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Abstract 15 

Background 16 

Alzheimer’s disease (AD) is characterized by progressive cognitive and functional decline with 17 

amyloid-beta (Aβ) and tau pathology. In addition to abnormal protein aggregation, impaired 18 

clearance of brain-derived solutes through glymphatic and meningeal lymphatic pathways may 19 

contribute to disease progression. Deep cervical lymph nodes (DCLNs), as major downstream 20 

lymphoid structures of central nervous system drainage, may provide a peripheral histological 21 

window into the brain-cervical lymphatic axis. However, whether human DCLNs undergo 22 

histopathological remodeling in AD and whether such changes are clinically relevant remain unclear. 23 

Methods 24 

DCLNs were obtained from 66 participants, including 59 patients with moderate-to-severe AD and 25 

7 cognitively unimpaired controls. Hematoxylin and eosin staining was used to assess lymph node 26 

morphology and germinal center (GC) abundance. Multiplex immunofluorescence was performed 27 

to evaluate Aβ, tau, alpha-smooth muscle actin (alpha-SMA), CD31, and LYVE-1. Cognitive and 28 

functional status were assessed using the Mini-Mental State Examination (MMSE), Clinical 29 
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Dementia Rating-Sum of Boxes (CDR-SB), and Activities of Daily Living (ADL) scores. AD 30 

patients were stratified by GC abundance using a cutoff of 4 GCs. Multivariate logistic regression, 31 

receiver operating characteristic analysis, decision curve analysis, and 6-month postoperative 32 

follow-up were performed. 33 

Results 34 

DCLNs from patients with AD showed histopathological remodeling, including reduced GC 35 

abundance, structural disruption, fibrosis-related stromal changes, altered vascular and lymphatic 36 

marker expression, and detectable Aβ and tau immunoreactivity. Compared with patients with >4 37 

GCs, those with ≤4 GCs had worse baseline cognitive and functional status, including lower 38 

MMSE scores and higher CDR-SB and ADL scores. In multivariate analysis, higher alpha-SMA 39 

mean fluorescence intensity was associated with a lower likelihood of preserved GC abundance, 40 

whereas higher MMSE score was associated with preserved GC abundance. Patients with >4 GCs 41 

also showed greater improvement in MMSE, CDR-SB, and ADL scores at 6 months postoperatively. 42 

Conclusions 43 

Human DCLNs exhibit histopathological remodeling in AD. Reduced GC abundance is associated 44 

with greater clinical impairment, fibrosis-related remodeling, and poorer 6-month postoperative 45 

improvement, suggesting that DCLN histopathology may have potential clinical and prognostic 46 

relevance in AD. 47 

Keywords: Alzheimer’s disease; deep cervical lymph nodes; brain–cervical lymphatic axis; 48 

germinal centers; postoperative prognosis 49 

Background 50 

AD is the most common cause of dementia and is characterized by progressive cognitive decline, 51 

impairment in daily functioning, and the accumulation of A β  plaques and tau-containing 52 

neurofibrillary pathology. Although Aβ and tau aggregation are central pathological hallmarks of 53 

AD, increasing evidence suggests that impaired clearance of brain-derived solutes and pathological 54 

proteins may also contribute to disease progression[1-3]. This has led to growing interest in the 55 

glymphatic system, meningeal lymphatic vessels, and downstream cervical lymphatic drainage 56 

pathways as important components of central nervous system homeostasis. 57 

The central nervous system was historically considered to have limited conventional lymphatic 58 

drainage. However, the discovery of functional meningeal lymphatic vessels has substantially 59 
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changed this view[4-6]. Experimental studies have demonstrated that cerebrospinal fluid, interstitial 60 

solutes, immune cells, and macromolecules can drain from the central nervous system through 61 

meningeal lymphatic pathways toward the cervical lymphatic system. Among these downstream 62 

structures, the DCLNs are considered major receiving lymphoid organs for brain-derived lymphatic 63 

drainage[7-9]. In animal models of AD, disruption of meningeal lymphatic drainage has been 64 

associated with reduced Aβ clearance, enhanced neuroinflammation, and worsened cognitive 65 

impairment, whereas enhancement of lymphatic function can improve clearance and attenuate AD-66 

like phenotypes[10, 11]. These findings suggest that the brain–cervical lymphatic axis may be 67 

relevant to AD pathophysiology. 68 

DCLNs may represent a peripheral anatomical site where brain-derived pathological material, 69 

lymphatic drainage, and immune responses converge. As downstream lymphoid structures of central 70 

nervous system drainage, they may participate in the processing of brain-derived antigens, solutes, 71 

and cellular components[12, 13]. However, most current evidence linking meningeal lymphatic 72 

dysfunction and cervical lymph node involvement to AD derives from preclinical studies, 73 

particularly in mouse models showing that impaired meningeal lymphatic drainage aggravates 74 

amyloid pathology, alters neuroimmune responses, and worsens cognitive deficits. By contrast, 75 

human studies have largely focused on the anatomical or imaging characterization of meningeal 76 

lymphatic pathways, and direct histopathological evidence from brain-draining cervical lymph 77 

nodes remains scarce[14, 15]. Whether human DCLNs exhibit structural remodeling, AD-related 78 

protein deposition, and clinically relevant alterations in patients with AD therefore remains an 79 

important unresolved question. 80 

GCs are specialized lymphoid structures involved in antigen-driven B-cell activation, clonal 81 

expansion, somatic hypermutation, and antibody affinity maturation. Although GC number alone 82 

cannot fully define lymph node function, changes in GC number and organization may provide 83 

histological insight into lymphoid architectural integrity[16-19]. In the context of brain-draining 84 

lymph nodes, reduced or disorganized germinal centers may reflect altered lymphoid responses to 85 

incoming antigens or solutes from the central nervous system. In addition, stromal fibrosis, vascular 86 

remodeling, and changes in lymphatic endothelial markers may indicate broader disruption of the 87 

