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Abstract Some women report cognitive impairment after ad-
juvant chemotherapy (CTh) for breast cancer. Here we explore
cognitive function, and underlying mechanisms with blood
tests and functional magnetic resonance imaging (fMRI).
Women treated for early breast cancer were recruited to three
groups based on self-reported cognitive symptoms (CS) using
FACT-Cog scores. CTh + CS+ (n = 44) had received chemo-
therapy and self-reported cognitive symptoms; CTh + CS-
(n = 52) had chemotherapy but did not report cognitive prob-
lems; CTh- (n = 30) had not received chemotherapy. Clinical
and computer-based neuropsychological tests were per-
formed. Blood tests included 10 cytokines, sex hormones,
coagulation factors, and apolipoprotein-E genotype. fMRI
(n = 101) was performed while subjects performed an n-

back memory task. Participants had median age 50 (range:
29–60) years and were a median of 17 months post-diagnosis.
On clinical neuropsychological tests 19% had cognitive im-
pairment using Global Deficit Score, and 36% using
International Cancer and Cognition Task Force criteria with
no significant differences in cognitive impairment rates be-
tween groups. CTh + CS+ had significantly more fatigue,
anxiety/depression and poorer quality-of-life than other
groups. There was no association between FACT-Cog and
neuropsychological scores. There were significant differences
in frontal and parietal regions on fMRI scans: CTh- showed
hyperactivation compared to chemotherapy-treated groups,
CTh + CS+ had more frontal activation than CTh + CS-.
Elevated IL-1, IL-2 were associated weakly and IL-8 more
strongly with neuropsychological impairment (rho > 0.20).
There were no differences in global cognitive impairment be-
tween groups. Cognitive symptoms were associated with fa-
tigue and anxiety/depression, but not with objective cognitive
impairment. fMRI scans differed among the three groups.
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Introduction

Adjuvant chemotherapy has improved the survival of women
with breast cancer. However, it may affect the quality of life
(QOL) of survivors, by inducing fatigue(Bower et al. 2000;
Servaes et al. 2007) and cognitive decline.(J. S. Wefel et al.
2011) The mechanisms by which chemotherapy causes cog-
nitive dysfunction are unknown, but might include direct neu-
rotoxicity, alteration of cytokine levels, hormonal changes,
and thrombosis of small cerebral vessels.(Ahles and Saykin
2007) One study suggests greater cognitive impairment after
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chemotherapy in people with the apolipoprotein є4 allele
(APOE є4), also associated with increased risk of dementia
and cognitive changes after trauma.(Ahles et al. 2003).

Previous studies suggest that cognitive impairment after
chemotherapy is associated with structural or functional
changes in the brain that can be detected by magnetic reso-
nance imaging (MRI).(de Ruiter et al. 2011; Inagaki et al.
2007) Functional MRI (fMRI) detects changes in brain acti-
vation and is a non-invasive means of monitoring neurophys-
iological changes.

A limitation of longitudinal cognitive studies following
chemotherapy is that only a small proportion of participants
develop cognitive impairment, making mechanistic studies
difficult. Therefore we designed this study to include women
with breast cancer who either did/did not self-report cognitive
symptoms (CS) following adjuvant chemotherapy, together
with a non-chemotherapy control group. We characterized
cognitive function using comprehensive neuropsychological
tests and explored potential causes of cognitive impairment
with laboratory and fMRI studies. Our primary hypotheses
were that women who received chemotherapy (CTh+) would
have more cognitive symptoms than those who did not
(CTh-), and those who received chemotherapy and reported
cognitive symptoms (CTh + CS+) would have more impair-
ment on neuropsychological tests and differences in activation
on fMRI. Secondary hypotheses were that cognitive impair-
ment would be associated with increased inflammatory cyto-
kines and APOE є4.Our goal was to characterize the cognitive
deficits in those patients who self-report them, and to identify
potential mechanisms for future in-depth evaluation.

Patients and methods

Women were recruited from Princess Margaret Hospital
clinics and patient support groups in Toronto. Participants
were ≤60 years of age, and free of disease after invasive breast
cancer in the previous five years. They completed the
Functional Assessment of Cancer Therapy-Cognition version
2 (FACT-Cog) questionnaire, which assesses perceived cog-
nitive function.(Wagner et al. 2009) Using the FACT-Cog
summary score, excluding questions assessing impact on
QOL, women were assigned to one of four groups: CTh +
CS+ received adjuvant or neo-adjuvant chemotherapy and
had perceived cognitive impairment (FACT-Cog ≤85/168);
CTh + CS- completed adjuvant or neo-adjuvant chemothera-
py and self-reported normal cognitive function (FACT-Cog
≥100); CTh- did not require chemotherapy (irrespective of
FACT-Cog score); women with breast cancer who received
chemotherapy with FACT-Cog score of 86–99 had no further
assessment. The cut off score of ≤85/168 for the FACT-Cog
was based on previous work.(J. Vardy et al. 2006) The reason
for excluding those with intermediate FACT-Cog scores was

to provide greater separation between those who had received
chemotherapy and did and did not report cognitive symptoms.

Patients were excluded for the following reasons: psychi-
atric illness, alcohol abuse or co-morbidity that might interfere
with neuropsychological function; use of psychotropic medi-
cation (apart from sedative benzodiazepines or serotonin re-
uptake inhibitors for hot flashes); non-fluency in English; or
contraindication to MRI.

Participants underwent neuropsychological tests, fMRI,
completed questionnaires and provided blood for laboratory
testing. The neuropsychological tests and questionnaires were
administered over ~2.5 h by a trained research assistant.

The Research Ethics Boards of the University Health
Network approved the study. All participants gave written
informed consent.

Objective neuropsychological tests

Cognitive tests were selected for psychometric properties and
availability of demographically corrected normative data. We
included: (i) clinical neuropsychological tests; (ii) the
Cambridge Neuropsychological Test Automated Battery
(CANTAB) completed on a touch-screen computer, and (iii)
the modified Six Elements Test (SET). (Appendix, Table 1A).

Subjective tests of cognitive function

Participants completed two questionnaires assessing percep-
tion of cognitive function: (i) the 50-item FACT-Cog
v2(Wagner et al. 2009) and (ii) the 34-item Patient’s
Assessment of Own Functioning Inventory (PAFI).(Chelune
et al. 1986).

Self-report questionnaires

Fatigue was assessed by the FACT-F fatigue subscale,(Yellen
et al. 1997) in conjunction with the FACT-G, which assesses
health-related QOL.(D. F. Cella et al. 1993) The 12-item
General Heal th Quest ionnaire assessed anxiety/
depression.(Goldberg 1991).

