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Abstract

There is growing evidence that chemotherapy may have a significant impact on the

brains of breast cancer patients, causing changes in cortical morphology. However,

early morphological alterations induced by chemotherapy in breast cancer patients

are unclear. To investigate the patterns of those alterations, we compared female

breast cancer patients (n = 45) longitudinally before (time point 0, TP0) and after

(time point 1, TP1) the first cycle of neoadjuvant chemotherapy, using voxel-based

morphometry (VBM) and surface-based morphometry (SBM). VBM and SBM alter-

ation data underwent correlation analysis. We also compared cognition-related neu-

ropsychological tests in the breast cancer patients between TP0 and TP1. Reductions

in gray matter volume, cortical thickness, sulcal depth, and gyrification index were

found in most brain areas, while increments were found to be mainly concentrated in

and around the hippocampus. Reductions of fractal dimension mainly occurred in the

limbic and occipital lobes, while increments mainly occurred in the anterior and pos-

terior central gyrus. Significant correlations were found between altered VBM and

altered SBM mainly in the bilateral superior frontal gyrus. We found no significant

differences in the cognition-related neuropsychological tests before and after chemo-

therapy. The altered brain regions are in line with those associated with impaired

cognitive domains in previous studies. We conclude that breast cancer patients

showed widespread morphological alterations soon after neoadjuvant chemotherapy,

despite an absence of cognitive impairments. The affected brain regions may indicate

major targets of early brain damage after chemotherapy.
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1 | INTRODUCTION

According to the Global Cancer Statistics 2020 report, female breast

cancer has become the most commonly diagnosed cancer in the world

(Sung et al., 2021). Although incremental improvements in outcomes

have been obtained, cognitive problems are regularly reported in

breast cancer patients who are treated with chemotherapeutic agents

(Lange et al., 2019). Therefore, exploring the mechanism of cognitive

impairment associated with chemotherapy in breast cancer patients is

of great significance for early prevention and intervention.

Memory, attention, processing speed, and executive function are

the cognitive domains vulnerable to chemotherapy (Lange

et al., 2019; Wefel et al., 2015). Previous longitudinal studies have

shown that breast cancer patients treated with chemotherapy have

more cognitive complaints in those four domains six months (Janelsins

et al., 2017) or one year after chemotherapy, particularly in working

memory and executive function (Ganz et al., 2013). Notably, the

aforementioned cognitive impairment develops with the detrimental

effects of chemotherapy on the central nervous system, including

white matter integrity (Matsos et al., 2017) and gray matter structures

(Niu et al., 2021). In addition, central neurotoxicity resulting from che-

motherapy may have an acute, subacute, or delayed course (Taillibert

et al., 2016). However, previous studies usually focused on the sub-

acute or delayed stages.

Neuroimaging studies in chemotherapy-exposed breast cancer

patients have begun to elucidate patterns of alterations in cerebral

structure and function. Cross-sectional studies have reported gray

matter volume (GMV) or density attenuation in breast cancer patients

at approximately 1 week (Li et al., 2018), 1 year (Inagaki et al., 2007),

and even 10 (de Ruiter et al., 2012) and 20 years (Koppelmans

et al., 2012) after completion of postoperative chemotherapy. Cogni-

tive impairment in breast cancer patients was found in the above

studies, while the altered brain regions varied at different time points.

A study found no differences in the GMV of breast cancer patients 3

years after chemotherapy compared with patients who never received

chemotherapy (Inagaki et al., 2007). Given this disagreement, longitu-

dinal studies are necessary to detect cerebral alterations. Two longitu-

dinal studies found gray matter density reduction in breast cancer

patients from baseline to 1month after postoperative chemotherapy

completion in brain regions involving the left frontal lobes (McDonald

et al., 2013a), as well as the left anterior cingulate gyrus, right insula,

and left middle temporal gyrus (Chen et al., 2018). Three other longi-

tudinal studies found that chemotherapy-exposed patients displayed

wide gray matter loss 1month after postoperative chemotherapy

completion and partially recovered 1 year later, with alterations

persisting predominantly in the frontal and temporal lobes (Lepage

et al., 2014; McDonald et al., 2010) as well as the right lingual gyrus

(Perrier et al., 2020). In addition, longitudinal studies on the white

matter structure of breast cancer patients found decreases in frac-

tional anisotropy (FA) in the frontal, parietal, and occipital white mat-

ter tracts 3–4 months after postoperative chemotherapy completion

(Deprez et al., 2012) and recovered 3–4 years later (Billiet

et al., 2018). These altered FA values were correlated with

performance changes in attention and verbal memory. A similar trend

over time was found in longitudinal studies on the brain function of

breast cancer patients. Under the n-back task, breast cancer patients

showed decreased frontal hyperactivation at 1month after postopera-

tive chemotherapy completion and partially recovered 1 year later

(McDonald et al., 2012). The above alterations in cerebral structure

and function suggest that there is a dynamic change over time in the

brains of breast cancer patients receiving chemotherapy. Generally,

the short-term time point of the previous studies was set as 1 week

or 1month after the completion of the whole chemotherapy cycles

(Lepage et al., 2014; Li et al., 2018; McDonald et al., 2010). In the pre-

sent study, we were interested in the early cortical morphology

change pattern of breast cancer patients receiving chemotherapy for

the first cycle.