lymph node microenvironment[20-23]. These histopathological features may therefore provide a 88 

peripheral tissue-based window into the status of the brain–cervical lymphatic axis in AD. 89 
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Several important questions remain unresolved in human AD. First, it is unclear whether DCLNs 90 

undergo histopathological remodeling in patients with AlD. Second, whether AD-related proteins 91 

such as Aβ and tau are detectable within these downstream brain-draining lymph nodes has not 92 

been sufficiently characterized. Third, whether structural features of DCLNs, particularly GC 93 

number and fibrosis-related remodeling, are associated with cognitive and functional impairment 94 

remains unknown. Finally, whether DCLNs histopathology has potential prognostic relevance for 95 

postoperative cognitive and functional outcomes has not been investigated. To address these 96 

questions, we examined human DCLNs from patients with AD and cognitively unimpaired controls, 97 

focusing on GC-related features, nodal histological remodeling, and their relationships with clinical 98 

characteristics. We hypothesized that DCLNs exhibit histopathological remodeling in AD and that 99 

preserved GCs architecture is associated with better cognitive status and more favorable 100 

postoperative improvement. 101 

Methods  102 

Participants and samples 103 

The study cohort included 66 participants (139 lymph nodes) between April 2024 and February 104 

2025. This cohort comprised 59 participants (132 lymph nodes) who underwent deep cervical lymph 105 

node venous anastomosis (DCLNVA) surgery for AD, and 7 participants (7 lymph nodes) who were 106 

oral cancer patients with no diagnosis of cognitive impairment. They underwent cervical lymph 107 

node dissection, provided that the lymph nodes were harvested only after intraoperative frozen 108 

section analysis had confirmed the absence of cancer cell metastasis. All AD patients included in 109 

this study met the criteria of the National Institute on Aging-Alzheimer's Association (NIA-AA) for 110 

moderate to severe AD [24]. The clinical characteristics of the participants were showed in Table 1. 111 

All lymph node samples were obtained from surgical specimens after excluding lymph node 112 

metastasis of tumor cells and were utilized for subsequent analyses. Immediately after excision, 113 

DCLNs tissue was rinsed in phosphate‑buffered saline (PBS), fixed in 4% neutral buffered formalin, 114 

and stored at 4°C until paraffin embedding. Specimens were processed using standard 115 

histopathological workflows. 116 

 117 

Hematoxylin–Eosin Staining 118 

Paraffin blocks were sectioned at 4 μm on a rotary microtome (RM2016, Leica, Germany). Six 119 
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consecutive sections were prepared per block, with the optimal section mounted on poly‑L‑lysine–120 

coated glass slides. The first section underwent H&E staining to verify morphological integrity and 121 

to enumerate GC; the remaining sections were reserved for multiplex immunofluorescence. Two 122 

experienced pathologists independently reviewed H&E slides. Only samples deemed histologically 123 

intact by tissue‑specific criteria were included for quantitative analysis. Average cell density and 124 

GC numbers were quantified using Fiji/ImageJ (v2.9.0; NIH, Bethesda, MD, USA). 125 

 126 

Multiplex Immunofluorescence 127 

Qualified sections were processed for multiplex immunofluorescence using primary antibodies to 128 

Aβ (Proteintech, rabbit), tau (Zenbio, rabbit), LYVE‑1 (Abcam, rabbit), CD31 (Abcam, rabbit), and 129 

α‑SMA (Proteintech, mouse). After dewaxing and antigen retrieval in EDTA buffer, slides were 130 

washed in PBS, endogenous peroxidase activity was quenched, and sections were blocked before 131 

overnight incubation with primary antibodies at 4°C. Following PBS washes, appropriate secondary 132 

antibodies were applied, and tyramide signal amplification (TSA) was performed. Primary 133 

antibodies were stripped by microwave treatment between rounds to enable sequential labelling. 134 

Nuclei were counterstained with DAPI; autofluorescence quenching was applied prior to mounting. 135 

Images were acquired on a confocal laser scanning microscope (LSM 800). For each lymph node, 136 

three randomly selected high‑power fields were analyzed; positive areas and fluorescence intensities 137 

were quantified in Fiji/ImageJ (v2.9.0). Tau Protein Mean fluorescence intensity (Tau MFI); Aβ 138 

Protein Mean fluorescence intensity (Aβ MFI); α‑smooth muscle actin Mean fluorescence intensity 139 

(α‑SMA MFI); Platelet Endothelial Cell Adhesion Molecule-1 Mean fluorescence intensity (CD31 140 

MFI); Lymphatic Vessel Endothelial Hyaluronan Receptor 1 Mean fluorescence intensity (LYVE-1 141 

MFI). 142 

Clinical Data Acquisition 143 

Preoperative cognitive and functional status were assessed by a neurologist using the Mini‑Mental 144 

State Examination (MMSE), Clinical Dementia Rating–Sum of Boxes (CDR‑SB), and Activities of 145 

Daily Living (ADL). Assessments were video‑recorded for archival purposes, and scores were 146 

entered into a study database for analysis. DCLNVA and cervical lymphadenectomy were performed 147 

by senior surgeons from relevant specialties; nodes deemed necessary for removal were collected 148 

intraoperatively, immediately placed in fixative, and stored at low temperature prior to processing. 149 
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 150 

Positron emission tomography–computed tomography (PET‑CT) Imaging 151 

All patients completed PET-CT examination two weeks before surgery. Fluorodeoxyglucose 152 

positron emission tomography (FDG–PET): FDG–PET was performed at Xiangya Hospital 153 

following European Association of Nuclear Medicine guidelines[25] . Participants fasted ≥6 h prior 154 

to intravenous administration of 185–250 MBq [18F] FDG with stable blood glucose. Static emission 155 

imaging commenced 30–45 min post‑injection to promote tracer equilibration and optimize 156 

signal‑to‑noise ratio[26] . A 30‑min acquisition was obtained as six 5‑min frames; subsequent 157 

frames were motion‑corrected and merged with the first frame. Distribution volume ratio (DVR; 158 

