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A B S T R A C T   

Breast cancer treatment can induce alterations in blood- and neuroimaging-based markers. However, an over
view of the predictive value of these markers for cognition is lacking for breast cancer survivors. 

This systematic review summarized studies of the last decade, using the PubMed database, evaluating blood 
markers, and the association between blood- or structural neuroimaging markers and cognition across the 
chemotherapy trajectory for primary breast cancer, following PRISMA guidelines. 

Forty-four studies were included. Differences were observed in all blood marker categories, from on-therapy 
until years post-chemotherapy. Associations were found between cognitive functioning and (1) blood markers 
(mainly inflammation-related) during, shortly-, or years post-chemotherapy and (2) white and gray matter 
metrics in frontal, temporal and parietal brain regions months up until years post-chemotherapy. Preliminary 
evidence exists for epigenetic and metabolic changes being associated with cognition, only after chemotherapy. 

This review demonstrated time-dependent associations between specific blood-based and structural neuro
imaging markers with cognitive impairment in patients with breast cancer. Future studies are encouraged to 
include both neuroimaging- and blood markers (e.g. of neuronal integrity, epigenetics and metabolism) to 
predict long-term cognitive effects of chemotherapy.   

Introduction 

With 2.3 million new cases in 2020, female breast cancer is the most 
common cancer type worldwide [1]. Thanks to advances in cancer 
treatment, the number of survivors has grown remarkably and research 
has expanded, focusing on side effects of such treatments. 

Cancer-related cognitive impairment (CRCI) is broadly reported, 
with a wide range (17–78%) of patients being affected, mainly in do
mains of memory, attention, psychomotor speed and executive func
tioning. CRCI can emerge before the start of therapy, during therapy and 
persist up to years after treatment (see recent reviews [2–4]). 

While underlying mechanisms remain largely unknown, CRCI is 

hypothesized to be a complex interaction of vulnerability (i.e. mecha
nisms involved in DNA damage/repair or immune regulation [5]), 
cancer biology, aging, and both direct or indirect toxic treatment effects 
[2,6]. Some chemotherapeutic agents are known to cross the blood brain 
barrier (BBB), which can directly cause brain damage in areas important 
for cognitive functioning. However, given the complexity and duration 
of CRCI, it is unlikely that direct mechanisms of chemotherapy solely 
explain CRCI. Hence, indirect toxic mechanisms of chemotherapy also 
need to be considered to explain CRCI, such as cytokine-induced neu
roinflammation and increased allostatic load in an individual [6]. 
Allostatic load, referring to the cumulative burden of chronic stress and 
live events potentially transitioning to a state in which stress response 
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systems are repeatedly activated, which can for instance be evaluated 
with epigenetics and metabolomics [7]. 

To investigate the ongoing neurobiological influences of chemo
therapy, neuroimaging studies have attempted to uncover the underly
ing neurobiology of CRCI more directly, via MRI and PET sequences. 
Both widespread structural and functional (e.g. metabolic) brain 
changes are observed in cancer patients. For reviews summarizing MRI 
studies, the reader is referred to recent literature [4,8]. Additionally, 
these studies show correlations between cognitive functioning and brain 
metrics, e.g. brain volume or white matter markers [8]. However, a 
comprehensive overview of markers obtained from different imaging 
modalities and their association with (i.e. possibly predictive value of) 
cognitive impairment after breast cancer treatment is currently missing. 

In addition to the acquisition of neuroimaging, blood-based bio
markers provide a more affordable and easily accessible approach in 
identifying cancer patients who are possibly more susceptible for 
cognitive decline throughout time. Increased peripheral inflammation, 
hormonal deregulation, anemia, changes in epigenetic markers or telo
meric length have all been observed after treatment with chemotherapy 
[1,3]. An overview of associations/correlations between cognitive im
pairments and specific circulating factors, cerebral spinal fluid constit
uents, and genetic polymorphisms in diverse cancer populations was 
provided by Castel and colleagues [9]. However, the existing literature 
on this topic has exponentially increased in the last years, for breast 
cancer patients specifically. Furthermore, it is unclear to what extent 
blood-based markers can have an added value to neuroimaging, to un
derstand and prevent cognitive issues following chemotherapy. 

A better understanding of biomarkers and mechanisms of CRCI is 
necessary to be able to identify and characterize subgroups of patients 
who are at risk for CRCI in a non-invasive and cost-effective way. The 
objective of this systematic review is thus to establish a comprehensive 
overview of studies from the past 10 years examining fluid-based bio
markers throughout the trajectory of treatment with chemotherapy for 
breast cancer, as well as cognitive sequelae related to these and neuro
imaging biomarkers. More specifically, based on our systematic search 
we aim to unravel: (1) which fluid biomarkers differ throughout treat
ment with chemotherapy for breast cancer and (2) the time-dependency 
of associations between both fluid-based and markers derived from 
structural neuroimaging and (objective and self-report) cognition 
throughout treatment with chemotherapy. 

Methods 

Protocol 

This review followed the latest PRISMA guidelines [10] and was 
registered with PROSPERO in April 2020 (CRD42020178498). A sys
temic literature search was performed using the PubMed database with 
date restriction from January 1st, 2010 to March 16th, 2020 with the 
latest search on March 16th, 2020. 

Search strategy 

Search strategy was based on four components: “breast cancer”, 
“fluid marker”, “imaging” and “cognition”. These subject headings were 
further elaborated by identifying synonyms and consulting medical 
descriptors, such as MeSH terms. The exact search term can be found in 
Appendix A. 

Eligibility criteria 

Eligibility criteria of studies were established according to the PICOS 
structure [10], following four criteria: (i) the study involved adult 
women scheduled for or treated with chemotherapy (i.e. in any phase or 
at any point in chemotherapeutic treatment) for primary breast cancer; 
(ii) cognitive outcome was assessed (neuropsychological tests or 

self-report questionnaires) and (iii) was linked with a (fluid- or imag
ing-) biomarker and (iv) full text written in English. Studies only using 
cognitive tasks inside the scanner or employing functional MR imaging 
were excluded. 

Study selection 

Two authors (G.S. and J.V.) independently assessed eligibility of the 
articles using the Rayyan system [11] in two stages: (i) studies were 
included, excluded or labelled as ‘maybe’ based on the extracted titles 
and abstracts, (ii) full-text of studies labelled as included and ‘maybe’ 
were assessed for inclusion criteria. Disagreement between the two re
viewers was resolved through discussion, or if necessary, by a third in
dependent reviewer (C.S.). Agreement between the two reviewers at the 
first step (title- and abstract-phase) was strong, κ = 0.877, 95% CI [.81, 
.94] (Appendix C), and after second review and discussion maximized to 
complete agreement. [12] 

Data extraction 

Data on authorship, publication year, number and age of partici
pants, breast cancer stage of patients, administered chemotherapeutic 
agents or protocol, percentage of radiotherapy- and/or endocrine ther
apy- treated patients, menopausal state, specific characteristics of con
trols, timing of assessment, measured biomarkers, cognitive measures, 
questionnaires and main findings for cognition, blood and/or imaging 
markers as well as associations with cognition were extracted from each 
study. 