Laboratory tests

Participants provided a non-fasting blood sample when they
attended for study assessments, to evaluate hemoglobin, elec-
trolytes, creatinine, liver function tests, sex hormones (estra-
diol, FSH, LH), cytokines (interleukin (IL)-1β,-2,-4,-6,-8,-
10,-12, tumour necrosis factor-alpha (TNF), IFN-γ, and
GM-CSF), homocysteine, blood coagulation markers (throm-
bin-antithrombin, prothrombin fragments 1 & 2, d-dimers),
and APOE genotype. Cytokine levels were compared between
groups, and to a convenience sample of women without
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cancer, aged 23–60 years, taken from two prior studies. (J.
Vardy et al. 2014; J. L. Vardy et al. 2007).

Functional MRI and data processing

Imaging was performed on a GE Healthcare Signa 1.5 T HD
MRI scanner. A sagittal T1-weighted spoiled gradient echo
scan of 120 slices was acquired (TR/TE = 12.3/5.3 ms, FOV
256x256mm). For the fMRI runs, three T2*-weighted echo
planar images (EPIs) sensitive to the blood oxygen level de-
pendent (BOLD) signal were obtained, each containing 25
axial slices (TR = 2 s, FOV 64x64mm).

Imaging data were processed and analyzed using SPM8
(Statistical Parametric Mapping; Wellcome Trust Centre for
Neuroimaging, London). After manual reorientation to the
anterior commissure, EPIs containing 224 volumes were
slice-timed, realigned to the first volume. Next, individual
T1 scans were segmented based on gray matter, white matter,
and cerebrospinal fluid. The co-registered EPI and T1 scans
were then normalized to the Montreal Neurologic Institute
reference brain using segmentation parameters. EPIs were
spatially smoothed with an 8 mm full-width-half-maximum
(FWHM) kernel.

fMRI paradigm

During the three fMRI scans each subject performed three
sessions of a working memory n-back task, each session with
a different order of task conditions. Task stimuli were
projected on a screen and subjects pressed a button when a
letter was the same as that presented n-times earlier. There
were 3 conditions: 1-back, 2-back and 3-back, in a blocked
design. Each fMRI scan lasted 7.5 min, comprising five 30-s
trial blocks of each condition, 15 task blocks in total per scan.

Statistical analysis:

This study was expanded from a pilot study with a planned
sample size of 60 (20/group) to 125 women with evaluable
data. Our primary aim was to assess potential associations
between neuropsychological evaluations (clinical tests,
CANTAB, and FACT-Cog) with laboratory tests and fMRI
in the three groups. Prior to reviewing data, the protocol was
modified to also compare the two chemotherapy (CTh+)
groups to the non-chemotherapy (CTh-) group.

All outcomes and patient characteristics were summarized
using standard descriptive statistics for each group.
Neuropsychological tests were organized into cognitive do-
mains using principal components analysis (Varimax with
Kaiser normalisation). (Appendix Table 1A). For clinical tests
and CANTAB, raw scores were demographically corrected to
T or Z-scores respectively, and converted to a deficit rating,
ranging from 0 (T-score ≥ 40 or Z-score > −1 = no

impairment) to 5 (T-score < 20 or Z-score ≤ −3 = severe im-
pairment). Deficit domain scores were derived and averaged
to create a global deficit score (GDS) for each subject.(Carey
et al. 2004) Impairment on individual cognitive tests was de-
fined as a T-score < 40 or Z-score ≤ −1.

Global cognitive impairment was defined in two ways: (i) a
priori by a GDS >0.5, and (ii) in accordance with subsequent
International Cognition and Cancer Task Force (ICCTF) rec-
ommendations of 2SD below normative means on at least one
cognitive test or greater than 1.5SD below on two or more
tests.(J. S. Wefel et al. 2011) Ingraham and Aiken (1996)
probability equations were used to determine if cognitive im-
pairment exceeded expectation with use of multiple measures.
For the SET, a profile score was calculated from 0 to 4, with 4
indicating good functioning.(Burgess et al. 1998).

Fatigue was defined as a standardized FACT-F score of
<68/100.(D. Cella et al. 2002) Subjects were classified as
having symptoms of anxiety/depression if the GHQ was <6/
12.(Goldberg 1991).

The FACT-Cog v2 symptom summary score was reported.
We derived cognitive domain scores from this, based on the
35-items and domains described in FACT-Cog v3.

Differences between the three groups were evaluated using
the Kruskal-Wallis test for continuous variables and χ2 test for
categorical tests. Differences comparing two groups used a
Wilcoxon rank sum test. The association between outcomes
was evaluated using Spearman rank sum correlation. All P-
values are uncorrected for multiplicity. All analyses, except
fMRI, was performed using SAS v9.0 (Cary, NC).

From the fMRI time series, the three separate runs were
merged into one 4D file and subsequently contrast images
were created for each participant, which were subsequently
used in random effects analyses. Three contrasts were
modeled: 3-back versus 1-back, 2-back versus 1-back and
2 + 3-back versus 1-back. To identify voxels where brain
activation differed between groups ANOVA and independent
t-tests were used. Main task effects are reported at P < .05,
whole-brain FDR corrected. Group interactions were masked
with the appropriate main effect atP< .05 to reduce the search
volume to those voxels showing a main effect of task, and are
reported at P < .001 with a cluster size threshold of 10 voxels.
Age and current anti-cancer hormone use (yes/no) were co-
variates in all analyses.

Results

In total, 155 women consented to participate, and completed
the FACT-Cog. Nine chemotherapy subjects had FACT-Cog
scores between 86 and 99 and were excluded from the study.
Four subjects were ineligible (psychiatric history, poor visual
acuity, progressive disease), two withdrew, and 14 could not
be scheduled for assessments. A total of 126 women were
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included for analysis: CTh + CS+ (chemotherapy and cogni-
tive symptoms) 44, CTh + CS- (chemotherapy and no cogni-
tive symptoms) 52, and CTh- (no chemotherapy) 30. Figure 1.
Two patients assigned to CTh + CS+ were 3–4months outside
the 60 months post surgery. We included these patients in the
analysis as assessments were completed prior to identification
of the protocol violations.

Demographic information is presented in Table 1.
Participants had a median age of 50 years (range 29–60), and
were amedian of 17months after surgery (range 1.4–64). There
were no statistically significant differences between the groups
for any baseline demographic variable, except women who
received chemotherapy (CTh+) were younger than those who
did not (CTh-) (48.25 versus 52.3 years, P = .008).

