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Abstract Neural dysfunction and cognitive complaints are
associated with chemotherapy for breast cancer although tra-
jectory and contributory factors remain unclear. We prospec-
tively examined neurocognition using fMRI and self-reported
cognitive, physical and psychological symptoms in women
treated with adjuvant chemotherapy over one year. Patients
treated with (n = 28) or without (n = 34) chemotherapy for
localized breast cancer and healthy controls (n = 30) per-
formed a Verbal Working Memory Task (VWMT) during
fMRI and provided self-reports at baseline (pre-adjuvant treat-
ment), five- (M5) and 12-months (M12). Repeated measures
ANOVA and multivariable regression determined change
over time and possible predictors (e.g., hemoglobin, physical
symptoms, worry) of VWMT performance, fMRI activity in
the frontoparietal executive network, and cognitive com-
plaints at M12. Trajectories of change in VWMT performance
for chemotherapy and healthy control groups differed signif-
icantly with the chemotherapy group performing worse at
M12. Chemotherapy patients had persistently higher spatial
variance (neural inefficiency) in executive network fMRI-
activation than both other groups from baseline to M12.
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Cognitive complaints were similar among groups over time.
At M12, VWMT performance and executive network spatial
variance were each independently predicted by chemotherapy
treatment and their respective baseline values, while cognitive
complaints were predicted by baseline level, physical symp-
toms and worry. Executive network inefficiency and
neurocognitive performance deficits pre-adjuvant treatment
predict cognitive dysfunction one-year post-baseline, particu-
larly in chemotherapy-treated patients. Persistent cognitive
complaints are linked with physical symptom severity and
worry regardless of treatment. Pre-chemotherapy interven-
tions should target both neurocognitive deficits and symptom
burden to improve cognitive outcomes for breast cancer
SUrvivors.

Keywords Cognitive disorders - Attention - Short-term
memory - Functional magnetic resonance imaging - Symptom
assessment

Introduction

Adjuvant chemotherapy reduces breast cancer-related mortal-
ity by approximately one-third (Early Breast Cancer Trialists’
Collaborative Group et al. 2012). However, adjuvant chemo-
therapy is associated with considerable toxicities including
nausea, alopecia, peripheral neuropathy, and bone marrow
suppression. Several studies have suggested that cognitive
dysfunction following chemotherapy, referred to in the lay
press as “chemobrain,” is a serious complication, but the exact
mechanism remains unclear (Wefel et al. 2011).

Recent prospective studies using brain imaging techniques
and neuropsychological testing have suggested that factors
beyond a direct organic effect of chemotherapy contribute to
cognitive problems (Ahles et al. 2010; Hermelink et al. 2010;
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Janelsins et al. 2014; Reuter-Lorenz and Cimprich 2013). We
(Askren et al. 2014; Berman et al. 2014; Cimprich et al. 2010)
and others (Ahles et al. 2010; Wefel et al. 2010; Menning et al.
2015) have shown that cognitive problems may be present
before adjuvant treatment for newly diagnosed breast cancer
patients. In addition, breast cancer treatment factors do not
consistently predict test performance and cognitive com-
plaints suggesting the possibility of distinct trajectories and
differing contributory factors (Hermelink et al. 2010;
Janelsins et al. 2014). Pre-treatment cognitive problems may
be exacerbated by psychological distress (Berman et al. 2014)
and physical symptoms that could potentially compound any
cognitive effects of chemotherapy (Askren et al. 2014; Ganz
et al. 2011; Menning et al. 2015). While symptoms may be
implicated in cognitive dysfunction (Cimprich and Ronis
2001), the contribution of overall symptom burden to
chemotherapy-associated cognitive problems is unknown.
Increasing understanding of the possible modifiable sources
of “chemobrain” is an essential step in determining interven-
tions to achieve optimal cognitive functioning in cancer
SUrvivors.

We used blood oxygen level dependent (BOLD) fMRI to
examine the brain executive network which underlies perfor-
mance of tasks requiring attention and working memory. We
prospectively assessed self-reported cognitive complaints, and
neurocognitive task performance and executive network
function during fMRI over a one-year period in breast
cancer patients treated with and without adjuvant chemo-
therapy and healthy controls without breast cancer. Using
these measures, we tracked the trajectory of changes in
neurocognitive function and self-reported complaints, and ex-
amined possible contributory factors including overall symp-
tom burden over time.

Methods
Participants

We recruited 116 right-handed women from the University of
Michigan Comprehensive Cancer Center, including two
groups of women surgically treated for breast cancer (stage
0 — IIla) awaiting adjuvant chemotherapy (CT, n = 36) or
radiotherapy without chemotherapy (non-CT, n = 41) and
age-matched healthy controls (HC, n = 39) with negative
mammograms (Fig. 1). Screening criteria included: absence
of MRI contraindications, cognitive disorder (Mini-Mental
Status Examination) (Folstein et al. 1975), clinical depression
(Patient Health Questionnaire, PHQ-8) (Kroenke et al. 2009),
and secondary diagnosis of neurological or psychiatric disor-
ders. At baseline, nine were excluded due to inability to toler-
ate scanning. Another 10 women (CT, n = 2; non-CT, n = 5;
HC, n = 3) did not return for post-baseline assessments due to

unstable medical conditions or new MRI contraindication.
Also five were excluded for the following reasons: two erratic
performance 3.5 standard deviations worse than their respec-
tive group means (CT, n = 1; HC, n = 1); one technical issue in
the imaging session (HC, n = 1); and two extraordinary life
stressors (HC, n = 2). Attrition proportions did not differ sig-
nificantly across the three groups. Ninety-two women (CT,
n = 28; non-CT, n = 34; HC, n = 30) were included in the
final sample. A subset of data from this sample was previously
reported (Askren et al. 2014; Berman et al. 2014; Churchill
et al. 2014; Misic¢ et al. 2014). There were no demographic
differences between 24 women who did not complete all as-
sessments and the final sample (all Ps > .10). Participants
provided informed written consent approved by the
University of Michigan Institutional Review Board Medicine.

