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Brain structural alterations and
cognitive dysfunction in lung
cancer patients without brain
metastasis

Da-Fu Zhang'3, Huan Ma'3, Zhi-Ping Zhang?, Jing Ai*, Zong-Sheng Pu?, Yi-Fan Liu?,
Wen-Ting Cao?** & Zhen-Hui Li**™*

This study explored the relationship between cognitive function and brain structure in lung cancer
(LCs) patients without brain metastases and healthy controls (HCs). A cohort of 75 chemotherapy-
naive LCs without brain metastases and 29 age-, sex-, and education-matched HCs underwent
cognitive assessments and structural MRI. The MRI focused on cortical thickness, surface area, and
volume of subcortical structures. We examined the relationships among these parameters. The volume
of twelve subcortical structures was significantly reduced in patients with advanced-stage lung cancer
(aLCs) compared to HCs (p <0.05). In aLCs, cortical thickness decreased in one brain region and surface
area in five regions (p <0.05). Patients with early-stage lung cancer (eLCs) exhibited increased cortical
thickness in three regions. When comparing eLCs to aLCs, there was a notable decrease in cortical
thickness and surface area (p <0.05). Visuospatial/executive and delayed memory functions were
impaired in aLCs and worsened with disease progression. These impairments correlated positively with
the thickness of several cerebral cortices and the surface area and volume of subcortical structures

(p <0.05). Structural brain changes and cognitive dysfunction are evident in aLC patients, independent
of metastasis. Since none of the patients received chemotherapy, the observed abnormalities in aLCs,
absent in eLCs, are likely attributable to the disease itself rather than chemotherapy effects.

Abbreviations

LC Lung cancer

eLC Early lung cancer

aLC Advanced lung cancer

HC Healthy controls

CRCIs Cancer-related cognitive impairment
CTCs Circulating tumor cells

BBB Blood-brain barrier

MoCA Montreal Cognitive Assessment
TNM Tumor-node-metastasis

TIV Total intracranial capacity

CEA Carcinoembryonic antigen

NSE Neuron-specific enolase
CYFRA21-1  Cytokeratin 19 fragment

SCC Squamous cell carcinoma antigen

LC ranks among the world’s most prevalent cancers'. It often eludes early detection due to the lack of distinct
symptoms in its initial stages, leading to late diagnoses at advanced stages with poor prognoses. The treatment
for LC encompasses various therapies, including chemotherapy, radiation, immunotherapy, and targeted
therapy. These treatments are selected based on cancer characteristics and patient-specific factors®. An additional
consideration is the potential side effects or complications of treatments, which can impact patients’ quality of
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life and functioning in both the short and long term. In advanced LC stages (IIT or IV), where cure is improbable,
the treatment objective shifts to prolonging and maintaining quality of life rather than tumor elimination.
Consequently, patients’ awareness of the tumor’s impact on cognitive function is crucial in choosing a suitable
and personalized treatment plan, especially to avoid therapies that might exacerbate cognitive impairment.

Recent attention has focused on‘chemical brain’or"chemical fog,"phenomena thought to affect patients’
attention, executive function, and memory significantly*®. These cognitive changes, commonly known
as"cancer-related cognitive impairment"(CRCI)®, have been observed in LC patients following chemotherapy,
particularly affecting executive function, fluency, and verbal memory’~'. However, cognitive changes in cancer
patients might also stem from the cancer itself. Brain metastases from LC can impair cognitive functions.
Furthermore, as LC progresses, primary tumors can release cytokines or form circulating tumor cells (CTCs),
which invade the brain’s microcirculation!*2and disrupt the blood-brain barrier (BBB). This disruption allows
harmful substances, such as pro-inflammatory cytokines (e.g., TNF-a, IL-6), tumor-derived exosomes, and
circulating cell-free DNA, into the brain, potentially affecting cognitive function and brain structure!>!3. Yet,
research on the direct cognitive impacts of LC itself, including various stages and types, is limited. Thus, it
remains challenging to attribute cognitive impairment post-chemotherapy solely to the cancer’s progression or
the chemotherapeutic agents.

CRCI can manifest at various stages of cancer, including at diagnosis, during treatment, and even years after
treatment has concluded. Research indicates that some cancer patients, such as those with breast cancer, blood
cancer, gynecologic cancer, brain tumors, and childhood cancer®!*!>, experience cognitive impairment prior
to any treatment. Numerous factors may contribute to this, including the cancer itself, the type of treatment,
individual differences, and psychosocial factors. Consequently, research on CRCI must take these factors into
account to better comprehend and manage cognitive impairment in cancer patients.