In most studies of breast cancer patients receiving chemotherapy,

gray matter structural properties were analyzed by the voxel-based

morphometry (VBM) analysis. Beyond volume and density measured

by VBM analysis, other structural properties of gray matter, including

cortical thickness (CT), sulcal depth (SD), gyrification index (GI), and

fractal dimension (FD), have been widely applied to cognitive domains

of healthy adults (Mustafa et al., 2012; Paulus et al., 2019; Riccelli

et al., 2017) and patients (Matsuda & Ohi, 2018; Pantoni et al., 2019;

Wang et al., 2021) by surface-based morphometry (SBM) analysis.

SBM is less susceptible to partial volume effects than VBM (Clarkson

et al., 2011). Among the SBM parameters, CT is defined as the dis-

tance between corresponding points on the pial and white matter

boundaries of the neocortex, and it can detect focal cortical atrophy

(Fischl & Dale, 2000). A reduction in CT is thought to be associated

with impaired cognitive performance in neurodegeneration (Huang

et al., 2021). SD is based on the Euclidean distance between the outer

and pial surfaces (Yun et al., 2013). Shallower SD can be sensitive to

the detection of mild cognitive impairment and is associated with

decreased CT (Im et al., 2008). GI is based on the absolute mean cur-

vature to evaluate cortical folding (Luders et al., 2006). A lower GI is

regarded as a potential marker for cognitive decline (Lamballais

et al., 2020). After concurrent adjustment for cortical surface area or

thickness, associations between GI and cognition remain. This sug-

gests an independence between GI and the other measures. Thought

to be associated with intelligence, FD reflects an elaborate mathemat-

ical measure that provides a quantitative description of cortical com-

plexity (Im et al., 2006) and its reduction can serve as a sensitive

marker of traumatic brain injury (Rajagopalan et al., 2019). SBM fea-

tures may be promising stable markers of neural disturbance (Damme

et al., 2019). To our knowledge, comprehensive SBM characteristics

have not been previously reported in breast cancer patients undergo-

ing chemotherapy.

In the present study, we hypothesized that chemotherapy can

cause cerebral cortex alterations in the short term. Unlike the recruit-

ment of breast cancer patients after surgery in previous studies,

breast cancer patients receiving neoadjuvant chemotherapy before

surgery were recruited in this study to avoid the confounding effects

of anesthesia and surgery (Sato et al., 2015). For this longitudinal

study, the first cycle completion (3 weeks after initial chemotherapy,
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on average) was set as the follow-up time point, which earlier than

any of the previous similar studies. With voxel-based and surface-

based cortical morphology analyses, this study aimed to provide com-

prehensive insights into the neurological mechanism of

chemotherapy-related cognitive impairment using neuroimaging.

2 | MATERIALS AND METHODS

2.1 | Participants

This prospective longitudinal study included 45 women who were

newly diagnosed and pathologically confirmed to have breast cancer

at Chongqing University Cancer Hospital in the first half of 2021. All

participants were stage II or III breast cancer patients scheduled for

neoadjuvant chemotherapy before surgery. Another inclusion crite-

rion was right-handedness. Participants with one of the following con-

ditions were excluded: (a) brain structural abnormalities including

tumors, metastases, trauma, or a history of brain surgery; (b) a history

of addiction, neurologic disorders or psychiatric disorders;

(c) hormonal therapy; (d) poor quality of imaging due to metal implants

or motion; (e) claustrophobia; and (f) inability to complete the subse-

quent magnetic resonance imaging (MRI) examination. Written

informed consent was obtained from all participants according to the

Declaration of Helsinki under a protocol approved by the Ethics Com-

mittee of Chongqing University Cancer Hospital.

All participants were assessed and imaged during the same days

before (time point 0, TP0) and after (time point 1, TP1) the first cycle

of neoadjuvant chemotherapy. Demographic information of the study

participants was obtained through a self-report questionnaire and

medical record abstraction. To explore the possible influence of age

and treatment on cortical morphology, we divided the breast cancer

patients into subgroups in post-hoc analyses. According to the median

age of the patients in this study, the younger subgroup was set as

age ≤ 51 years old, and the older subgroup was set as age > 51 years

old. For different treatment, subgroup A was set as patients undergo-

ing classical anthracycline-based chemotherapies, and subgroup PB

was set as patients undergoing chemotherapy combined with targeted

therapy.

2.2 | Neuropsychological assessment

To ensure the coherence of results, one trained psychologist made

assessments by timekeeping and scoring throughout this study. Under

the guidance of the psychologist, subjects underwent cognitive status

assessments with a battery of neuropsychological tests in a fixed

order before and after the first cycle of neoadjuvant chemotherapy.

Major cognitive subdomains were tested by the following three

methods: the digit span test (forward and backward) for short-term

auditory memory and working memory (Hirayama et al., 2014); the

trail making test (TMT; Part A) for executive function and processing

speed (Bowie & Harvey, 2006); and the verbal fluency test for

attention-shifting, executive function and semantic memory (Henry

et al., 2004). The overall cognitive level was tested by the functional

assessment of cancer therapy-cognitive function (FACT-Cog) (Version

3, simplified Chinese version). The FACT-Cog is designed for cancer

patients 18 years and older with chemotherapy-related cognitive

impairment based on four aspects: perceived cognitive impairments,

comments from others, perceived cognitive abilities, and impact on

quality of life. For the TMT, higher scores (taking more time) reveal

greater impairment, while the opposite is true for the rest of the bat-

tery of neuropsychological tests. In addition, the self-rating anxiety

scale (SAS) and self-rating depression scale (SDS) were used to assess

anxiety and depression at TP0. According to the exclusion criteria,

subjects with SAS scores >70 (major anxiety disorder) and SDS scores

>73 (major depressive disorder) were excluded.

