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Abstract

Introduction Complaint about attention disorders is common
among breast cancer patients who have undergone chemother-
apy, which may be associated with the default mode network
(DMN). To validate this hypothesis, we investigated the DMN
functional connectivity (FC) change and its relationship with
the attention function in breast cancer patients (BC) using
resting-state functional magnetic resonance imaging (rs-
fMRI).

Methods Twenty-two BC treated with chemotherapy and 22
healthy controls (HC) were recruited into this study. The FC
between the DMN’s hubs and regions of the dorsal medial
prefrontal cortex (IMPFC) and medial temporal lobe (MTL)
subsystems was respectively calculated for each participant.
Results The statistical result showed significantly lower con-
nectivity in dMPFC and MTL subsystems in the BC group. In
addition, the partial correlation analysis result indicated that
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the low connectivity of some brain regions in MTL subsystem
was correlated with attention dysfunction following BC
chemotherapy.

Conclusion These results suggest that the functional discon-
nection in MTL subsystem of the DMN may have association
with attention function of BC after chemotherapy.

Keywords Default mode network - Breast cancer -
Cognitive impairment - Chemotherapy - Attention deficit

Introduction

Breast cancer patients (BC) after chemotherapy exhibit wide-
spread cognitive dysfunctions, such as attention deficit [1-3],
working memory deterioration [4], thought processes confu-
sion [5], and executive impairment [6]. Such attention deficit
compromises learning efficiency and life quality severely.
However, the exact mechanisms are still cryptic and remain
to be dissected. Therefore, the study secks to explore attention
function decline following BC chemotherapy and the possible
neural mechanisms related to these changes.

The resting-state functional magnetic resonance imaging
(rs-fMRI) estimates the resting state connectivity in the neural
activity across brain regions by measuring synchronous pat-
terns of fluctuations in the blood oxygenation level-dependent
(BOLD) signal. This non-invasive imaging technique has
been widely used to study complex cognitive processes and
synchronous brain activity. By using rs-fMRI, many research
observed functional connectivity (FC) disconnection in pa-
tients with cognition-related disorders such as Alzheimer’s
disease (AD), mild cognitive impairment (MCI), and schizo-
phrenia [7-9]. A previous study also reported that FC alter-
ations in the default mode network (DMN) could be used for
discriminating BC from healthy women [10]. The DMN
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included highly interconnected neocortical regions, which
were active during wakeful self-reflection and introspection,
and inactive during task-specific processing [11]. It has gained
extensive attention in the neuroscience and neurology com-
munities since first introduced [12]. The DMN was reported to
be associated with cognitive function [13, 14]. The structural
alterations of DMN were also found in BC after chemotherapy
as follows. Some MRI studies showed that BC exhibited a
significant atrophy in gray matter regions associated with the
DMN, particularly the precuneus, cingulate, lateral parietal
cortex, medial frontal gyrus, and hippocampus [15-17]. The
disruption of white matter, including cingulum and bilateral
superior frontal occipital fasciculus, was also found in BC
[15]. And these regions were connected with the DMN region.
These structural alterations might reduce functional speciali-
zation in brain network, given that previous DMN studies
indicated that attention might be specifically modulated by
the DMN [13, 18, 19]. The spontaneous intrinsic activity
was attenuated and suppressed in the DMN during performing
attention-demanding tasks [20]. More specifically, by using
graph-analytic and hierarchical clustering methods, the
DMN can be parsed into a core set of hubs (posterior cingulate
cortex [PCC], anterior medial prefrontal cortex [aMPFC]),
and two subsystems: the dMPFC subsystem (dMPFC,
temporo-parietal junction [TPJ], lateral parietal cortex
[LTC], temporal pole [TempP]) and MTL subsystem (ventral
dorsal medial prefrontal cortex [VMPFC], posterior inferior
parietal lobule [pIPL], retrosplenial cortex [Rsp],
parahippocampal cortex [PHC], hippocampal formation
[HF]) [14]. However, few studies have investigated the links
between DMN’s three systems and attention deficit following
BC chemotherapy. While some studies indicated that regions
of the MTL subsystem might be associated with attention
function. For example, insufficient deactivation of vMPFC
was found in children with attention-deficit/hyperactivity dis-
order (ADHD) [21]. The posterior parietal cortex was also
reported to be associated with attention [22]. In addition, path-
ological damage in the Rsp was discovered in patients with
attention-deficit disorders, like schizophrenia and bipolar dis-
order [23-25]. A fMRI study revealed that the PHC was mod-
ulated by attention, whereas HF was insensitive to the atten-
tional manipulation [26], and so HF was not considered in this
study. Taken together, we hypothesized that attention function
might be associated with MTL subsystem of the DMN.

