-term assessment 
(after completion chemotherapy), a broader range of cogni-
tive abilities was affected in the taxane-added group. Nev-
ertheless, cognitive dysfunction in attention and executive 
functions was still found in both groups after approximately 
75 weeks from baseline [68]. Importantly, authors observed 
the importance of correcting for practice effects on repeated 

Table 1  Adjuvant or neoadjuvant chemotherapy regimens for the treatment of patients with early-stage breast cancer

HER2-negative disease Doxorubicin/cyclophosphamide × 4 cycles (AC) [183, 184]
Docetaxel/cyclophosphamide × 4–6 cycles (TC) [185]
Cyclophosphamide/methotrexate/5-fluorouracil (CMF) × 6 cycles [183]
Dose-dense doxorubicin/cyclophosphamide × 4 cycles followed by dose-dense paclitaxel × 4 cycles (ddAC-ddT) [186, 

187]
Doxorubicin/cyclophosphamide × 4 cycles followed by 12 weeks of paclitaxel (ddAC-wT) [188]
Docetaxel/doxorubicin/cyclophosphamide × 6 cycles (TAC) [186, 189]

HER2-positive disease Doxorubicin/cyclophosphamide × 4 cycles followed by 12 weeks of paclitaxel and trastuzumab with or without pertu-
zumab (AC-TH/P) followed by trastuzumab with or without pertuzumab (over a 40-week duration) [190, 191]

5-fluorouracil/epirubicin/cyclophosphamide × 4 cycles followed by docetaxel and trastuzumab with or without pertu-
zumab × 4 cycles (FEC-TH/P) followed by trastuzumab with or without pertuzumab to complete 18 cycles within a 
year [191]

Docetaxel/carboplatin/trastuzumab ± pertuzumab × 6 cycles (18 weeks) TCH/P followed by trastuzumab ± pertu-
zumab (over a 34-week duration) [191, 192]

Paclitaxel and trastuzumab weekly × 12 weeks (TH or APT regimen) followed by trastuzumab × 40-week duration 
[193]

Pertuzumab, trastuzumab, and taxane (either paclitaxel or docetaxel) × 12 weeks total followed by doxorubicin/cyclo-
phosphamide × 4 (THP-AC) followed by trastuzumab with or without pertuzumab (over a 40-week duration) [194]
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assessments with cognitive tests when analyzing neuropsy-
chological test results to detect decrements in cognition [50].

Comparably to FEC or FEC-T, treatment with FAC or 
FAC-T (5FU plus DOX plus CP with or without taxanes) 
have been shown to significantly impair cognitive perfor-
mance. When evaluated during or shortly after chemo-
therapy, 65% of patients with BC demonstrated cognitive 
decline (compared with 21% at baseline) [9]. At a long-term 
evaluation, approximately 1 year after chemotherapy, 61% 
demonstrated cognitive decline. In this study, 71% showed 
continuous decline, while 29% presented new delayed cog-
nitive decline. Deficits in cognition were most common in 
the domains of learning and memory, executive function, 
and processing speed; improvements in late intervals were 
rare [9]. Cognitive impairment upon FAC treatment was also 
self-reported by patients with BC [198].

3.2  Non‑Anthracycline‑Containing Regimens

A series of cross-sectional studies evaluating patients with 
BC (age range 50–80 years) who received CMF chemo-
therapy (CP plus MTX plus 5FU) investigated its effects 
on cognitive performance, inflammation levels, and white 
matter integrity up to 20 years after the end of treatment. 
The results of these studies have shown that patients treated 
with chemotherapy still presented with lower cognitive 
scores compared with healthy controls, mainly in tests of 
immediate and delayed verbal memory, processing speed, 
executive functioning, and psychomotor speed [103]. A 
significantly long-term, worse fine motor functioning was 
detected in treated patients, and age was generally associated 
with poorer performances [84]. A lower general cognitive 
factor was associated with higher levels of blood inflamma-
tory markers in BC survivors [53]. No significant difference 
was observed in white matter integrity. However, within BC 
survivors, time since treatment was inversely associated with 
lower global and focal white matter integrity [94].

