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Esophageal cancer (EC), a highly prevalent malignant cancer, is frequently
accompanied by cancer-related cognitive impairment (CRCI), yet its underlying
neural mechanisms remain poorly understood. This study integrated
inflammatory biomarkers and nutritional index with structural magnetic
resonance imaging (MRI) to investigate the characteristics of brain structural
alterations in EC patients and their association with systemic inflammation and
nutritional metabolism. A total of 49 treatment-naive EC patients and 31 healthy
controls (HC) were enrolled. High-resolution T1l-weighted MRI scans and
peripheral blood indices (including platelet-to-lymphocyte ratio (PLR),
neutrophil-to-lymphocyte ratio (NLR)) were collected. Voxel-based
morphometry (VBM) was employed to assess gray matter (GM) volume
differences, and correlations between GM volume, inflammatory markers and
nutritional index were analyzed. Results demonstrated that the EC group
exhibited significantly elevated monocyte counts and PLR, alongside reduced
lymphocytes, albumin levels, and prognostic nutritional index compared to HC
(p < 0.05). Structural MRI revealed significantly increased GM volume in bilateral
occipital lobes, basal ganglia, pre-/postcentral gyri, and the right temporal lobe in
EC patients, and decreased GM volume in bilateral parahippocampa gyri,
amygdala, and cerebellum Posterior Lobe (FDR correction, p < 0.05). Partial
correlation analysis indicated a negative association between GM volume in the
right basal ganglia and PLR (r = - 0.464, p = 0.005). These findings suggest that
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brain structural alterations in EC patients may be driven by systemic inflammation
and nutritional imbalance, reflecting a dynamic equilibrium between neuroplastic
compensation and neuroinflammatory injury. The negative correlation between
GM volume and PLR provides neuroimaging evidence for inflammation-
mediated CRCI mechanisms, offering novel targets for the development of
early intervention strategies.

esophageal cancer, voxel-based morphometry, immune-metabolic dysregulation, gray
matter, structural magnetic resonance imaging

1 Introduction

Esophageal Cancer (EC) is a prevalent malignant neoplasm
worldwide, with the seventh highest global incidence and sixth
highest mortality (1). In China, EC poses an exceptionally high
disease burden, accounting for more than half of the global cases,
and 90% of which are Esophageal Squamous Cell Carcinoma
(ESCC) (2). The majority of patients are diagnosed at middle and
advanced stages, contributing to a mortality rate in China that is
twice the global average, thereby presenting substantial challenges
for disease management and prevention (3). The malignant
development of EC is a complex process involving multifactorial,
multistage and multi-signal pathway regulation (4, 5). It is worth
noting that cancer patients often suffer from cognitive dysfunction,
known as cancer-related cognitive impairment (CRCI). CRCI not
only severely diminishes the quality of life of patients, but also
causes great damage to their daily function, self-identity and
professional ability (6). As cancer treatment technologies advance
and patient survival rates increase, in-depth analysis of the
neurobiological mechanism of CRCI has become an urgent need
to improve the cognitive prognosis of patients.

Studies have shown that the development of EC is closely related
to inflammation, which promotes the development of EC through
various mechanisms, including oxidative damage, epigenetic changes,
and immunosuppression (7, 8). In recent years, the role of
inflammatory mechanisms in neurodegenerative diseases and
cognitive impairment has attracted increasing attention (9, 10).
Research indicates that chronic inflammation and abnormal
immune response can cause oxidative stress and increase of
proinflammatory cytokines in the body, interfere with synaptic
plasticity and neurogenesis, and eventually lead to brain structural
atrophy and cognitive impairment (11). Inflammatory markers, such
as Neutrophil-to-Lymphocyte Ratio (NLR) and Platelet-to-
Lymphocyte Ratio (PLR), serve as sensitive indicators of systemic
inflammation. Their elevation partially reflects the aggravation of
oxidative stress and inflammatory response. Previous studies have
shown that NLR and PLR are associated with the severity and
prognosis of a variety of cognitive-related diseases, and may serve
as predictors of cognitive impairment (12, 13). Marsland et al.
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demonstrated that inflammation was associated with the weakening
of short-term memory, language ability, spatial reasoning ability and
executive ability, as well as reductions of cerebral cortex, hippocampal
volume and cortical surface area (14). Peripheral inflammation may
enter the central nervous system (CNS) through various ways,
triggering neuroinflammatory cascades. The content of
proinflammatory cytokines and their receptors in the hippocampus
and cerebral cortex is relatively high, which makes the hippocampus
more vulnerable to inflammatory attack. This interferes with
neurogenesis, disrupts neurotransmission, damages synaptic
plasticity and causes dendritic branch atrophy, ultimately leading to
neuronal damage, brain network remodeling and cognitive
dysfunction (15). However, neuroimaging studies on CRCI in EC
patients remain limited, and it is still unclear whether inflammation
mediated brain structural changes are involved in the
cognitive decline.