In the study, we analyzed ROI-ROI connectivity between
the DMN’s hubs and regions of the dMPFC and MTL subsys-
tems. Then, in order to investigate whether FC within the
DMN is associated with aspects of attention function, we ex-
amined the relationship between DMN connectivity and at-
tention function using a widely used measure of attention
performance. Given the relevance of the MTL subsystem for
attention function, we predicted that chemotherapy-treated
BC might exhibit abnormal connectivity within MTL
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subsystem compared to HC. Furthermore, we hypothesized
that changed FC within the MTL subsystem would be associ-
ated with attention deficit.

Materials and methods
Participants

Twenty-two female patients with breast cancer and 22 healthy
female controls participated in the study. All subjects had giv-
en their informed consent before the experiment. The BC
(stages II-11I) were diagnosed with primary breast carcinoma
with no evidence of metastatic disease. They were treated with
the standard-dose chemotherapy regimen (taxotere/
adriamycin/cyclophosphamide (TAC)) and assessed within
1 month after their chemotherapy-treatment. No patients suf-
fered from any acute side effects of the chemotherapy, such as
anemia or weakness. Furthermore, previously or currently, no
patients had suffered from psychological disorders nor had
they reported the usage of psychotropic medication. The de-
tailed information gathered from each participant is described
in Table 1. The healthy controls were recruited from the pa-
tients’ relatives and local universities. All participants with
subtle or severe affective disorder (HAMA > 7 and/or
HAMD > 7) were excluded from the study in order to decrease
the interference with neuropsychological assessment.

Neuropsychological background tests

Under the administration of skilled psychologists and psychi-
atrists, each participant was required to complete the neuro-
psychological background tests within approximately 1 h. The
MoCA test was conducted to assess general cognitive func-
tion. The Chinese version of the Cancer-Related Fatigue
(CRF) test was performed to evaluate fatigue symptoms
[27], and the HAMD and HAMA tests were respectively per-
formed to assess the participants’ potential depression and
anxiety symptoms [28].

The Stroop test [29], including Stroop Color test, Stroop
Word test, and Stroop Interference test, was assessed as a
profitable and trustworthy tool in clinical investigations of
psychological cognitive neuroscience [30, 31]. More special-
ly, the Stroop Color test and Stroop Word test were regarded as
measures of attention function in general [32]. Given addition-
al requirement to the “ignore-the-word” goal for accurate
responding, the Stroop Interference test was generally consid-
ered as a measure of selective attention [33-35]. Therefore, in
the current study, the Stroop test was used to assess the atten-
tion of BC after chemotherapy.