In another cross-sectional study, impairment in cognitive 
function was found in 28% of patients with BC treated with 
CMF chemotherapy compared with 12% of the patients in 
the non-chemotherapy control group up to approximately 2 
years after treatment [127]. This cognitive impairment was 
unaffected by anxiety, depression, fatigue, and time since 
treatment.

In a longitudinal study evaluating the effects of CMF, 33% 
of the treated patients were classified as cognitively impaired 
about 1 year after treatment, compared with 10% of the sub-
jects in the control group (healthy women) [119]. Four years 
after the first evaluation, a neurophysiological analysis (elec-
troencephalogram) was carried out. CMF-treated patients 
who were cognitively impaired in the first assessment had 
compatible electroencephalogram abnormalities and made 
more errors in an information-processing task compared 

with unimpaired patients who received CMF. These results 
indicate that the neurocognitive problems found 1 year after 
treatment may persist as neurophysiological abnormalities 
until 5 or more years after treatment [119]. However, CMF-
related deficits in attention and concentration, particularly 
involving executive functioning, may return to normal levels 
with time after treatment [101]. In a longitudinal analysis of 
patients with BC treated with either CMF or EC/CMF (EPI 
plus CP and then CMF), it was observed that, on completion 
of chemotherapy, a significant impairment occurred in short-
term verbal memory and verbal learning, which improved 6 
months later [121]. In all other domains, the cognitive func-
tion either remained stable or even improved.

CMF chemotherapy was compared to the AC-T regimen 
in a cross-sectional study of patients with advanced or met-
astatic BC approximately 3.3 years after treatment [114]. 
There were no significant differences between the groups in 
stress-related variables. However, functional MRI revealed 
that women who received CMF demonstrated lower pre-
frontal cortex activation during memory encoding compared 
with healthy controls and with women treated with AC-T, 
suggesting that they may have more difficulty attending to 
stimuli and/or engaging in organizational or mnemonic strat-
egies for memorization [114]. In general, women with BC 
treated with chemotherapy had significantly lower prefron-
tal cortex activation during the memory encoding condi-
tion, showing significantly greater activation than controls 
during the recall condition in multiple and diffuse brain 
regions. This diffuse activation probably reflects a signifi-
cant increase in neural effort to recall a stimulus that was not 
properly encoded [114]. In another longitudinal study, CMF 
was compared to AC/FAC treatments in patients with early-
stage BC [104]. Results revealed that the levels of inflam-
matory cytokines IL-6, IL-8, and monocyte chemoattract-
ant protein-1 increased in the AC/FAC group and decreased 
in the CMF group after treatment, indicating that AC/FAC 
chemotherapy is more cytokine inducing than CMF. Objec-
tive neuropsychological tests were not performed, although a 
self-reported cognitive evaluation indicated that heavy head-
edness, difficulty thinking, and difficulty with concentration 
were all higher in the AC/FAC group; muddled thoughts 
were higher in the CMF group, and forgetfulness was the 
same in both groups [104].