Structural Magnetic Resonance Imaging (MRI) technology
provides an important tool for noninvasive analysis of brain
structural abnormalities. Because of the unique cancer biological
characteristics (such as high invasiveness and easy metastasis) and
treatment modes (such as concurrent chemoradiotherapy), the
brain structural changes of EC patients may present a specific
pattern. Based on this, this study intends to systematically explore
the characteristics of structural changes in brain regions of EC
patients using high-resolution MRI technology. By incorporating
dynamic monitoring of inflammatory markers (such as NLR, PLR),
we seek to reveal the intrinsic association between inflammation
and brain structure, thereby providing a novel perspective for early
warning and targeted intervention of CRCL

2 Materials and methods

2.1 Subjects

There are two groups of data reported in this study: 49 initially
diagnosed EC patients with eating obstruction for 2 to 3 months
(Mean age = 64.63 years, range = 49-80 years, 8 females) and 34
healthy controls (HC) (Mean age = 61.97 years, range = 50-82 years,
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15 females). All subjects were recruited between July 2020 and
September 2024. Two radiologists independently assessed and
determined that all EC patients were at stage IIB and IIIB.
Participants were excluded from the final analysis if they met any
of the following criteria: (1) contraindications to MRI scanning
(e.g., presence of metallic implants or severe claustrophobia); (2)
clinically significant abnormalities detected during neurological or
physical examinations; (3) a history of traumatic brain injury; or (4)
any current or past diagnosis of psychiatric or neurological
disorders. This study has been approved by the ethics committee,
and all subjects provided informed consent before enrollment.

2.2 MRI acquisition

All data were acquired in a GE MRI Discovery 750w 3.0 T (GE,
USA) at the Second Hospital of Shandong University, Jinan, China.
The instrument is equipped with a 64-channel head coil. All
subjects were placed in a supine position and used custom foam
pads to reduce head movement. High-resolution 3D-T1 weighted
structural images were collected using a gradient echo pulse
sequence. Acquisition parameters are as follows: Echo Time (TE)
= 2.34 ms, Repetition Time (TR) = 2530 ms, Inversion Time (TI) =
1100 ms, 256 x 256 matrix, field of view = 256 x 256 mm?, flip angle
= 7° number of slices = 192, slice thickness = 1.0 mm, total
sequence duration = 363 s.

2.3 Clinical data analysis

We collected clinical data from all subjects, including height,
weight, education, lifestyle factors (smoking, alcohol consumption)
and clinical indicators such as differential blood cell count and
albumin levels. SPSS 24 was used to perform independent-samples ¢
test on clinical data. A two-tailed p-value < 0.05 was considered
statistically significant.