2.3 | MRI data acquisition

The MRI examinations were performed using a 3.0 T scanner

(Magnetom Prisma; Siemens Healthcare, Erlangen, Germany)

equipped with a 64-channel head–neck coil. Subjects were instructed

to close their eyes, stay awake, and avoid thinking about any topics.

Earplugs and cushions were used to alleviate the influence of noise

and restrict head motion, respectively. The three-dimensional magne-

tization prepared rapid gradient echo sequence was used for

T1-weighted acquisition with the following parameters: repetition

time = 2100ms, echo time = 2.26ms, flip angle = 8�, field of

view = 256� 256mm2, matrix = 256� 256, slice thickness = 1mm

with no slice gap, and slices = 192. The total scanning time was 4 min

and 53 s. Additionally, routine axial T2-weighted images were

obtained to exclude subjects with major white matter changes, cere-

bral infarction, or other lesions, as demonstrated by the above exclu-

sion criteria.

2.4 | MRI data preprocessing and analyses

For the MRI data analysis, the Statistical Parametric Mapping analysis

package (SPM12 version 6225; https://www.fl.ion.ucl.ac.uk/spm) and

the computational anatomy toolbox (CAT12 version vcat12.7; http://

dbm.neuro.uni-jena.de/cat/) implemented in SPM12 were used for

VBM (i.e., GMV) and SBM (i.e., CT, SD, GI and FD) analyses. All of the

procedures (http://www.neuro.uni-jena.de/cat12/CAT12-Manual.

pdf) were conducted using default settings. According to the manual

of CAT12, longitudinal preprocessing in CAT12 can detect more sub-

tle effects over shorter periods of time than VBM8 in SPM12. This

advantage made CAT12 more suitable for our study.

To ensure high-data quality, all original images were subjected to

visual inspection, and further data quality assurance was conducted

by examining the sample homogeneity of individual surfaces. As part

of the longitudinal preprocessing, an initial intrasubject rigid registra-

tion was applied to realign images at two time points, and an

intrasubject bias correction was applied. Images were denoised and
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corrected for intensity nonuniformities, followed by segmentation

into gray matter, white matter, and cerebrospinal fluid. Then, normali-

zation was performed to the Montreal Neurological Institute space

using the Diffeomorphic Anatomic Registration Trough Exponentiated

Lie algebra algorithm.

For the VBM analysis, modulation was used to convert the voxel

values into volume. The modulated gray matter images were

smoothed using a Gaussian kernel with a full width at half maximum

(FWHM) of 8mm. After the extraction of surface parameters, SBM

data were resampled and smoothed using a 15mm FWHM for CT

and a 20mm FWHM for GI, SD, and FD. The FWHM was set

according to the recommendations of the CAT12 manual. The esti-

mated value was compared using a paired t-test between TP0 and

TP1. Specifically, a flexible factorial design was used with conditions

marked “1 2” for the image at TP0 and TP1 of each participant. Of

note, covariates that do not change over time are not recommended

in the longitudinal study. Therefore, no covariates were used in the

general linear model in either VBM or SBM models. The statistical

threshold was set at a peak-level familywise error rate (FWE)–

corrected value of p < .05, with a cluster extent threshold of

50 voxels/vertexes. At the same time, the surviving clusters without a

cluster extent threshold were explored in the Supporting Information.

Anatomical automatic labeling was used for VBM, and the Desikan-

Killiany atlas was used for SBM to extract mean values from

preprocessed images. The extracted values with significant differ-

ences were used for subsequent correlation analysis.

2.5 | Clinical data analyses

SPSS 25.0 was used to analyze the clinical data. First, the Shapiro–

Wilk test was used to verify the normal distribution of the data. Then,

for the comparison of neuropsychological test scores between TP0

and TP1, a paired t-test was used to analyze the data conforming to a

normal distribution, and the Wilcoxon signed-rank test was used to

analyze the data with a nonnormal distribution. In addition, the tests

that showed significant changes in longitudinal performance were

selected for correlation analysis with the imaging data. Finally, correla-

tion analyses were conducted between the longitudinal changes (cal-

culated as extracted image value at TP1 minus that at TP0) in the

VBM data and those in the four indices of SBM data in the same brain

regions that survived the paired t-test in chemotherapy-treated

patients. According to the distribution type of the data, Pearson corre-

lation was used for data with a normal distribution, and Spearman cor-

relation was used for data with a nonnormal distribution. Due to the

exploratory nature of this analysis, multiple comparisons correction

was not used.

In post-hoc analyses, longitudinal changes in brain regions which

showed significant alterations (FWE p < .05 with a cluster extent

threshold of 50 voxels/vertexes) after neoadjuvant chemotherapy

were compared between subgroups. Then, to explore the possible

effect of cortical morphology at baseline, the differences at TP0 were

compared in those subgroups with significant longitudinal cortical

changes. The two-sample t-test or the Wilcoxon signed-rank test was

used according to data distribution.