Self-report of cognitive function:

Women who received chemotherapy (CTh+) reported greater
cognitive symptoms than those who did not receive chemo-
therapy (CTh-): with a summary FACT-Cog score of 107 vs
131 (P = .003), and significant differences in each domain.
Table 2. There was a strong association between the two ques-
tionnaires (FACT-Cog, PAFI) that evaluate cognitive symp-
toms (rho = .76, P < .001).

Objective neuropsychological testing:

No differences between the groups were seen in IQ scores.
Clinical neuropsychological testing revealed cognitive impair-
ment (GDS >0.5) in 19% of women: 26% of CTh + CS+, 14%
CTh + CS- and 18.5% CTh-. Impairment based on ICCTF
criteria was 35.5%: 39.5% CTh + CS+, 30% CTh + CS- and

41% CTh-. The CANTAB battery found cognitive impairment
in 12% of women based on GDS: CTh + CS+ 14%, CTh + CS-
6% and CTh- 20%. Impairment on CANTAB was 67%, 56%
and 44% in each group respectively based on ICCTF criteria.
Impairment on the SETwas 9%, 10.5% and 15% respectively.
None of the differences in global cognitive impairment reached
the level of statistical significance. Table 3.

Women who received chemotherapy [CTh+] had greater
impairment on visual motor co-ordination (P = .018)
(assessed by the grooved pegboard test) than non-
chemotherapy survivors (dominant hand 43.95 versus 48.1,
P = .055; non-dominant hand 45.0 versus 49.8, P = .012).
Those who did not receive chemotherapy (CTh-) scored lower
on verbal learning and memory (P = .054), and auditory
attention/working memory (P = .019) domains.

There was only a weak association between clinical and
CANTAB GDS scores (rho = 0.29, P = .002). There was no
association between FACT-Cog or PAFI total scores and the
clinical GDS, but a weak association between PAFI and
CANTAB GDS. A weak association was found between the
clinical GDS and FACT-Cog perceived cognitive abilities do-
main (rho −0.22, P = .02) and between CANTAB GDS and
the PAFI cognitive domain (rho −0.27, P = .005). Appendix
Table 3A.

Psychosocial self-report questionnaires

Overall 62% of participants reported fatigue: 88% in CTh +
CS+, 46% CTh + CS-, and 52% CTh- (P = <.001). (Table 2).
There was a significant association between cognitive symp-
toms (FACT-Cog) and fatigue (r = 0.42, P < .001), but no
association between fatigue and the GDS for clinical
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neuropsychological tests (r = 0.10, P > .30). Overall 15% had
symptoms of anxiety/depression: 28% in CTh + CS+, 10%
CTh + CS- and 4% CTh-. Women reporting cognitive symp-
toms had lower QOL (r = 0.53,P < .001) and greater symptoms
of anxiety/depression (r = −0.43, P < .001), but no association
was found between these symptoms and objective neuropsy-
chological results. There was an association between fatigue
and symptoms of anxiety/depression (r = 0.57, P < .001).

Laboratory results

All groups had elevated cytokine levels compared to healthy
volunteers (n = 56)(J. Vardy et al. 2014; J. L. Vardy et al.
2007) (Appendix Table 4A), but there was no significant dif-
ference in cytokine levels between the three breast cancer

groups. Elevated levels of interleukin-8 were associated with
more cognitive impairment on the clinical GDS (rho = 0.27,
p = .03), and there was a weak association with elevated
interleukin-1 and -2. (Appendix Table 5A). There was no as-
sociation between cytokine levels and fatigue.

There were no clinically important differences between the
groups in the remainder of the blood parameters, except that
women who had not received chemotherapy had lower levels
of prothrombin fragments 1 and 2 than those who had chemo-
therapy. Due to a freezer malfunction some blood samples
were lost, in particular the prothrombin fragments and d-di-
mers, so the clinical significance of these results is unknown.

Apolipoprotein genotyping was available for 59 partici-
pants: 10 were heterozygotes for the APOE є4 allele (5/17
(29%) in CTh + CS+, 4/31 (13%) in CTh + CS- and 1/11

Table 1 Demographics of study participants

CTh + CS + N = 44 CTh + CS - N = 52 CTh - N = 30 P-value#

Median age –years (Range) 48.39 48.39 54.10 .028
(30–60) (29–60) (30–59)

Time since surgery – Mean months (range) 21.16
*(4–64)

24.31
*(1.4–57)

20.08
(4–56)

.513

Type of surgery:

Lumpectomy 27 (61%) 24 (47%) 21 (72%) .075

Mastectomy 17 (39%) 26 (51%) 8 (28%)

Unknown 0 1 1

Received radiotherapy 34 (77%) 40 (78%) 22 (76%) .962

Unknown 0 1 1

Received adjuvant hormonal treatment 26 (59%) 34 (67%) 22 (73%) .460

Unknown 0 1 0

Taking adjuvant hormonal therapy at time of testing 21 (48%) 31 (58.5%) 20 (66.7%) .210

Premenopausal at time of testing 6/39 (15%) 5/49 (10%) 7/29 (24%) .266

Menstrual status unknown 5 3 1

Mean Years of education (range) 15.5 (9–20) 15.1 (8–20) 15.37 (12–20) .826

Status unknown 1 2 3

WRAT3 score Mean (SD) 100.40 (10.1) 101.57 (11.4) 96.85 (11.1) .151

English as a second language 9 (24%) 8 (17%) 7 (28%) .530
Unknown 6 5 5

Smoking status:

Never 30 (75%) 38 (77.5%) 16 (61%) .323^
Ex 9 (22.5%) 8 (16%) 8 (31%)

Current 1 (2.5%) 3 (6%) 2 (8%)

Unknown 4 3 4

Alcohol

Nil 19 (63%) 23 (57.5%) 13 (52%) .699#

1–2 glasses 8 (27%) 17 (42.5%) 10 (40%)

3+ glasses 3 (10%) 0 (0%) 2 (8%)

Unknown 14 12 5

CTh chemotherapy, CS cognitive symptoms

*Includes some patients who had neoadjuvant chemotherapy

# P-value: CTh + CS+ vs CTh + CS- vs CTh-

^ Never smoked versus ex and current smokers. # Non-drinker versus drinker
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(9%) in CTh-; between-group difference not significant); there
were no homozygotes. There were no significant differences
in GDS on clinical or CANTAB tests, rates of cognitive im-
pairment or FACT-Cog scores between those with an APOE
є4 allele and those without.

