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SUMMARY
[bookmark: OLE_LINK42][bookmark: OLE_LINK31]Here, we present a protocol to clearly define the steps for anastomosing either the deep cervical lymph node or its afferent lymphatic vessel with the posterior facial vein in the rat, to minimize the influence of other variables and standardize the conduct of surgery-based research.

ABSTRACT
[bookmark: OLE_LINK33][bookmark: _Hlk201500340][bookmark: OLE_LINK24][bookmark: _Hlk210066657]Deep cervical lymphovenous anastomosis (dcLVA) has become a promising treatment strategy for Alzheimer's disease (AD), offering significant improvements compared to the current limited treatment options. However, the underlying mechanism of dcLVA remains unclear. Although clinical trials are ongoing, animal models simulating dcLVA provide a valuable tool for exploring its mechanism. This study aims to develop a standardized protocol for creating dcLVA models in animals to facilitate basic research and address clinical challenges. We describe the surgical procedures and key steps for anastomosing the deep cervical lymph node (dcLN) and its afferent lymphatic vessel (ALV) with the posterior facial vein (PFV), detailing these two distinct surgical methods: deep cervical lymph node-vein anastomosis (dcLnVA) and deep cervical lymphatic vessel-vein anastomosis (dcLaVA). Beyond promoting lymphatic drainage, the comparison of these two surgical methods also helps us to understand and explore the role of the deep cervical lymph node and deep cervical lymphatic system in the pathogenesis of AD. Overall, the complete and clear presentation of the surgical procedure and key anatomical landmarks in the rat helps to standardize the surgical protocol, which can minimize confounding factors and reduce inter-experimental variability, thus laying a solid methodological foundation for a deeper understanding of the mechanisms involved.

INTRODUCTION 
[bookmark: OLE_LINK29][bookmark: OLE_LINK43][bookmark: OLE_LINK58]Alzheimer's disease (AD) is a gradually progressive neurodegenerative disorder that often results in cognitive decline. The distinctive pathological features of AD are amyloid-beta (Aβ) plaques and neurofibrillary tangles, which are formed by abnormally phosphorylated tau proteins. Recent research on the brain lymphatic system has opened new therapeutic avenues for treating AD. This system facilitates the drainage of Aβ from the interstitial fluid (ISF) into the cerebrospinal fluid (CSF) and subsequently to the deep cervical lymph nodes via the meningeal lymphatic vessels (mLVs)1. In 2024, Professor Xie’s team reported the first case of cognitive improvement in an AD patient following deep cervical lymphovenous anastomosis (dcLVA) and subsequently initiated a clinical trial (NCT06530732)2. 

Although dcLVA, as a novel therapeutic approach for AD, offers promising prospects for patients, the precise mechanisms underlying its therapeutic effects require further elucidation3. Animal models provide an indispensable platform for investigating these mechanisms. A comprehensive understanding of the therapeutic mechanisms of dcLVA will not only enhance our understanding of AD pathogenesis but also optimize surgical techniques, clarify treatment indications, and ultimately deliver greater clinical benefits to patients.

[bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK34][bookmark: OLE_LINK67][bookmark: OLE_LINK61][bookmark: OLE_LINK3]Professor Xie’s team recently reported a dcLVA model, demonstrating the feasibility of connecting tributaries of the external jugular vein with the deep cervical lymph node4. However, the description of the model is still not sufficient. Firstly, the description of the deep cervical lymph node (dcLN) and its surrounding anatomy is inadequate. Secondly, there is no objective, quantitative assessment of postoperative patency. More importantly, there is a lack of detailed descriptions of the steps for anastomosis of dcLN and veins, as well as clear and intuitive pictures and videos that are convenient for teaching.

[bookmark: OLE_LINK66][bookmark: OLE_LINK59]Given that this technique involves intricate surgical manipulation and considering the anatomical differences between rats and humans, variations in surgical procedures and technical details in rat models may lead to significant discrepancies in experimental outcomes. Therefore, it is both critical and urgent to clearly illustrate the relevant anatomical landmarks in rats and provide detailed technical descriptions of the anastomosis procedure. Such efforts are essential to enhance the reproducibility and standardization of the surgical protocol, thereby supporting broader application by researchers and advancing related scientific investigations. Furthermore, given the diversity of clinical surgical techniques, such as lymph node-to-vein anastomosis and lymphaticovenous anastomosis, and the potential for varying outcomes depending on the surgical approach, comparative studies are warranted to evaluate their relative efficacy. In response to these challenges, we present two highly reproducible dcLVA methods: deep cervical lymph node-to-vein anastomosis (dcLnVA) and deep cervical lymphatic vessel-vein anastomosis (dcLaVA). These methods aim to standardize the model creation process and facilitate subsequent basic research.
[bookmark: OLE_LINK36]
[bookmark: OLE_LINK49]PROTOCOL
[bookmark: OLE_LINK35]This study was conducted with the approval of the Institutional Animal Care and Use Committee (IACUC) of Harbin Medical University (Approval No. SYDW2025-037). The subjects were male Sprague-Dawley (SD) rats, weighing 400-500 g and aged 12-14 weeks, provided by the university's animal center. The center maintains a Specific Pathogen-Free (SPF) facility and complies with national breeding standards. 