Risk of bias 

Risk of bias was assessed at study level according to the risk of bias 
QUADAS-2 tool [13] in Review Manager (RevMan) (The Cochrane 
Collaboration, 2014) for the following domains: patient selection, index 
test (biomarker), reference standard (cognitive assessment) and flow 
and timing. Risk of bias signaling questions along with study-specific 
risk of bias assessment can be found in Appendix B. 

Results 

Study selection 

The screening process is shown in Fig. 1. Database search provided a 
total of 829 articles. From these, 768 articles were discarded for not 
meeting the inclusion criteria. Full text of the remaining 59 articles was 
examined in detail, from which 44 were included in the current review. 

Study and patient characteristics 

Characteristics of the included studies are presented in detail in 
Appendix D. Twenty-five studies were conducted in North America, 
seven in Asia, 10 in Europe, one in Australia and one in South America. 
This review comprises a total of 3745 female participants of whom 1642 
(44%) were breast cancer patients treated with chemotherapy (C+), 226 
(6%) were breast cancer patients treated without chemotherapy (C-) and 
1877 (50%) were healthy controls (HC). Most studies (n = 23/44) 
compared C+ patients with a HC group. Eleven studies only investigated 
C+ patients, four studies compared C+ with C- patients and six studies 
included both C- and HC control groups. Sample sizes of the included 
studies were generally small (n = 8–166, median = 24), with only two 
studies including more than 100 breast cancer patients. 

A cross-sectional design was used in 19 studies, a prospective lon
gitudinal design in 25 studies and one study used a combination of both 
designs. Assessments ranged from pre-surgery or -chemotherapy to 20 
years post-chemotherapy. 

Sociodemographic characterization revealed an average age at 
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assessment of 52.93 (SD = 8.26), 52.07 (SD = 6.17) and 56.28 (SD =
10.23) years for the C+, C- and HC participants, respectively. Seventeen 
articles described the race/ethnicity of their participants, although the 
used definitions or categories differed. Most studies (n = 12) used white/ 
Caucasian or non-white/African-American for describing ethnicity of 
their participants, resulting in 82% of these participants being white and 
14% being non-white. Three studies described whether their partici
pants were part of a minority group (not further specified), across which 
32% of the participants were classified as such. Two studies mentioned 
Chinese or non-Chinese as ethnicity, across which 81% of the partici
pants were Chinese. Most studies (n = 27) mentioned menopausal stage 
of participants at time of the assessment. Of those, in their respective 
groups, 51% of the C+ patients, 43% of the C- patients and 37% of the 
HC participants were postmenopausal, although menopausal status for 
this last group was underreported (only 16% known). Clinical charac
terization revealed that most C+ patients were treated with common 
standard-dose multi-agent chemotherapy regimens, containing doce
taxel, epirubicin, doxorubicin, 5-fluorouracil, carboplatin, cyclophos
phamide, methotrexate or paclitaxel, combined with radiotherapy and/ 
or anti-hormone therapy. Twenty articles mentioned breast cancer 
stage; for the total of those C+ patients, 0.12% were in stage 0, 22% in 
stage I, 56% in stage II, 21% in stage III and 1% in stage IV. Of these 20 
articles, six studies also reported breast cancer stage of C- patients: 19% 
were in stage 0, 66% in stage I and 15% in stage II. As expected, breast 
cancer stage of C- patients was generally lower than of C+ patients. 

Risk of bias 

The assessments of risk of bias of the included studies are shown in 
Appendix B. Of all included studies, 41% showed no risk of bias, 30% in 
one domain or unclear risk and 30% in two or more domains. High risk 
of bias was most common for the domain of patient selection (n = 18), 
followed by reference standard (n = 7). Most studies showing a high risk 
of bias in reference standard either used screening instruments which do 
not evaluate multiple cognitive domain scores, enabling domain-specific 
comparison to norm data [e.g., Mini-Mental State Examination (MMSE) 
or Montreal Cognitive Assessment (MOCA)] or did not interpret the 
cognitive results blinded for the results of the biomarker tests. Studies 
showing a high risk of bias in patient selection either applied an age 
restriction (e.g., only women aged 70+ years) or included participants 
based on cognitive cut-off scores (e.g., positive answer on at least a 
subset of questions), both leading to decreased representativeness of 
adult women with breast cancer (target population of this review). 

Blood markers 

Peripheral blood markers were independently analyzed in 20 studies 
and are categorized into six groups: (1) inflammatory mediators, (2) sex- 
and stress hormones, (3) blood cells/proteins, (4) metabolic-, (5) 
neuronal integrity- and (6) epigenetic markers (Table 1). No studies 
investigated CSF markers. Inflammatory mediators were most 
frequently examined, with IL-6 (n = 15), TNF-α/sTNFRII (n = 11) and 
CRP (n = 5) being the most abundant markers. 

Fig. 1. PRISMA flow chart.  
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Blood marker results are discussed in three sections: (1) pre- 
treatment and on-therapy findings, (2) post-chemotherapy findings of 
studies longitudinally investigating C+ patients alone and (3) post- 
chemotherapy differences between C+ patients and study-specific con
trols (C- or HC) (Table 1 and Fig. 2). 

Baseline and on-therapy effects for C+ patients 
Compared to study-specific HCs or cut-off scores, C+ patients pre

sented with higher values of metabolic markers (i.e. LDH [14], choles
terol and glucose [15]) pre-treatment. Additionally, lower Hb values 
were observed when compared to norm values [14], whereas another 
study reported higher Hb values compared to study-specific HCs [15]. 
During chemotherapy, increased levels of inflammatory markers, IL-6 
[16] and sTNFRII [16], blood cells/proteins, G-CSF [17] and VEGF 
[16], and the neuronal marker pNF-H [18] were found, compared to 
baseline levels or C- patients. Additionally, the inflammatory markers 
IL-6, IL-18 and MCP-1 showed dynamic changes with increasing 
chemotherapy cycles, depending on the treatment regime [19]. 

Acute and chronic chemotherapy effects for C+ patients 
With the exception of neuronal integrity markers, all blood markers 

showed acute changes for C+ patients (one week to four months after 
chemotherapy). For inflammatory markers, IL-6 levels increased [20], 
while IL-12 and IL-17 [17] decreased. Considering blood cells/proteins: 
monocyte levels increased, whereas B-cells and CD4+ T-cells decreased. 
[21] Other acute effects were observed for sex hormones, with increased 
FSH and LH and decreased oestradiol shortly after chemotherapy, as 
well as for metabolic markers, with increased triglycerides and 
decreased cholesterol levels [15]. Epigenetic changes included methyl
ation ratio changes for four CpG positions, shortly post-chemotherapy 
[21]. 