DVR = irreversible binding capacity of the full dynamic dataset + 1) images were computed using 159 

the multilinear reference tissue model 2 (MRTM2) in PMOD v3.9 [27, 28]. DVR values were 160 

extracted from nine PSP target regions in MNI space, defined using basal ganglia parcellations [28], 161 

the Brainnetome atlas[29], the Hammers atlas [30], and cadaveric anatomical data [31], including 162 

the hypothalamus, substantia nigra, dorsal midbrain, dentate nucleus, dorsolateral prefrontal cortex, 163 

and medial prefrontal cortex. Standardized uptake value ratios (SUVr) were also calculated from 164 

target and reference regions over a single frame. 165 

florbetapir 18F positron emission tomography (AV45–PET) and tau positron emission 166 

tomography (tau–PET): PET scans were acquired on Siemens PET–CT systems (Hi‑Rez Biograph 167 

6; Biograph 6 TruePoint with TrueV; Siemens Healthcare, Erlangen, Germany). Subjects underwent 168 

Aβ–PET and tau–PET on the same scanner using head fixation to minimize motion. Low‑dose CT 169 

preceded each PET for attenuation correction. For Aβ–PET, 150 ± 24 MBq [18F]AV45 (Florbetapir) 170 

was administered with a 60‑min dynamic acquisition; for tau–PET, 163 ± 10 MBq [18F]AV1451 171 

([18F]T807) with a 120‑min acquisition. Dynamic images were reconstructed by filtered back 172 

projection (FBP) into a 128 × 128 matrix with 2‑mm isotropic voxels, with correction for attenuation, 173 

randoms, scatter, and decay. Image processing and analysis were performed in MIAKAT™ 174 

(www.miakat.org). Dynamic PET data were motion‑corrected and co‑registered; subjects were 175 

normalized to MNI space using SPM12, referencing MRI‑less methods where appropriate [32, 33]. 176 

Original functional and structural images were converted to NIfTI using dcm2niix. Manual origin 177 

alignment to the MNI template was performed in SPM12 (Display) to ensure the anterior 178 

commissure was within 3 cm of [0, 0, 0] and within 15° of canonical angles. Cerebellar grey matter 179 
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(GAAIN mask) served as reference tissue; cerebellar normalization yielded SUVr images from 180 

which regional SUVr values were extracted using the AAL atlas. SUVr was defined as  181 

SUVR = ்ܷܸܵ ௔௥௚௘௧ܷܵ ோܸ௘௙௥௘௡௖௘ 182 

where Target was whole‑brain voxels and Reference was the GAAIN cerebellar mask. For AV45, 183 

the cortical mean (voi_ctx_2mm.nii; GAAIN) was extracted and Centiloid values computed. FDG–184 

PET SUVr and tau–PET SUVr used CTX01 values as whole‑brain averages, while AV45–PET used 185 

Centiloid as the whole‑brain average. 186 

 187 

Statistical Analysis 188 

Analyses were conducted in SPSS v26.0 (IBM, Armonk, NY, USA) and GraphPad Prism v8.0 189 

(GraphPad Software, San Diego, CA, USA). Two‑sided P < 0.05 was considered statistically 190 

significant. Associations were evaluated using Pearson or Spearman correlation as appropriate. 191 

Predictors of GC number were analysed using binary logistic regression; determinants of continuous 192 

outcomes were assessed using multiple linear regression. Model discrimination was evaluated by 193 

receiver operating characteristic (ROC) curves and area under the curve (AUC). Multicollinearity 194 

was assessed with variance inflation factors (VIF), and internal validation used 1,000‑iteration 195 

bootstrap resampling. Decision curve analysis (DCA) quantified net clinical benefit across threshold 196 

probabilities. Group differences were tested with independent‑samples t‑tests or chi‑square tests, 197 

and are reported as mean ± standard error unless stated otherwise. One‑way ANOVA was used for 198 

multi‑group comparisons, with Brown–Forsythe and Bartlett tests to assess homogeneity of variance. 199 

 200 

Results 201 

Differential pathogenic protein expression and fibrosis degree in DCLNs from AD and non‑AD 202 

patients 203 

Previous studies have reported marked differences in the deposition of pathogenic proteins within 204 

DCLNs in AD[34]. In this study, we analyzed differences in age, sex, BMI, disease duration, and 205 

years of education between AD patients and non-AD patients using independent-samples t-tests and 206 

chi-square tests. No significant differences in clinical characteristics were observed between the two 207 

groups (Table 1). Subsequently, we quantitatively compared the expression levels of Aβ and tau 208 
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protein in DCLNs between AD and non-AD patients using immunofluorescence staining. The 209 

analysis revealed that the expression levels of both proteins were significantly higher in AD DCLNs. 210 

Significantly elevated levels of Aβ-positive and tau-positive signals, along with increased α-SMA 211 

MFI, are observed in lymph nodes from AD patients compared with non-AD patients (Aβ：2.07% 212 

vs. 0.46%; P < 0.01; tau: 15.95% vs. 10.36%, P < 0.05; α-SMA: 7.73% vs. 3.63%, p<0.05). (fig 1a-213 

e) These findings confirm that DCLNs from AD patients exhibit substantially elevated pathogenic 214 

protein load and fibrosis degree relative to non‑AD individuals. 215 

Table 1 Comparative analysis of clinical characteristics between the AD group and the control group 216 

Analysis of clinical characteristics of the AD group and control group 

 AD(n=59) control(n=7) t/X2 P 

Age（year）,Mean±SD a 69.22±7.91 66.86±5.18 
0.76

9 

0.44

5 

Sex, No.b   

1.99

8 

0.15

8 
male 41 3 

Female 18 4 

BMI（kg/m2）,Mean±SD a 23.41±4.09 22.58±1.62 
1.02

3 
0.32 

Disease Duration, No. b   

0.49

3 

0.48

3 
≥5（year） 34 5 

<5（year） 25 2 

Education, No. b   

0.23

5 

0.62

8 
≥9（year） 31 3 

<9（year） 28 4 

Table 1 Comparative analysis of clinical characteristics between the AD group and the control 217 

group. a, t test; b, chi-square test. 218 
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 219 