3 | RESULTS

Of the 71 breast cancer patients who were initially recruited for the

study, 18 patients changed their therapeutic schedule after baseline

scanning, five patients had brain metastasis detected during the study

period, one patient had a megascopic artifact due to artificial teeth,

one patient had a history of schizophrenia, and one was left-handed.

Among the remaining 45 patients who were enrolled for our study

analysis, two patients refused the neuropsychological test at TP0, four

patients refused the neuropsychological test at TP1, and six patients

refused the neuropsychological test at both TP0 and TP1; however,

they all agreed to MRI data collection and analysis. Therefore, the final

sample sizes for the longitudinal analysis were 45 patients for MRI

analysis and 33 patients for neuropsychological test analysis.

3.1 | Demographic characteristics and clinical data

All participants were women aged between 29 and 68 years old. The

mean number of days between MRI scanning at TP0 and the initial

receipt of the first cycle of neoadjuvant chemotherapy was 6.16 ±

4.71 days. The mean number of days between the initial receipt of the

first cycle of neoadjuvant chemotherapy and MRI scanning at TP1

was 21.80 ± 3.99 days. The mean number of days between TP0 and

TP1 was 27.96 ± 5.88 days. The demographic and clinical characteris-

tics of all patients, the subgroup of patients who underwent both MRI

examinations and neuropsychological tests and the subgroups divided

by age and treatment are detailed in Table 1.

3.2 | Neuropsychological tests comparison

As shown in Table 2, no significant differences were observed in neu-

ropsychological test results between TP0 and TP1. Therefore, correla-

tion analysis with the imaging data was not adopted.

3.3 | Cortical morphology

After the first cycle of neoadjuvant chemotherapy, breast cancer

patients showed a reduction in GMV in the bilateral frontal, bilateral

parietal, right temporal lobes and the right rolandic operculum,

whereas an increase in GMV was found in the left thalamus, hippo-

campus and parahippocampal gyrus (peak-level FWE-corrected p

< .05, cluster extend threshold of 50 voxels/vertexes) (Figure 1,

Table 3).

Similarly, SBM also showed significant differences between the

two time points. Compared to TP0, breast cancer patients at TP1

showed CT reductions in the right superior frontal gyrus, precentral
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gyrus, right insula, and bilateral occipital lobes. An SD reduction was

found at TP1 in the bilateral frontal lobes, bilateral temporal lobes,

bilateral occipital lobes, and left cingulate gyrus compared to TP0,

while an SD increment was found in the right insula. GI reductions

were found in the bilateral frontal lobes, bilateral parietal lobes, right

insula, and right superior temporal gyrus at TP1 compared to TP0. FD

reductions were found in the bilateral occipital lobes, left cingulate

gyrus and left parahippocampal gyrus, whereas FD increments were

found in the bilateral frontal lobes and left postcentral gyrus. The

SBM results were corrected by peak-level FWE–corrected p < .05

with a cluster extend threshold of 50 voxels/vertexes (Figure 2,

Table 4).

More widespread alterations in cortical morphology were found

when corrected by peak-level FWE-corrected p < .05 without a cluster

extend threshold (see Supporting Information, Tables S1, S2 and

Figures S1, S2).

In post-hoc analyses, the results of significant differential cortical

morphology between subgroups are shown in Tables 5,6. For

subgroups divided by age, breast cancer patients in the younger sub-

group manifested a larger degree of CT reduction in the right

precentral gyrus and superior frontal gyrus comparing with the older

subgroup. Breast cancer patients in the older subgroup manifested a

larger degree of SD increase in the right insula comparing with the

younger subgroup. Among them, the younger subgroup showed a

higher CT in the right precentral gyrus at TP0. For subgroups divided

by treatment, breast cancer patients showed differential morphologi-

cal index alterations from TP0 to TP1 between subgroup A and sub-

group PB, while no significant differences were found in

morphological indices at TP0.

3.4 | Correlation analyses

Brain regions with significant differences in both VBM and at least

one SBM index are shown in Table 7. Correlation analyses showed

significant correlations between VBM and at least one SBM index in

TABLE 2 Comparison of the
neuropsychological test results between
TP0 and TP1

Neuropsychological tests TP0 TP1 t value p value

Working memory

DST forwards 6.84 ± 1.37 7.06 ± 1.32 �1.42 .16

DST backwards 4.55 ± 1.23 4.48 ± 1.15 0.47 .64

Executive function and psychomotor speed

TMT-A 64.21 ± 35.36 57.48 ± 34.91 1.08 .29

Mental flexibility

VFT 35.81 ± 8.53 37.97 ± 10.28 �1.68 .10

General cognition

FACT-Cog total 108.65 ± 14.10 109.55 ± 8.10 �0.32 .75

PCI 58.88 ± 9.75 59.85 ± 5.20 �0.47 .64

OTH 15.13 ± 2.74 15.72 ± 0.68 �1.16 .25

PCA 20.24 ± 4.51 19.30 ± 2.49 0.96 .34

QOL 14.41 ± 2.47 14.69 ± 1.86 �0.63 .53

Note: Data are presented as the mean ± SD for normally distributed continuous data and the median (QR)

for nonnormally distributed data.