In the Stroop Color test, all participants were required to
name the exact color of solid circles which would be displayed
in four possible colors (i.e., yellow, red, blue and green). In the
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Table 1 Demographic and

clinical characteristics of the Variable BC group (n=22) HC group (n=22) Two-sample ¢ test

patients received chemotherapy

and healthy controls Mean (SD) Mean (SD) T value P value
Age (years) 43.68 (6.81) 44.5 (7.44) -372 712
Education (years) 10.82 (2.35) 10.55 (1.75) 427 .672
Fatigue 23.00 (3.64) 21.64 (3.75) 1.195 239
HAMA 4.59 (1.19) 436 (1.23) .609 .546
HAMD 491 (1.24) 4.36 (1.30) 1.433 159
MoCA 2536 (1.37) 25.45(1.23) —.226 .822
Stroop Color test(sec) 16.90 (3.20) 14.49 (2.93) 2.544 .015
Stroop Word test(sec) 22.64 (3.57) 17.99 (2.75) 4.723 <.001
Stroop Interference test(sec) 36.12 (8.01) 32.48 (5.55) 2.654 .012

SD standard deviation, HAMA Hamilton Anxiety Rating Scale, HAMD Hamilton Depression Rating Scale, MoCA
Montreal Cognitive Assessment Test

Stroop Word test, all participants were required to name the
color of different words which did not relate to the colors they
were displayed in. In Stroop Interference test, all participants
were asked to figure out the right color of the words while the
name of a color was printed in a color not denoted by the name
(e.g., the word “red” printed in green ink). The response time
of Stroop test for participants was recorded to assess attention
and selective attention functions in our study.

Image acquisition

All MRI images were collected by using a GE 3 T MRI scan-
ner (GE Medical Systems, Milwaukee, WI) equipped with a
standard head coil. The resting-state functional images were
recorded with the following parameters: repetition time (TR)/
echo time (TE) = 2000 ms/22.5 ms, flip angle = 30 degrees, 33
slices, thickness/gap ratio =4.0/0.6 mm, voxel size = 3.4 x
3.4 x 4.6 mm°>, matrix size =64 x 64, and field of view =
220 x 220 mm®. During the resting-state fMRI scans, all par-
ticipants were instructed to close their eyes and maintain
motionless.

T1-weighted anatomic images were acquired in sagittal
orientation with three-dimensional inversion recovery pre-
pared fast spoiled gradient recalled sequence with the follow-
ing parameters: TR/TE =8.676 ms/3.184 ms, inversion
time =800 ms, flip angle =8 degrees, field of
view =256 x 256 mm?, matrix size =256 x 256, slice
thickness = 1 mm, voxel size=1 x 1 x | mm®> and the number
of slices = 188.

Image preprocessing

The fMRI data were preprocessed by using Analysis of
Functional Neurolmages (AFNI) software tools (Medical
College of Wisconsin, Milwaukee, WI, USA) and FSL (the

FMRIB Software Library, Oxford, UK). First, the anatomical
and functional images were reconstructed and realigned using
a unified matrix. Then, skull stripping and motion correction
were performed, followed by coregistration between function-
al and anatomical images and normalized to the Montreal
Neurological Institute (MNI) 152 standard brain atlas. The
motion was also calculated and data with head motion over
2 mm or 2° were excluded. To remove low-frequency drift and
high-frequency noises, all fMRI signals were filtered by band-
pass filtering (0.01-0.08Hz) and then spatially smoothed
using a 6-mm full width at half maximum Gaussian kernel.
After being preprocessed, the individual data were used for
further correlation analyses.

Definition of the regions of interest

We defined regions of interests (ROIs, 8-mm spheres) com-
prising the DMN’s hubs (PCC, aMPFC), dMPFC subsystem
(dMPFC, TPJ, LTC, TempP), and MTL subsystem (vMPFC,
pIPL, Rsp, PHC) (see Fig. 1 for a depiction of these regions
and coordinates) based on the previous study [36].