Procedures and materials
Design

Participants were prospectively evaluated with neurocognitive
measures during fMRI scanning followed by self-report ques-
tionnaires at three time points. Baseline (M0) assessment oc-
curred about one month (2436 days) post-surgery before any
planned adjuvant chemotherapy, radiotherapy, or endocrine
therapy. The second assessment occurred about five months
(M5) following baseline, at least a month post-chemotherapy,
and the third approximately one year (M12) post-baseline
(Fig. 1).

Self-reported measures

Subjective assessments included cognitive complaints
(Attentional Function Index, AFI) (Cimprich et al. 2011),
physical symptom severity (Breast Cancer Prevention Trial
Symptom Scales, BCPTSS) (Cella et al. 2008) and psycho-
logical distress (Three-Item Worry Index, TIWI) (Kelly 2004).
Perceived cognitive function (cognitive complaints) was
assessed with the Attentional Function Index (AFI). The AFI
evaluates cognitive functioning in daily activities that require
working memory and executive function like planning,
performing tasks and clarity of thinking (Cimprich et al.
2011). This measure was composed of 16 items, each a 10-
point Likert scale, with higher scores indicating better cogni-
tive functioning. Cronbach’s alpha coefficients for the three
assessments were .94 to .95, indicating satisfactory reliability,
consistent with estimates from previous studies. The Breast
Cancer Prevention Trial Symptoms Scale, a 16-item instru-
ment, assessed physical symptoms associated with cancer
treatment, menopause and normal aging (e.g., hot flashes,
bladder control, musculoskeletal pain, and vaginal, cognitive
and weight problems) on a 0 to 4 scale of symptom severity.
Validity and reliability have been established for women with
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Fig. 1 CONSORT diagram

and without breast cancer with Cronbach’s alpha ranging from
.75 to .82 across time points in this study (Cella et al. 2008).
The Three-Item Worry Index (Kelly 2004) measured trait wor-
ry (psychological distress) in women treated for breast cancer
and those without history of cancer (Askren et al. 2014;
Berman et al. 2014; Lehto and Cimprich 2009). Cronbach’s
alpha coefficients in this sample were satisfactory (.89-.92).

fMRI task: Verbal working memory task

A previously described Verbal Working Memory
Task (VWMT) (Fig. 2) was used to assess objective task per-
formance and neurocognitive indices during fMRI scanning
(Askren et al. 2014; Berman et al. 2014; Nelson et al. 2003).
During fMRI scanning, participants completed a verbal work-
ing memory task, to activate the executive network that sup-
ports working memory function. Over 192 trials, participants
responded “yes” or “no” by pressing a key to indicate whether
a probe letter had appeared in the current four-letter memory
set. To avoid response bias, half of the trials required a “yes”
response. We analyzed test scores obtained from the “no”
response trials that were classified as low, medium, and high
working memory demand based on how recently the probe
letter had been presented in a previous memory set. An overall
VWMT performance deficit score was derived from summed
z-scores for error rates and reaction times based on means and
standard deviations across groups. Higher scores indicated
greater performance deficit.

@ Springer

MRI acquisition parameters

A 3 Tesla GE Signa scanner equipped with a standard quad-
rature head coil was used to acquire images. T2* weighted
timeseries (25 slices, voxel size =3.75 x 3.75 x 5 mm, repeti-
tion time (TR) = 1500 ms; echo time (TE) = 30 ms; flip
angle =70°; field of view (FOV) = 24 c¢m) were acquired
using a spiral sequence. A T1-weighted gradient-echo anatom-
ical overlay with the same geometry (TR = 225 ms,
TE = 5.7 ms, flip angle =90°) and a high-resolution T1-
weighted spoiled-gradient-recalled acquisition (SPGR;
TR = 9 ms, TE = 1.8 ms, flip angle =15°, FOV = 25—
26 cm, slice thickness = 1.2 mm) were also collected for
registration.

MRI post-processing

Timeseries were slice-time corrected with SPME&, motion
corrected with MCFLIRT (Jenkinson et al. 2002), temporally
de-spiked by reducing values that were greater than 3 standard
deviations from the mean (Lazar et al. 2001), normalized to
MNI space using the overlay and skull-stripped (Smith 2002;
Smith et al. 2004), inhomogeneity-corrected SPGR as inter-
mediates, and spatially smoothed with a Gaussian kernel of
FWHM = 8 mm. The first principal component of the linear,
squared, derivative, and squared derivative of the rigid-body
motion parameters generated by MCFLIRT was calculated for
use as a nuisance regressor (Lund et al. 2005).
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Fig. 2 Diagram of Verbal Working Memory Task by level of demand. In
the low demand trial, the final probe letter Y did not appear in the current
memory (n") set as well as two previous ([n-1]%, [n-2]") sets. In the medium
demand trial, the probe letter F appeared in the preceding ([n-1]™) but not in

Generation of network masks

Functional images were entered into a general linear model in
SPMS5 in which high, medium, and low-demand probes were
modeled as zero-duration events convolved with the hemody-
namic response function. Error trials and positive probes were
also modeled separately, but not analyzed here. The first prin-
cipal component of the motion regressors was included as a
covariate of no interest. To generate a voxelwise map of the
frontoparietal “executive network” of brain regions respon-
sive to working memory demand in this task, high and
medium-demand probe activity was contrasted with low de-
mand probe activity separately for each group at each time
point, thresholded at P < .005 (uncorrected for multiple com-
parisons) at the voxel-level with a cluster-size threshold of
P < .05 contiguous voxels. By including all voxels present
in any of the group maps at any time point, we generated an
executive network mask unbiased to group or time point,
which included bilateral inferior and middle frontal gyrus,
dorsal anterior cingulate cortex, and bilateral intraparietal
sulcus (Fig. 4b).

Calculation of spatial variance

The spatial variance (inconsistency of activation values across
all voxels) within the group-defined executive control mask
were extracted for each participant’s contrast map at each time
point for the contrast of high- & medium-demand probes great-
er than low-demand probes. These values were then submitted
to multivariable linear regression models. Spatial variance in
activation of the executive network can reflect neural ineffi-
ciency with greater sensitivity than mean amplitude (Askren

the current set. In the high demand set, the probe B appeared in two previous
memory sets but not in the current set. Familiarity with the letter in recent
sets generates interference and more difficulty in responding correctly to
whether or not it appeared in the current set

et al. 2014; Berman et al. 2011). Though related concepts,
spatial variance is not equivalent to temporal variance (vari-
ance in the signal across time in a voxel or group of voxels),
which is not reported here. The more traditional mean ampli-
tude measure (the magnitude of the contrast values averaged
across all of the voxels within the mask) was also calculated.