Functional MRI (fMRI):

Two participant’s fMRI data were excluded from analyses due
to movement artifacts. The final sample consisted of 34, 44
and 23 participants in CTh + CS+, CTh + CS- and CTh-
respectively. Across groups, the fMRI results showed a sig-
nificant main task-effect for all contrasts in frontal and parietal
areas. (Appendix Table 6A, Fig. 2). Group comparison anal-
yses revealed that CTh + CS+ showed hypoactivation com-
pared to CTh- on n-back 2 + 3 > 1 in the right precentral gyrus,
and n-back 2 > 1 in the bilateral putamen, left amygdala, left
caudate, right precentral gyrus and right cerebellum.
Compared to CTh-, CTh + CS- also showed hypoactivation

on n-back 2 + 3 > 1 in the occipital lobe and on 2 > 1 in the left
putamen, left amygdala and left cerebellum. Comparing the
two chemotherapy-treated groups we found hyperactivation in
CTh + CS+ versus CTh + CS- in the middle frontal gyrus on
n-back 3 > 1.

Finally, compared to CTh-, CTh + showed hypoactivation
on n-back 2 + 3 > 1 and 2 > 1 in the right precentral gyrus, left
putamen and amygdala and bilateral cerebellum. No other
group differences were found.

Discussion

Our large cognitive study in breast cancer survivors is novel in
its use of comprehensive cognitive testing with the use of both
traditional and computerized tests, analysis using different
criteria for impairment, and the inclusion of fMRI imaging
and correlative studies. We found 19% of breast cancer survi-
vors had cognitive impairment on clinical neuropsychological

Table 2 Self-Report questionnaire results

CTh + CS + N = 44 CTh + CS - N = 52 CTh - N = 30 P-value# P-value CTh + vs CTh-

FACT-Cog Mean Summary Score (range) 69.2 (29–95) 138.75 (106–167) 130.8 (30–164) <.001 .003

Domains:

Perceived cognitive impairment 26.7 57.25 55.9 <.001 <.001

Perceived cognitive abilities 12.2 21.6 20.7 <.001 .024

Comments from others 8.6 13.9 14.3 <.001 .001

Impact on quality of life 7.2 14.6 14.3 <.001 <.001

PAFI Mean Total Score (range) 100.0 (72–135) 131.5 (70–160) 130.8 (75–148) <.001 .003

Domains:

Memory 27.2 38.0 38.4 <.001 .003

Language 24.5 33.3 32.1 <.001 .040

Sensory 20.7 22.0 22.5 .081 .256

Cognitive 27.7 38.1 37.8 <.001 .011

Standardized FACT-F Mean (range) 60.6 (41–100) 70.7 (45–100) 72.5 (49–100) <.001 .029

N (%) Fatigued (FACT-F < 68/100) 37/42 (88%) 23/50 (46%) 13/25 (52%) <.001 .251

FACT-G Mean (range) 76.6 (48–100) 89.4 (58–106) 89.4 (78–101) <.001 .272

Physical well-being 20.0 23.8 25.8 <.001 .003

Social well-being 21.0 23.8 21.8 .133 .438

Emotional well-being 17.3 19.4 19.5 .016 .257

Functional well-being 18.0 22.5 22.4 .001 .359

GHQ Mean (range) 4.5 (0–12) 1.9 (0–9) 1.6 (0–9) <.001 .021

Symptoms of Anxiety/Depression 12/43 (28%) 5/49 (10%) 1/25 (4%) .016 .116

CTh chemotherapy, CS cognitive symptoms

FACT-Cog = Functional Assessment of Cancer Therapy -Cognition (lower score denotes more symptoms)

PAFI = Patients Assessment of Own Functioning Inventory (lower score denotes more symptoms)

FACT-F = Functional Assessment of Cancer Therapy – Fatigue (lower score denotes more symptoms)

FACT-G = Functional Assessment of Cancer Therapy –General (lower score denotes worse functioning)

GHQ = General Health Questionnaire 12 (higher score denotes more symptoms)

# P-value: CTh + CS+ vs CTh + CS- vs CTh-
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tests based on our GDS criterion, with 35.5% on ICCTF cri-
terion, but there were no significant differences between
groups, despite differences in cognitive symptoms. The dis-
crepancy in cognitive impairment rates between the GDS and
ICCTF criteria, on both clinical neuropsychological tests and
CANTAB, was also seen in our large, longitudinal cognitive
study in colorectal cancer survivors(J. L. Vardy et al. 2015),
with higher impairment rates on ICCTF criteria. This high-
lights the importance of having an a priori definition for cog-
nitive impairment. There was only a weak-to-moderate asso-
ciation seen between the GDS on the clinical neuropsycholog-
ical tests and CANTAB in both studies, suggesting they are
measuring different constructs, despite CANTAB being based
on traditional cognitive tests. Based on our results we recom-
mend primary use of clinical neuropsychological tests for fu-
ture studies.

The only cognitive domain in which patients who received
chemotherapy scored consistently lower than those who did

not receive chemotherapy was visual motor co-ordination. We
did not assess for chemotherapy-induced peripheral neuropa-
thy, but the majority of the CTh + survivors received a taxane
chemotherapy, which is known to cause peripheral neuropa-
thy, and might have influenced fine motor control on the
grooved pegboard test. Survivors who received chemotherapy
self–reported more cognitive impairment than those who did
not require chemotherapy, but we found at best a weak asso-
ciation between perceived cognitive impairment and objective
neuropsychological testing. These findings are consistent with
our study in colorectal cancer survivors, (J. Vardy et al. 2014;
J. L. Vardy et al. 2015) and much of the breast cancer litera-
ture. (Ahles et al. 2002; Castellon et al. 2004; Schagen et al.
1999; Tchen et al. 2003) Consistent with most other studies
we found no statistical association of anxiety/depression, fa-
tigue or QOL with objective neuropsychological impairment,
but did observe a relationship between these symptoms and
self-reported cognitive impairment,(Castellon et al. 2004;

Table 3 Number (percent) of participants classified as impaired on neuropsychological (NP) clinical tests and CANTAB tests by study group

Neuropsychological Test and Impairment criteria CTh + CS + N = 43^ CTh + CS - N = 50 CTh - N = 30 P-value# P-value CTh + vs CTh-
N (%) N (%) N (%)

Clinical NP Tests

Overall Cognitive Impairment on GDS criteria a 11/43 (26%) 7/50 (14%) 5/27 (18.5%) .363 1.000

Overall Cognitive Impairment on ICCTF criteriab 17/43 (39.5%) 15/50 (30%) 11/27 (41%) .539 0.649

N (%) of tests with deficits:

No deficits: 9 (21%) 13 (26%) 3 (11%)

1 test 9 (21%) 15 (30%) 5 (18.5%)

2 tests 11 (26%) 5 (10%) 7 (26%)

3–4 tests 5 (12%) 11 (22%) 5 (18.5%)

5–6 tests 8 (19%) 3 (6%) 6 (22%)