Network connectivity analysis

For each subject, FC was estimated between all pairs of ROIs
in the DMN, based on the Pearson correlation between BOLD
residual time series averaged across all voxels in each region.
Fisher’s r-to-z transformation was applied to correlation coef-
ficients in order to increase normality of the distribution. A
two-sample two-tailed ¢ test was conducted in order to deter-
mine the statistical differences in FC between the BC group
and the HC group. To reduce the probability of type I error, we
controlled the false-discovery rate (FDR, ¢ < .05) for compar-
isons within each subsystem.
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Fig. 1 Depiction of the DMN’s
hubs (red), AIMPFC subsystem
(blue) and MTL subsystem
(green), and accompanying MNI
coordinates. PCC posterior
cingulate cortex, aMPFC anterior
medial prefrontal cortex, dIMPFC
dorsal medial prefrontal cortex,
ITPJ left temporo-parietal
junction, L7C lateral temporal
cortex, TempP temporal pole,
MTL medial temporal lobe,
vMPF C ventral medial prefrontal
cortex, pIPL posterior inferior
parietal lobule, Rsp retrosplenial
cortex, PHC parahippocampal
cortex

Results
Demographic and behavioral results

Table 1 shows the clinical characteristics of the BC group and
those of the HC group. The education background, general
cognitive function, and fatigue scores were not significantly
different between the two groups (p>0.1), indicating that
there were no global cognitive impairments in the BC group.
However, the BC group demonstrated significantly worse per-
formance than the HC group in attention tests (i.e., the Stroop
Color test and Stroop Word test) and executive function test
(i.e., Stroop Interference test).

Functional connectivity analysis

In order to investigate intergroup differences in FC between
the DMN’s hubs, and the regions of the dMPFC subsystem
and MTL subsystem, pairwise FC of all ROIs was calculated
per subject. The pairwise FC strength of the BC and HC
groups was shown in Table 2 and Fig. 2. Compared with the
HC group, the BC group exhibited significantly lower con-
nectivity in the following pairwise connectivity: vVMPFC—
Rsp, pIPL-vMPFC, pIPL-Rsp and pIPL-PHC in the MTL
subsystem (Fig. 3) and dAMPFC-TempP in the dMPFC subsys-
tem (Fig. 3). No group differences were observed in FC be-
tween the DMN’s hubs.

Relationship between FC and the Stroop test

Partial correlation analysis within the BC group indicated that
FC of the vMPFC-Rsp in MTL subsystem significantly cor-
related with their response time in the attention tests (i.c., the
Stroop Color test p=.007, »r=—.188; the Stroop Color test
p=.044, r=-2391). Additionally, the connectivity of pIPL-
Rsp was negatively correlated with the response time of the
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Hubs

PCC [-6 52 -2]
aMPFC [-8 -56 26]

dMPFC Subsystem

dMPEC [0 52 26]
ITPJ [-54 -54 28]
LTC [-60 -24 -18]
TempP [-50 14 -40]

MTL Subsystem
VMPFC [0 26 -18]
pIPL [-44 -74 32]

Rsp [-14 -52 8]
PHC [-28 -40 -12]

Stroop Color test (p =.040, » =—.400). No significant correla-
tions were found in the DMN’s hubs and the dMPFC subsys-
tem (p’s >.10).

Discussion

In the study, we found significantly lower connectivity within
the dMPFC subsystem and MTL subsystem in BC group,
which indicated inefficient functional integration of the
DMN in patients. The results of correlation analysis demon-
strated that attention function was associated with the FC of
the following pairwise connectivity: vVMPFC-Rsp and pIPL-
Rsp. These results were consistent with previous studies
which demonstrated that the fronto-parietal structures were
engaged in attentional modulation [37, 38]. The results pro-
vide novel evidence that lower strength of the FC among
certain regions of the DMN may be associated with the atten-
tion deficit in BC after chemotherapy.