3.3  Other Analyses

There may be a dose-dependent effect of chemotherapy on 
CRCI [99, 199]. In the past, many women with high-risk 
early-stage BC were treated with high-dose chemotherapy 
and bone marrow/stem cell support. A group of studies 
sought to evaluate the effects in CRCI of high-dose chemo-
therapy with CP plus thiotepa plus carboplatin (HD CTC), 
compared with standard-dose FEC treatment, CMF, or no 
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chemotherapy. Neuropsychological tests, after correction 
for the practicing effects of a repeated assessment, indi-
cated a higher deterioration in cognitive performance over 
time (~ 12 months after chemotherapy) in patients who 
received HD CTC when compared with healthy controls 
(25% vs 6.7% of patients), and such a difference was not 
observed for standard-dose FEC or no chemotherapy [123]. 
In a cross-sectional evaluation 4 years after treatment, 
analysis of brain electrophysiology showed that patients 
treated with HD CTC had abnormal electroencephalo-
grams (reduction in P3 amplitude) compared with patients 
not treated with systemic chemotherapy [124]. Cognitive 
dysfunction in these patients, however, seemed to be tran-
sient. As indicated in another follow-up study, 4 years 
after treatment both subjective and objective cognitive 
performances improved in patients treated with HD CTC 
or FEC when compared with assessments made 2 years 
after chemotherapy [126]. Nevertheless, it is important to 
mention that for the HD CTC group, 45% of the patients 
classified as cognitively impaired on the first assessment 
(2 years after chemotherapy) could not participate on the 
second assessment (4 years after chemotherapy) because 
of relapse or death; for the FEC group, this percentage was 
33%. For patients treated with CMF, no objective cognitive 
deficits were observed 4 years after chemotherapy when 
compared to the control, although patient complaints in 
both assessments were significantly higher [126]. Finally, 
a different study compared the effects of standard dose 
EC-T chemotherapy (EPI plus CP followed by PTX) ver-
sus high-dose E-T-CMF (EIP followed by PTX followed 
by CMF) as neoadjuvant chemotherapy in patients with 
early-stage BC. Toward the completion of chemotherapy, 
approximately a quarter of patients showed a decline in 
cognitive function (27%), whereas another quarter dem-
onstrated improvement (28%), and the remaining patients 
had stable cognitive performance. There were no effects 
associated with the treatment arm and no consistent pat-
tern of affected cognitive domains [122].

Treatment with the TC combination (DTX plus CP) was 
investigated for the induction of changes in cognition and 
brain MRI in older patients with early-stage BC (age > 60 
years) [58]. No significant differences were observed in 
brain volumes between patients receiving chemotherapy 
and a healthy control group; however, there was a treat-
ment-specific reduction in the temporal lobe volume of 
patients receiving TC compared with healthy controls and 
with patients treated with non-TC chemotherapy. A reduc-
tion in verbal reading recognition scores was also detected 
in TC-treated patients compared with controls [58]. TC 
chemotherapy was also observed to elevate the blood cor-
tisol levels, which were correlated with poor performances 
in short-term memory tests during chemotherapy [98].

3.4  Endocrine Therapy

In many cases, in addition to chemotherapy, patients also 
receive endocrine therapy. Endocrine therapy is typically 
initiated following completion of chemotherapy and is usu-
ally administered for years. Although an evaluation of the 
association between endocrine therapy and CRCI is not in 
the scope of this review, these treatments have also been 
implicated in cognitive impairment [116, 200–202]. Recent 
clinical studies suggest that the effects of endocrine therapy 
alone on cognitive impairment may equate those of chem-
oendocrine therapy in long-term assessments [201].

4  Possible Therapeutic Interventions 
for CRCI

An increasing number of interventional strategies have been 
proposed considering the CRCI mechanisms. Nevertheless, 
there is still no standard treatment for patients, and the clini-
cal approach consists mainly of symptom management [163, 
203]. The repurpose of drugs is one of the most investigated 
strategies, together with non-pharmacological approaches 
including cognitive training and rehabilitation, physical 
activity, and dietary approaches.

With regard to drug repurpose, several clinical trials 
have been conducted using psychostimulants (modafinil 
and methylphenidate [46, 204–209]) antidepressants [210] 
(fluoxetine [46]), acetylcholinesterase inhibitors (donepezil 
[211, 212]), and anti-inflammatory and antioxidant drugs 
[213] (sodium 2-mercaptoethane sulfonate [36, 90, 110], 
flavonoids and polyphenols [57, 59, 214, 215]), among oth-
ers [216–218].