2.4 Data preprocessing

Data were analyzed using SPM12 (http://www.flion.ucl.ac.uk/
spm/software/spm12) based on MATLAB 2015a (MathWorks,
Natick, Ma, USA) extension toolbox CATI12 (16). Before
preprocessing, the structural MRI images were evaluated for
artifacts by SPM12, and the central point was repositioned on the
anterior commissure. The default settings were used in this study
based on the CAT12 Toolbox Manual (http://www.neuro.uni-
jena.de/cat12/CAT12- Manual.pdf). Following initial quality
assurance procedures, structural images underwent intensity
inhomogeneity correction and were subsequently partitioned into
cerebral tissue compartments (gray matter (GM), white matter, and
cerebrospinal fluid) through probabilistic classification. Spatial
alignment to the standardized MNI coordinate system was
achieved through a multi-stage registration process, which
included both affine transformations and diffeomorphic field
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estimation within an integrated computational framework
incorporating high-dimensional diffeomorphic anatomical
registration through exponentiated lie algebra (17). Tissue
probability maps were then intensity-modulated through
application of Jacobian determinant scaling factors derived from
the deformation fields to preserve quantitative volumetric
information. The adjusted GM density maps underwent spatial
filtering using an isotropic Gaussian smoothing kernel with 8-mm
full-width at half-maximum (FWMH) to facilitate subsequent
group-level analysis. Quantitative volumetric measurements of
cerebral tissues were computed through numerical integration of
the binarized segmentation outputs. Total intracranial volume
(TIV) was calculated as the composite sum of GM, white matter,
and cerebrospinal fluid volumes, and all GM volume measurements
were subsequently normalized to TIV. These procedures were
implemented automatically within the CATI12 pipeline. In
addition, although the CAT12 processing suite incorporates
advanced denoising methodologies, all volumetric images
underwent systematic visual verification to mitigate residual
artifact interference. Following the exclusion of ineligible subjects,
the resulting volumetric images from the remaining 34 healthy
controls and 41 EC patients exhibited satisfactory homogeneity.

2.5 Statistical analysis

To investigate intergroup differences, age, gender, education,
lifestyle factors (smoking, alcohol consumption) and Body Mass
Index (BMI) were taken as covariates and two-sample ¢-test was
conducted. An absolute threshold mask (excluding all voxels with
GM values less than 0.01) was used to avoid edge effects. The EC-
HC results were FDR corrected at the voxel level with a cluster size >
20 voxels, and a threshold of p < 0.05 was reported.

To test whether the changes in GM volume between groups
were related to clinical data, we performed an exploratory
correlation analysis using Spearman’s correlation coefficient
implemented in SPSS 24. First, the brain regions with significant
differences between groups were defined as regions of interest (ROI)
using xjview (http://www.alivelearn.net/xjview). Then, the average
GM changes of all subjects in ROIs were extracted by Marsbar. SPSS
24 was used to analyze the partial correlation between GM changes
and clinical data, with age, gender, education, lifestyle factors
(smoking, alcohol consumption) and BMI included as covariates.
Considering the relatively small sample size and exploratory nature
of the analysis, no multiple comparative correction was performed.
The results were reported at a threshold of p < 0.01.

3 Results

3.1 Demographic and clinical
characteristics of patients with EC and HC

Clinical data between the two groups were compared using
independent-samples t-test. We found that EC group showed
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significant differences (p-values < 0.05) from HC group in gender,
BMI, monocytes, lymphocytes, albumin, PLR, lymphocyte-
monocyte ratio (LMR), systemic immunity and prognostic
nutrition (see Table 1).

3.2 VBM analysis in patients with EC and
HC

The results of the two-sample t-test showed that the GM
volume in EC group was significantly higher than HC group in
bilateral occipital gyrus (extending to the middle occipital gyrus and
inferior occipital gyrus), bilateral basal ganglia (extending to the
lentiform nucleus, putamen, medial and lateral globus pallidus),
bilateral precentral gyri, postcentral gyrus. GM volume also
increased significantly in the right lingual gyrus, and right
superior temporal gyrus. However, the EC patient group also
exhibited regions of reduced GM volume, predominantly
involving the left and right parahippocampal gyri, left and right
amygdala, left and right superior temporal gyri, left and right
cerebellum posterior lobe, as well as the right midbrain (see
Table 2, Figure 1).

TABLE 1 Comparison of clinical data between EC group and HC group.