Figure 1  Increased Aβ，tau protein expression and fibrosis degree in DCLNs from AD 220 

patients compared with non‑AD controls. a.b, Representative immunofluorescence staining of 221 

DCLNs from AD and non‑AD patients, alongside immunofluorescence images showing Aβ (green) 222 

and tau (red) protein expression, scale bar,50 µm, with nuclei counterstained using DAPI (blue). c-223 

e, Quantitative comparison of Aβ, tau, α‑SMA mean fluorescence intensity (MFI) between AD and 224 

non‑AD DCLNs using two‑tailed independent‑samples t‑test. Data are presented as mean ± SEM; 225 

statistical significance is indicated as *P < 0.05, **P < 0.01. 226 

 227 

Vascular distribution, fibrosis status, and deposition of pathogenic proteins associated with 228 

pathological changes in AD in different GC-level DCLNs 229 

Based on the statistical analysis of the collected lymph nodes, the percentile values of GC numbers 230 

were as follows: 25th percentile = 0, 50th percentile = 1, and 75th percentile = 4. Considering that 231 

60 lymph nodes had a GC number of 0, we classified the lymph nodes into three levels according 232 

to the number of GC: level Ⅰ (>4 GC), level Ⅱ (1–4 GC), and level Ⅲ (no detectable GC). The HE 233 

results and corresponding intraoperative immediate lymph node images were showed in Fig.2 a-b. 234 

The degree of fibrosis, and the deposition of pathogenic proteins gradually worsen with the increase 235 

in lymph node GC level（Fig.2c-e）. Quantitative analysis showed no statistically significant 236 

difference in Aβ MFI among levels, although a non‑significant upward trend was observed with 237 

increasing level. In contrast, tau MFI and α‑SMA MFI were significantly elevated in level Ⅲ 238 

compared with level Ⅰ (*P < 0.05), with intermediate values for level Ⅱ. Differences between level Ⅰ 239 
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and level Ⅱ, and between level Ⅱ and level Ⅲ, did not reach significance but followed the same 240 

increasing trend. Cognitive measures varied with GC level. MMSE, CDR‑SB and ADL scores were 241 

all significantly different between patients represented by level Ⅰ versus level Ⅲ nodes (MMSE, 242 

CDR‑SB positive correlation; ADL negative correlation in level; *p < 0.05, **p < 0.01, 243 

****p < 0.0001). MMSE was also lower in patients with level Ⅱ compared with level Ⅰ nodes, and 244 

ADL scores were reduced in level Ⅲ compared with level Ⅱ. Overall, higher GC levels were 245 

associated with greater tau and α‑SMA deposition, and lower cognitive scores, consistent with a 246 

structural and molecular profile potentially linked to impaired lymphatic and neuronal function 247 

(Fig.2f-k). 248 

 249 

Figure 2 Grading based on the number of GC, patients represented by level Ⅰ and level Ⅲ 250 

DCLN show significant differences in cognitive function. a-e, DCLNs were classified into three 251 

levels according to GC numbers: level Ⅰ (>4 GC), level Ⅱ (1–4 GC), and level Ⅲ (no detectable GC). 252 

Representative light microscopy images of lymph nodes at each level, shown at the same 253 

magnification(a), scale bar, 1 mm; H&E staining images(b), scale bar, 200 µm. 254 

Immunofluorescence staining for Aβ (green) and tau (red) proteins for each level (c), scale 255 

bar, 200 µm; with nuclei counterstained using DAPI (blue). Insets show 63× magnification of the 256 

same regions (d), scale bar, 20 µm. Immunofluorescence staining of CD31(red), LYVE-1(green), 257 

and α-SMA MFI (yellow) for each level lymph nodes (e), scale: 20µm. f-k, Classify different 258 
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DCLNs according to the number of GC, and compare the differences in tau MFI (f), A β MFI (g), 259 

and α - SMA MFI (h) among each group of lymph nodes through one-way analysis of variance, as 260 

well as the differences in MMSE Score (i), CDR-SB Score (j), and ADL Score (k) scores represented 261 

by DCLNs among patients. (*p<0.05，** p<0.01，****p<0.0001). 262 

Correlation analysis of different indicators with the GC level   263 

Our previous work demonstrated significant differences in MMSE, CDR‑SB, and ADL scores, tau 264 

and Aβ protein deposition, and lymph node fibrosis across DCLN levels. To further investigate the 265 

association between histopathological changes in human DCLNs and the clinical characteristics of 266 

patients, we employed Pearson’s and Spearman’s correlation analyses. The relationships among 267 

multiple key variables—including MMSE, CDR‑SB, ADL, tau protein deposition, Aβ protein 268 

deposition, GC number, cell density, tau MFI, Aβ MFI, α‑SMA MFI, LYVE‑1 MFI, CD31 MFI, 269 

FDG‑PET, AV45‑PET, and tau‑PET—were assessed and visualised in a heatmap. Correlation 270 

coefficients ranged from −0.842 to 0.904 (Fig. 3a). Representative scatter plots of selected 271 

correlations between DCLN histological staining parameters and patient clinical features were 272 

showed in Supplemental Fig. 1.  273 

MNI‑SUVr‑FDG images depict cerebral glucose metabolism assessed by FDG‑PET, normalized to 274 

the MNI standard space and expressed as SUVr relative to a reference region. Metabolically active 275 

areas are shown in red, with reference areas in blue. The adjacent vertical color bar indicates semi-276 

automated cortical and cerebellar SUVr quantification range; the red maximum corresponds to 277 

approximately 2 SUVr units. MNI‑SUVr‑AV45 images represent β‑amyloid deposition quantified 278 

by AV45‑PET, also normalized to MNI standard space and expressed as SUVr relative to a reference 279 

region. Regions of Aβ deposition are shown in red, with reference areas in blue. The vertical color 280 

bar indicates cortical and cerebellar SUVr quantification; the red maximum corresponds to 281 

approximately 3 SUVr units. Differences in maximal SUVr values between FDG‑PET and 282 