Statistical analyses

Demographic and clinical characteristics among groups were
compared using Pearson’s Chi Square test and analysis of
variance (ANOVA). Repeated measures analysis of variance
(ANOVA) was implemented to determine patterns of change
over time for the three cognitive outcome measures, VMWT
performance deficit score, spatial variance in executive net-
work fMRI task-activation, and cognitive complaints (AFI).
Additional post-hoc analyses were performed to examine
between-group and within-group differences across time
points, using t-tests and ANOVAs. Multivariable linear regres-
sion models were developed to determine predictors of the
three cognitive outcomes at one-year follow-up (M12).
During model-building, seven independent variables were se-
lected based on theoretical and statistical considerations
(Ahles et al. 2010; Askren et al. 2014; Berman et al. 2014;
Cimprich et al. 2005) as potential predictors of cognitive
dysfunction: (a) treatment group (chemotherapy, non-
chemotherapy, and healthy control) created as dummy vari-
ables; (b) pre-treatment measure of the dependent variables,
i.e., VWMT performance, spatial variance in executive net-
work activation, and AFI (cognitive complaints); (c) age and
(d) years of education as proxy indicators of cognitive reserve;
(e) hemoglobin level at M12 as an indicator of cancer
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treatment side effects; (f) self-reported worry at M12; and (g)
overall physical symptom severity at M12. Mean activation in
the executive network was not included as a dependent vari-
able for the regression analysis because the regression model
on mean activation in this network did not reach statistical
significance (P > .05).

Results
Sample characteristics

Mean age was 52 years (SD =9) and groups did not differ by
age, race, or menopausal status (Table 1). Healthy controls
(HC) were more educated than patients (P = .006). The
chemotherapy-treated (CT) group had higher stage disease
(P < .001) and was treated more often with mastectomy
(P < .001) and lymph node dissection (P < .001) than the
non-chemotherapy (non-CT) group. Three standard chemo-
therapeutic regimens were administered in the CT group with
79 % receiving a combination of doxorubicin, cyclophospha-
mide, and paclitaxel over about a four-month interval. All
women in the non-CT group completed radiotherapy and
85 % were receiving anti-estrogen medication (tamoxifen or
aromatase inhibitors) at M5 and M12. In the CT group 57 %
had started radiotherapy and 29 % were receiving anti-
estrogen therapy at M5, coinciding with about one-month
post-chemotherapy, whereas 79 % completed radiotherapy
and 75 % were receiving anti-estrogen therapy at M12. The
CT group had lower hemoglobin at baseline (P < .001) and
MS5 (P < .001) than the other groups, but the groups did not
differ at M12.

Verbal working memory task performance during fMRI

Repeated measures ANOVA in the three-group model (CT,
non-CT, HC) showed no significant group by time interaction
for VWMT performance deficit score (Fig. 3a; Table S1;
Fig. S1). However, distinctly differing patterns of change were
observed among the groups despite similar mean VWMT per-
formance deficit scores at baseline. In particular, the CT group
had no change in VWMT deficit score over time, while the
HC group showed a significant decline (performance im-
provement) from baseline to M12 (P = .001). Mean
scores in the non-CT group were intermediate having
improved over time but did not differ significantly from
the other two groups at any time point. To confirm
pattern differences specifically between the CT and HC
groups a post hoc analysis revealed a significant interaction
(P = .039). These group differences in VWMT performance
were clearly evident at M12. Specifically, the overall VWMT
score in the CT group was worse than that in the HC group
with the CT group performing worse across all levels of task
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demand (low, P = .052; medium, P = .001; high, P = .047) at
M12 than the healthy controls (Fig. 3b, c, d; Table S1). These
findings suggest that chemotherapy-treated women experi-
enced cognitive problems even seven months post-
chemotherapy.

Spatial variance in executive network activation

Repeated measures ANOVA of spatial variance in task acti-
vation in the executive network showed a significant main
effect of group (P = .002), but no group by time interaction
(Fig. 4a; Table S1; Fig. S2). Greater mean spatial variance at
baseline was observed in the CT group although group
differences were not statistically significant. However,
the CT group had greater spatial variance at M12 than HC
(P = .009) and non-CT groups (P = .004). These findings
reflect persistent neurocognitive compromise in women treat-
ed with chemotherapy. Mean activation within this executive
network did not differ across groups and across times
(Ps > .30) (Table S2).

Perceived cognitive dysfunction

No group by time interaction or main effect of group was
found in self-reported cognitive complaints, AFI (Fig. 4c;
Table S1; Fig. S3). Across groups, there was a significant time
effect (P =.025) showing a small decline (more complaints) at
M5 with return to baseline levels at M12. However, all three
groups showed similar scores on perceived cognitive dysfunc-
tion at each time point. These findings suggest that changes in
self-reported cognitive dysfunction might not be directly as-
sociated with breast cancer diagnosis and treatment.

Physical and psychological symptoms

Repeated measures ANOVA showed a significant group by
time interaction (P < .001) in overall physical symptom sever-
ity. Specifically, the CT group had an increase in symptom
severity from baseline to M5 (P < .001), followed by a small
but significant decrease at M12 (P =.015). The non-CT group
showed a gradual increase in symptom severity from baseline
to M12 (P = .019), while the change in the HC group was
small and not statistically significant (Fig. 4d; Table S1).
Repeated measures ANOVA for worry scores revealed a mar-
ginal effect of group (P = .058). Post-hoc analyses showed
greater worry for the CT group than the non-CT (P =.045) and
the HC groups (P = .04) across time points (Fig. 4e; Table S1).