10.3389/fonc.2025.1625625

3.3 Associations between clinical
assessments and structural parameters in
EC patients

Using age, gender, education, lifestyle factors (smoking, alcohol
consumption) and BMI as covariates, partial correlation analysis
showed that GM volume values of the right basal ganglia (extending
to the lentiform nucleus, putamen, medial and lateral globus
pallidus) in EC patients were negatively correlated with PLR
scores (r = - 0.464, p = 0.005) (see Figure 2).

4 Discussion

This study, for the first time, reveals the unique pattern and
underlying mechanism of brain structural changes in EC patients,
by integrating inflammatory-immune and nutritional metabolic
indicators and brain imaging data. Compared with HC group, EC
group exhibited systemic immune imbalance (monocytosis,
lymphopenia, PLR/LMR abnormalities) and nutritional
metabolism disorder (PNI reduction), accompanied by significant
increases in GM volume in broad brain regions such as bilateral

Dimensions EC HC T value P-value (two-tailed)
Number of people 41 34 - -
Gender (males/females) 33/8 19/15 5.29 0.021
Age 64.63 + 6.95 61.97 + 7.00 1.61 0.113
Body mass index (BMI) 23.04 + 3.17 24.90 + 2.67 -2.72 0.008
Weight (kg) 62.44 + 9.30 68.53 + 11.87 -2.39 0.020
Height (cm) 164.61 + 6.72 165.74 + 8.85 -0.60 0.548
Smoking (Yes/No) 15/26 11/23 0.15 0.701
Alcohol consumption (Yes/No) 18/23 14/20 0.06 0.812
Education 8.41 £2.92 8.79 = 1.47 -0.73 0.470
Platelet 247.81 + 78.55 214.61 + 60.15 1.96 0.054
Monocytes 0.56 + 0.22 0.43 +£0.13 2.98 0.004
Lymphocyte 1.54 £ 0.52 2.30 £ 1.76 -2.63 0.010
Neutrophi 4.40 + 1.60 4.81 + 9.37 -0.27 0.786
Albumin 40.97 + 3.92 44.65 + 3.12 -4.29 <0.001
Neutrophils-lymphocyte ratio (NLR) 321 +£2.14 2.42 £ 4.50 0.99 0.325
Platelet-lymphocyte ratio (PLR) 174.69 + 65.43 117.66 + 56.62 3.88 <0.001
Lymphocyte-monocyte ratio (LMR) 3.04 £ 1.20 5.29 +2.16 -5.24 <0.001
Systemic immunity-inflammatory index (SII) 784.05 + 510.82 457.52 + 593.21 2.51 0.015
Prognostic nutritional index (PNI) 48.65 + 4.56 56.14 + 8.51 -4.81 <0.001
Geriatric nutrition risk index (GNRI) 104.67 + 8.76 102.66 + 34.78 0.32 0.755
EC, esophageal cancer; HC, healthy controls.
Frontiers in Oncology 04 frontiersin.org
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TABLE 2 Brain regions with significant differences in GM volume between EC group and HC group.