Abbreviations: DST, the digit span test; FCAT-Cog, functional assessment of cancer therapy-cognitive

function; OTH, comments from others; PCA, perceived cognitive abilities; PCI, perceived cognitive

impairments; QOL, impact on quality of life; SD, standard deviation; TMT-A, the trail making test parts A;

TP0, time point 0; TP1, time point 1; VFT, the verbal fluency test.

F IGURE 1 Brain regions showing
significant changes in GMV after the
first cycle of neoadjuvant
chemotherapy. The results were
corrected by peak-level FWE-
corrected p < .05 with a cluster extent
threshold of 50 voxels. Blue color
indicates regions with significant gray
matter volume reduction, and red
color indicates regions with significant
gray matter volume increasement.
FWE, familywise error rate; GMV, gray
matter volume; L, left; R, right
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the bilateral superior frontal gyrus (Figure 3). For clusters with fewer

than 50 voxels or vertexes, significant correlations were shown in the

left lingual gyrus, right rostral middle frontal gyrus and bilateral post-

central gyrus (see Supporting Information, Figure S3).

4 | DISCUSSION

We report the early results of a longitudinal study of cortical morphol-

ogy alterations in breast cancer patients receiving neoadjuvant

TABLE 3 Brain regions showing significant changes in GMV

Comparison Hemisphere Brain lobe Brain region
Size
(voxels)

MNI coordinate

Peak t
value

Peak-level
p value (FWE-
corrected)

x
(mm)

y
(mm)

z
(mm)

TP1 < TP0 R Frontal lobe Superior frontal gyrus,

dorsolateral

221 21 66 10.5 �6.42 .003

Middle frontal gyrus 144 25.5 18 55.5 �6.54 .002

Inferior frontal gyrus, opercular

part

259 46.5 13.5 34.5 �7.36 <.001

Temporal lobe Superior temporal gyrus 61 57 �48 21 �5.93 .013

Middle temporal gyrus 66 61.5 �39 �13.5 �6.38 .003

Inferior temporal gyrus 145 61.5 �24 �21 �8.11 <.001

Parietal lobe Inferior parietal gyrus, excluding

supramarginal and angular gyri

64 42 �43.5 52.5 �7.04 <.001

/ Rolandic operculum 1756 45 �19.5 18 �8.89 <.001

L Frontal lobe Superior frontal gyrus, medial 12,119 �1.5 45 27 �9.56 <.001

Inferior frontal gyrus, pars

orbitalis

107 �48 15 �6 �6.95 .001

Parietal lobe Inferior parietal gyrus, excluding

supramarginal and angular gyri

66 �34.5 �57 48 �6.01 .010

TP1 > TP0 L / Thalamus 320 �15 �31.5 3 7.68 <.001

Temporal lobe Hippocampus and

parahippocampal

170 �21 �38 �5 7.35 <.001

Note: Corrected for multiple comparisons using the peak-level FWE at a threshold of p < .05 with a cluster extend threshold of 50 voxels.

Abbreviations: GMV, gray matter volume; L, left; MNI, montreal neurological institute; R, right; TP0, time point 0; TP1, time point 1.

F IGURE 2 Brain regions showing significant changes in CT, SD, GI, and FD after the first cycle of neoadjuvant chemotherapy. The results
were corrected by peak-level FWE-corrected p < .05 with a cluster extent threshold of 50 vertexes. Blue color indicates regions with significant
reduction, and red color indicates regions with significant increasement. CT, cortical thickness; FD, fractal dimension; GI, gyrification index; L,
left; R, right; SD, sulcal depth

ZHOU ET AL. 4519



TABLE 4 Brain regions showing significant changes in SBM

Comparison Hemisphere

Size

(vertexes)

Peak t

value

Peak-level p value

(FWE-corrected)

Overlap of

atlas region Brain region

Cortical thickness

TP1 < TP0 R 161 �6.71 <.001 63% Postcentral gyrus

25% Precentral gyrus

7% Supramarginal gyrus

4% Insula

113 �5.62 .003 52% Pericalcarine gyrus

28% Lingual gyrus

19% Cuneus

88 �5.68 .003 100% Superior frontal gyrus

L 151 �5.61 .003 50% Pericalcarine gyrus

28% Cuneus

21% Lingual gyrus

Sulcal depth

TP1 < TP0 R 710 �7.74 <.001 45% Lateral occipital gyrus

41% Fusiform gyrus

13% Lingual gyrus

98 �5.25 .005 100% Superior frontal gyrus

L 322 �6.02 <.001 80% Superior frontal gyrus

11% Rostral anterior cingulate gyrus

9% Medial orbitofrontal gyrus

132 �4.94 .011 55% Lateral occipital gyrus

31% Lingual gyrus

14% Fusiform gyrus

56 �4.62 .028 50% Paracentral gyrus

50% Posterior cingulate gyrus

TP1 > TP0 R 95 4.71 .022 98% Insula

Gyrification index

TP1 < TP0 R 271 �7.56 <.001 71% Precentral gyrus

29% Postcentral gyrus

176 �6.36 <.001 57% Insula

43% Superior temporal gyrus

117 �5.39 .006 100% Precentral gyrus

67 �5.7 .002 52% Superior frontal gyrus

48% Caudal middle frontal gyrus

62 �4.96 .022 73% Precentral gyrus

27% Superior frontal gyrus

L 350 �8.35 <.001 71% Precentral gyrus

29% Postcentral gyrus

162 �6.14 .001 79% Superior parietal gyrus

21% Postcentral gyrus

59 �5.17 .012 100% Superior frontal gyrus

Fractal dimension

TP1 < TP0 R 62 �7.04 <.001 100% Lateral occipital gyrus

L 75 �6.20 .001 63% Isthmus cingulate gyrus

23% Lingual gyrus

13% Parahippocampal gyrus
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chemotherapy. The results showed that VBM and SBM indices chan-