While most studies have concentrated on the cognitive effects of conventional chemotherapy in LC patients,
the direct impact of LC on cognition and brain structure remains less understood. There is a scarcity of research
examining cognitive performance in untreated LC patients across different stages. This gap is significant because
LC progression involves the secretion of cytokines and the formation of CTCs in the brain’s microcirculation,
which can damage the BBB. This damage allows harmful substances to enter the brain, leading to cognitive
dysfunction. To bridge this gap, our study employed MRI scans on LC patients without brain metastases at
various stages. Our goal was to investigate the correlation between changes in the volume of the cerebral cortex
and subcortical structures, cognitive function, and the progression of LC.

Materials and methods

Participant selection

This cross-sectional study received ethical approval from the Ethics Committee of the Third Affiliated Hospital
of Kunming Medical University (NO. SLKYLX202118). All participants provided informed consent prior to
participation.

Between August 2021 and February 2022, 75 untreated LCs from the Department of Thoracic Surgery at
the same hospital, and 29 HCs, recruited through advertisements and matched for age, sex, and education
level, were enrolled. All subjects were right-handed. Inclusion criteria for LC patients included a confirmed
diagnosis of LC, being older than 18 years, and no prior treatment (surgery, radiotherapy, chemotherapy,
or immunotherapy). Exclusion criteria for all participants encompassed prophylactic cranial irradiation,
brain metastases, history of stroke, cranial trauma, epilepsy, Alzheimer’s disease, Parkinson’s disease, other
acute mental or neurological disorders, severe medical conditions (e.g., anemia, serious heart, thyroid, liver,
or kidney dysfunction), and significant visual or hearing impairments. The Montreal Cognitive Assessment
(MoCA) assessed neuropsychological status and general cognitive function'. According to TNM (tumor-node-
metastasis) criteria'?, early-stage LC was classified as stage I, and Advanced-stage LC (aLC) includes stages II-IV
per TNM classification. None of the patients exhibited brain metastases; however, stage IV patients had distant
metastases in organs such as bone, liver, or adrenal glands. The study’s flowchart is depicted in Fig. 1.

MRI acquisition

MRI data was obtained using 3.0 T MRI scanners (Discovery MR750, GE Healthcare). A 21-channel head
and neck array coil facilitated parallel acquisition. Head movement was minimized with firm foam pads, and
earplugs were used to reduce scanner noise. Participants lay with closed eyes, stayed awake, and were instructed
to think of nothing specific. Imaging sequences included T1- and T2-weighted thick-slice and FLAIR imaging
to rule out brain lesions or metastases, and high-resolution T1-weighted 3D axial anatomical imaging (BRAVO,
TR =8.6 ms, TE =3.3 ms, FOV 25.6 x25.6, 256 x 256 matrix, 1 mm voxel size, 31.25 kHz bandwidth, 12° FA,
acceleration 2, 2 averages, 4 min 29 s scan time). Data with excessive head movement, incomplete images, or
scanning errors were excluded after quality control.

Data preprocessing

Whole brain volumes and T1-weighted anatomical images were processed using FreeSurfer software (version
7.2)'8. FreeSurfer’s morphometric analysis, known for its test-retest reliability'®?’, involved skull stripping,
talairach transformations, atlas registration, and spherical surface mapping and parcellation based on an unbiased
in-patient template (Desikan-Killiany atlas?!). Cortical thickness, area of 34 cortical regions, and volume of 16
bilateral subcortical brain regions were calculated. Brain volumes were normalized to total intracranial capacity
(TIV) to adjust for head size variations??.
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Fig. 1. Procedure of the study.

The blood collection and processing

Blood samples were collected through venipuncture in the fasting state in the early morning, and EDTA was
used as an anticoagulant. Samples were centrifuged within 2 h of collection, plasma/serum was separated, and
stored at —80 °C until analysis.

Theblood samples were analyzed by electrochemical immunoassay (EIA) to detect tumor markers. We selected
Carcinoembryonic antigen (CEA), Neuron-specific enolase (NSE), Cytokeratin 19 fragment (CYFRA21-1), and
Squamous cell carcinoma antigen (SCC) as markers because they are closely related to the progression and
prognosis of lung cancer.