Chronic effects (six months to two years) were observed less 
frequently, with increases persisting for some inflammatory markers (IL- 
6, MCP-1, MIP-1β), while most decreased (IL-12, IL-17, IL-6, MCP-1, 
MIP-1β) [17]. Changes in blood cells/proteins were also present, with 
decreases in G-CSF specifically [17]. Methylation ratios changed for 
2199 CpG positions one year post-chemotherapy [22]. 

Acute and chronic group chemotherapy effects for C+ patients compared to 
controls 

Other studies investigated differences in blood markers of 
chemotherapy-treated patients versus controls, for which acute effects 
(one to three months post-chemotherapy) were only observed for in
flammatory markers. While some studies reported higher levels of 
cytokine concentrations in C+ patients (sTNFRII, IL-1ra, CRP), 
compared to C- shortly after chemotherapy [23,24], others did not 
observe differences (IL-1ra, IL-6, CRP [23–25]). 

Chronic effects (six months to 20 years post-chemotherapy) were 
observed for inflammatory, blood cells/proteins and epigenetic markers. 
Higher levels of cytokines were found for C+ patients compared to HC 
(IL-6, IL-1β, IL-2, IL-4, IL-8, IL-10) [25,26] but not compared to C- pa
tients, while others did differ between C+ and C- (CRP, sTNFRII [23, 
24]). This latter effect was observed six months after chemotherapy, but 
not one-year post-chemotherapy. Additionally, C+ patients showed 
higher levels of blood coagulation proteins compared to C- patients [25], 
and higher levels of blood cell ratio’s compared to HC [27]. Lastly, 
increased long-term oxidative DNA damage was found in C+ patients 
when compared to HC [28]. 

Summary 
In summary, differences in blood markers were found both when 

comparing post- to pre-chemotherapy levels and to healthy controls (see 
Fig. 2). Inflammatory markers, such as IL-6 and sTNFRII, were mainly 
examined and most consistently found to be higher or increase shortly 
after ending chemotherapy. 

Imaging metrics 

Regarding imaging metrics, the reader is referred to recent reviews 
summarizing structural neuroimaging findings [4,8,29]. Additionally, in 
Appendix D results are summarized from the included studies in this 
review. 

Biomarkers associated with cognition in C+ patients 

Associations between imaging-derived metrics and cognition were 

Fig. 2. Schematic overview of maximum percentage of patients scoring cognitive impaired or those reporting complaints; blood markers showing alterations over 
time and blood and neuroimaging markers showing associations with cognitive score or complaints, all for chemotherapy-treated patients. 
Note. Patients scoring cognitive impaired or reporting complaints were both defined based on (study-specific) norm scores of cross-sectional findings from studies 
included in this review [14,20,25,31,34,37–39]. Red = blood marker being altered at a given time point over the course of chemotherapy, blue = blood marker 
and/or neuroimaging metric showing an association with cognitive score at a given time point. White = no changes or association at a given time point. Fading of 
colors indicates transitioning to other time point, not strength of associations. Short-term = assessment within one week to four months post-chemotherapy. 
Long-term = assessment within six months to 20 years post-chemotherapy. DWI = diffusion weighted imaging, T1W = anatomical T1 weighted imaging, 
1H-MRS = proton magnetic resonance spectroscopy, 18F-FDG-PET = metabolic fluor-18 fluorodeoxyglucose positron emission tomography. 
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mostly investigated (n = 24), compared to those in blood markers (n =
21). No associations between CSF-based biomarkers and cognition were 
investigated. 

Blood markers 
Of the studies examining associations between blood markers (in

flammatory, metabolic, epigenetic, hormones, blood cells/proteins, 
neuronal integrity markers) and cognition in chemotherapy-treated 
patients, 76% (16 studies) found significant associations (Table 2). All 
but two studies [19,31] investigated associations assessed at the same 
time. In the following sections, blood markers that were associated with 
both objective and self-reported cognitive functioning will be described 
according to the time point of the observed association, i.e. 
pre-treatment (baseline), during chemotherapy, shortly (one week to 
five months) or longer (six months to 20 years) post-chemotherapy. 

Objective cognition-associated blood markers. Pre-treatment effects were 
observed for inflammatory markers and blood cells/proteins. The cy
tokines IL-17 [17] and CRP [31] showed a negative association with 
processing speed and a combined scores of memory and processing 
speed respectively, while blood factors G-CSF and GM-CSF were posi
tively associated with processing speed and executive functioning [17]. 

During chemotherapy, cognitive performance was both negatively 
[17,32,33] and positively [17,32] associated with inflammatory 
markers (e.g. IL-1β, IL-4), with mainly memory and processing speed 
domains being involved. The type of association depended on the 
measured cognitive domain. For instance, IL-1β was found to be 

negatively associated with processing speed on computerized tasks [17, 
32], while its association with attention span was positive [17]. Again, 
CRP levels during chemotherapy were negatively associated with global 
cognitive performance measured from pre- to two years 
post-chemotherapy [31]. No associations were found during chemo
therapy between blood cells/proteins (i.e. albumin, Hb) [14], meta
bolic- (i.e. creatinine, LDH) [14] or a neuronal integrity indicator (i.e. 
pNF-H) [18] and global cognitive performance. 

Regarding the studies using short-term assessments (one week to 
three months after treatment), no associations were found with objec
tive cognitive performance, not with an inflammatory marker (TNF-α) 
[20], nor metabolic markers (cholesterol, glucose, triglycerides), blood 
cells/proteins (blood cell concentration, Hb), or hormones (i.e. oestra
diol, progesterone) [15]. 

After a longer (six months to 20 years) interval since ending 
chemotherapy, inflammatory markers (e.g. IL-1β, IL-6, TNF-α) were 
both positively [17,34] and negatively [17,25] associated with global 
cognition [25,34] and specific cognitive domains (e.g. processing speed 
and memory) [17]. While most studies reported linear relationships (i.e. 
higher/lower cognitive performance was associated with a higher/lower 
inflammatory marker concentration), some showed non-linear re
lationships (i.e. high/low cognitive performance was associated with a 
specific inflammatory profile) [35,36]. Furthermore, one study found a 
negative association between CRP levels six months post-chemotherapy 
and a change in global cognitive functioning from pre- to six months 
post-chemotherapy. [31]. A few studies however reported the absence of 
significant associations between cytokines and memory [23,26], 

Table 2 
Cognition-associated Blood Markers in C+ Patients (21 studies).  