ged after the first cycle of neoadjuvant chemotherapy. Reductions in

GMV, CT, SD, and GI were found in most brain areas, while incre-

ments were found to be mainly concentrated in and around the hippo-

campus. FD was reduced mainly in the limbic and occipital lobes and

increased mainly in the anterior and posterior central gyrus. In addi-

tion, significant correlations between VBM and at least one SBM

index were shown in the bilateral superior frontal gyrus. Altered brain

regions in the short term after chemotherapy were found in this

study, and their association with cognitive domains will be discussed.

4.1 | Cortical morphology changes related to
memory

Memory impairment has been observed in breast cancer patients after

chemotherapy (Lange et al., 2019). As reported, memory is mediated

primarily by a neural circuit composed of the hippocampus, para-

hippocampal cortex, thalamus, fornix, mammillary bodies, cingulate

gyrus and prefrontal cortex (LaBar & Cabeza, 2006; Vertes

et al., 2001; Xu & Südhof, 2013). This circuit, called the Papez circuit

after the neuroanatomist who defined it, provides an anatomic sub-

strate for memory maintenance (Aggleton & Brown, 1999). Lesions in

each of the major components of the circuit have been shown to dis-

rupt memory (Bueno et al., 2021; Porto et al., 2019).

Our study found cortical morphology alterations in the major

components of the Papez circuit. First, GMV was found to be

increased in the left hippocampus, parahippocampal gyrus, and thala-

mus, among which the left parahippocampal gyrus was also found to

have increases in FD. Previous studies on breast cancer patients have

reported that the hippocampus showed higher connectivity with the

left cuneus cortex during a memory task 18months after chemother-

apy (Apple et al., 2018), and hyporesponsiveness of the para-

hippocampal gyrus was correlated with low performance of episodic

memory 10 years after chemotherapy (de Ruiter et al., 2011). Second,

we found reductions in SD and FD in the left cingulate gyrus. Simi-

larly, previous studies on breast cancer patients have reported that

the bilateral posterior cingulate gyrus exhibited impaired white matter

integrity and decreased metabolic activity along with memory loss

2 or 3 weeks after chemotherapy completion(Tong et al., 2020).

Finally, we found a large area of GMV reduction in the prefrontal

lobes, mainly concentrated on the medial side. GMV showed a posi-

tive correlation with CT, SD, GI, and FD in the right superior frontal

gyrus and with SD in the left superior frontal gyrus. A previous longi-

tudinal study showed decreased functional activation in the frontal

gyrus with a high-working memory load 1month after breast cancer

chemotherapy completion, which returned to normal 1 year

later(McDonald et al., 2012). And lower gray matter density in the

right middle frontal gyrus 1month after chemotherapy completion

was positively correlated with disrupted memory retrieval (Li

et al., 2018).

4.2 | Cortical morphology changes related to
executive function

Executive function reduction has been observed in breast cancer

patients after chemotherapy (Ganz et al., 2013). Controlled by the

central executive network (CEN), executive function is responsible

for a set of higher-order cognitive functions, including working

memory, inhibition, and task switching (Diamond, 2013). CEN is

mainly distributed in the prefrontal lobes, anterior cingulate cortex,

inferior parietal lobule (Vincent et al., 2008), and most areas of the

middle temporal gyrus and posterior inferior temporal gyrus

(O'Neill et al., 2019).

Our study found cortical morphology alterations in the major

components of the CEN. On the one hand, we found a reduction in

GMV in a large area of the prefrontal lobes that was mainly concen-

trated on the medial side. A partial area of the prefrontal lobes

showed a reduction in CT, SD, and GI, and an increase in FD. Previous

studies on breast cancer patients have reported that a reduction in

GMV in the frontal lobes was positively related to poorer perfor-

mance on executive function after chemotherapy (Lepage

et al., 2014). Gray matter density reduction in the bilateral middle

frontal gyrus was found to be correlated with executive dysfunction

1month after chemotherapy completion (Li et al., 2018; McDonald

et al., 2013b). On the other hand, we found that the left rostral ante-

rior cingulate showed a decrease in SD. Previous studies showed that,

several years after chemotherapy, reduced activation and functional

connectivity in the CEN correlated with elevated executive

TABLE 4 (Continued)

Comparison Hemisphere

Size

(vertexes)

Peak t

value

Peak-level p value

(FWE-corrected)

Overlap of

atlas region Brain region

TP1 > TP0 R 87 5.89 .003 100% Precentral gyrus

L 107 6.91 <.001 79% Precentral gyrus

21% Postcentral gyrus

66 5.23 .020 55% Precentral gyrus

45% Postcentral gyrus

Note: Corrected for multiple comparisons using the peak-level FWE at a threshold of p < .05 with a cluster extend threshold of 50 vertexes.