Predicting neurocognitive dysfunction and cognitive
complaints

Multivariable regression models were used to deter-
mine possible predictors of objectively-assessed
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Table 1  Sample characteristics

Characteristics CT (n = 28) Non-CT (n = 34) HC (n = 30) P
n (%) Mean (SD) n (%) Mean (SD) n (%) Mean (SD)
Age (year) 49.68 (9.74) 53.94 (8.42) 51.13 (8.47) 159
Education (year) 15.09 (2.33) 1538 (2.07) 16.78 (1.94) .006
Mini-Mental State Examination (MMSE)" 29.46 (0.69) 29.47 (0.79) 29.63 (0.72) .602
Patient Health Questionnaire (PHQ-8)" 3.82 (3.93) 3.62 (3.95) 2.57 (2.88) 362
Months between baseline and M5 5.07 (1.41) 5.06 (1.07) 5.20(1.47) .898
Months between baseline and M12 12.11 (1.85) 11.62 (0.85) 12.33 (1.81) .169
Race®
White 22 (79) 3191 26 (87) 362
Non-white 6 (21) 309 4(13)
Stage
0 0 (0) 11 32) - <.001
I 5(18) 17 (50) -
i 16 (57) 6 (18) -
Ila 7(25) 0(0) -
Surgery
Lumpectomy 15 (54) 32(94) - <.001
Mastectomy 13 (46) 2 (6) -
Lymph node dissection 16 (57) 2(6) - <.001
Chemotherapy regimen
Doxorubicin + Cyclophosphamide 14) - -
Doxorubicin + Cyclophosphamide + Paclitaxel 22 (79) - -
Docetaxel + Cyclophosphamide 5(18) - -
Radiotherapy started
Before M5 16 (57) 34 (100) - <.001
Before M12 22 (79) 34 (100) - .006
Endocrine therapy started
Before M5 8(29) 29 (85) - <.001
Before M12 21 (75) 29 (85) - 307
Menstrual status at baseline
Pre 14 (50) 10 (29) 8(27) 219
Peri 2(7) 5(15) 7 (23)
Post 12 (43) 19 (56) 15 (50)
Hemoglobin (g/dl)
MO 12.79 (0.83) 13.72 (0.69) 13.18 (0.90) <.001
M5 12.35 (1.06) 13.37 (0.82) 13.20 (0.85) <.001
M12 13.07 (0.79) 13.42 (0.74) 13.21 (1.07) 304

Percentage may not equal 100 because of rounding; Missing hemoglobin values at MO (CT, n=1; HC, n =3), M5 (CT, n=2; HC, n = 2), and M12 (CT,
n=2;non-CT, n=1;,HC, n=4)

Abbreviations: CT, chemotherapy-treated; non-C7, treated without chemotherapy; HC, healthy control; M0, baseline; M35, five-month follow-up; M12,
twelve-month follow-up

# P values are based on one-way ANOVA for continuous variables and chi-square analyses for categorical variables
® Screening measures were MMSE for cognitive disorder and PHQ-8 for clinical depression
€86 % Caucasian, 9 % African American, 4 % Asian American, and 1 % American Indian

neurocognitive dysfunction (VWMT performance defi-  and subjective cognitive complaints (AFI) about one
cit, spatial variance in executive network activation) year after baseline (Table 2).
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Fig.3 Changing patterns of VWMT performance deficits by group at baseline, five, and twelve months later. Higher score indicates worse performance.
VWMT scores: a Overall; b Low demand; ¢ Medium demand; d High demand

Predictors of neurocognitive dysfunction

In the model predicting VWMT performance deficit, being in
the CT group rather than HC group (P = .007) and greater
baseline performance deficits (P < .001) were significantly
associated with worse performance at M12. In the model
for fMRI-detected spatial variance in executive network
activation, being a member of the CT group rather than
the non-CT (P = .002) or HC (P = .003) group and
greater spatial variance in the network activation
(P = .004) at baseline also predicted greater spatial variance
at M12.

Predictors of cognitive complaints

In the model predicting self-reported cognitive complaints,
higher levels of cognitive complaints at M 12 were significant-
ly associated with greater worry (P = .013) and greater phys-
ical symptom severity at M12 (P < .001), as well as greater
baseline complaints (P < .001). The predictive effect of symp-
tom severity persisted even after controlling for three
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cognitive items in the BCPTSS. Although a small but signif-
icant correlation (» = .34) was found between worry and phys-
ical symptoms, each variable independently accounted for
significant variance in the model (Table 2). Together these
findings indicate that different risk factors are associated with
neurocognitive dysfunction versus subjective cognitive diffi-
culties at M12 (seven months post-chemotherapy).

Discussion

Effective interventions for chemotherapy-associated
neurocognitive dysfunction, commonly called ‘chemobrain’,
depend on a thorough understanding of its causes, the develop-
mental trajectory, and possible modifiable contributors. In this
prospective study of women treated for breast cancer and aged-
matched healthy controls we found that the trajectory of fMRI-
detected changes in neurocognitive executive network function
during VWMT performance from pre-adjuvant treatment to
one year post-baseline was worse for women who received
chemotherapy compared to those who did not and healthy
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Fig. 4 Patterns of changes in key variables by group over time
(MO = baseline; M5 = five-month follow-up; M12 = twelve-month
follow-up). a Spatial variance within the executive network which is
the brain system responsive to the verbal working memory task used
for fMRI analyses, b Executive network shown in green which is

controls. However, we also observed executive network abnor-
malities before any adjuvant treatment, suggesting that adverse
neurocognitive outcomes are not entirely due to chemotherapy
treatment. Further we identified that self-reported cognitive
complaints at one year post-baseline were associated with wor-
ry and physical symptom severity, and not treatment per se.