Category marker Cognition Baseline On-therapy Short-term Long-term References 

Inflammation Objective - IL-17 
- CRP * 

- IL-1β, IL-4, IL-8, IL- 
12, sTNFRI 
- CRP * 
+ IL-1β, IL-4, IL-7, IL- 
5, IL-8, IL-13, IL-17 

Null finding : TNF-α - IL-1β, IL-5, IL-6, IL-7, IL-8, IL-10, IFNγ, MCP-1, 
TNF-α 
- CRP * 
+ IL-2, IL-4, IL-5, IL-7, IL-12, IL-17, MIP-1β, IGF-1 
IL-1β, IL-2, IL-7, IL-8, IL-10, TNF-α (together with 
3 neuronal markers, BMI, age and education) 
explained 71% of the variance in cognition 
Null findings : IL-6, sTNFRII 

[17,20, 
23–26, 
31–36]  

Self- 
report 

/ - IL-1β, IL-6 
+ IL-4 
Δ MCP-1 
Null findings: IL-6, IL- 
10, MCP-1 and 
sTNFRII 

- IL-6, sTNFRII 
Null finding: TNF-α 

- IL-6 
+ IGF-1 
Δ sTNFRII 
Null findings: CRP, IL-6, TNF- α 

[14,19,32] 

Sex and stress 
hormones 

Objective / / Null findings : oestradiol, 
progesterone 

/ [15] 

Blood cells/ 
proteins 

Objective þ G-CSF, GM- 
CSF 

Null finding: albumin, 
hemoglobin, VEGF 

Null findings: blood cell 
concentration, Hb 

- GM-CSF, G-CSF, GRL, PLR, SII 
+ G-CSF 

[15,17,27] 

Self- 
report 

Null finding: 
albumin, Hb 

/ / / [14] 

Neuronal Objective / Null finding: BDNF, 
pNF-H 

/ Aβ− 42, Aβ− 40, tau (together with 13 cytokines, 
BMI, age and education) explained 71% of the 
variance in cognition 
Null finding: pNF-H 

[16,18,37] 

Self- 
report 

/ Null finding: pNF-H / / [18] 

Metabolism Objective / / Null findings: cholesterol, 
glucose, triglycerides 

- rcSO2 [15,34] 

Self- 
report 

Null finding: 
creatinine, LDH 

/ / / [14] 

Epigenetics Objective / / / Δ methylation ratio changes in 56 CpG positions * [22] 
Self- 
report 

/ / Δ methylation ratio 
changes in CpG position 
cg16936953 

/ [21] 

Note. Short-term = assessment within one week to four months post-chemotherapy. Long-term = assessment within six months to 20 years post-chemotherapy. 
+: positive association, -: negative association, Δ: change, * association with cognition factor score measured over time, Aβ: Plasma amyloid beta, C+: chemotherapy- 
treated patients, CRP: C-reactive protein, G-CSF: Granulocyte colony-stimulating factor, GM-CSF: Granulocyte-macrophage colony-stimulating factor, IFNγ: Interferon 
gamma, IGF-1: Insulin-like growth factor 1, IL: Interleukin, LDH: Lactate dehydrogenase, MCP-1: Monocyte chemoattractant protein 1, MIP: Macrophage inflammatory 
protein, pNF-H: Phosphorylated neurofilament H, rcSO2: regional cerebral tissue oxygen saturation, sTNFRI: Soluble tumor necrosis factor receptor I, sTNFRII: Soluble 
tumor necrosis factor receptor II, TNF-α: Tumor necrosis factor alpha. 
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processing speed or executive functioning [23]. Secondly, a negative 
association was found between blood cells (GRL, PLR and SII) and global 
cognitive performance [27], while both negative (GM-CSF and G-CSF) 
and positive (G-CSF) associations were found between proteins related 
to blood cells and cognitive domains, such as memory and processing 
speed. [17]. Thirdly, an inverse association with the metabolic marker, 
rcSO2, and global cognition was reported in one study [34]. Fourthly, 
neuronal integrity- (i.e. Aβ− 42, Aβ− 40, tau) together with inflamma
tory markers (i.e. 13 cytokines) explained 71% of the variance in 
cognition in one study [37]. No such association was found with pNF-H, 
another neuronal integrity marker [18]. Lastly, increases in methylation 
ratios (as can be seen with gene ‘silencing’) were associated with lower 
memory scores one year after chemotherapy and with decreased mem
ory scores from pre-to one year after post-chemotherapy, while no other 
domains (i.e. processing speed, attention and executive function) were 
found to be associated [22]. 

Self-Reported cognition associated blood markers. Baseline association 
between self-perceived cognitive functioning and metabolic markers 
(LDH, creatine) or blood cells/proteins (albumin, hemoglobin) were 
explored, but were not significant [14]. 

Two studies found cytokines to be both positively (IL-4) and nega
tively (IL-1β, IL-6) associated with self-perceived cognitive functioning 
during chemotherapy [19,32], while another study [16] found no such 
relationships. Additionally, changes in a cytokine (MCP-1) were nega
tively associated with changes in self-perceived cognitive functioning, 
while this was not the case for others (IL-6, IL-8) [19]. On-therapy as
sociation of self-perceived cognitive functioning with neuronal markers 
(pNF-H, BDNF) also did not show a relationship [16,18]. 

When evaluating short-term (three to four months post- 
chemotherapy) associations, two studies described a negative 

relationship between inflammatory markers (IL-6 [20] and sTNFRII 
[23], but no association with TNF-α [20]), while another study found a 
significant association between methylation ratio changes four months 
after chemotherapy and self-perceived cognitive decline [21]. 

Long-term effects (one to 1.5 years after chemotherapy) were 
explored in three studies, again focusing on inflammatory markers. 
While one study reported a negative association with IL-6 [24], this 
finding was not replicated by other groups [26,34]. Additionally, IGF-1 
was positively associated with self-reported functioning, while this was 
not the case for CRP or TNF-a [34]. Lastly, declines in the inflammatory 
marker sTNFRII were positively associated with improvement on 
self-reported cognitive functioning [23]. 

Summary of cognition-associated blood markers. Relationships with 
objective cognitive domains, mostly processing speed and memory, 
were primarily investigated, showing that inflammatory markers 
(mainly cytokines) were most consistently associated, particularly dur
ing or years after ending chemotherapy. However, whether the associ
ation was positive, negative, linear or nonlinear depended on the 
specific cytokines and on the used method for assessing cognition. As
sociations with other biological indicators (i.e. blood cells/proteins, 
neuronal integrity- and metabolic markers) were almost exclusively 
found after longer time intervals. Relationships between blood markers 
and self-reported cognitive functioning were investigated to a lesser 
extent and were more heterogenous compared to objective cognition. 