AV45‑PET reflect distinct biological characteristics of cerebral glucose metabolism versus Aβ 283 

deposition (Fig.4). 284 

 285 
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 286 

Figure 3 Correlation analysis of GC number with cognitive function, Aβ and tau deposition, 287 

and fibrosis in DCLNs. a, Heatmap showing correlation patterns among multiple variables related 288 

to DCLN histology and patient clinical parameters. Blue represents negative correlation and red 289 

represents positive correlation. Statistical significance is indicated as *P < 0.05, **P < 0.01. 290 

 291 

 292 

Figure 4 Degree of fibrosis in DCLNs of AD patients is positively associated with brain glucose 293 

metabolism and Aβ accumulation. a, Representative immunofluorescence images of DCLNs and 294 

corresponding PET-CT scans from a patient with low fibrosis degree. b, Representative images from 295 

a patient with high fibrosis degree. The left panels show α-SMA immunofluorescence staining in 296 

DCLNs, where nuclei are labeled with DAPI (blue), and α-SMA is indicated in yellow. Scale 297 

bar = 20 µm. 298 

 299 
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Logistic regression analysis and prognostic analysis among DCLNs with different GC 300 

numbers 301 

A total of 66 patients and 139 DCLNs were included in the analysis. Based on the number of GCs 302 

and the morphology of lymph nodes observed during the operation, lymph nodes were stratified 303 

into two groups (GCs ≤4 vs. GCs >4). Baseline demographic and clinical characteristics were 304 

compared between the two groups using independent-sample t tests or chi-square tests, as 305 

appropriate, with detailed data presented in the Supplemental Table 1. When performing statistical 306 

analysis, to reduce Type I errors, we used the average value of different lymph node data from the 307 

same patient to ensure the correspondence between lymph nodes and patients. 308 

Overall, patients in the GCs ≤4 group showed worse cognitive and functional status than those in 309 

the GCs >4 group. Although age and BMI were comparable between the two groups, patients with 310 

GCs ≤4 had lower MMSE scores and higher CDR-SB and ADL scores, indicating more severe 311 

cognitive impairment and functional decline. In contrast, patients with GCs >4 demonstrated 312 

relatively better cognitive performance and daily living ability. The differences in cognitive and 313 

functional assessments between the two groups were statistically significant (P < 0.05), suggesting 314 

that a lower GC number in DCLNs was associated with more severe clinical impairment. 315 

Univariate analysis showed that there were statistically significant differences in tau MFI, α-SMA 316 

MFI, MMSE Score, CDR-SB Score, ADL Score. In the multivariate logistic regression analysis, α-317 

SMA MFI and MMSE score were independently associated with the presence of >4 GCs. 318 

Specifically, higher α-SMA MFI was associated with a lower likelihood of having >4 GCs (OR = 319 

0.868, 95% CI: 0.760–0.992, P < 0.05), whereas a higher MMSE score was associated with an 320 

increased likelihood of having >4 GCs (OR = 1.220, 95% CI: 1.048–1.421, P < 0.05).  321 

The logistic regression analysis results were showed in Table 2.    322 

To assess the discriminative performance of the logistic regression model incorporating tau MFI, α-323 

SMA MFI, MMSE score, CDR-SB score, and ADL score, ROC curve analysis was performed (Fig. 324 

5a). The AUC for MMSE score was 0.629 (95% CI: 0.479–0.763, P < 0.05), with an optimal cutoff 325 

value of 8, corresponding to a sensitivity of 87.1% and a specificity of 43.5%. The AUC for α-SMA 326 

MFI was 0.681 (95% CI: 0.559–0.793, P < 0.05). Variance inflation factor analysis showed no 327 

significant multicollinearity among the included variables. In addition, bootstrap resampling with 328 

1,000 iterations demonstrated stable predictive performance (P < 0.05), supporting the robustness 329 
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of the model. Decision curve analysis further indicated that the model provided a positive net clinical 330 

benefit within a threshold probability range of 0.73 to 0.90 (Fig. 5b). 331 

To determine whether this grouping has clinical significance, we conducted follow-up on patients 332 

with a GC number of ≤4 and >4. After 6 months of postoperative follow-up, we compared changes 333 

in cognitive function before and after surgery. The results showed that patients with GCs >4 334 

exhibited greater postoperative cognitive improvement. Specifically, MMSE scores increased after 335 

surgery in both groups, with a more pronounced increase observed in patients with GCs >4（MMSE 336 

score change: 0.66 vs. 1.52, P < 0.01; Fig. 6a）. CDR scores decreased more significantly in the 337 

GCs >4 group（CDR score change: 0.31 vs. -0.52, P < 0.05; Fig. 6b）. Similarly, ADL scores showed 338 

a greater reduction in patients with GCs >4（ADL score change: 0.91 vs. -1.30, P < 0.05; Fig. 6c）. 339 

These follow-up data suggest that patients with GCs >4 may achieve better prognostic outcomes 340 

after DCLVC surgery. 341 

Table 2 The univariable logistic regression analysis on the number of GCs. 342 

 Single logisitics  Binary logistics

（forward） 

  