A measureable difference in neurocognitive indices of ex-
ecutive functioning was found between women treated with
chemotherapy and healthy controls over time. Specifically,
chemotherapy-treated women showed a persistent deficit in
cognitive task performance from baseline to one-year later
(seven months post-chemotherapy), while healthy controls
displayed continuous improvement over the same period.
These findings are consistent with prior studies showing that
a subset of women treated with adjuvant chemotherapy (16—
60 %) declined in cognitive performance (Shilling et al. 2005;
Stewart et al. 2008; Wefel et al. 2010), although a few studies
have reported improved cognitive performance over the

composed of voxels that were significantly active for any group at any
time point, ¢ Perceived cognitive dysfunction assessed with AFI (lower
scores = more complaints), d Physical symptom severity measured with
BCPTSS (higher scores = greater severity), and e Worry Index severity
assessed with TIWI (higher scores = greater severity)

course of chemotherapy (Fan et al. 2005; Jenkins et al.
2006). Despite heterogeneous neuropsychological tests and
statistical models across studies, executive functions are fre-
quently affected following chemotherapy (Jansen et al. 2005).
Through targeting executive network function with a theory-
based task, our results showed that chemotherapy-treated
women did not benefit from repeated testing (practice effect)
relative to comparison groups. On average, they had persistent
compromise and a widening gap in cognitive performance not
observed in the other groups over the one-year follow-up.
Women treated with chemotherapy also showed persistent
neural inefficiency as defined by greater fMRI spatial variance
in task-related activation of the frontoparietal executive net-
work across time points, compared with non-chemotherapy
and healthy control groups. Neuroimaging studies have
shown structural and functional changes in frontal and parietal
regions before, during, and after chemotherapy (Cimprich
et al. 2010; Deprez et al. 2012; McDonald et al. 2012). Our
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Table 2 Multivariable regression models predicting objective and subjective cognitive outcomes at M12

Independent Variables VWMT performance Spatial variance Perceived cognitive dysfunction (AFI)
Estimate SE P Estimate SE P Estimate SE P
CT versus HC 0.79 0.29 .007 6.61 2.06 .002 —-0.06 0.29 .827
CT versus non-CT 0.51 0.27 .061 6.12 1.96 .003 -0.34 0.27 212
HC versus non-CT -0.28 0.27 .300 -0.49 1.92 .800 -0.28 0.27 309
Age 0.01 0.01 433 0.07 0.10 479 0.01 0.01 .670
Education 0.00 0.05 974 0.27 0.39 484 —0.01 0.05 .890
Hemoglobin at M12 —0.03 0.14 817 —0.68 0.97 484 0.04 0.14 750
Worry at M12 —0.01 0.12 .948 —0.63 0.86 468 -0.32 0.12 .013
Symptom distress at M12 0.04 0.25 .861 0.61 1.75 728 -1.36 0.26 <.001
Dependent variable at MO 0.77 0.08 <.001 0.25 0.08 .004 0.38 0.08 <.001
F(P) 14.05(<.001) 3.51(.002) 17.23(<.001)
R® 58 26 .63

Abbreviations: CT, chemotherapy-treated; non-CT, treated without chemotherapy; HC, healthy control; VWMT, Verbal Working Memory Task; AFI,

Attentional Function Index; M0, baseline; M12, twelve-month follow-up

previous findings demonstrated the usefulness of assessing
spatial variance in the task-defined frontoparietal executive
network, which appears to be particularly vulnerable in breast
cancer (Askren et al. 2014; Cimprich et al. 2010). The current
findings also indicate that early changes in spatial variance in
task-activation across the frontoparietal executive network,
even prior to adjuvant treatment, can serve as an indicator or
neuromarker of alterations in attention and working memory
function over time. Neural inefficiency prior to chemotherapy
may be connected with psychological distress after cancer
diagnosis (Berman et al. 2014) and pro-inflammatory immune
responses to disease, surgery, or treatment-related symptoms
such as fatigue (Askren et al. 2014; Wood and Weymann
2013; Menning et al. 2015).

Although patients treated with and without adjuvant che-
motherapy shared similar characteristics of breast cancer di-
agnosis and surgical treatment, still the pre-chemotherapy
group showed greater neural pre-treatment vulnerability in
neurocognitive responses that increased over time as com-
pared to the non-chemotherapy patient group. One possible
reason is that the anticipation of chemotherapy and related
toxic effects, including hair loss, and change in appearance,
may be inherently more worrisome and distressing than the
prospect of local treatment with radiotherapy. Pre-treatment
distress can compound any neurocognitive side effects of che-
motherapy resulting in greater neural inefficiency over time.
The risk factors affecting pre-treatment neural function need
further indepth research to advance prevention of acute and
chronic cognitive dysfunction.

The pattern of neurocognitive performance in women not
treated with chemotherapy was more similar to that of the
healthy control group. At the same time, although mean scores
improved and the gap between the CT and non-CT group
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widened at one year, some women in the non-CT group still
experienced persistent cognitive problems with overlapping
scores similar to the chemotherapy group. Cognitive problems
have not been well studied in women not receiving chemo-
therapy for breast cancer but these findings suggest further
research attention be given to all women treated for breast
cancer.

Unlike neurocognitive dysfunction, the one-year trajectory
of self-reported cognitive complaints was similar among
groups. Although there were no significant differences among
groups at any time point, the chemotherapy group did have a
small but significant increase in cognitive complaints from
baseline to the five-month assessment (one-month post-che-
motherapy) without further improvement at one-year. Our re-
sults are consistent with evidence suggesting that perceived
cognitive problems of attention, memory and executive func-
tion do occur in women diagnosed with breast cancer regard-
less of treatment modality (Myers 2012; Pullens et al. 2010).

Cognitive performance deficits and neural compromise in
executive network function at the one year-follow-up were
each predicted by the respective cognitive indices assessed
prior to any adjuvant treatment, as well as by subsequent
treatment with chemotherapy. Age, education, hemoglobin,
and symptoms did not account for any significant variance
in neurocognitive task performance at one year post-baseline.
Also, cancer stage was not related to any cognitive outcomes
in the patient sample of women with localized early stage
disease. In contrast, self-reported cognitive complaints at one
year were predicted by co-occurring physical and psycholog-
ical symptom severity as well as respective baseline levels,
regardless of treatment or disease. These findings are consis-
tent with Hermelink et al’s proposal that neuropsychological
compromise and self-perceived cognitive dysfunction may be



Brain Imaging and Behavior (2017) 11:86-97

95

distinct phenomena (Hermelink et al. 2010). Our findings also
suggest that these two phenomena may not share common
pathogenic mechanisms, and that overall symptom burden is
a risk factor for subjective cognitive problems regardless of
treatment modality. Physical and psychological symptom
burden could be modified by existing evidence-based,
targeted interventions such as cognitive-behavioral
therapy to treat worry (Covin et al. 2008) and educational
intervention for specific symptom management (Given et al.
2008). In addition, executive function training and nature-
based interventions may help to improve any co-occurring
attention and working memory problems (Cimprich and
Ronis 2003; Von Ah et al. 2014).