Among the CNS-acting drugs tested against CRCI, two 
out of three main studies that have investigated the effects of 
modafinil in CRCI showed improvements in some aspects of 
cognitive function [205, 206]. For methylphenidate, a stimu-
lant that enhances dopamine and norepinephrine availability, 
unfortunately, two initial studies failed to improve cogni-
tive function of cancer survivors [207, 208]. However, a 
third and more recent randomized trial indicated benefits 
of the drug for verbal learning, memory, visual perception, 
analysis, and scanning speed [209]. Antidepressant drugs 
such as fluoxetine, likely owing to their capacity to increase 
neurogenesis in the adult hippocampus [210], were shown 
to improve memory function in neurodegenerative disorders 
by increasing the levels of BDNF and promoting hippocam-
pal neurogenesis [46]. Additionally, the acetylcholinesterase 
inhibitor donepezil, currently used to treat Alzheimer’s dis-
ease, was also reported as able to mitigate oxidative stress 
and inflammation [211], and was shown to improve verbal 
memory in BC survivors who underwent adjuvant chemo-
therapy [212].
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As already discussed, chemotherapy-induced inflamma-
tion can further generate oxidative stress. Sodium 2-mercap-
toethane sulfonate, an antioxidant, neutralizes free radicals 
and oxidative products generated by chemotherapy [36]. 
Two preliminary clinical studies also revealed that sodium 
2-mercaptoethane sulfonate co-administration decreased 
plasma levels of TNF-α [90, 110] and its receptors [90]. In 
addition, flavonoids and polyphenols, acting as free radical 
scavengers, also have the potential to reduce oxidative stress 
[57, 59, 214]. However, despite several studies investigating 
these agents, most natural plant-derived compounds did not 
reach clinical trials so far, and their efficacy in patients with 
cancer remains uncertain. As an example, a Ginkgo biloba 
extract administration showed no differences in subjective 
or objective measures of cognitive function compared with 
a placebo [215].

Finally, chemotherapy-related anemia could predispose 
patients to fatigue and cognitive dysfunction [216, 219]. 
Nevertheless, epoetin-alpha, a cytokine that stimulates red 
blood cell production, failed to demonstrate a clear and dura-
ble benefit in clinical studies against CRCI in women after 
DOX-based adjuvant or neoadjuvant chemotherapy for BC 
[216, 217].

Among the non-pharmacological interventions, diets con-
taining aliments with anti-inflammatory properties are one 
of the lifestyle approaches investigated to prevent or treat 
CRCI. Omega-3 enriched diets, for example, are known for 
having protective properties against neuroinflammation [42, 
52], likely through the anti-inflammatory activity of the fatty 
acids eicosapentaenoic acid and docosahexaenoic acid [52]. 
Thus far, however, dietary approaches were mainly tested in 
pre-clinical models with modest results regarding improve-
ments of cognitive performance [220].

Other interventions to CRCI that are non-pharmacologi-
cal include cognitive training and rehabilitation. Cognitive 
training normally involves guided practice on standardized 
tasks designed to reflect specific cognitive functions (e.g., 
memory or attention), and may be offered by individual or 
group sessions with therapist support [221]. In contrast, cog-
nitive rehabilitation refers to an individualized approach to 
help people with cognitive impairments. Instead of enhanc-
ing performance on particular cognitive tasks, the emphasis 
is on improving functioning in the everyday context [221]. 
Both cognitive rehabilitation and training have been long 
used to help patients with dementia at different stages, and 
are now being widely tested for CRCI [222]. Thus far, how-
ever, there are no practice standards established, for exam-
ple, regarding the number of sessions or duration of these 
cognition-focused programs for CRCI.