7–13 tests 1 (2%) 3 (6%) 1 (4%)

CANTAB tests N = 35–36 N = 49–50 N = 25

Overall Cognitive Impairment on GDS criteria c 5 (14%) 3 (6%) 5 (20%) .159 .170

Overall Cognitive Impairment on ICCTF criteriac 24 (67%) 28 (56%) 11 (44%) .224 .172

N (%) of impaired tests:

No deficits 3 (8%) 10 (20%) 4 (16%)

1 test 7 (19%) 10 (20%) 1 (4%)

2 tests 6 (17%) 6 (12%) 6 (24%)

3–4 tests 11 (30%) 10 (20%) 7 (28%)

5–6 tests 7 (19%) 7 (14%) 3 (12%)

7–15 tests 2 (6%) 7 (14%) 4 (16%)

Six Elements Test N = 35 N = 38 N = 27

Impairment 3 (9%) 4 (10.5%) 4 (15%) .787 .482

CTh chemotherapy, CS cognitive symptoms
a Impairment defined as GDS > 0.5
b Impairment defined as T-score < 35 on 2 tests or T-score < 30 on 1 test
c Impairment defined as Z-score < −1.5 on 2 tests or Z-score < −2 on 1 test

# P-value: CTh + CS+ vs CTh + CS- vs CTh-

^ Numbers vary between total neuropsychological tests completed due to missing data
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Jenkins et al. 2006; Schagen et al. 2006; J. Vardy et al. 2014; J.
L. Vardy et al. 2015; Jeffrey S. Wefel et al. 2010). This has
implications for therapeutic and preventive strategies, and
highlights the importance of assessing for anxiety/depression
and fatigue in women reporting cognitive symptoms, and
treating if present.

In healthy volunteers plasma cytokine levels are low, where-
as elevated levels occurred in women with breast cancer up to

5 years after diagnosis. Because there were no significant dif-
ferences between the breast cancer groups, it appears that the
elevated cytokines are associated with cancer per se rather than
chemotherapy. Three studies in women with breast cancer have
shown elevated IL-6 and/or TNF to be associated with poorer
cognitive function.(Ganz et al. 2013; S. Kesler et al. 2013; Patel
et al. 2015) In our study, higher levels of IL-8, −1 and −2 were
associated with a trend to greater impairment on the clinical

22 Brain Imaging and Behavior (2019) 13:15–26

Fig. 2 fMRI Activation during n-back working memory task. a Main
task effect across groups for all contrasts. bChemotherapy with cognitive
symptoms (CTh + CS+) compared to chemotherapy without symptoms
(CTh + CTh-): CTh + with cognitive symptoms have more frontal acti-
vation than CTh + without symptoms on contrast 2 (n-back 3 > 1). c
Chemotherapy with symptoms (CTh + CS+) compared to non-
chemotherapy (CTh-): Non-CTh had more activation than CTh + with
cognitive symptoms in frontal and parietal regions on contrast 1 (n-back

2 + 3 > 1, Fig. 2c-i). Non-CTh had more activation than CTh + with
cognitive symptoms in temporal, frontal and parietal regions on contrast
3 (2 > 1, Fig. 2c–ii). d Chemotherapy without cognitive symptoms
(CTh + CS-) compared to non-chemotherapy (CTh-): Non-
chemotherapy have more activation than CTh + without symptoms on
contrast 1 (n-back 2 + 3 > 1) in parietal region (Fig. 2d-i) and contrast 3
(n-back 2 > 1) in temporal region (Fig. 2d–ii)



neuropsychological tests. This is in contrast to our larger colo-
rectal cancer study in which we did not find an association
between cytokine levels and global cognitive impairment, but
did find elevated IL-8 to be associated with reduced informa-
tion–processing speed.(J. L. Vardy et al. 2015).

The fMRI results are subtle but intriguing. All groups of
breast cancer survivors had activation patterns similar to what

would be expected in the general population, with increasing
activation in the frontal and parietal areas as memory tasks
become more difficult. Both groups of women who received
chemotherapy had less intense patterns of activation. Women
who had received chemotherapy who self-reported cognitive
impairment had increased frontal activation compared to
women who received chemotherapy, but did not report
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cognitive impairment. However, this was only visible in the
most difficult task-condition. These findings imply that che-
motherapy has an effect on fMRI patterns in addition to any
impact from cancer or other treatments.

Previous neuroimaging studies have generally had small
sample sizes and many did not include comprehensive neuro-
psychological testing. A number of fMRI cross-sectional stud-
ies in breast cancer survivors have similarly found
hypoactivation in prefrontal and parietal regions during tasks
evaluating executive function 5–10 years after adjuvant
chemotherapy,(Conroy et al. 2013; de Ruiter et al. 2012; de
Ruiter et al. 2011; S. R. Kesler et al. 2011) with most not
finding differences in task performance. de Ruiter evaluated
fMRI and brain morphology with structural and diffusion
MRI in breast cancer survivors 10 years after high-dose che-
motherapy and found hypoactivity in the posterior parietal
cortex, with reduction in gray matter volume and reduction
in integrity in the adjacent white matter tracts(de Ruiter et al.
2012; de Ruiter et al. 2011) in comparison to patients who did
not receive chemotherapy.(de Ruiter et al. 2011) Conroy et al.
found greater decreases in activation with increasing time
since chemotherapy, with some improvement in gray matter
volume over time.(Conroy et al. 2013) A large study evaluat-
ing diffusion tensor imaging in women who were on average
20 years post-chemotherapy found time from treatment was
associated with increased compromise of white matter
integrity.(Koppelmans et al. 2014) The same group evaluated
women with breast cancer prior to chemotherapy and found
increasing prefrontal hyperactivation with increasing task dif-
ficulty for a planning but not a memory task, and decreased
whi te mat te r in tegr i ty compared to non-cancer
controls.(Menning et al. 2015).

A recent prospective longitudinal study reported that wom-
en with breast cancer had increased bifrontal and parietal ac-
tivation, with decreased left parietal activation compared to
non-cancer controls at baseline.(McDonald et al. 2012) One
month after completing chemotherapy there was a decrease in
prefrontal activation, that normalized at one year, and a de-
crease in frontal gray matter density. Another study from the
same group confirmed the decrease in frontal gray matter den-
sity after chemotherapy, associated with changes in cognitive
symptoms.(McDonald et al. 2013) Similar to many of the
studies above, our fMRI results found hypoactivation in wom-
en who had received chemotherapy. We also found overall
increased frontal activation on more difficult tasks in those
who received chemotherapy and reported cognitive symp-
toms. Another study found differences in resting-state func-
tional connectivity on MRI between women who had cogni-
t i v e s ymp t om s a n d t h o s e who d i d n o t a f t e r
chemotherapy.(Piccirillo et al. 2015) Studies in the field of
anxiety/depression symptomatology show that anxiety and
depression can be related to increased,(Gotlib et al. 2005;
Pannekoek et al. 2015) as well as decreased frontal

activation.(Fitzgerald et al. 2008; Schlund et al. 2012)
However, modulation of brain activation in relation to distress
has been mainly investigated with resting state fMRI or task-
fMRI with emotionally loaded stimuli. Although the fMRI
task used in the present study did not comprise any emotional
stimuli, we cannot completely rule out that the effects on the
increased brain activation in the CTh + group with complaints,
are confounded by the contributory role of distress.