Abbreviations: L, left; SBM, surface-based morphometry; R, right; TP0, time point 0; TP1, time point 1.
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dysfunction, especially in the prefrontal lobes and anterior cingulate

gyrus (de Ruiter et al., 2011; Kesler et al., 2011; Miao, Li, et al., 2016;

Wang et al., 2016).

4.3 | Cortical morphology changes related to
attention and processing speed

Dysfunction in attention and processing speed has been observed in

breast cancer patients after chemotherapy (Wefel et al., 2015). Atten-

tion networks in the human brain are separated into dorsal and ventral

systems (Corbetta & Shulman, 2002). The dorsal attention network

(DAN) derives from the frontoparietal lobes and reacts at the occipital

lobes. The ventral attention network comprises the temporoparietal

junction and the ventral frontal cortex (Vossel et al., 2014). Similarly,

closely related to the concentration of attention, information

processing speed depends upon the parietal and temporal lobes and

middle frontal gyrus (Turken et al., 2008).

Our study found cortical morphology alterations in the major

components of the attention and processing speed system. First, we

found a large area of decreased GMV in the frontal, parietal and tem-

poral lobes. Previous neuroimaging studies also reported that struc-

tural and functional alterations in the brain after chemotherapy were

correlated with attention and processing speed (Lange et al., 2019). In

structural studies, GMV loss in the frontal, temporal, and occipital

areas in breast cancer patients had a positive relationship with

processing speed 1month after chemotherapy completion (Lepage

et al., 2014). Performance on neuropsychological tests of attention

and processing speed correlated significantly with the integrity of

frontal, parietal, temporal and occipital white matter tracts after che-

motherapy (Deprez et al., 2011; Deprez et al., 2012). In fMRI studies,

changes in DAN-associated brain regions were also reported after

breast cancer chemotherapy (Miao, Chen, et al., 2016; Shen

TABLE 7 Altered brain regions showing overlaps of VBM
and SBM

Brain region GMV CT SD GI FD

R caudal middle frontal gyrus # #
R lateral occipital gyrus # #
L lingual gyrus # # #
R lingual gyrus # #
L parahippocampal gyrus " #
L postcentral gyrus # "
R postcentral gyrus # #
L precentral gyrus # "
R precentral gyrus # # "
R rostral middle frontal gyrus # "
L superior frontal gyrus # # #
R superior frontal gyrus # # # # "
R superior temporal gyrus # #
R insula # " #

Note: The above # means reduction and " means increment after

chemotherapy.

Abbreviations: CT, cortical thickness; FD, fractal dimension; GI,

gyrification index; GMV, gray matter volume; L, left; R, right; SBM,

surface-based morphometry; SD, sulcal depth; VBM, voxel-based

morphometry.

F IGURE 3 Correlations between the longitudinal changes in the VBM data and those in the four indices of SBM data in the same brain
regions. Longitudinal changes calculated as extracted image value at TP1 minus that at TP0. ρ = Spearman's rank correlation coefficient;
r = Pearson correlation coefficient. CT, cortical thickness; FD, fractal dimension; GI, gyrification index; L, left; R, right; SD, sulcal depth
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et al., 2019). Using arterial spin labeling perfusion, one study showed

significant increases in cerebral blood flow in breast cancer patients 1

month after chemotherapy that were associated with altered atten-

tion networks(Chen et al., 2017). Second, the SBM results showed

varying degrees of reduction in CT, SD, and GI in the frontal, parietal,

temporal and occipital lobes. FD alterations were more complex in the

mentioned lobes. Specifically, the frontal and parietal lobes showed

an increase, and the occipital lobes showed a decrease. GMV showed

a positive correlation with CT in the left lingual gyrus (Supporting

Information, Figure S3). Changes in SBM indices have been reported

in many studies of psychiatric disorders (Matsuda & Ohi, 2018; Wolf

et al., 2021) and neurodegeneration (Huang et al., 2021; Im

et al., 2008), but their impacts on cognition in breast cancer patients

undergoing chemotherapy have not yet been reported. This study

may suggest that the effect of chemotherapy on the cortical structure

of breast cancer patients is reflected in both altered GMV and a series

of comprehensive changes in morphological indices.

4.4 | Cortical morphology changes in the insula

Our study also found changes in the insula, which have rarely been

covered by other studies about chemotherapy-related cognitive

impairment in breast cancer patients. In our study, we found that the

right insula showed an increase in SD and a decrease in GMV and

GI. The bilateral insula showed a decrease in CT (Supporting Informa-

tion, Tables S1–S3). In a VBM study, gray matter density reduction

was found in the right insula from baseline to 1month after postoper-

ative chemotherapy completion in breast cancer patients (Chen

et al., 2018). As a component of the salience network (Seeley

et al., 2007), the insula can integrate external sensory information

with internal emotional and bodily state signals to coordinate brain

network dynamics and to initiate switches between the default mode

network and CEN (Uddin, 2015). In tasks requiring greater cognitive

control, the dorsal anterior insula exerts a stronger causal influence

(Cai et al., 2016). Currently, studies on insular cortex function are not

limited to the initial features of the limbic cortex, including sensorimo-

tor, pain, and social–emotional processes, but focus more on high-

level attention and decision-making (Uddin et al., 2017). Our study

suggests that changes in the insula cannot be ignored in future studies

on chemotherapy-related cognitive impairment in breast cancer

patients.