 OR (95%CI) P Adjusted OR (95%CI) P VIF 

tau MFI 0.919(0.855 ~ 0.989) 0.024* 0.922(0.847 ~ 1.005) 0.064 6.560 

α-SMA MFI 0.862 （ 0.759 ~ 

0.978） 

0.021* 0.868（0.760 ~ 0.992） 0.038* 1.085 

MMSE Score  1.100(1.042 ~ 1.162) 0.001*

* 

1.220(1.048 ~ 1.421) 0.011* 5.348 

CDR-SB Score  0.891(0.810 ~ 0.980) 0.017* 1.223(0.917 ~ 1.632) 0.171 1.065 

ADL Score 0.961(0.930 ~ 0.994) 0.019* 1.019(0.939 ~ 1.106) 0.652 1.085 

Table 2 The univariable logistic regression analysis on the number of GCs. Note: Font bold: * 343 

p<0.05 **p<0.01. 344 
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 345 

Figure 5 GCs were correlated with both the MMSE score and α-SMA MFI. a, Receiver 346 

operating characteristic (ROC) curves for MMSE score (blue) and α‑SMA MFI (green), with the 347 

diagonal reference line shown in grey. For MMSE score, the AUC was 0.629 (95% CI: 0.479–0.763; 348 

p < 0.05) with a cut‑off value of 8, yielding a specificity of 43.5% and a sensitivity of 87.1%. For 349 

α‑SMA MFI, the AUC was 0.681 (95% CI: 0.559–0.793; p < 0.05) with a cut‑off value of 6.65, 350 

yielding a specificity of 82.6% and a sensitivity of 53.4%. b, DCA showing the net clinical benefit 351 

across different threshold probabilities when using MMSE score or α‑SMA MFI to predict GCs >4, 352 

Clinical useful threshold range: 0.73 - 0.90, α-SMA MFI, MMSE score: Highly useful. “All” 353 

assumes all cases have GCs >4; “None” assumes all cases have GCs ≤4, MMSE score (blue) ; 354 

α‑SMA MFI (green). 355 

 356 

Figure 6 Six-month follow-up data showed that AD patients with more than 4 GCs achieved 357 

better cognitive recovery. a-c: Using two‑tailed independent‑samples t‑test, we compared 358 

postoperative cognitive outcomes between patients with GCs ≤ 4 and those with GCs > 4, as 359 

assessed by DCLN. All data are presented as mean ± SEM, with statistical significance set at *P < 360 

0.05 and **P < 0.01. 361 
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362 

Supplemental Figure 1. Representative scatter plots illustrating selected correlations between 363 

DCLN histological staining parameters and patient clinical features. Data were analysed using 364 

Pearson or Spearman correlation methods, where R denotes the correlation coefficient and P 365 

indicates the level of statistical significance. GC number was negatively correlated with tau MFI 366 

(r = −0.190, p < 0.05), Aβ MFI (ρ = −0.214, p < 0.05), α‑SMA MFI (ρ = −0.245, p < 0.01), CDR‑SB 367 

score (r = −0.188, p < 0.05), and ADL score (ρ = −0.252, p < 0.01), but positively correlated with 368 

MMSE score (ρ = 0.232, p < 0.01). tau MFI in DCLNs exhibited positive correlations with Aβ MFI 369 

(ρ = 0.281, p< 0.01) and tau‑PET signal (ρ = 0.182, p < 0.05). Aβ MFI was negatively correlated 370 

with MMSE score (r = −0.205, p < 0.05), and positively correlated with CD31 MFI (ρ = 0.216, 371 

p < 0.05) and tau‑PET (ρ = 0.277, p < 0.01). Similarly, α‑SMA MFI was negatively correlated with 372 

MMSE score (r = −0.188,p < 0.05) and positively correlated with CDR‑SB (ρ = 0.201, p < 0.05), 373 

ADL (ρ = 0.254, p < 0.05), FDG‑PET (ρ = 0.249, p < 0.01), and AV45‑PET (ρ = 0.178, p < 0.05).  374 

Supplemental Table 1 Clinical characteristics of patients represented by different lymph nodes. 

 GCs n≤4(n=116) GCs n>4 (n=23) t/X2 P 

Age（year）,Mean±SD a 70.55±7.28 70.87±6.88 -0.193 0.847 

 Sex, No.b   

male 68 12 0.327 0.568 

Female 48 11 

BMI（kg/m2）,Mean±SD a 23.57±4.15 22.78±3.72 0.851 0.396 



17 

 

MMSE Score, Mean±SD a 4.39±5.40 10.83±11.75 2.574 0.017* 

CDR-SB Score, Mean±SD a 13.27±3.56 10.87±6.41 1.743 0.094 

ADL Score, Mean±SD a 53.63±11.89 46.30±18.24 1.849 0.076 

FDG-PET, Mean±SD a 0.96±0.06 0.97±0.07 -0.553 0.331 

AV45-PET, Mean±SD a  22.77±17.00 18.87±18.72 0.891 0.966 

tau-PET, Mean±SD a 1.29±0.39 1.24±0.24 0.469 0.691 

Disease Duration, No. b     

≥5（year） 71 15 0.131 0.718 

<5（year） 45 8 

Education, No. b     

≥9（year） 64 10 1.054 0.305 

<9（year） 52 13 

Comorbidities, No. b     

None 90 17 0.548 0.908 

Hypertension 14 4 

Diabetes Mellitus 5 1 

Both 7 1 

Supplemental Table 1 Clinical characteristics of patients represented by different lymph 

nodes. a, t test; b, chi-square test. Statistical significance: * p<0.05; ** p<0.01. P values are from 

comparisons of lymph node germinal centres adjusted for age, sex, BMI, MMSE score, CDR-SB 

score, ADL score, PET-CT, disease duration, educational level, and comorbidities. Abbreviations: 

MMSE, Mini-Mental State Examination; CDR-SB, Clinical Dementia Rating–Sum of Boxes; 

ADL, Activities of Daily Living; BMI, body mass index; PET-CT, positron emission tomography–

computed tomography; FDG-PET, fluorodeoxyglucose positron emission tomography; AV45-

PET, florbetapir 18F positron emission tomography; tau-PET, tau positron emission tomography. 

Mean±SD: mean ± standard deviation. 