Statistical analysis

Statistical analyses were conducted using R (version 4.0.5). The Shapiro-Wilk test assessed the normal
distribution of continuous variables. Parametric statistics were applied to normally distributed data, and
nonparametric statistics to non-normally distributed data. For normally distributed outcomes, ANOVA with
least significant difference (LSD) pairwise tests were used. For non-normal outcomes, the Kruskal-Wallis test
followed by Bonferroni post-hoc analysis was employed. A p-value of less than 0.05 was deemed statistically
significant.

Results

Demographic and clinical characteristics

In this study, 75 LCs (39 eLCs and 36 aLCs) and 29 HCs (recruited via online advertisements) participated.
The study was conducted at the Department of Thoracic Surgery, Third Affiliated Hospital, Kunming Medical
University, China, from May 2021 to December 2021. The participants varied in age and gender. Eleven
individuals were excluded due to excessive head motion, allergies to contrast agents, or scanning errors. Figure 1
illustrates the participant selection and exclusion process.

Table 1 provides a comprehensive summary of the participants’ demographic data, histologic diagnoses,
and tumor stages. There were no significant differences in age, education, sex, smoking habits, KPS scores, or
pathology types among eLC, aLC, and HC groups (P >0.05). However, MoCA scores were significantly lower in
the aLC group compared to both eLC and HC groups (25.42 +2.48 vs. 27.49 + 1.65 and 27.45 + 1.66, respectively,
P< 0.001). No notable difference was observed in MoCA scores between eLC and HC (P =0.936). Tumor
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HCs (n=29) | eLCs (n=39) aLCs (n =36) X2/F/t/Z | P value
Gender (male/female)? 16/13 15/24 23/13 5.019 0.086
Age (mean +SD, year)b 51.07 £9.67 | 55.59 £8.23 56.06 +8.99 3.059 0.051
Smoking (n%)? 10 (34.5) 9(23.1) 16 (44.4) 3.84 0.147
KPS score (mean +SD)® 95.00 £7.77 | 96.15+7.11 94.44 +6.95 0.568 0.568
education (mean + SD, year)h 10.00 £3.67 | 8.95+3.50 7.92 +4.89 2.102 0.127
MoCA (mean #SD)® 27.45+1.66 |27.49 +1.65 2542 +2.48 12.677 0.000***
Tumor diameter (mean + SD, cm)© 1.62 £0.94 4.93 £2.35 -8.103 0.000%**
Clinical stage! NA
I NA 39 0
11 NA 0 4
11 NA 0 20
v NA 0 12
Pathological type* 7.396 0.092
Squamous cell carcinoma NA 7 13
Adenocarcinoma NA 29 18
Small Cell Lung Cancer NA 3 5
Tumor markers (25%,50%,75%)¢ p
CEA NA 1.53,2.25,3.57 1.87,4.38,10.33 446.50 0.007**
NSE NA 9.60, 11.80, 13.40 | 11.75, 13.70, 21.96 | 397.50 0.001***
CYFRA21-1 NA 1,40, 2.00,2.60 2.625,4.500,7.025 | 223.00 0.000***
SCC NA 0.70,0.80,1.00 0.72,1.10,1.47 493.00 0.026*

Table 1. Demographic and clinical features of patients with Lung cancer.

diameters were smaller in the eLC group than in the aLC group (P <0.001). Levels of tumor markers including
CEA, NSE, CYFRA21-1, and SCC were higher in the aLC group compared to the eLC group (P <0.05).

Data are expressed as mean +SD, n (%) or interquartile range (P25, P50, P75) expressed. a P values were
determined using the X2 test. b P values were determined using the one-way test ANOVA. ¢ P values were
determined using the two-sample t test. d NA is not statistically analyzed. e P values were determined using
the Kruskal-Wallis test. *P <0.05, **P <0.01, ***P <0.001. II (no metastases), IIT (lymph node), IV (distant
metastases, liver =5, bone =4, adrenal =3).

CEA (carcinoembryonic antigen), NSE (neuron-specific enolase), CYFRA21-1 (cytokeratin 19 fragment),
SCC (squamous cell carcinoma antigen).