Our study has limitations. Due to a technical problem we
do not have response scores to the n-back task to correlate
with brain activation patterns. As discussed, we did not exam-
ine the affect of distress, anxiety/depression or fatigue on the
fMRI results, and therefore cannot exclude that these symp-
toms may impact on the differences we saw between the
groups on fMRI. The study provides no information about
cognitive function pre-chemotherapy or changes over time,
and we did not include a non-cancer control group. The blood
samples were not collected at standardized times of the day
and some samples were lost leading to smaller sample num-
bers for the apolipoprotein and prothrombin tests. We ac-
knowledge that we have not corrected for multiple compari-
sons and given the number of results some may be due to
chance. Strengths of our study are the large sample size with
functional brain imaging, use of both comprehensive clinical
tests and computerized neuropsychological tests, with analy-
sis according to two different criteria of impairment, inclusion
of patient reported outcomes with comparison between those
who received chemotherapy and then do and do not self-report
cognitive symptoms, and laboratory correlates.

In summary, results of our study support our primary hy-
pothesis that women who received adjuvant chemotherapy for
breast cancer would report more cognitive impairment than
women who did not receive chemotherapy. Formal neuropsy-
chological test results did not support the hypothesis of objec-
tive differences in cognitive function between groups, but self-
reported impairment was associated with fatigue, symptoms
of anxiety/depression, and lower QOL. Elevated levels of IL-8
were associated with cognitive impairment on clinical tests.
Functional imaging suggests that brain activation may be
modified by chemotherapy with hypoactivation compared to
women with breast cancer who had not received
chemotherapy.

Acknowledgements This study was supported by a developmental
grant from the Canadian Breast Cancer Research Alliance, and expanded
with support from the Susan G. Komen Breast Cancer Foundation. Dr.
Janette Vardy is supported by a Practitioner Fellowship from the National
Breast Cancer Foundation, Australia.

We thank Irene Chemerysnky and Alison Park for performing the
neuropsychological testing, David Laurence and Jessica Zhang for data
management, Hien Tran for assistance with MRI testing, and Drs Michiel
de Ruiter, Taylor Schmitz and Kimberley Chiew for initial advice and
assistance with fMRI imaging processing. We thank all the patients who
participated in the study and acknowledge the assistance of the clinicians
and clinical trial nurses.

24 Brain Imaging and Behavior (2019) 13:15–26



Compliance with ethical standards

Funding This study was supported by a developmental grant from the
Canadian Breast Cancer Research Alliance, and expanded with support
from the Susan G. Komen Breast Cancer Foundation. Dr. Janette Vardy is
supported by a Practitioner Fellowship from the National Breast Cancer
Foundation, Australia.

Conflicts of interest None of the authors have any conflicts of interest
to report.

Ethical approval All procedures performed in studies involving hu-
man participants were in accordance with the ethical standards of the
institutional research committee and with the 1964 Helsinki declaration
and its later amendments or comparable ethical standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

References

Ahles, T. A., & Saykin, A. J. (2007). Candidate mechanisms for
chemotherapy-induced cognitive changes. Nature Reviews.
Cancer, 7(3), 192–201.

Ahles, T. A., Saykin, A. J., Furstenberg, C. T., Cole, B., Mott, L. A.,
Skalla, K., et al. (2002). Neuropsychologic impact of standard-
dose systemic chemotherapy in long-term survivors of breast cancer
and lymphoma. Journal of Clinical Oncology, 20(2), 485–493.

Ahles, T. A., Saykin, A. J., Noll, W. W., Furstenberg, C. T., Guerin, S.,
Cole, B., & Mott, L. A. (2003). The relationship of APOE genotype
to neuropsychological performance in long-term cancer survivors
treated with standard dose chemotherapy. Psychooncology, 12(6),
612–619.

Bower, J. E., Ganz, P. A., Desmond, K. A., Rowland, J. H., Meyerowitz,
B. E., & Belin, T. R. (2000). Fatigue in breast cancer survivors:
Occurrence, correlates, and impact on quality of life. Journal of
Clinical Oncology, 18(4), 743–753.

Burgess, P. W., Alderman, N., Evans, J., Emslie, H., & Wilson, B. A.
(1998). The ecological validity of tests of executive function.
Journal of the International Neuropsychological Society, 4(6),
547–558.

Carey, C. L., Woods, S. P., Gonzalez, R., Conover, E., Marcotte, T. D.,
Grant, I., & Heaton, R. K. (2004). Predictive validity of global
deficit scores in detecting neuropsychological impairment in HIV
infection. Journal of Clinical and Experimental Neuropsychology,
26(3), 307–319.

Castellon, S. A., Ganz, P. A., Bower, J. E., Petersen, L., Abraham, L., &
Greendale, G. A. (2004). Neurocognitive performance in breast can-
cer survivors exposed to adjuvant chemotherapy and tamoxifen.
Journal of Clinical and Experimental Neuropsychology, 26(7),
955–969.

Cella, D. F., Tulsky, D. S., Gray, G., Sarafian, B., Linn, E., Bonomi, A., . .
. et al. (1993). The functional Assessment of cancer therapy scale:
Development and validation of the general measure. Journal of
Clinical Oncology, 11(3), 570–579.

Cella, D., Lai, J. S., Chang, C. H., Peterman, A., & Slavin, M. (2002).
Fatigue in cancer patients compared with fatigue in the general
United States population. Cancer, 94(2), 528–538.

Chelune, G., Heaton, RK., Lehman, RAW., et al . (1986).
Neuropscychological and personality correlates of patients' com-
plaints of disability. In G. Goldstein, tarter, RE., (Ed.), Advances in

Clinical Neuropsychology (Vol. 3, pp. 95-126). New York: Plenum
press.

Conroy, S. K., McDonald, B. C., Smith, D. J., Moser, L. R., West, J. D.,
Kamendulis, L. M., et al. (2013). Alterations in brain structure and
function in breast cancer survivors: Effect of post-chemotherapy
interval and relation to oxidative DNA damage. [research support,
N.I.H., extramural, research support, non-U.S. Gov't]. Breast
Cancer Research and Treatment, 137(2), 493–502. doi:10.1007/
s10549-012-2385-x.