Clusters Regions BA Voxels X Y Z T PrpRr-corr Effect Size
EC-HC
Right Lentiform Nucleus
1 Right Putamen - 761 16 -6 0 5.39 0.026 1.32
Right Medial and Lateral Globus Pallidus
Left Lentiform Nucleus
2 Left Putamen - 444 -22 -8 0 4.93 0.026 1.20
Left Medial and Lateral Globus Pallidus
3 Right Superior Temporal Gyrus 42 180 69 -22 9 4.90 0.026 1.20
4 Right Cuneus 17/18 28 4 -104 -4 4.61 0.026 113
5 Right Cuneus 256 14 99 10 457 0.026 112
Right Middle Occipital Gyrus ’ ’ ’
Right Precentral Gyrus
6 . 3/4 120 45 -21 56 4.50 0.027 1.10
Right Postcentral Gyrus
7 Right Lingual Gyrus 18 32 3 -98 -21 4.36 0.030 1.07
Right Middle Occipital Gyrus
Right
8 ight Cuneus 18/19 554 27 -98 -9 436 0.030 107
Right Inferior Occipital Gyrus
Right Lingual Gyrus
Left Middle Occipital Gyrus
9 i . 18/19 247 -45 -92 -6 4.24 0.032 1.04
Left Inferior Occipital Gyrus
Left P 1
10 eft Postcentral Gyrus 3/4 85 -45 426 57 4.06 0.035 0.99
Left Precentral Gyrus
11 Left Cuneus 18 24 -8 -105 4 3.86 0.040 0.94
HC-EC
Left Parahippocampa Gyrus
1 Left Amygdala 34/28 837 -28 0 -20 5.85 0.004 1.43
Left Superior Temporal Gyrus
2 Left Cerebellum Posterior Lobe 37 121 -51 -54 -27 5.15 0.005 1.26
Right Parahi G
3 s arappocampa tyrus 34/28 297 27 2 20 | 453 0.016 111
Right Amygdala
4 Right Cerebellum Posterior Lobe - 264 6 -75 -42 4.47 0.017 1.09
5 Right Midbrain - 49 10 -16 -21 4.31 0.024 1.05
6 Right Superior Temporal Gyrus 38 22 50 -4 -10 4.18 0.029 1.02

GM, gray matter; EC, esophageal cancer; HC, healthy controls; BA, Brodmann area. X, Y, Z = MNI coordinates. The threshold was set at p < 0.001 uncorrected at the cluster wise level with a

cluster size > 20 voxels and p < 0.05 with FDR correction at the voxel level.

occipital gyrus, basal ganglia, middle frontal gyrus. The GM volume
in the right basal ganglia was negatively correlated with PLR score
in EC patients. These findings suggest that CRCI in EC patients may
not be a simple neuronal degenerative change but a complex
dynamic process involving inflammation-mediated neuroplasticity
and adaptive compensation.

This study is also the first to uncover the complex interaction
between immune-nutritional imbalance and the structural
remodeling of CNS in EC patients. The patients showed
mononucleosis, lymphopenia and PLR/LMR abnormalities. The
human blood system contains a variety of inflammatory cells, such
as neutrophils, lymphocytes, monocytes and platelets, which are
effective prognostic factors for patients with malignant tumors (18-
21). Therefore, the findings of mononucleosis, lymphopenia and
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PLR/LMR abnormalities may indicate the formation of systemic
inflammation and immunosuppressive microenvironment. The role
of systemic inflammatory response in tumors is not clear. Systemic
inflammatory response can either promote or inhibit the occurrence
and progression of tumors, and even influence the responsiveness of
patients to systemic anti-tumor therapy (22). Furthermore, the tumor
microenvironment increases the likelihood of tumor metastasis,
thereby accelerating the progression of the disease (23).

The changes of systemic inflammation and immunosuppressive
microenvironment in EC patients may drive CNS changes through
multiple pathways. Firstly, elevated monocytes may differentiate
into pro-inflammatory tumor-associated macrophages, release
cytokines such as IL-6, activate microglia through blood-brain
barrier leakage or vagus nerve signal transmission, and trigger
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FIGURE 1

Brain regions with increased GM volume in EC group. Warmer colors show brain regions with increased GM volume in EC group compared to HC

group. EC, esophageal cancer; HC, healthy controls; GM, gray matter.

astrogliosis and local edema (such as increased GM volume in basal
ganglia) (24-27). Secondly, a significant decrease in lymphocytes
(1.54 £ 0.52 vs 2.30 £ 1.76, p = 0.010) may impair the anti-tumor
immune response while reducing neurotrophic factor secretion
(28). Therefore, immune cells may regulate neuroplasticity
through secreting cytokines (29). In addition, PNI reflects the
nutritional and immune status by calculating the albumin level
and total lymphocyte count in peripheral blood. The nutritional
status of cancer patients is closely related to patients’ long-term
survival (30, 31), and its significant reduction (48.65 vs 56.14,
p < 0.001) suggests that EC patients have nutrition and immunity
dysfunction. Albumin is the key carrier protein for the synthesis of
neurotrophic factors. Its deficiency may affect the transport and
stability of brain-derived neurotrophic factors, and then damage the
survival of neurons, synaptic plasticity, and functional
compensation. These findings highlight the central role of the
“inflammation-metabolism-nerve” axis in esophageal CRCI,
providing a new supplement to the traditional degenerative theory.