 375 

Discussion 376 

In this exploratory human tissue study, we investigated histopathological alterations of DCLNs in 377 

patients with AD and examined their associations with cognitive impairment, functional status, 378 
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predictive modeling, and 6-month postoperative outcomes. The principal findings were as follows. 379 

First, DCLNs from patients with AD showed clear histopathological remodeling, including reduced 380 

germinal center number, lymph node structural disruption, fibrosis-related stromal changes, altered 381 

vascular and lymphatic marker expression, and detectable Aβ and tau immunoreactivity. Second, 382 

patients with lower germinal center GC number, defined as ≤4 (level II-III) GCs, had worse baseline 383 

cognitive and functional status than those with >4 (level I) GCs. Third, multivariate logistic 384 

regression identified α-SMA mean fluorescence intensity and MMSE score as factors independently 385 

associated with preserved GC number. Fourth, receiver operating characteristic and decision curve 386 

analyses suggested that the model had predictive performance and potential clinical relevance. 387 

Finally, 6-month follow-up showed that patients with >4 GCs had greater postoperative 388 

improvement in cognitive and functional measures than patients with ≤4 GCs. Together, these 389 

findings suggest that DCLNs histopathology may reflect clinically relevant alterations of the brain–390 

cervical lymphatic axis in AD. 391 

The brain–cervical lymphatic axis has attracted increasing attention in AD research. Glymphatic 392 

and meningeal lymphatic pathways contribute to the clearance of cerebrospinal fluid, interstitial 393 

solutes, immune cells, and brain-derived macromolecules[35-38]. DCLNs are major downstream 394 

lymphoid structures receiving drainage from these pathways. Preclinical studies have shown that 395 

impaired meningeal lymphatic drainage can reduce Aβ clearance, enhance neuroinflammation, and 396 

worsen cognitive impairment, whereas restoration of lymphatic drainage may improve AD-like 397 

phenotypes. However, direct histopathological evidence from human brain-draining lymph nodes 398 

remains limited. Our study provides human tissue evidence that DCLNs in AD exhibit structural 399 

and molecular alterations, supporting the relevance of downstream lymphoid tissues in AD-related 400 

brain drainage and immune communication. 401 

One of the key observations in this study was the reduction of GC number in DCLNs from patients 402 

with AD. GCs are specialized lymphoid structures involved in antigen-driven B-cell activation, 403 

clonal expansion, somatic hypermutation, and antibody affinity maturation. In aging, GC formation 404 

and maintenance may become impaired because of altered B-cell function, defective T-cell help, 405 

stromal cell remodeling, chronic inflammatory exposure, and disrupted lymph node architecture[39-406 

44]. Although GC number alone cannot fully define lymph node function, it provides a practical 407 

histological indicator of lymphoid architectural integrity. In the context of brain-draining lymph 408 
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nodes, reduced germinal center number may reflect altered lymphoid responses to incoming central 409 

nervous system-derived antigens, solutes, or cellular components. To provide a descriptive 410 

framework for lymph nodes showing different degrees of degenerative remodeling, we further 411 

generated an exploratory three-level stratification based on the distribution of GC numbers, using 412 

the 25th, 50th, and 75th percentile values as reference points. This approach was intended to capture 413 

the histological spectrum of DCLNs remodeling rather than to define a validated functional stage 414 

or clinical decision rule. In our cohort, patients with ≤4 germinal centers（level II-III） showed 415 

lower MMSE scores and higher CDR-SB and ADL scores, indicating more severe cognitive and 416 

functional impairment. This association does not prove that GC loss directly contributes to cognitive 417 

decline. Rather, reduced germinal center number may represent a peripheral histological correlate 418 

of more advanced AD or impaired brain–cervical lymphatic homeostasis. 419 

The detection of Aβ and tau immunoreactivity in DCLNs further supports the potential involvement 420 

of these lymphoid structures in AD-related pathological processes. Aβ and tau are central 421 

pathological proteins in AD, and their clearance from the brain may involve multiple pathways, 422 

including perivascular, glymphatic, and meningeal lymphatic routes. Because DCLNs are 423 

downstream receiving structures of central nervous system drainage, the presence of Aβ and tau 424 

signals in these nodes is consistent with the possibility that AD-related proteins, or protein-425 

containing cellular material, may reach peripheral lymphoid tissues. However, the current findings 426 

cannot determine the precise origin, biochemical form, or transport route of these proteins. They 427 

may represent brain-derived material, locally accumulated proteins, phagocytosed debris, or 428 

systemic pathological changes. Future studies using co-localization with macrophage, dendritic cell, 429 

B-cell, T-cell, stromal, and lymphatic endothelial markers, together with biochemical validation, 430 

will be required to clarify the biological significance of Aβ and tau immunoreactivity in DCLNs. 431 

Fibrosis-related stromal remodeling appeared to be closely linked to germinal center preservation. 432 

In the multivariate logistic regression analysis, higher α-SMA mean fluorescence intensity was 433 

associated with a reduced likelihood of having >4 GCs. α-smooth muscle actin is commonly used 434 

as a marker of activated stromal cells, myofibroblast-like changes, and fibrosis-related remodeling. 435 

Increased α-SMA expression within lymph node tissue may indicate stromal activation, extracellular 436 

matrix remodeling, and disruption of lymphoid microarchitecture. Such changes may interfere with 437 

lymph flow, antigen trafficking, immune cell localization, and maintenance of lymphoid follicles. 438 
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Therefore, the inverse association between α-SMA expression and preserved GC number suggests 439 

that fibrosis-related remodeling may be an important histological feature of DCLN alteration in AD. 440 

In contrast, higher MMSE score was associated with a greater likelihood of preserved GC number. 441 

This finding links better cognitive status with relatively preserved lymph node architecture. Several 442 

explanations are possible. Preserved GC architecture may reflect better maintenance of lymphoid 443 

organization within downstream brain-draining lymph nodes. Alternatively, patients with less severe 444 

cognitive impairment may have less pronounced disruption of the brain–cervical lymphatic interface. 445 

It is also possible that GC depletion is a downstream marker of more advanced disease burden rather 446 

than a causal factor. Because the present study is observational, these possibilities cannot be 447 

distinguished. Nevertheless, the association between MMSE score and GCs preservation 448 

strengthens the clinical relevance of deep cervical lymph node histopathology in AD. 449 