Relationship between attention and FC of the DMN

The medial prefrontal cortex (MPFC) was reported to be as-
sociated with cognitive functions such as working memory,
spatial learning, and attention and emotional response
[39-41]. In attention-demanding cognitive task performance,
the reductions in activity of vMPFC could be often observed
[42, 43]. The Rsp, a part of the PCC, was associated with a
series of tasks including memory, guide, and creative thinking
[44]. Furthermore, the Rsp had a close relationship with the
hippocampus, parahippocampal gyrus, and other brain struc-
tures [45], as reflected in our connectivity analysis results that
the Rsp had a strong FC with the PHC. A study in rat revealed
that the damage of retrosplenial granular cortex was associat-
ed with the impaired working memory [46]. A fMRI study
revealed that the top-down mechanisms in human selective
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Table 2 Group-wise comparison

of pairwise FC in the DMN Region1  Region2  BC group HC group T value pvalue g value
Mean (SEM) Mean (SEM)
Hubs aMPFC PCC 0.3853 (0.0481)  0.429 6(0.0475)  —0.6551  0.5160
dMPFC  dMPFC LTC 0.4673 (0.0429)  0.6066 (0.0358)  —2.444 0.0190  0.0570
dMPFC TempP 0.4083 (0.0442)  0.6105(0.0450)  —3.1632  0.0029  0.0174"
dMPFC ITPJ 0.5772 (0.0657)  0.5559 (0.0738)  0.2156 0.8304  0.8304
ITPJ TLC 0.5226 (0.0635)  0.6871 (0.0686)  —1.7138  0.0945  0.1387
ITPJ TempP 0.3934 (0.0435)  0.5164 (0.0612)  —-1.6124  0.1156  0.1387
LTC TempP 0.3035 (0.0591)  0.4671 (0.0539) —-1.9761  0.0552  0.1104
MTL VvMPFC pIPL 0.0922 (0.0089)  0.2295(0.0371)  —2.5543  0.0144  0.0432"
vMPFC PHC 0.1274 (0.0572)  0.1916 (0.0447)  —0.8860  0.3809  0.3809
vMPFC Rsp 0.0413 (0.0348)  0.2232(0.0594) —2.6426  0.0124  0.0432"
pIPL PHC 0.4069 (0.0656)  0.5931 (0.0527) —2.2138  0.0326  0.0489"
Rsp pIPL 0.4199 (0.0601)  0.6080 (0.0519)  —2.3676  0.0227  0.0454"
Rsp PHC 0.5081 (0.0660)  0.6453 (0.0501) —1.6545  0.1061 0.1273

SEM standard error of the mean

#Significant difference in connectivity of pair ROIs within the DMN dMPFC subsystem and MTL subsystem
corrected by the false-discovery rate (¢ <.05)

attention might have the same neural circuits for working
memory [47]. Together, the Rsp might play a very important
role in attention function. The parietal cortex, situated at the
intersection of visual, auditory, and tactile cortices, was asso-
ciated with attention function [48, 49]. The inferior parietal
lobule (IPL), an important component of the temporal-
parietal-limbic neural network, played a key role in various
cognitive function including attention [50]. The previous

Hubs dMPFC subsystem
L)
2
2 )
€9
& =
<
BC )
3
=
Q
19 O
A~ =
[}
aMPFC  PCC 2
ITP) LTC TempP dMPFC
-
[}
=
: 2
S a
HC © o
[=9
3
&) =
@)
= £
aMPFC  PCC 2
ITP) LTC TempP dMPFC

research about AD patients accompanied by sustained atten-
tion and selective attention deficits also found white matter
and gray matter atrophy in IPL. In our study, the BC group
showed that the lower FC strength within MTL subsystem
significantly correlated to attention dysfunction. A lower val-
ue for pairwise FC meant lower local functional coupling in
patients. The MTL subsystem overlapped with the dorsal at-
tention network including fronto-parietal regions and
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Fig. 2 Average FC matrices across all ROIs between the DMN’s hubs and regions of the dMPFC subsystem and MTL subsystem for the HC group
(below) and BC group (above). Colors of the grid represent the strength of pairwise FC
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Fig. 3 Statistical differences of
FC between the HC group and the
BC group (FDR corrected at