In this study, significant increases in GM volume were observed
in multiple brain regions in EC patients, including bilateral basal

Frontiers in Oncology

ganglia, anterior and posterior central gyrus, inferior middle
temporal gyrus, and inferior middle occipital gyrus. The
distribution pattern suggests a complex interaction between
systemic pathophysiological processes and local adaptive
compensation. Bilateral basal ganglia (lenticular nucleus,
putamen, globus pallidus) serve as the core hub for motor control
and cognitive flexibility (32, 33), and their volume increase may be
related to various factors. EC patients were accompanied by
increased levels of proinflammatory factors, which may trigger
central nervous inflammation through blood-brain barrier
disruption (34), activate microglia (35), and lead to the
remodeling of basal ganglia structure (36). As key regions of
primary motor and sensory cortex, the anterior and posterior
central gyrus regulate swallowing, limb movement and
somatosensory function (37, 38). EC patients often suffer from
motor sensory dysfunction due to dysphagia, pain or side effects
from treatment (such as chemotherapy-induced peripheral
neuropathy) (39), which may trigger compensatory remodeling of
the CNS. There is increasing evidence that many chronic pain-
related diseases exhibit extensive brain function and structural
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Partial correlation plot of GM volume values in the right basal ganglia of EC group with PLR score (age, gender, education, lifestyle factors and BMI
as covariates). GM, gray matter; EC, esophageal cancer; PLR, platelet-lymphocyte ratio; BMI, Body Mass Index; R, right.

reorganization, such as primary sensory cortex, primary motor
cortex, anterior cingulate gyrus and lenticular nucleus (40-42).
For example, long-term dysphagia may increase the demand for
muscle control in the throat by the anterior central gyrus (motor
area), and promote GM volume increase through synapse
regeneration or glial cell proliferation to maintain functional
compensation (43, 44). As the primary auditory cortex, the GM
volume of the middle and inferior temporal gyrus in EC was
significantly increased compared with that in HC, potentially
reflecting complex neural remodeling mechanisms in the course
of the cancer. The GM volume of the middle and inferior occipital
gyrus in EC group was significantly increased compared with that in
HC, which may indicate that specific adaptive or pathological
remodeling occurred in the CNS during cancer progression. The
middle and inferior occipital gyrus are the core brain region of
visual information processing (45). And the GM structural changes
of their primary visual cortex and visual association cortex may be
related to the compensation mechanism of visual perception
induced by long-term nutritional metabolism disorders or chronic
pain in EC patients.

However, the EC patient group also exhibited regions of
reduced GM volume, predominantly involving the left and right
parahippocampal gyri, amygdala, superior temporal gyri,
cerebellum posterior lobe, as well as the right midbrain. These
findings suggest a complex and bidirectional pattern of
neurostructural changes in EC patients, reflecting both
inflammatory-mediated compensatory increases and regional
neurodegenerative decreases. The observed reductions in medial
temporal lobe structures including the parahippocampal gyri and
amygdala are particularly noteworthy given their well-established
roles in memory encoding, emotional regulation, and contextual
associative process (46-49). Atrophy in these regions has been
consistently linked to cognitive impairment in other cancer-related
and neurodegenerative conditions. Similarly, volume loss in the
cerebellum posterior lobe, which contributes to cognitive
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coordination and fine motor control, and the midbrain, involved
in dopaminergic signaling and sensorimotor integration, may
underlie specific functional deficits reported in EC populations,
such as gait instability, affective dysregulation, and executive
dysfunction (50, 51). The concomitant presence of both increased
and decreased GM volumes supports a model of cancer-related
neural remodeling wherein neuroinflammatory processes and
metabolic disturbances drive both maladaptive degeneration and
compensatory plasticity, ultimately shaping the clinical
presentation of CRCI in EC.