The ROC and decision curve analyses add an important translational dimension to the study. Rather 450 

than only demonstrating group differences, these analyses suggest that combined clinical and 451 

histological features may help identify patients with preserved germinal center architecture. ROC 452 

analysis supported the discriminative ability of the model, while decision curve analysis suggested 453 

potential net clinical benefit across relevant threshold probabilities. These findings are consistent 454 

with the concept that DCLNs histopathology may contain clinically meaningful information. 455 

However, the predictive model should be regarded as exploratory. It requires external validation in 456 

larger, independent cohorts before it can be considered clinically applicable. 457 

The 6-month postoperative follow-up results are particularly important for the clinical interpretation 458 

of this study. Patients with >4 GCs showed greater improvement in MMSE, CDR-SB, and ADL 459 

scores than patients with ≤4 GCs. This suggests that preserved GC architecture is associated not 460 

only with better baseline cognitive and functional status but also with more favorable postoperative 461 

recovery. From a translational perspective, this finding raises the possibility that DCLN 462 

histopathology may help stratify patients according to postoperative cognitive and functional 463 

trajectory. Nevertheless, these results should be interpreted cautiously. Postoperative outcomes may 464 

be affected by baseline disease severity, comorbidities, perioperative management, rehabilitation, 465 

medication use, and other unmeasured confounders. Therefore, GC number should be considered a 466 

potential prognostic correlate rather than a validated predictive biomarker. 467 

Alterations in CD31 and LYVE-1 expression indicate that vascular and lymphatic compartments 468 
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may also participate in deep cervical lymph node remodeling in AD. CD31 reflects vascular 469 

endothelial structures, whereas LYVE-1 is commonly used as a lymphatic endothelial marker. 470 

Changes in these markers may suggest remodeling of blood vascular and lymphatic endothelial 471 

niches within the lymph node microenvironment. In brain-draining lymph nodes, such remodeling 472 

may influence lymph entry, solute transport, immune cell trafficking, and tissue organization. 473 

Together with reduced germinal center number and increased α-SMA expression, these findings 474 

suggest that DCLN changes in AD involve multiple structural compartments, including lymphoid 475 

follicles, stromal tissue, blood vessels, and lymphatic endothelium. 476 

The present study has several potential implications. Current AD biomarkers mainly include 477 

cerebrospinal fluid biomarkers, plasma amyloid and tau measures, neuroimaging, and cognitive 478 

assessments. DCLN histopathology is not suitable as a routine diagnostic tool because tissue 479 

acquisition is invasive and limited to specific clinical situations. However, our findings provide 480 

proof-of-concept evidence that downstream brain-draining lymph nodes may contain histological 481 

information related to AD severity and postoperative prognosis. This may broaden the 482 

understanding of AD beyond the brain parenchyma alone and highlight the importance of peripheral 483 

structures involved in central nervous system drainage and immune communication. 484 

Limitation 485 

Several limitations should be acknowledged. First, this was a single-center exploratory study with 486 

a relatively small control group. Because DCLNs cannot be ethically obtained from healthy 487 

individuals under ordinary circumstances, control tissues were obtained from cognitively 488 

unimpaired surgical patients after excluding metastatic involvement. Potential effects related to 489 

surgical indication, tumor background, systemic inflammation, or other clinical factors cannot be 490 

completely excluded. Second, most patients with AD in this study had moderate-to-severe disease; 491 

therefore, whether similar lymph node alterations occur in prodromal or early-stage AD remains 492 

unknown. Third, the study design was observational, and causality between DCLN remodeling, 493 

impaired brain drainage, Aβ/tau pathology, and cognitive decline cannot be established. Fourth, GC 494 

number is an indirect histological marker and does not fully represent lymph node immune function 495 

or lymphatic drainage capacity. Functional lymphatic imaging, immune profiling, and antigen-496 

processing assays were not available. Fifth, Aβ and tau immunoreactivity in lymph nodes requires 497 

further validation using additional markers, biochemical assays, and cellular localization studies. 498 



22 

 

Finally, the logistic regression, ROC analysis, decision curve analysis, and 6-month follow-up 499 

results require validation in larger independent cohorts with longer follow-up. 500 

Despite these limitations, this study provides rare human histopathological evidence linking DCLN 501 

remodeling with AD severity and postoperative outcome. The integration of tissue morphology, 502 

multiplex immunofluorescence, AD-related protein detection, clinical cognitive and functional 503 

assessment, predictive modeling, and follow-up data strengthens the translational relevance of the 504 

findings. Reduced GC number, increased fibrosis-related remodeling, altered vascular and 505 

lymphatic marker expression, and Aβ/tau immunoreactivity together suggest that DCLNs may serve 506 

as peripheral histological windows into the brain–cervical lymphatic axis. The association between 507 

preserved GC architecture and better baseline cognition as well as greater postoperative 508 

improvement further supports the potential prognostic relevance of DCLN histopathology in AD. 509 

Conclusion 510 

In conclusion, this study provides human histopathological evidence that DCLNs are remodeled in 511 

AD. These changes include reduced GC number, fibrosis-related stromal remodeling, altered 512 

vascular and lymphatic marker expression, and detectable Aβ and tau immunoreactivity. Lower GC 513 

number was associated with more severe cognitive and functional impairment, while preserved GC 514 

architecture was associated with higher MMSE scores, lower α-SMA expression, and greater 515 

improvement in cognitive and functional outcomes at 6-month postoperative follow-up. Although 516 

these findings do not establish causality, they suggest that DCLN histopathology may represent a 517 

peripheral correlate of brain–cervical lymphatic axis alterations and may have potential prognostic 518 

relevance in AD. Larger multicenter studies with independent validation, functional lymphatic 519 

assessment, and longer follow-up are needed to confirm these findings and clarify their biological 520 

significance. 521 
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