¢ <0.05). The horizontal axis is
pair ROIs with significantly
different connectivity coefficient,
the vertical axis is mean FC in HC
group and BC group, 00
respectively. Error bars depict

standard error of the mean. Stars 0s
indicate a significant difference

B BC

W HC
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Comparison of pairwise FC

MTL subsystem
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VMPFC-Rsp

temporal lobes [51]. While the previous functional MRI study
revealed that the dMPFC subsystem was preferentially en-
gaged when participants were directed to think about their
present mental states [14]. In our study, no significant corre-
lations were found between the IMPFC subsystem and atten-
tion. Therefore, one possible explanation for our findings is
that lower connectivity of the MTL subsystem might cause
negative outcomes of attention function.

The underlying neural mechanism of FC alterations
within dMPFC subsystem and MTL subsystem

The study about amnestic MCI and mild AD revealed by
amplitude of low-frequency fluctuation (ALFF) using rs-
fMRI: mild AD patients showed significantly decreased
ALFF in the vVMPFC and dMPFC; and amnestic MCI showed
significantly changed ALFF in the vMPFC, IPL, and PHC
[52]. Our results of this study are consistent with these above
discoveries. So the lower connectivity in the DMN could be
regarded as an indicator of attention deficit in the BC group.
However, it is difficult to interpret the decrease in FC from the
perspective of neurobiology. We speculate that the changes of
connectivity within the DMN may be related to the effects of
chemotherapy. Possible mechanisms include direct neurotoxic
damage (e.g., injury to neurons or surrounding cells, altered
neurotransmitter levels) [53]; oxidative damage [54]; indirect
effects such as induced hormonal changes [55]; immune re-
sponse deregulation with release of cytokines [56], blood co-
agulating in small vessels of the central nervous system [57];
anemia and genetic predisposition [58]. The discovery of cur-
rent study may supply further evidence for exploring the neu-
ral mechanisms of attention deficit following BC
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VMPFC-pIPL pIPL-Rsp pIPL-PHC  dMPFC-TempP

chemotherapy. Moreover, previous study reported that both
cognitive and physical exercise could increase DMN function-
al connectivity in healthy adults [59]. So further study of the
DMN effects on chemotherapy-related cognitive deficit may
aid making early intervention to prevent progressive decline
and making a reasonable training plan to increase functional
connectivity and improve cognitive function.

Limitations of this study

The current study strongly suggests that attention dysfunction
of BC could be characterized by the disrupted FC within the
MTL subsystem. However, several limitations in our study
should be considered. First, the study was limited to small
sample size. Future study should increase the number of BC
and controls to examine whether the BC truly have the aber-
rant FC in the DMN and the relationship with attention.
Second, the design of this study was a cross-sectional study.
Cognitive function and rs-fMRI were not assessed in the pa-
tients before their breast cancer diagnoses but after their che-
motherapies. Several studies indicated that there was no sig-
nificant difference between the non-chemotherapy breast can-
cer patients and the healthy controls [3, 10]. A future longitu-
dinal study should assess the baseline cognitive function of the
patients prior to chemotherapy to identify the attention deficit
and DMN FC changes that result from post-chemotherapy
cognitive dysfunction rather than pre-chemotherapy cognitive
dysfunction. Third, we did not evaluate causal or directional
relationships instead we only evaluated interregional temporal
correlations. Future study should explore the exact mecha-
nisms of attention deficit following BC chemotherapy com-
bined with physiology and pathology.
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Conclusion

In this study, we investigated FC alteration in the DMN and its
relationship with attention function. Our findings showed the
significantly lower connectivity within the dMPFC subsystem
and MTL subsystem. The results of correlation analysis also
indicated that FC within the MTL subsystem was significantly
related to attention function of patients. This study provides
further evidence that the functional disconnection of the MTL
subsystem may be a contributing factor related to cognitive
dysfunction, especially the attention impairment in BC after
chemotherapy.
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