The Memory and Attention Adaptation Training interven-
tion, consisting of education about chemotherapy-associated 
memory problems and training in memory and attention 
compensatory strategies applied to daily life, was one of 

the first approaches tested in patients with BC. Memory 
and Attention Adaptation Training was shown to improve 
self-reporting of cognitive function, quality of life, and 
standard neuropsychological test performance in one trial 
[223], and improved verbal memory and the spiritual well-
being subscale of a quality-of-life measure in another trial, 
although without changing self-reporting of daily cognitive 
complaints [224]. A similar cognitive rehabilitation program 
with psychoeducation and cognitive exercises improved cog-
nition compared with baseline, especially in the domains 
of memory and processing speed [225]. In a subsequent 
randomized trial, the same cognitive rehabilitation protocol 
showed better performance on different memory and neuro-
cognitive tests [226]. Interestingly, cognitive rehabilitation 
with patient education and the practice of compensatory 
strategies was also suggested as beneficial during chemo-
therapy [227].

The preliminary efficacy of two specific cognitive train-
ings on improving memory (intervention 1) or processing 
speed (intervention 2) showed domain-specific positive 
effects, with memory training improving memory perfor-
mance and speed of processing training improving pro-
cessing speed, and both interventions improved perceived 
cognitive functioning and quality of life [228]. In another 
trial, an individual online cognitive training for execu-
tive function in long-term BC survivors led to significant 
improvements in cognitive flexibility, verbal fluency, and 
processing speed, with marginally significant improvements 
in verbal memory [229]. Contrary to the studies discussed 
above, a randomized trial comparing two different cognition-
focused interventions to a no-intervention group (control) 
within patients with BC after adjuvant chemotherapy did not 
observe significant therapeutic benefits [230]. Both interven-
tions showed improvements in performance for most of the 
neuropsychological parameters. Nevertheless, benefits were 
also observed for the control group, indicating no treatment 
effect [230]. Neurofeedback, a treatment based on training 
the patients to be able to control the upregulation and down-
regulation of brain activity by providing feedback [231], 
significantly improved self-reported outcomes of cognition 
during intervention in BC survivors [231]. In the follow-
up period, participants no longer differed from normative 
populations in three of the four measures evaluated [231].

Finally, physical activity has been associated with 
improvements in cognitive performance and quality of life 
in patients with cancer treated with chemotherapy [232]. A 
comparison of cardiorespiratory fitness, self-reported physi-
cal activity, and cognitive function revealed a significant cor-
relation between exercise behavior and better visual memory 
aspects [233]. In addition, EXCAP (Exercise for Breast Can-
cer Patients), a phase III randomized trial, showed that a 
6-week exercise program during chemotherapy resulted in 
enhancement of total and self-perceived cognitive functions 
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scores together with a reduction in the levels of proinflam-
matory markers [234]. In addition to reducing inflamma-
tion, exercise improves cognitive function, likely owing to 
its ability to protect neuronal integrity and increase both 
hippocampal neurogenesis and the levels of growth factors 
that promote cognitive function [235]. Interestingly, a cor-
relation between physical activity and white matter integrity 
has been determined [236]. The treated patients with cancer 
were more engaged in physical activity, showed less lesions 
in white matter (assessed by MRI), and an improved cog-
nitive performance [236]. Association of physical exercise 
with improvements in neurogenesis was demonstrated in dif-
ferent pre-clinical studies, as in rats treated with DOX [26] 
or MTX plus 5FU [237], for example.

5  Discussion

Chemotherapy-related cognitive impairment is a well-rec-
ognized potential adverse effect of chemotherapy, and many 
important reviews about its incidence, potential risk factors, 
and main clinical characteristics have been previously pub-
lished [238–241]. In the present review, special attention 
was given to understand how the most common chemothera-
peutic agents used to treat BC were potentially linked to 
cognitive impairments, both in terms of molecular mecha-
nisms and clinical manifestations. Chemotherapy-related 
cognitive impairment incidence and clinical manifestation 
patterns may vary according to the specific drug, dose, and 
length of use. It may occur even with drugs that are not 
expected to cross the BBB. Therefore, indirect mechanisms, 
such as those mediated by generated metabolites or toxic 
species (especially inflammatory cytokines and ROS) play 
an important role in triggering cognitive deficits. As could 
be observed by the data discussed here, there is no single 

mechanism leading to CRCI, which is likely caused by a 
blend of processes.