Imaging metrics 
Of the studies exploring associations between neuroimaging-based 

markers and cognitive functioning in patients treated with chemo
therapy, 67% (16 studies) found significant associations (Table 3). All 
but one study [40] assessed imaging and cognition on the same day. In 

Table 3 
Cognition-associated imaging metrics in C+ patients of the included studies (24 studies).  

Category Cognition Baseline On-therapy Short-term Long-term References 

T1W Objective + GM density in frontal, 
temporal, occipital areas 
†

+ Δ GM density 
in frontal gyrus * 

+ GM density in frontal, temporal, occipital 
areas, cerebellum †
- GM density in hippocampus, cerebellum * 
Null finding †

+ GM density in frontal areas * 
+ Δ cortical thickness * 
+ WM volume increase in 
corona radiata, SLF * 
- Δ WM volume reductions in 
corona radiata * 
+ GM density in temporal areas, 
cerebellum, insula †
Null finding †

[28,41,43–45, 
50,51] 

Self- 
report 

/ / + GM density in frontal gyrus * / [55] 

DWI Objective Null finding † / + WM microstructure (FA) in parietal, temporal 
areas * 
+ Δ WM microstructure (FA) in parietal, frontal, 
occipital areas * 
Null findings (FA) *, (FA, MD, RD and AD) †

- WM microstructure (MD) * 
Null findings (MD) *, (FA) †

[38,42,46–48, 
52,53] 

Self- 
report 

/ / + WM microstructure (FA) in frontal and parietal 
tracts * 
+ WM microstructure (FA) in frontal and parietal 
tracts, corona radiata, cingulate gyrus and 
corpus callosum * 

Lower network attack tolerance 
* 
Null finding (FA) †

[39,46,53,59] 

18F-FDG- 
PET 

Objective / / / + metabolism in orbital gyrus * [54] 
Self- 
report 

/ / - metabolism in frontal, temporal areas † - metabolism in frontal, 
temporal areas †

[24] 

1H-MRS Self- 
report 

/ / / - choline and myo-inositol 
concentrations in prefrontal 
cortex †

[57] 

Other Objective / / iron deposition: Null finding † / [49] 
Self- 
report 

/ / / 99mTC-TRODAT-1 SPECT: Null 
finding †

[58] 

Note. Short-term = assessment within two weeks to five months post-chemotherapy. Long-term = assessment within six months to 10 years post-chemotherapy. 
+: positive association, -: negative association, Δ: change, *: whole-brain group imaging analysis, †: Region-of-interest group imaging analysis, AD: axial diffusivity, 
DWI: diffusion-weighted imaging, FA: fractional anisotropy, FDG: fluorodeoxyglucose, GM: gray matter, MD: mean diffusivity, MRI: magnetic resonance imaging, 
MRS: magnetic resonance spectroscopy, PET: positron emission tomography, R: radial diffusivity, SLF: superior longitudinal fasciculus, SPECT: single-photon emission 
computed tomography, T1W: T1-weighted MRI, VBM: voxel-based morphometry, WM: white matter. 
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the following section, neuroimaging metrics associated with both 
objective and self-reported cognitive functioning will be described ac
cording to the time point of the observed association, i.e. pre-treatment 
(baseline), during chemotherapy, shortly (one week to five months) or 
longer (six months to 20 years) post-chemotherapy. 

Objective cognition-associated imaging metrics. Pre-treatment effects were 
found for volumetric assessments, with GM density in the frontal, tem
poral and occipital lobe being positively associated with both processing 
speed and memory [41], while no baseline association was found with 
diffusion tensor imaging (DTI) [42]. In the one study examining asso
ciations during chemotherapy, changes in GM density in the frontal 
gyrus were positively associated with changes in executive functioning 
[43]. 

Shortly (two weeks to five months) after chemotherapy, a positive 
association was found between GM volume in the frontal, temporal and 
occipital areas and processing speed and memory [41] and between GM 
density in the cerebellum and memory [44]. By contrast, another study 
reported no associations between short-term changes in GM reduction 
and changes in oral reading [45]. When investigating WM, a positive 
association was found between WM microstructural measures (i.e. 
fractional anisotropy (FA)) of parietal and temporal areas and attention 
and processing speed [46] and between changes in parietal, frontal and 
occipital WM tracts and changes in attention and memory [47]. Null 
findings were also reported between the same (i.e. FA) and additional 
measures (i.e. mean (MD), axial, radial diffusivity) of WM microstruc
ture [42,48] or iron deposition [49] and cognitive performance. 

Long-term effects (six months to 10 years post-chemotherapy) were 
explored in four studies. Positive associations were found between GM 
density and global cognitive functioning (frontal [28]) or memory 
(temporal area, cerebellum and insula [28]). Additionally, larger de
creases in cortical thickness were associated with lower performance on 
memory tests [50], while no long-term association was found between 
hippocampal volume [51] and cognitive performance. Furthermore, 
increased WM volume in the corona radiata and superior longitudinal 
fasciculus was associated with a better performance for attention for 
younger patients, while WM volume reduction in the corona radiata was 
associated with worse memory scores for older patients. Additionally, a 
negative long-term association between WM injury (as estimated with 
MD) and executive function was found [38], whereas two studies found 
no long-term association between WM microstructure (MD, FA) [52,53] 
and performance on cognitive tests. 

Only one study explored long-term associations with metabolic im
aging markers, demonstrating a positive relationship between glucose 
consumption (FDG-PET) uptake in the orbital gyrus and global cognitive 
performance [54]. 

Self-Reported cognition-associated imaging metrics. No studies explored 
associations between imaging metrics and self-reported cognition either 
pre-or during chemotherapy. 

Four studies investigated short-term (one to five months post- 
chemotherapy) associations. A positive association was found between 
GM density in the frontal gyrus and executive functioning [55]. Addi
tionally, self-reported global cognitive functioning was positively asso
ciated with WM metrics (FA) in frontal and parietal tracts [46,56], as 
well as in the corona radiata, the cingulate gyrus and the corpus cal
losum [43]. Lastly, a negative association between glucose metabolism 
in the frontal and temporal cortex and memory functioning was found 
[24]. 

Long-term associations (six months to five years) were explored in 
five studies. Firstly, while based on diffusion-weighted imaging, one 
study showed an association between structural network efficiency and 
self-perceived global cognitive functioning [39], no long-term associa
tions were found with changes in specific WM tracts [53]. Secondly, 
neurometabolic levels of choline and myo-inositol were negatively 

associated to subjective memory functioning [57]. Thirdly, the negative 
association between glucose metabolism in the frontal and temporal 
cortex and memory functioning observed shortly after ending chemo
therapy, also remained after a long time interval [24]. Lastly, the only 
study employing SPECT did not find a long-term correlation between 
dopamine transporter binding ratio and self-reported global cognitive 
functioning [58]. 