While considerable research is underway to identify bio-
logical mechanisms by which chemotherapy alters neural
function (e.g., inflammatory cytokine production, genetic pre-
disposition), research also is needed to explicate the mecha-
nism linking symptom burden and self-reported cognitive
problems. One explanation may be that physical and psycho-
logical symptoms can increase effort required for even simple
tasks, increasing subjective perceptions of dysfunction. Why
symptom severity did not predict objective neurocognitive
function in this study is not clear. It is possible that the report
of symptoms encompasses experience over an extended
period of time, while neurocognitive tests sample performance
and associated effort on single occasions in highly structured
settings (Reuter-Lorenz and Cimprich 2013). It is also
possible that the neurocognitive effects of symptom burden
may be more apparent in default mode network dysregulation,
i.e., neural dysfunction associated with mind-wandering,
ruminations, and worry (Reuter-Lorenz and Cimprich 2013).
Our previous findings provide some support for this interpre-
tation showing that worry contributed significantly to
cognitive dysfunction prior to any adjuvant treatment as it
interfered with default mode network deactivation during task
performance (Cimprich et al. 2010; Berman et al. 2014).

Strengths of our study included a large sample size relative
to other published fMRI studies in breast cancer, a prospective
design from pre-adjuvant treatment, two control groups
(non-CT and HC) and integration of behavioral, neuro-
imaging and self-report data. However, sample size was
still insufficiently powered to perform further subset
analyses, e.g., examining possible differences among wom-
en who did or did not receive adjuvant endocrine therapy.
Additionally, our study included mostly white, educated
women recruited from a comprehensive cancer center, and
thus we were unable to address the influence of socioeconom-
ic status, race and ethnicity on cognitive effects of breast can-
cer treatment.

In conclusion, early compromise of the executive network
before any adjuvant treatment can act as a biomarker of risk
for longer-term cognitive dysfunction. We found that cogni-
tive performance deficits and neural inefficiency in executive

network function generally persisted over succeeding months
for patients who received adjuvant chemotherapy compared
to those who did not and to healthy controls. Adjuvant che-
motherapy was an independent predictive factor in
neurocognitive dysfunction of the executive network at one
year. In contrast, physical and psychological symptoms, and
not breast cancer diagnosis or treatment per se, independently
predicted self-reported cognitive complaints. Thus, our find-
ings indicate that multiple factors can influence cognitive out-
comes in women treated for breast cancer. These findings
support the need for research regarding therapeutic interven-
tions to prevent or reduce neural dysfunction, performance
deficits, and subjective cognitive problems. At minimum, ap-
proaches are needed: 1) to reduce physical and psychological
symptom distress, and 2) to address any co-occurring attention
and memory problems, which, left untreated, increase risk for
further neurocognitive compromise in women treated for
breast cancer.

Acknowledgments This work was supported by the National Institutes
of Health RO1 NR01039 (BC).

Compliance with ethical standards

Conlflicts of interest Mi Sook Jung, Min Zhang, Mary K. Askren,
Marc G. Berman, Scott Peltier, Daniel F. Hayes, Barbara Therrien,
Patricia A. Reuter-Lorenz, and Bernadine Cimprich declare that they have
no conflicts of interest.

Informed consent All procedures followed were in accordance with
the ethical standards of the responsible committee on human experimen-
tation (institutional and national) and with the Helsinki Declaration of
1975, and the applicable revisions at the time of the investigation.
Informed consent was obtained from all participants included in the study.

References

Ahles, T. A., Saykin, A. J., McDonald, B. C., Li, Y., Furstenberg, C. T.,
Hanscom, B. S, et al. (2010). Longitudinal assessment of cognitive
changes associated with adjuvant treatment for breast cancer: impact
of age and cognitive reserve. Journal of Clinical Oncology, 28(29),
4434-4440. doi:10.1200/JC0O.2009.27.0827.

Askren, M. K., Jung, M., Berman, M. G., Zhang, M., Therrien, B., Peltier,
S., et al. (2014). Neuromarkers of fatigue and cognitive complaints
following chemotherapy for breast cancer: a prospective fMRI in-
vestigation. Breast Cancer Research and Treatment, 147(2), 445—
455. doi:10.1007/s10549-014-3092-6.

Berman, M. G., Nee, D. E., Casement, M., Kim, H. S., Deldin,
P., Kross, E., et al. (2011). Neural and behavioral effects of
interference resolution in depression and rumination.
Cognitive, Affective, & Behavioral Neuroscience, 11(1), 85—
96. doi:10.3758/s13415-010-0014-x.

Berman, M. G., Askren, M. K., Jung, M., Therrien, B., Peltier, S., Noll, D.
C., et al. (2014). Pretreatment worry and neurocognitive responses
in women with breast cancer. Health Psychology, 33(3), 222-231.
doi:10.1037/a0033425.

Cella, D., Land, S. R., Chang, C. H., Day, R., Costantino, J. P., Wolmark,
N., et al. (2008). Symptom measurement in the Breast Cancer

@ Springer


http://dx.doi.org/10.1200/JCO.2009.27.0827
http://dx.doi.org/10.1007/s10549-014-3092-6
http://dx.doi.org/10.3758/s13415-010-0014-x
http://dx.doi.org/10.1037/a0033425

96

Brain Imaging and Behavior (2017) 11:86-97

Prevention Trial (BCPT) (P-1): psychometric properties of a new
measure of symptoms for midlife women. Breast Cancer Research
and Treatment, 109(3), 515-526. doi:10.1007/s10549-007-9682-9.

Churchill, N. W., Cimprich, B., Askren, M. K., Reuter-Lorenz, P. A.,
Jung, M. S., Peltier, S., et al. (2014). Scale-free brain dynamics
under physical and psychological distress: Pre-treatment effects in
women diagnosed with breast cancer. Human Brain Mapping,
36(3), 1077-1092. doi:10.1002/hbm.22687.

Cimprich, B., & Ronis, D. L. (2001). Attention and symptom distress in
women with and without breast cancer. Nursing Research, 50(2),
86-94.