Cerebral cortex alterations in LC

Cortical thickness in eLC patients increased in the bilateral cuneus and left insula compared to HCs (P <0.05),
while aLC patients exhibited decreased thickness in the superior temporal region (P <0.05). Further, aLC patients
showed a reduction in cortical thickness in various regions compared to eLC patients (P <0.05) (Figs. 2A, 3, and
Supplementary tables S1, S2). In aLC patients, the surface area of several cortical regions decreased relative to
HCs (P <0.05), while eLC patients exhibited an increase in the area of the left supramarginal gyrus (P <0.05).
Significant differences were also observed between eLC and aLC groups in various cortical areas (P <0.05)
(Figs. 2B, 4, and Supplementary tables S3, S4).

Subcortical volume, normalized as a percentage of TIV, decreased in several regions in aLC patients compared
to HCs (P <0.05), with an increase in the volume of the left temporal horn of the lateral ventricle. Except for the
bilateral ventral diencephalon, no significant differences were observed in eLC patients. The volumes of certain
structures were smaller in aLC than in eLC patients (P <0.05) (Figs. 2C, 3, and Supplementary tables S5, S6).

Cognitive function alterations

Cognitive impairments in aLC patients, particularly in visuospatial/executive and delayed memory functions,
were significantly different compared to HCs (P <0.001; P= 0.031, respectively). No notable difference was
found between eLC patients and HCs in these domains (Figs. 2D, and Supplementary tables S7, S8).

A Cortical Thickness Differences: eLC exhibited increased cortical thickness in the bilateral cuneus and left
insula compared to healthy controls (HCs) (P <0.05). aLC showed decreased cortical thickness in the superior
temporal region compared to HCs (P <0.05). When comparing aLC patients to eLC patients, there was a
reduction in cortical thickness in various regions (P <0.05).

B Cortical Surface Area Differences: aLC patients had a reduction in cortical surface area in several regions
compared to HCs (P <0.05). eLC patients showed an increase in the area of the left supramarginal gyrus
compared to HCs (P <0.05). Significant differences in various cortical areas were also observed between eLC
and aLC groups (P <0.05).

C Normalized Brain Structure Volume Ratio Differences: aLC patients showed a decrease in the volume ratio
of several regions compared to HCs (P <0.05), with an increase in the volume of the left temporal horn of the
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Fig. 2. Abnormal brain structure from LC.

lateral ventricle. Except for the bilateral ventral diencephalon, no significant differences were observed in eLC
patients. The volumes of certain structures were smaller in aLC than in eLC patients (P <0.05).

D Cognitive Function Differences: aLC patients had significant differences in visuospatial/executive and
delayed memory functions compared to HCs (P <0.001; P = 0.031, respectively). No notable differences were
found between eLC patients and HCs in these domains.

P <0.05 is considered significant. * P <0.05, ** P < 0.01, *** P< 0.001.

Correlation analyses

Brain structure and cognitive function

The study analyzed the correlation between differential cortical thickness, surface area, volume, and cognitive
function in eLC, aLC, and HCs. Visual-spatial/executive function showed positive correlations with certain
brain regions (P <0.05). Delayed recall was positively correlated with volumes of various subcortical structures
and negatively with right choroid plexus volume (P <0.05) (Fig. 5A and Supplementary tables S9).

Tumor characteristics, brain structure, and cognitive function

The relationship between tumor diameter, serum tumor markers, brain structure, and cognitive function in
eLC and aLC patients was explored. Visuospatial/executive performance was negatively correlated with tumor
diameter and CYFRA211 levels (P <0.05). Delayed recall showed a negative correlation with tumor diameter (P
=0.002) (Fig. 5B and Supplementary tables S10). Tumor diameter and serum markers exhibited correlations
with various brain structures and cognitive functions, with both positive and negative associations observed (P
<0.05) (Fig. 5B and Supplementary tables S10-11).

Discussion
Our research indicates that structural brain changes and cognitive dysfunctions are evident in LC patients
without brain metastases, particularly in advanced stages. These findings suggest that these abnormalities may
be due to the disease itself rather than its treatment, contributing to the understanding of the direct impact of
LC on cognition and brain structure prior to treatment. The results highlight the need for treatment of advanced
LC to consider potential damage to brain structure and cognitive function.