Summary of cognition-associated imaging metrics. Associations with 
objective cognitive domains were more commonly explored compared 
to self-reported cognitive functioning. Across the structural brain im
aging studies, mainly positive associations were found between better 
cognitive outcomes and imaging metrics representing neural integrity or 
volume. Both shortly and longer after ending chemotherapy, cognitive 
domains (mostly processing speed and memory) and self-perceived 
cognitive functioning were frequently associated with WM or GM met
rics in frontal and temporal brain areas, across different imaging 
modalities. 

Discussion 

Our study was the first systematic review to explore blood and 
neuroimaging biomarkers associated with cognition in breast cancer 
patients in the last decade, as well as summarize chemotherapy-induced 
changes in blood markers. Our review shows that blood-based bio
markers are affected in patients with breast cancer over the course of a 
chemotherapeutic treatment, persisting up to years post-therapy. We 
suggest structural brain changes, inflammatory markers and blood/cells 
proteins to potentially provide more insights into individual suscepti
bility to cognitive decline at any timepoint, while the allostatic load 
markers of blood/brain metabolism, neuronal integrity or epigenetics 
could be more robust indicators of long-term cognitive effects of 
chemotherapy. 

Blood and epigenetic alterations associated with chemotherapy 

Our systematic review revealed that changes in blood-based bio
markers are observed before the initiation of therapy and can persist 
over the course of a treatment, until years after ending chemotherapy, 
both when comparing to norm-values or when investigating intrasubject 
changes. 

Firstly, inflammatory markers and blood cells/proteins were found 
to be altered shortly until 20 years post-chemotherapy, with blood 
proteins even differing pre-chemotherapy. The exact mechanisms 
involved in the inflammatory response during cancer therapy are 
currently not fully understood. However, pro-inflammatory cytokine 
levels are known to be acutely induced as a result of tissue injury, for 
instance by tumor growth or after radiotherapy [60]. This review 
demonstrated that mediators of the acute inflammatory phase (such as 
IL-6) remain altered up until years after ending chemotherapy, making 
them interesting targets to investigate in the context of CRCI. Addi
tionally, anemia is a common complication in patients with cancer, 
potentially contributing to the observed pre-chemotherapy differences 
in hemoglobulin levels, although inconsistent. Moreover, an “angio
genic switch” is considered a hallmark of tumor progression, consisting 
of development of angiogenic features and release of angiogenic factors 
[61]. As such factors are also involved in brain vascularization and 
neurogenesis, they serve as an additional interesting candidate to 
investigate chronic susceptibilities to adverse neurotoxic side-effects of 
cancer treatment. It must be mentioned the choice of our blood marker 
categories resulted in some markers (e.g. SII, T cells, B cells, ..) to be 
categorized as blood cell/proteins, while also contributing to immune 
responses. Therefore, these results combined underscore cancer ánd 
treatment effects on blood cells/proteins as well as the long-term in
flammatory state present after treatment for cancer. Secondly, metabolic 
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markers differed pre-chemotherapy and shortly post-chemotherapy. 
Some studies have shown a relationship between lipid metabolism and 
risk for cancer, potentially mediated by activation of inflammatory 
pathways [62], while whole-body metabolic influence on tumor char
acteristics requires further attention [63]. These baseline results 
emphasize the need to control for a subjects’ susceptibilities or comor
bidities when investigating additional treatment effects on metabolic 
and/or blood cell markers. Thirdly, hormones were only altered shortly 
post-chemotherapy, potentially linked to chemotherapy-induced 
menopause [63]. Lastly, evaluation of epigenetic modifications can 
aid in cancer diagnosis and progression assessment and shows promise 
in the context of precision medicine [64]. Although rarely investigated, 
changes in methylation ratio’s as well as increased oxidative DNA 
damage were found in patients, both acutely and chronically after 
chemotherapy. This emphasizes the potential of these markers beyond 
diagnosis. 

These results confirm chemotherapy to have a strong impact on pe
ripheral physiological function, up to years after finishing treatment. 
However, the reported results were very heterozygous in both timing 
and method of assessment, decreasing our ability to synthesize results. 
Although for instance inflammatory markers have received increasing 
attention, large scale longitudinal studies will remain necessary to 
disentangle intrinsic patient characteristics, such as risk factors and type 
of cancer, from treatment effects. Additionally, most studies focused on 
group differences, while individual thresholds are unclear and will need 
to be evaluated to ensure translation into clinical practice. 

Biomarkers associated with cognition 

The majority (i.e. 71%) of the included studies reported significant 
associations between one of the investigated biomarkers and cognition. 
While inflammatory markers and T1w structural imaging were associ
ated with cognitive scores both before and over the entire trajectory of 
treatment, other markers associated in a time-varying matter and were 
mainly investigated in chronic settings. 

Firstly, pro-inflammatory blood markers (e.g. IL-1β, IL-4, IL-6, CRP) 
were associated with cognitive decline or complaints over the entire 
course of a chemotherapy trajectory, until 10 years post-chemotherapy. 
This could suggest inflammation as a potential contributor to the indi
rect neurotoxicity of chemotherapy. Although the mechanisms by which 
peripheral inflammation interferes with neural processing in humans 
are not fully established, there is a body of preclinical research that 
suggests ongoing crosstalk between the immune system and the brain 
[65]. For instance, cytokines are known to be able to cross the blood 
brain barrier, thereby increasing permeability for chemotherapeutic 
agents and facilitating neuroinflammation and central neurotoxicity 
[66]. Consequently, cytokines can induce the process of sickness 
behavior, including feelings of malaise and fatigue, which could partly 
explain associations with cognitive outcomes as well [67]. Associations 
found years post-chemotherapy, suggest that these inflammatory 
markers may also be associated with chronic or delayed CRCI. The study 
of Starkweather et al. (2016) gives some initial evidence for this hy
pothesis by showing negative associations between CRP levels during 
chemotherapy and cognitive functioning from pre- to two years 
post-chemotherapy. However, many cytokines were both positively and 
negatively associated with cognitive decline. As inflammatory markers 
are expected to be interdependent and interact in networks [68], linear 
statistical models are potentially an oversimplification of the underlying 
time-dependent biological processes. Only two studies evaluated 
nonlinear relationships, showing that indeed, significant nonlinear 
biomarker-behavior relationships exist in cancer survivors [36,37]. 
Future studies are therefore encouraged to take into account inflam
matory profiles (i.e. composite scores, longitudinal measures) of subjects 
instead of individual or cross-sectional measured markers. Epigenetic 
alterations associated both shortly and years after chemotherapy with 
cognition, consequently being potential blood markers for chronic CRCI. 