Cimprich, B., & Ronis, D. L. (2003). An environmental intervention to
restore attention in women with newly diagnosed breast cancer.
Cancer Nursing, 26(4), 284-292.

Cimprich, B., So, H., Ronis, D. L., & Trask, C. (2005). Pre-
treatment factors related to cognitive functioning in women
newly diagnosed with breast cancer. Psychooncology, 14(1),
70-78. doi:10.1002/pon.821.

Cimprich, B., Reuter-Lorenz, P., Nelson, J., Clark, P. M., Therrien, B.,
Normolle, D., et al. (2010). Prechemotherapy alterations in
brain function in women with breast cancer. Journal of
Clinical and Experimental Neuropsychology, 32(3), 324—
331. doi:10.1080/13803390903032537.

Cimprich, B., Visovatti, M., & Ronis, D. L. (2011). The attentional func-
tion index—a self-report cognitive measure. Psychooncology, 20(2),
194-202. doi:10.1002/pon.1729.

Covin, R., Ouimet, A. J., Seeds, P. M., & Dozois, D. J. (2008). A meta-
analysis of CBT for pathological worry among clients with
GAD. Journal of Anxiety Disorders, 22(1), 108—116. doi:10.
1016/j.janxdis.2007.01.002.

Deprez, S., Amant, F., Smeets, A., Peeters, R., Leemans, A., Van Hecke,
W., etal. (2012). Longitudinal assessment of chemotherapy-induced
structural changes in cerebral white matter and its correlation with
impaired cognitive functioning. Journal of Clinical Oncology,
30(3), 274-281. doi:10.1200/JCO.2011.36.8571.

Early Breast Cancer Trialists’ Collaborative Group, Peto, R., Davies, C.,
Godwin, J., Gray, R., Pan, H. C., etal. (2012). Comparisons between
different polychemotherapy regimens for early breast cancer: meta-
analyses of long-term outcome among 100,000 women in 123
randomised trials. Lancet, 379(9814), 432-444. do0i:10.1016/
S0140-6736(11)61625-5.

Fan, H. G., Houédé-Tchen, N., Yi, Q. L., Chemerynsky, I., Downie, F. P.,
Sabate, K., et al. (2005). Fatigue, menopausal symptoms, and
cognitive function in women after adjuvant chemotherapy for
breast cancer: 1- and 2-year follow-up of a prospective con-
trolled study. Journal of Clinical Oncology, 23(31), 8025—
8032. doi:10.1200/JC0O.2005.01.6550.

Folstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). "Mini-mental
state". A practical method for grading the cognitive state of patients
for the clinician. Journal of Psychiatric Research, 12(3), 189—198.

Gangz, P. A., Kwan, L., Stanton, A. L., Bower, J. E., & Belin, T. R. (2011).
Physical and psychosocial recovery in the year after primary treat-
ment of breast cancer. Journal of Clinical Oncology, 29(9), 1101—
1109. doi:10.1200/JC0O.2010.28.8043.

Given, C. W., Sikorskii, A., Tamkus, D., Given, B., You, M., McCorkle,
R., et al. (2008). Managing symptoms among patients with
breast cancer during chemotherapy: results of a two-arm be-
havioral trial. Journal of Clinical Oncology, 26(36), 5855—
5862. doi:10.1200/JC0O.2008.16.8872.

Hermelink, K., Kiichenhoff, H., Untch, M., Bauerfeind, 1., Lux, M. P.,
Biihner, M., et al. (2010). Two different sides of ‘chemobrain’: de-
terminants and nondeterminants of self-perceived cognitive dys-
function in a prospective, randomized, multicenter study.
Psychooncology, 19(12), 1321-1328. doi:10.1002/pon.1695.

Janelsins, M. C., Kesler, S. R., Ahles, T. A., & Morrow, G. R. (2014).
Prevalence, mechanisms, and management of cancer-related

@ Springer

cognitive impairment. International Review of Psychiatry, 26(1),
102-113. doi:10.3109/09540261.2013.864260.

Jansen, C. E., Miaskowski, C., Dodd, M., Dowling, G., & Kramer, J.
(2005). A metaanalysis of studies of the effects of cancer chemo-
therapy on various domains of cognitive function. Cancer, 104(10),
2222-2233. doi:10.1002/cncr.21469.

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. doi:
10.1038/sj.bjc.6603029.

Jenkinson, M., Bannister, P., Brady, M., & Smith, S. (2002). Improved
optimization for the robust and accurate linear registration and mo-
tion correction of brain images. Neuroimage, 17(2), 825-841.

Kelly, W. E. (2004). A brief measure of general worry: the three item
worry index. North American Journal of Psychology, 6(2), 219—
226.

Kroenke, K., Strine, T. W., Spitzer, R. L., Williams, J. B., Berry, J. T., &
Mokdad, A. H. (2009). The PHQ-8 as a measure of current depres-
sion in the general population. Journal of Affective Disorders,
114(1-3), 163-173. doi:10.1016/j.jad.2008.06.026.

Lazar, N. A., Eddy, W. F., Genovese, C. R., & Welling, J. (2001).
Statistical issues in fMRI for brain imaging. International
Statistical Review, 69, 105-127.

Lehto, R. H., & Cimprich, B. (2009). Worry and the formation of cogni-
tive representations of illness in individuals undergoing surgery for
suspected lung cancer. Cancer Nursing, 32(1), 2—10. doi:10.1097/
01.NCC.0000343363.75752.f1.

Lund, T. E., Nergaard, M. D., Rostrup, E., Rowe, J. B., & Paulson, O. B.
(2005). Motion or activity: their role in intra- and inter-subject var-
iation in fMRI. Neuroimage, 26(3), 960-964. doi:10.1016/j.
neuroimage.2005.02.021.

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. Journal of Clinical
Oncology, 30(20), 2500-2508. doi:10.1200/JC0O.2011.38.5674.

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. Neuroimage: Clinical, 7, 547-554.
doi:10.1016/j.nicl.2015.02.005.

Misi¢, B., Fatima, Z., Askren, M. K., Buschkuehl, M., Churchill, N.,
Cimprich, B., et al. (2014). The functional connectivity landscape
of the human brain. PloS One, 9(10), e111007. doi:10.1371/journal.
pone.0111007.