There is growing evidence that cancer therapies, even those not targeting the central nervous system, can
have acute and long-term cognitive effects, affecting educational and occupational goals, and overall quality
of life®!*2>2* However, studies on the direct impact of cancer on cognition and its relation to brain structure
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Fig. 3. The distribution of different subcortical volumes and cortical thicknesses in the brain (different colors
represent different brain structures). A-D is the axial image, E-I is the coronal image, and J-K is the sagittal
image. lh, left hemisphere; rh, right hemisphere; left-Inf-Lat-Vent: left temporal horn of the lateral ventricle.

before treatment are limited. Understanding these cognitive changes is essential for patients to make informed
treatment decisions, as inappropriate choices may exacerbate cognitive impairments and reduce quality of life.

Our study investigated brain structure and cognitive function differences among participants with eLC, aLC,
and HC. Key findings include that all LCs were free of brain metastases, and there were no significant differences
in KPS, smoking, or tumor pathology types, enhancing the study’s reliability. The results showed reduced
subcortical volume and cortical surface area in aLC, while eLC patients exhibited a slight increase in cortical
thickness and surface area. This increase in cortical volume in early-stage lung cancer patients could be due
to neuroplastic changes and compensatory mechanisms, as the brain may respond to the tumor by increasing
synaptic connections or the volume of certain brain regions to maintain or enhance cognitive function as a
protective response?®. Furthermore, visuospatial/executive reasoning and delayed recall functions were impaired
in aLC patients, worsening with disease progression and correlating positively with cerebral cortex thickness,
surface area, and subcortical structure volumes, suggesting that LC itself may impact brain function during its
progression.

The development of lung cancer involves a complex interplay of factors over many years®. Tumor cells secrete
growth factors, chemokines, and cytokines, and CTCs formed by local infiltration enter the bloodstream,
reaching the cerebral microcirculation'’. As LC progresses, the number of CTCs increases?®, and they may
undergo epithelial-mesenchymal transition?’, altering their gene expression profiles and increasing their invasive
and migratory potential. Concurrently, various factors can alter the BBB, facilitating the invasion of surviving
CTCs into brain tissue?®?. In early-stage LC, compensatory mechanisms might be triggered to maintain normal
brain function?, but as the disease progresses, BBB dysfunction and increased permeability allow more CTCs
and harmful substances to invade the brain, damaging its structure and function®. This is reflected in reduced
cortical thickness, surface area, and subcortical volume, accompanied by cognitive impairment.
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LC frequently metastasizes the brain, primarily affecting the frontal lobe, followed by the parietal lobe,
cerebellum, occipital lobe, and temporal lobe®!. Our study noted a reduction in cortical thickness and surface
area in frontal, parietal, and temporal lobes in advanced LC patients without overt brain metastases. These
structural changes may reflect early microvascular or inflammatory effects of CTCs or cytokines on the brain
parenchyma, as CTCs can disrupt the BBB and induce neuroinflammation even in the absence of macroscopic
metastases'>!0, Similar patterns of cortical thinning have been observed in preclinical models of systemic
cancer, where tumor-derived factors promote neuronal damage (Shi et al., 2021).

Cognitive impairment in cancer patients raises concerns about the increased risk of dementia’***. Our
findings indicate significant impairments in visuospatial/executive function and delayed memory in aLC
patients, exacerbated by disease progression. These impairments may be linked to the structural changes in
specific brain regions described above. When treating LG, it is crucial to consider these cognitive impairments
and avoid treatment plans that could worsen them, thereby affecting the patient’s quality of life.

The strengths of this study include the absence of recruitment bias and the short interval between clinical
assessment and neuroimaging, typically within a week. However, its limitations include a small sample size,
restricting the generalizability of the findings. As a cross-sectional study, it precludes the assessment of disease
evolution. Moreover, the MoCA, while a simple and accessible cognitive screening tool, may lack sensitivity in
certain areas.

Conclusions

This study uncovers the direct impact of lung cancer on brain structure and cognitive function, particularly
in advanced-stage patients. It underscores the importance of considering potential brain and cognitive
effects when devising treatment plans, steering clear of therapies that might worsen cognitive impairments.
The study’s contribution to the existing body of knowledge is that it demonstrates the direct effects of lung
cancer, independent of treatment side effects, on the brain. It also underscores the correlation between disease
progression and changes in the brain.

For future research, this study suggests new avenues, such as investigating biomarkers, refining treatment
strategies, and developing preventive interventions. In terms of patient care, it advocates for personalized
treatment plans and underscores the importance of cognitive rehabilitation services and interdisciplinary
collaboration between oncology, neurology, and cognitive science.

Data availability
The data that support the findings of the current study may be requested from the corresponding author upon
reasonable request.
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