Considering the original articles included in the literature 
survey performed for this review, approximately 85% of all 
clinical and preclinical studies reported cognitive perfor-
mance impairment after treatment with chemotherapeutic 
agents (Fig. 2). The most common agents evaluated in the 
field of BC, either alone or in drug combination regimens, 
were DOX and CP. Among clinical studies evaluating AC 
effects on patients’ cognition, 77% were indicative of impair-
ment. Regimens adding a taxane following AC (AC-T) were 
associated with cognitive impairment in 86% of the reviewed 
original studies. CMF was shown to cause cognitive impair-
ment in 85% of the studies. Not all studies presented data on 
the incidence or prevalence of CRCI among patients, as sev-
eral works provide scores of cognitive performance instead; 
in those who reported, however, CRCI affected up to 75% of 
patients [7]. Baseline cognitive impairment (before chemo-
therapy) was reported in approximately 20–30% of patients 
with cancer, with some studies showing no baseline impair-
ment [68] and one study suggesting almost 50% of patients 
with previous impairments in two or more neuropsychologi-
cal tests [121]. Furthermore, studies have shown that before 
treatment, patients with BC have more intra-individual vari-
ability in cognitive performance, which may reflect disrup-
tions in the allocation of attention or cognitive control in 
different tasks when compared with healthy controls [242].

Most studies in BC with a longitudinal design did not 
follow patients for more than 6 months after the last chemo-
therapy cycle, and assessments of cognitive performance 
occurred at a maximum of around 4 years after chemother-
apy, limiting long-term evaluation of patients. Some longi-
tudinal studies indicated that impairments observed shortly 
after the end of chemotherapy recovered after 6 months 
[109, 121]. Others revealed that impairments persisted after 
more than 1 year post-treatment [9, 68, 119]. It is interesting 

Fig. 2  Percentage of preclinical 
and clinical studies, from the lit-
erature survey of chemotherapy-
related cognitive impairment 
in breast cancer performed in 
this review. reporting cognitive 
impairment. The determination 
of cognitive impairment versus 
no impairment in this analysis 
was solely based on the results 
reported by the authors of each 
paper and does not account for 
publication biases
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to observe that the patterns of time to develop CRCI and the 
persistence of impairment appear to be different between 
patients with BC and those with other solid malignancies 
such as colorectal or head and neck cancer, for which treat-
ments affect cognitive function in a more delayed manner 
[243, 244], progressing over 2 years after treatment [244]. 
The longest time after treatment of BC for which cognitive 
impairment was observed was around 20 years, reported in 
a series of cross-sectional studies in which patients had been 
treated with CMF [53, 84, 94, 103].

A better understanding of CRCI etiologic factors and 
clinical manifestations in patients with BC is crucial to 
improve diagnosis, to facilitate the understanding of epide-
miology, severity, and duration, and to permit the develop-
ment of specific management strategies, either to prevent 
BC or remediate it. As also discussed in this review, several 
pharmacological and non-pharmacological interventions are 
under investigation. However, so far there is still no standard 
of care to prevent or treat CRCI [163, 203], and the clinical 
approach consists mainly of symptom management [204].

6  Conclusions

Chemotherapy-related cognitive impairment has the poten-
tial to become a devastating event for individual cancer 
survivors. Symptoms may affect patients professionally, 
socially, and ultimately interfere with their autonomy. Dis-
cussions as the one presented in this work, added to the 
growing scientific knowledge on the theme, are important 
to help increase the awareness of CRCI, lead to the develop-
ment of more effective diagnostics and treatment, as well as 
improve communication with patients. As people live longer 
and better after BC, non-resolving toxicities become pro-
gressively more relevant, and all these aspects mentioned 
are of ultimate importance to provide the best care to them.
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