Myers, J. S. (2012). Chemotherapy-related cognitive impairment: the
breast cancer experience. Oncology Nursing Forum, 39(1), E31—
E40. doi:10.1188/12.0NF.E31-E40.

Nelson, J. K., Reuter-Lorenz, P. A., Sylvester, C. Y., Jonides, J., & Smith,
E. E. (2003). Dissociable neural mechanisms underlying response-
based and familiarity-based conflict in working memory.
Proceedings of the National Academy of Sciences, 100(19),
11171-11175. doi:10.1073/pnas.1334125100.

Pullens, M. J., De Vries, J., & Roukema, J. A. (2010). Subjective cogni-
tive dysfunction in breast cancer patients: a systematic review.
Psychooncology, 19(11), 1127-1138. doi:10.1002/pon.1673.

Reuter-Lorenz, P. A., & Cimprich, B. (2013). Cognitive function and
breast cancer: promise and potential insights from functional brain
imaging. Breast Cancer Research and Treatment, 137(1), 33-43.
doi:10.1007/s10549-012-2266-3.

Shilling, V., Jenkins, V., Morris, R., Deutsch, G., & Bloomfield,
D. (2005). The effects of adjuvant chemotherapy on cogni-
tion in women with breast cancer—preliminary results of an
observational longitudinal study. Breast, 14(2), 142—150. doi:
10.1016/j.breast.2004.10.004.


http://dx.doi.org/10.1007/s10549-007-9682-9
http://dx.doi.org/10.1002/hbm.22687
http://dx.doi.org/10.1002/pon.821
http://dx.doi.org/10.1080/13803390903032537
http://dx.doi.org/10.1002/pon.1729
http://dx.doi.org/10.1016/j.janxdis.2007.01.002
http://dx.doi.org/10.1016/j.janxdis.2007.01.002
http://dx.doi.org/10.1200/JCO.2011.36.8571
http://dx.doi.org/10.1016/S0140-6736(11)61625-5
http://dx.doi.org/10.1016/S0140-6736(11)61625-5
http://dx.doi.org/10.1200/JCO.2005.01.6550
http://dx.doi.org/10.1200/JCO.2010.28.8043
http://dx.doi.org/10.1200/JCO.2008.16.8872
http://dx.doi.org/10.1002/pon.1695
http://dx.doi.org/10.3109/09540261.2013.864260
http://dx.doi.org/10.1002/cncr.21469
http://dx.doi.org/10.1038/sj.bjc.6603029
http://dx.doi.org/10.1016/j.jad.2008.06.026
http://dx.doi.org/10.1097/01.NCC.0000343363.75752.f1
http://dx.doi.org/10.1097/01.NCC.0000343363.75752.f1
http://dx.doi.org/10.1016/j.neuroimage.2005.02.021
http://dx.doi.org/10.1016/j.neuroimage.2005.02.021
http://dx.doi.org/10.1200/JCO.2011.38.5674
http://dx.doi.org/10.1016/j.nicl.2015.02.005
http://dx.doi.org/10.1371/journal.pone.0111007
http://dx.doi.org/10.1371/journal.pone.0111007
http://dx.doi.org/10.1188/12.ONF.E31-E40
http://dx.doi.org/10.1073/pnas.1334125100
http://dx.doi.org/10.1002/pon.1673
http://dx.doi.org/10.1007/s10549-012-2266-3
http://dx.doi.org/10.1016/j.breast.2004.10.004

Brain Imaging and Behavior (2017) 11:86-97

97

Smith, S. M. (2002). Fast robust automated brain extraction. Human
Brain Mapping, 17(3), 143—155. doi:10.1002/hbm.10062.

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F.,
Behrens, T. E., Johansen-Berg, H., et al. (2004). Advances in func-
tional and structural MR image analysis and implementation as FSL.
Neuroimage, 23(Suppl 1), S208-S219. doi:10.1016/j.neuroimage.
2004.07.051.

Stewart, A., Collins, B., Mackenzie, J., Tomiak, E., Verma, S., &
Bielajew, C. (2008). The cognitive effects of adjuvant chemotherapy
in early stage breast cancer: a prospective study. Psychooncology,
17(2), 122-130. doi:10.1002/pon.1210.

Von Ah, D., Jansen, C. E., & Allen, D. H. (2014). Evidence-
based interventions for cancer- and treatment-related

cognitive impairment. Clinical Journal of Oncology
Nursing, 18 Suppl, 17-25, doi:10.1188/14.CJON.S3.17-25.

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(14), 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.

Wood, L. J., & Weymann, K. (2013). Inflammation and neural signaling:
etiologic mechanisms of the cancer treatment-related symptom clus-
ter. Current Opinion in Supportive and Palliative Care, 7(1), 54-59.
doi:10.1097/SPC.0b013e32835dabe3.

@ Springer


http://dx.doi.org/10.1002/hbm.10062
http://dx.doi.org/10.1016/j.neuroimage.2004.07.051
http://dx.doi.org/10.1016/j.neuroimage.2004.07.051
http://dx.doi.org/10.1002/pon.1210
http://dx.doi.org/10.1188/14.CJON.S3.17-25
http://dx.doi.org/10.1002/cncr.25098
http://dx.doi.org/10.1016/S1470-2045(10)70294-1
http://dx.doi.org/10.1097/SPC.0b013e32835dabe3

	Cognitive dysfunction and symptom burden in women treated for breast cancer: a prospective behavioral and fMRI analysis
	Abstract
	Introduction
	Methods
	Participants
	Procedures and materials
	Design
	Self-reported measures
	fMRI task: Verbal working memory task
	MRI acquisition parameters
	MRI post-processing
	Generation of network masks
	Calculation of spatial variance

	Statistical analyses

	Results
	Sample characteristics
	Verbal working memory task performance during fMRI
	Spatial variance in executive network activation
	Perceived cognitive dysfunction
	Physical and psychological symptoms
	Predicting neurocognitive dysfunction and cognitive complaints
	Predictors of neurocognitive dysfunction
	Predictors of cognitive complaints


	Discussion
	References