Exploratory partial correlation analysis in this study
demonstrated a significant negative correlation between PLR and
GM volume of the right basal ganglia in EC group. This significant
negative correlation indicates that changed systemic inflammatory
burden (as indexed by PLR) might be linked to structural
neurodegeneration characterized by increased GM volume in the
right basal ganglia nuclei, potentially mediated through
neuroinflammatory cascades and microvascular dysfunction. The
basal ganglia are a complex of subcortical nuclei critical for motor
control and cognitive processing (32, 33). PLR is a widely utilized
hematological biomarker of systemic inflammation (52). These
findings collectively imply a potential neuroinflammatory
mechanism wherein chronic inflammatory states (e.g., PLR) may
drive neurodegenerative changes (e.g., GM) in functionally
significant brain regions. Additionally, longitudinal studies are
required to establish temporal causality between PLR fluctuations
and GM volumetric dynamics in the future.

This study has several limitations that should be acknowledged.
First, the relatively modest sample size may have limited the
statistical power of our analysis. In future studies, we plan to
expand the cohort and replicate these findings in larger,
independent samples to enhance both statistical power and
external validity. Secondly, this study did not include formal
neurocognitive assessments. While the brain regions showing
structural changes are implicated in functions known to be
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affected in CRCI, future studies that integrate comprehensive
cognitive testing with neuroimaging and inflammatory
biomarkers are essential to directly link these physiological
changes to functional cognitive outcomes. Furthermore, while the
primary analysis of this study is cross-sectional, a preliminary three-
month longitudinal follow-up of a patient subset was conducted.
The results from this analysis (provided in the Supplementary
Materials) offer initial evidence of progressive GM changes,
lending further support to the dynamic remodeling processes
described. Nevertheless, longer-term follow-up studies remain
essential to fully elucidate the trajectory and clinical implications
of these neural adaptations. Another limitation of this study is the
significant difference in gender distribution between the EC and HC
groups, with fewer females in the EC group. Although age, gender,
education, lifestyle factors (smoking and alcohol consumption), and
BMI were included as covariates in the statistical models to
minimize confounding effects, residual confounding cannot be
fully excluded. Future studies should aim to recruit more
balanced samples in terms of gender. Lastly, despite rigorous
preprocessing and quality control, methodological factors cannot
be fully excluded, so compensatory remodeling should be regarded
as a plausible but not definitive explanation. Longitudinal and
multimodal studies are required to validate these findings.

Our study systematically reveals the unique pattern and
pathophysiological mechanism of central nervous remodeling in
EC patients for the first time by integrating immune nutritional
parameters and brain structural imaging data in multiple
dimensions. We confirmed that the patients had significant
immune imbalance (mononucleosis, lymphopenia and PLR/LMR
abnormality) and nutritional metabolism disorder (PNI reduction),
accompanied by extensive increase in GM volume in key brain
regions, including bilateral basal ganglia, anterior and posterior
central gyrus, temporal gyrus and occipital gyrus. This finding
suggests that the essence of EC-related neurological changes may
be an adaptive compensatory process driven by systemic
inflammation (IL-6-mediated microglial activation) and metabolic
disorders (albumin deficiency affecting neurotrophic factor
transport). These results not only establish a theoretical model of
the interaction of “ inflammation-metabolism-central remodeling”,
but also provide a new target for clinical intervention - aiming to
precisely maintain neurocognitive function by regulating the
immune microenvironment (such as monocyte subsets),
improving nutritional status (increasing PNI) and neuroprotective
strategies (inhibiting glial cell overactivation). In future studies,
multi-modal imaging combined with molecular marker tracking
should be used to further analyze the characteristics of GM dynamic
changes in specific brain regions of EC and their association with
clinical outcome.
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