Fitzgerald, P. B., Laird, A. R., Maller, J., & Daskalakis, Z. J. (2008). A
meta-analytic study of changes in brain activation in depression.
[meta-analysis research support, N.I.H., extramural, research sup-
port, non-U.S. Gov't]. Human Brain Mapping, 29(6), 683–695.
doi:10.1002/hbm.20426.

Ganz, P. A., Bower, J. E., Kwan, L., Castellon, S. A., Silverman, D. H.,
Geist, C., . . . Cole, S. W. (2013). Does tumor necrosis factor-alpha
(TNF-alpha) play a role in post-chemotherapy cerebral dysfunction?
[research support, N.I.H., extramural, research support, non-U.S.
Gov't]. Brain Behav Immun, 30 Suppl, S99-108. doi:10.1016/j.bbi.
2012.07.015.

Goldberg, D. P. (1991). A user's guide to the general health questionnaire:
NFER-Nelson.

Gotlib, I. H., Sivers, H., Gabrieli, J. D., Whitfield-Gabrieli, S., Goldin, P.,
Minor, K. L., & Canli, T. (2005). Subgenual anterior cingulate acti-
vation to valenced emotional stimuli in major drepression. [compar-
ative study, research support, N.I.H., extramural]. Neuroreport,
16(16), 1731–1734.

Inagaki, M., Yoshikawa, E., Matsuoka, Y., Sugawara, Y., Nakano, T.,
Akechi, T., et al. (2007). Smaller regional volumes of brain gray
and white matter demonstrated in breast cancer survivors exposed
to adjuvant chemotherapy. Cancer, 109(1), 146–156.

Ingraham, L., & Aiken, C. B. (1996). An empirical approach to deter-
mining criteria for abnormality in test batteries with multiple mea-
sures. Neuropsychology, 10(1), 120–124.

Jenkins, V., Shilling, V., Deutsch, G., Bloomfield, D., Morris, R., Allan,
S., et al. (2006). A 3-year prospective study of the effects of adjuvant
treatments on cognition in women with early stage breast cancer.
British Journal of Cancer, 94(6), 828–834.

Kesler, S. R., Kent, J. S., & O'Hara, R. (2011). Prefrontal cortex and
executive function impairments in primary breast cancer. [compar-
ative study, research support, N.I.H., extramural]. Archives of
Neurology, 68(11), 1447–1453. doi:10.1001/archneurol.2011.245.

Kesler, S., Janelsins, M., Koovakkattu, D., Palesh, O., Mustian, K.,
Morrow, G., & Dhabhar, F. S. (2013). Reduced hippocampal vol-
ume and verbal memory performance associated with interleukin-6
and tumor necrosis factor-alpha levels in chemotherapy-treated
breast cancer survivors. [research support, N.I.H., extramural, re-
search support, non-U.S. Gov't]. Brain, Behavior, and Immunity,
30 Suppl, S109-116. doi:10.1016/j.bbi.2012.05.017.

Koppelmans, V., de Groot, M., de Ruiter, M. B., Boogerd, W., Seynaeve,
C., Vernooij, M. W., et al. (2014). Global and focal white matter
integrity in breast cancer survivors 20 years after adjuvant chemo-
therapy.Human Brain Mapping, 35(3), 889–899. doi:10.1002/hbm.
22221.

McDonald, B. C., Conroy, S. K., Ahles, T. A., West, J. D., & Saykin, A. J.
(2012). Alterations in brain activation during working memory pro-
cessing associated with breast cancer and treatment: A prospective
functional magnetic resonance imaging study. [research support,
N.I.H., extramural, research support, non-U.S. Gov't]. Journal of
Clinical Oncology, 30(20), 2500–2508. doi:10.1200/JCO.2011.38.
5674.

McDonald, B. C., Conroy, S. K., Smith, D. J., West, J. D., & Saykin, A. J.
(2013). Frontal gray matter reduction after breast cancer chemother-
apy and association with executive symptoms: A replication and
extension study. [research support, N.I.H., extramural, research

Brain Imaging and Behavior (2019) 13:15–26 25

http://dx.doi.org/10.1007/s10549-012-2385-x
http://dx.doi.org/10.1007/s10549-012-2385-x
http://dx.doi.org/10.1002/hbm.20426
http://dx.doi.org/10.1016/j.bbi.2012.07.015
http://dx.doi.org/10.1016/j.bbi.2012.07.015
http://dx.doi.org/10.1001/archneurol.2011.245
http://dx.doi.org/10.1016/j.bbi.2012.05.017
http://dx.doi.org/10.1002/hbm.22221
http://dx.doi.org/10.1002/hbm.22221
http://dx.doi.org/10.1200/JCO.2011.38.5674
http://dx.doi.org/10.1200/JCO.2011.38.5674


support, non-U.S. Gov't]. Brain, Behavior, and Immunity, 30 Suppl,
S117-125. doi:10.1016/j.bbi.2012.05.007.

Menning, S., de Ruiter, M. B., Veltman, D. J., Koppelmans, V.,
Kirschbaum, C., Boogerd, W., et al. (2015). Multimodal MRI and
cognitive function in patients with breast cancer prior to adjuvant
treatment–the role of fatigue. [research support, non-U.S. Gov't].
Neuroimage Clin, 7, 547–554. doi:10.1016/j.nicl.2015.02.005.

Pannekoek, J. N., van der Werff, S. J., van Tol, M. J., Veltman, D. J.,
Aleman, A., Zitman, F. G., et al. (2015). Investigating distinct and
common abnormalities of resting-state functional connectivity in
depression, anxiety, and their comorbid states. European
Neuropsychopharmacology, 25(11), 1933–1942. doi:10.1016/j.
euroneuro.2015.08.002.

Patel, S. K., Wong, A. L., Wong, F. L., Breen, E. C., Hurria, A., Smith,
M., . . . Bhatia, S. (2015). Inflammatory biomarkers, comorbidity,
and Neurocognition in women with newly diagnosed breast cancer.
[comparative study research support, N.I.H., extramural, research
support, non-U.S. Gov't]. J Natl Cancer Inst, 107(8). doi:10.1093/
jnci/djv131.