4.5 | Cortical morphology changes in subgroups
divided by age and treatment

Cortical morphology changed with normal structural brain aging in

previous studies (Zhao et al., 2019). Whether the original cortical mor-

phology of different age influence the subsequent alteration by che-

motherapy is unclear. Our exploratory study found that longitudinal

differences of CT and SD were existed in some brain regions between

the younger subgroup and the older subgroup. Interestingly, breast

cancer patients in younger subgroup which has higher morphologic

indices (significant difference or potential tendency) showed more

likely to decline in brain regions that decreased after neoadjuvant che-

motherapy. This finding suggested that breast cancer patients show

different susceptibilities to chemotherapy, which may be related to

the different cortical morphometry caused by age itself.

Previous studies showed that anthracyclines may have negative

effects on brain network connections (Kesler & Blayney, 2016) and

white matter integrity (Menning et al., 2018). In this study, under the

circumstance of no significant differences in morphological indices at

TP0, breast cancer patients showed differential morphological index

alterations from TP0 to TP1 between subgroup A and subgroup PB. In

line with previous studies, breast cancer patients who received

anthracyclines were more likely to show declines in morphological

indices. This result suggested that therapeutic regimen may affect cor-

tical morphology remodeling after chemotherapy.

4.6 | Cognitive functions

We found no significant differences in the cognition-related neuro-

psychological test results before and after chemotherapy, while the

altered brain regions were in line with those associated with impaired

cognitive domains in previous studies. First, these results were indica-

tive of the fact that chemotherapy-related cognitive impairment is

often subclinical and with great interindividual differences. In addition,

the interval of the neuropsychological tests at TP0 and TP1 might

have been too short to observe the cognitive impact of chemother-

apy. Neuropsychological tests might not be sufficiently sensitive to

detect subtle changes. In addition, the lack of neuropsychological

tests in 12 of 45 participants might be an explanatory factor. Finally, it

cannot be ruled out that the alterations of those cortical morphologies

were caused by inflammatory edema or decreased tissue water con-

tent under the cytotoxicity of chemotherapeutic drugs (Pomares

et al., 2017).

A positive trend of cognitive status was shown in most tests after

chemotherapy. There are three possible explanations. First, due to the

short interval and single stimulation, subtle intrasubject cognitive differ-

ences may not have been obtained from neuropsychological tests. More-

over, due to the practice effect, the short-term interval of approximately

1month may have made patients more familiar with the tests. Finally,

patients' emotional shock at the time of initial diagnosis may have been

alleviated after embarking on a regular treatment regimen.

The advantages of this study are as follows. Our study was a lon-

gitudinal study and observed the early response to chemotherapy in

breast cancer patients, showing the changes in cortical morphology

from a comprehensive perspective, including VBM and SBM. Mean-

while, patients receiving neoadjuvant chemotherapy were recruited to

eliminate the interference of anesthesia in surgery. This may indicate

major changes in early brain damage after chemotherapy and before

cognitive impairment arises. What's more, results of post-hoc analyses

in subgroups divided by age and treatment may provide a possibility

for better understanding chemotherapy related cognitive impairment.
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Limitations of this study should be mentioned. First, 12 subjects

failed to properly complete the psychological tests because of noncoop-

eration. Future studies should try to avoid this situation by enlarging the

sample size and removing residual values. Second, no differences were

found in the psychological test results between TP0 and TP1. More cog-

nitive tests will be selected to comprehensively cover the cognitive

domains in future studies. Third, in this study, patients receiving hormone

therapy were excluded, but the interference of estrogen changes in vivo

was not excluded. In the Supporting Information, compared to breast

cancer patients before menopause, those after menopause showed a

more significant increase in GMV in the left thalamus. Further studies

should be carried out to explore the relationship of estrogen status in

breast cancer patients and the structure and function of the thalamus

after chemotherapy. In addition, the chemotherapy regimens in our study

included classical chemotherapy and chemotherapy with targeted ther-

apy. Due to small samples in such subgroups, studies of larger

populations are needed in the future. Finally, our study lacked a breast

cancer control group who did not receive chemotherapy and a healthy

control group. According to previous studies and considering the short-

term setting in this longitudinal study, we believe that the aging effects

on cortical morphology in such control groups can be ignored (Deprez

et al., 2011; McDonald et al., 2013b). The lack of control groups makes it

difficult to interpret whether potential changes could have arisen by

learning effects in the psychological tests or status of anxiety and

depression. If long-term follow-up is needed in the future, it would be

better to include control groups with data acquisition time intervals the

same as those of breast cancer patients who received chemotherapy.

5 | CONCLUSION

We report the early results of a longitudinal study of cortical morphol-

ogy alterations in breast cancer patients receiving neoadjuvant che-

motherapy. The results showed no significant changes in

neuropsychological test results, while both VBM and SBM indices

changed after the first cycle of neoadjuvant chemotherapy. The

affected brain regions are consistent with those associated with

impaired cognitive domains in previous studies. These findings may

indicate major targets of early brain damage after chemotherapy.
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