By contrast, associations between cognitive performance and other 
blood markers (i.e. blood cells/proteins, neuronal integrity- and meta
bolic markers), occurred less frequently and exclusively years 
post-chemotherapy, although the same blood markers did show alter
ations throughout the trajectory of treatment with chemotherapy. This 
underscores that, while cancer and its treatment induce peripheral 
psychological function changes, not all changes are individually infor
mative for patients their cognitive outcomes. Nonetheless, especially for 
evaluating long-term chemotherapeutic effects, (mainly inflammatory) 
blood markers provide an easily accessible and valuable add-on for 
neuroimaging to investigate further. The question whether certain blood 
values are earlier precursors for cognitive decline and neuroimaging 
features than others, should be addressed in future longitudinal studies. 

Secondly, our review revealed studies exploring imaging-based fea
tures consistently found white matter tracts and gray matter volume/ 
density in frontal, temporal and parietal areas to be associated with 
cognitive outcomes, both shortly and years after chemotherapy for 
breast cancer. Comparable to inflammatory measures for blood markers, 
structural T1w neuroimaging was mainly investigated and showed 
consistent positive associations of brain volume/density with cognitive 
score, in line with previous research [8]. Consequently, there is evidence 
that such brain volume/density brain changes are associated with the 
phenomenon of CRCI as well as cognitive impairment in general. A 
limited number of studies explored associations with brain metabolism 
or metabolites, showing some initial evidence for relationships with 
self-perceived cognitive functioning from a few months until five years 
post-chemotherapy. However, since pre- and on-therapy associations 
were almost not investigated for other imaging modalities, it is difficult 
to disentangle imaging markers sensitive to specific CRCI effects or 
cognition in general. 

Interestingly, some included studies evaluated both blood and neu
roimaging markers. These studies showed for instance that higher TNF- 
α(-receptor) levels measured shortly or years after chemotherapy were 
associated with lower insular [16] and hippocampal volume [35], sug
gesting that chemotherapy-induced inflammation might directly or 
indirectly contribute to microstructural brain changes. Additionally, 
higher cytokine levels measured before and one year after treatment 
were associated with neural hypermetabolism in breast cancer patients 
treated with chemotherapy (not in patients who were chemotherapy 
naïve). This is consistent with the possibility that an initial inflammatory 
response could set up a cascade with long-term impact on brain meta
bolism and potentially cognitive outcomes. However, the exact biolog
ical underpinnings of these brain changes remain unknown. 
Furthermore, it is important to note that none of these human studies 
could demonstrate causality, which future preclinical work could 
investigate more in detail. 

Finally, as expected, CSF markers were not investigated in this 
population so far. Previous studies of patients with acute lymphoblastic 
leukemia (ALL) receiving (intrathecal and intravenous) methotrexate, 
demonstrated robust links between cognitive domains, such as working 
memory or verbal abilities, and modified CSF components, such as fatty 
acids, phospholipids, and even tau protein. However, these patients 
receive diagnostic lumbar punctures, while this invasive procedure is 
not applied for breast cancer patients. Future research will unravel 
whether CSF-extracted markers could be of added value for diagnostic 
and prognostic purposes of CRCI in patients with cancer involving the 
brain or spinal cord. Meanwhile, less invasive blood and neuroimaging 
markers still require further exploration in other cancer populations 
such as breast cancer. 

Limitations of existing studies and future directions 

Several shortcomings of the included studies in this review should be 
noted. First, the included studies of this review are very heterogenous 
with respect to assessment approach, both regarding neuropsychological 
tests and questionnaires. For instance, for the assessment of attention, 
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more than 10 different tests and for self-perceived cognitive functioning, 
14 different questionnaires were used. Although most studies applied 
batteries of tests, some only used a screening instrument to assess global 
cognitive functioning, such as MMSE and MOCA, which are known to be 
rather insensitive for CRCI [69,70]. Furthermore, cognitive impairment 
criteria widely varied between studies. This could explain the wide 
range of C+ patients (i.e. 1–67%) demonstrating CRCI after chemo
therapy. A standardized, uniform approach for cognitive assessment is 
thus needed. The International Cognition and Cancer Task Force 
(ICCTF) recommended criteria to assess cognitive impairment (i.e. two 
test scores ≤ − 1.5 SD from the normative mean, or a single test score ≤
− 2 SD below the mean) and a core set of neuropsychological tests 
adequate for the phenomenon of CRCI [71], which future studies are 
encouraged to consult. Additionally, the Cancer Neuroscience Initiative 
Working Group (CNIWG) recently recommended using, at a minimum, 
the Cognitive Function Short Form 8a for measurement of self-reported 
CRCI (sr-CRCI) to increase scientific rigor and enable meta-analyses in 
the future [72]. 

Secondly, the included studies widely vary in demographic variables, 
including age, ethnicity, education and menopausal state, and in the 
extent to which these were taken into account. Age has been found to 
moderate the effects of chemotherapy on CRCI, with older patients being 
more prone to neurodegenerative processes and CRCI [2,73]. However, 
a recent population-based study did not support that hypothesis, 
showing similar cognitive profiles among older cancer patients (mean 
74 years) and individuals who remained cancer free [74]. By conse
quence, generalizing results across different age populations could yield 
misleading results and warrants further investigation. As a result of 
different age restrictions (some studies only included patients older than 
60 or 70 years), menopausal state also showed great variance, with 
studies including either only premenopausal, only postmenopausal fe
males or the combination of both. Lastly, education level of participants 
was rarely reported. Since both menopausal status and education have 
showed moderating effects on cognitive outcomes [2,6], generalization 
of the encountered results requires caution. 

A third shortcoming concerns the small sample sizes of the included 
studies (n = 8–166, median = 24). Consequently, the statistical power 
may have been limited. Although it is time consuming and costly to 
acquire large cohorts for brain imaging studies, aggregation of imaging 
datasets of different sites (e.g. with the use of phantom scans) could 
provide a way to overcome these practical and financial challenges [75]. 
Additionally, with the establishments of ‘biobanks’, blood biomarkers 
could be investigated in larger cohorts of cancer patients, increasing 
sensitivity to the potential subtle alterations. 

The present review has focused on associations between blood or 
imaging biomarkers and cognitive functioning, only in chemotherapy- 
treated patients. Consequently, it remains to be investigated whether 
the found associations are unique for chemotherapy-treated patients 
compared to chemotherapy-naïve patients, or rather reflect the contri
bution of other treatments (e.g. anti-hormone, radiotherapy) or cancer 
characteristics. Additionally, not all studies included detailed descrip
tive statistics, including mean values and confidence intervals for bio
markers. For these reasons, and together with the heterogeneity of the 
included studies, pooling of data for a meta-analysis was not possible, 
which would be extremely valuable to determine weighting of the in
dividual biomarkers to the phenomenon of CRCI. 