Piccirillo, J. F., Hardin, F. M., Nicklaus, J., Kallogjeri, D., Wilson, M.,
Ma, C. X., et al. (2015). Cognitive impairment after chemotherapy
related to atypical network architecture for executive control. [clin-
ical trial research support, N.I.H., extramural, research support, non-
U.S. Gov't]. Oncology, 88(6), 360–368. doi:10.1159/000370117.

de Ruiter, M. B., Reneman, L., Boogerd, W., Veltman, D. J., van Dam, F.
S., Nederveen, A. J., et al. (2011). Cerebral hyporesponsiveness and
cognitive impairment 10 years after chemotherapy for breast cancer.
Human Brain Mapping, 32(8), 1206–1219. doi:10.1002/hbm.
21102.

de Ruiter, M. B., Reneman, L., Boogerd, W., Veltman, D. J., Caan, M.,
Douaud, G., et al. (2012). Late effects of high-dose adjuvant che-
motherapy on white and gray matter in breast cancer survivors:
Converging results from multimodal magnetic resonance imaging.
[research support, non-U.S. Gov't]. Human Brain Mapping, 33(12),
2971–2983. doi:10.1002/hbm.21422.

Schagen, S. B., van Dam, F. S., Muller, M. J., Boogerd, W., Lindeboom,
J., & Bruning, P. F. (1999). Cognitive deficits after postoperative
adjuvant chemotherapy for breast carcinoma. Cancer, 85(3), 640–
650.

Schagen, S. B., Muller, M. J., Boogerd, W., Mellenbergh, G. J., & van
Dam, F. S. (2006). Change in cognitive function after chemothera-
py: A prospective longitudinal study in breast cancer patients.
Journal of the National Cancer Institute, 98(23), 1742–1745.

Schlund,M.W., Verduzco, G., Cataldo, M. F., & Hoehn-Saric, R. (2012).
Generalized anxiety modulates frontal and limbic activation in

major depression. [research support, non-U.S. Gov't]. Behav Brain
Funct, 8, 8. doi:10.1186/1744-9081-8-8.

Servaes, P., Gielissen, M. F., Verhagen, S., & Bleijenberg, G. (2007). The
course of severe fatigue in disease-free breast cancer patients: A
longitudinal study. Psychooncology, 16(9), 787–795. doi:10.1002/
pon.1120.

Tchen, N., Juffs, H. G., Downie, F. P., Yi, Q. L., Hu, H., Chemerynsky, I.,
et al. (2003). Cognitive function, fatigue, andmenopausal symptoms
in women receiving adjuvant chemotherapy for breast cancer.
Journal of Clinical Oncology, 21(22), 4175–4183.

Vardy, J., Wong, K., Yi, Q. L., Park, A., Maruff, P., Wagner, L., &
Tannock, I. F. (2006). Assessing cognitive function in cancer pa-
tients. Support Care Cancer, 14(11), 1111–1118.

Vardy, J. L., Booth, C., Pond, G. R., Zhang, H., Galica, J., Dhillon, H., . . .
Tannock, I. F. (2007). Cytokine levels in patients (pts) with colorec-
tal cancer and breast cancer and their relationship to fatigue and
cognitive function. ASCO Meeting Abstracts, 25(18_suppl), 9070-.

Vardy, J., Dhillon, H. M., Pond, G. R., Rourke, S. B., Xu, W., Dodd, A.,
et al. (2014). Cognitive function and fatigue after diagnosis of colo-
rectal cancer. Annals of Oncology, 25(12), 2404–2412. doi:10.1093/
annonc/mdu448.

Vardy, J. L., Dhillon, H. M., Pond, G. R., Rourke, S. B., Bekele, T.,
Renton, C., et al. (2015). Cognitive function in patients with colo-
rectal cancer who do and do not receive chemotherapy: A prospec-
tive, longitudinal, controlled study. [comparative study research sup-
port, N.I.H., extramural, research support, non-U.S. Gov't]. Journal
of Clinical Oncology, 33(34), 4085–4092. doi:10.1200/JCO.2015.
63.0905.

Wagner, L., Sweet, J., Butt, Z., Lai, J., & Cella, D. (2009). Measuring
patient self-reported cognitive function: Development of the func-
tional Assessment of cancer therapy - Cognitive function instru-
ment. The Journal of Supportive Oncology, 7(6), W32–W39.

Wefel, J. S., Saleeba, A. K., Buzdar, A. U., & Meyers, C. A. (2010).
Acute and late onset cognitive dysfunction associated with chemo-
therapy in women with breast cancer. Cancer, 116, 3348–3356. doi:
10.1002/cncr.25098.

Wefel, J. S., Vardy, J., Ahles, T., & Schagen, S. B. (2011). International
Cognition and cancer task force recommendations to harmonise
studies of cognitive function in patients with cancer. The Lancet
Oncology, 12(7), 703–708. doi:10.1016/S1470-2045(10)70294-1.

Yellen, S. B., Cella, D. F., Webster, K., Blendowski, C., & Kaplan, E.
(1997). Measuring fatigue and other anemia-related symptoms with
the functional Assessment of cancer therapy (FACT) measurement
system. Journal of Pain and Symptom Management, 13(2), 63–74.

26 Brain Imaging and Behavior (2019) 13:15–26

http://dx.doi.org/10.1016/j.bbi.2012.05.007
http://dx.doi.org/10.1016/j.nicl.2015.02.005
http://dx.doi.org/10.1016/j.euroneuro.2015.08.002
http://dx.doi.org/10.1016/j.euroneuro.2015.08.002
http://dx.doi.org/10.1093/jnci/djv131
http://dx.doi.org/10.1093/jnci/djv131
http://dx.doi.org/10.1159/000370117
http://dx.doi.org/10.1002/hbm.21102
http://dx.doi.org/10.1002/hbm.21102
http://dx.doi.org/10.1002/hbm.21422
http://dx.doi.org/10.1186/1744-9081-8-8
http://dx.doi.org/10.1002/pon.1120
http://dx.doi.org/10.1002/pon.1120
http://dx.doi.org/10.1093/annonc/mdu448
http://dx.doi.org/10.1093/annonc/mdu448
http://dx.doi.org/10.1200/JCO.2015.63.0905
http://dx.doi.org/10.1200/JCO.2015.63.0905
http://dx.doi.org/10.1002/cncr.25098
http://dx.doi.org/10.1016/S1470-2045(10)70294-1

	A mechanistic cohort study evaluating cognitive impairment in women treated for breast cancer
	Abstract
	Introduction
	Patients and methods
	Objective neuropsychological tests
	Subjective tests of cognitive function
	Self-report questionnaires
	Laboratory tests
	Functional MRI and data processing
	fMRI paradigm

	Statistical analysis:

	Results
	Self-report of cognitive function:
	Objective neuropsychological testing:
	Psychosocial self-report questionnaires
	Laboratory results
	Functional MRI (fMRI):

	Discussion
	References