In this review, we observed i) blood cells/proteins being altered from 
before until years after ending chemotherapy, ii) inflammatory and 
epigenetic changes being induced on- or shortly after chemotherapy and 
persisting chronically and iii) metabolic markers and hormones being 
altered shortly after chemotherapy for cancer and iv) imaging and 
blood-based markers being associated with cognitive scores, on different 
time points throughout the trajectory of chemotherapy. Specifically, 
metrics from diffusion-weighted and metabolic imaging, blood markers 
of metabolism, neuronal integrity or epigenetics were mainly associated 
with cognitive scores post-chemotherapy, primarily when more 

impairment was observed in this population. While other markers, such 
as structural imaging, inflammatory markers, or blood cells/proteins, 
were associated with cognitive scores even before start of chemo
therapy, up until years after ending treatment. Based on these results, we 
provide some indications for future time-specific biomarker assessments 
in patients treated for cancer. More specifically, evaluating structural 
brain changes, inflammation and blood/cells proteins could provide 
more insight into individual susceptibility to cognitive decline at any 
timepoint, while markers of blood/brain metabolism, neuronal integrity 
or epigenetics are more robust to evaluate (long-term) cognitive effects 
of chemotherapy to include in future research. Furthermore, future 
research needs to investigate relationships between peripheral markers 
and central nervous system neurobiological mechanisms in both pre
clinical studies and in vivo studies; i.e. translational projects. Addi
tionally, while this review summarized evidence on several individual 
blood/neuroimaging markers that were associated with cognitive out
comes, future multiparametric studies evaluating a combination of 
biomarkers will be valuable to disentangle loadings of the individual 
markers, to further guide the investigation of valuable non-invasive 
biomarkers for clinical implementation. 

Conclusion 

This systematic review investigated biomarkers of cancer-related 
cognitive impairment in chemotherapy-treated breast cancer patients. 
We provided evidence for chemotherapy to alter several peripheral 
blood markers, and highlighted existing associations between blood 
markers, neuroimaging measures and CRCI during treatment, up to 
years after treatment. Especially for evaluating long-term associations, 
blood markers could provide for a more easily accessible alternative or 
add-on marker to neuroimaging. Yet, more homogeneous, and large- 
scale studies applying the recommendations of the ICCTF and CNIWG 
concerning cognitive assessment and impairment criteria, are advised to 
validate the neurocognitive predictive value of these measures in the 
future. Finally, the time-dependency of associations needs to be clari
fied, to provide the required information on potential future therapeutic 
targets. 
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function prior to cancer diagnosis: a population-based study, JNCI J. Natl. Cancer 
Inst. 112 (5) (2020) 480–488, https://doi.org/10.1093/JNCI/DJZ178. 

[75] S. Deprez, de Ruiter, S. Bogaert, R. Peeters, J. Belderbos, D. De Ruysscher, 
S. Schagen, S. Sunaert, P. Pullens, E. Achten, Multi-center reproducibility of 
structural, diffusion tensor, and resting state functional magnetic resonance 
imaging measures, Neuroradiology 60 (6) (2018) 617–634, https://doi.org/ 
10.1007/s00234-018-2017-1. 

G. Schroyen et al.                                                                                                                                                                                                                               

https://doi.org/10.1002/hbm.21033
https://doi.org/10.1002/hbm.21033
https://doi.org/10.1200/JCO.2011.36.8571
https://doi.org/10.1200/JCO.2011.36.8571
https://doi.org/10.18632/oncotarget.18111
https://doi.org/10.18632/oncotarget.18111
https://doi.org/10.1016/j.mri.2018.07.016
https://doi.org/10.1007/s12640-019-00158-z
https://doi.org/10.1016/j.nicl.2017.03.004
https://doi.org/10.1016/j.nicl.2017.03.004
https://doi.org/10.1002/hbm.21422
https://doi.org/10.1200/JCO.2011.36.8571
https://doi.org/10.1002/gps.4189
https://doi.org/10.1016/j.bbi.2012.05.007
https://doi.org/10.1186/s12885-018-5113-z
https://doi.org/10.1186/s12885-018-5113-z
https://doi.org/10.1007/s11682-013-9228-1
https://doi.org/10.1007/s12149-019-01331-2
https://doi.org/10.1007/s12149-019-01331-2
https://doi.org/10.1038/s41598-018-32257-w
https://doi.org/10.1016/j.bbi.2010.02.004
https://doi.org/10.1016/J.CELL.2011.02.013
https://doi.org/10.1186/S12944-021-01562-1
https://doi.org/10.1186/S12944-021-01562-1
https://doi.org/10.1200/JCO.2005.01.6550
https://doi.org/10.1016/J.SEMCANCER.2018.01.007
https://doi.org/10.3389/fimmu.2018.01195
https://doi.org/10.3389/fimmu.2018.01195
https://doi.org/10.1002/ijc.30252
https://doi.org/10.1016/s0889-1591(02)00077-6
https://doi.org/10.1016/s0889-1591(02)00077-6
https://doi.org/10.1038/ni.3371
https://doi.org/10.1200/JCO.2005.04.6086
https://doi.org/10.1007/s11764-020-00870-2/Published
https://doi.org/10.1007/s11764-020-00870-2/Published
https://doi.org/10.1016/S1470-2045(10)70294-1
https://doi.org/10.1016/S1470-2045(10)70294-1
https://doi.org/10.1093/JNCI/DJAB027
https://doi.org/10.1093/JNCI/DJAB027
https://doi.org/10.1634/theoncologist.2016-0014
https://doi.org/10.1093/JNCI/DJZ178
https://doi.org/10.1007/s00234-018-2017-1
https://doi.org/10.1007/s00234-018-2017-1

	Blood and neuroimaging biomarkers of cognitive sequelae in breast cancer patients throughout chemotherapy: A systematic review
	Introduction
	Methods
	Protocol
	Search strategy
	Eligibility criteria
	Study selection
	Data extraction
	Risk of bias

	Results
	Study selection
	Study and patient characteristics
	Risk of bias
	Blood markers
	Baseline and on-therapy effects for C+ patients
	Acute and chronic chemotherapy effects for C+ patients
	Acute and chronic group chemotherapy effects for C+ patients compared to controls
	Summary

	Imaging metrics
	Biomarkers associated with cognition in C+ patients
	Blood markers
	Objective cognition-associated blood markers
	Self-Reported cognition associated blood markers
	Summary of cognition-associated blood markers

	Imaging metrics
	Objective cognition-associated imaging metrics
	Self-Reported cognition-associated imaging metrics
	Summary of cognition-associated imaging metrics



	Discussion
	Blood and epigenetic alterations associated with chemotherapy
	Biomarkers associated with cognition
	Limitations of existing studies and future directions

	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Funding
	Supplementary materials
	References