[bookmark: OLE_LINK26][bookmark: OLE_LINK25][bookmark: OLE_LINK30][bookmark: OLE_LINK38]NOTE: This study primarily investigates two methods of anastomosis between the deep cervical lymph and veins. Establishing a surgical connection between the dcLN and the posterior facial vein (PFV); this technique is referred to as dcLnVA. Creating an anatomical connection between the deep cervical lymphatic vessel (dcLaV) and the PFV; this technique is referred to as dcLaVA. We describe both microsurgical procedures in detail, including their operative methodologies and post-anastomosis evaluation.

1. [bookmark: _Hlk201394532][bookmark: OLE_LINK12]Preoperative preparation

1.1. Anesthetize the rat via intraperitoneal injection of sodium pentobarbital (50 mg/kg). Monitor the rat’s responses closely. Proceed only when the pedal reflex is completely absent.

1.2. [bookmark: OLE_LINK8][bookmark: OLE_LINK48][bookmark: OLE_LINK70]Using a blunt-tip needle, slowly administer Evans blue (EB) solution (approximately 60-100 µL/kg , 5%)5 into the nasal mucosa of a unilateral nasal cavity. Position the rat in a semi-lateral recumbent position, with the abdomen facing upward and the EB-injected nostril facing downward. Secure the head to prevent EB from entering the contralateral nostril or the respiratory tract. 

1.3. Shave the hair on the rat's neck to ensure a clear surgical field. Apply Vaseline to both eyes to prevent dryness or corneal injury during surgery. 

2. [bookmark: OLE_LINK10][bookmark: OLE_LINK39]Surgical incision

2.1. Disinfect the midline of the rat's neck three times with iodine tincture to ensure a sterile surgical field.

2.2. [bookmark: OLE_LINK44]Make a midline incision approximately 3 cm in length using surgical scissors. 

[bookmark: OLE_LINK7]NOTE: Take care not to damage the submaxillary gland (SMG) and blood vessels during dissection.

2.3. Retract the surgical incision to expose the sternothyroid muscle (STM), sternocleidomastoid muscle (SCM), and the omohyoid muscle (OHM).

3. [bookmark: _Hlk201450463]Preparation of the PFV

3.1. Identify the PFV, a tributary of the external jugular vein (EJV), along the lateral margin of the SCM.

3.2. [bookmark: OLE_LINK72][bookmark: _Hlk201450550]At the bifurcation between the PFV and the EJV, occlude the PFV using a microvascular clip.

3.3. [bookmark: OLE_LINK45]Continue to bluntly dissect the PFV to obtain sufficient length, and clamp it at the distal end. Ensure the PFV segment remains as loose as possible to allow for subsequent traction during anastomosis with the dcLN.

3.4. [bookmark: OLE_LINK46]Create a longitudinal incision parallel to the vessel axis using microvascular scissors.
[bookmark: OLE_LINK47]
[bookmark: OLE_LINK69]NOTE: Make sure the PFV incision is longitudinal, as the transverse incision can be enlarged and ruptured by traction.

3.5. [bookmark: OLE_LINK73]Irrigate the isolated vascular segment thoroughly with heparinized saline (0.1% sodium heparin in 0.9% NaCl) until intravascular erythrocytes are completely cleared.

4. Lymph node-vein anastomosis 

4.1 [bookmark: OLE_LINK56]Explore and fully expose dcLN and its afferent lymphatic vessel (ALV) in the middle of the STM and SCM4.

4.2 [bookmark: OLE_LINK74][bookmark: _Hlk210065410]Dissect the dcLN gradually using a blunt technique. Carefully incise the fascia between the dcLN and surrounding tissues, avoiding damage to both the dcLN and its ALV. 

[bookmark: OLE_LINK75]NOTE: Ensure that PFV and dcLN are close to each other to minimize tension after anastomosis.

4.3 [bookmark: OLE_LINK76][bookmark: OLE_LINK50][bookmark: OLE_LINK37][bookmark: OLE_LINK11]Make an incision at the distal end of the dcLN. Ensure that the width of the incision is smaller than or similar to the diameter of the PFV, so that the PFV blood flow will not be significantly affected.

4.4 Using a 12-0 nylon suture, anastomose the proximal end of the PFV incision to the proximal end of the dcLN incision.
[bookmark: OLE_LINK57]
4.5 Continue to expand the incision length of the PFV to the distal end so that it is slightly larger than the length of the dcLN incision.

4.6 [bookmark: OLE_LINK79]Pass the needle sequentially through the outer edge of the dcLN transection and the inner edge of the PFV incision, thereby pulling the dcLN transection into the lumen of PFV.

4.7 [bookmark: OLE_LINK19]Perform a continuous suture from the inferior to the superior edge of the dcLN transection. Administer heparin sodium once more just prior to completing the final suture to prevent thrombus formation within the PFV lumen. Maintain appropriate tension on the suture during the continuous closure to ensure a secure closure and prevent subsequent leakage.

4.8 Place interrupted sutures wherever the continuous anastomosis is loose.

5. Lymphatic vessel-vein anastomosis 

5.1 [bookmark: OLE_LINK6][bookmark: OLE_LINK52]Transect the ALV and preserve the surrounding tissue to serve as a suture anchor point.

5.2 Using a 12-0 suture needle, insert it about 2 mm proximal to the PFV incision and advance it to exit through the opening of the PFV incision.

5.3 Enter the tissue near the stump of ALV with the suture needle to catch the ALV.

5.4 [bookmark: OLE_LINK77][bookmark: OLE_LINK15]Pass the needle into the PFV incision and out through its proximal edge, then tie the suture to fixation the ALV stump within the lumen of PFV. 

[bookmark: OLE_LINK14][bookmark: OLE_LINK68]NOTE: Completely insert the ALV stump into the lumen of PFV , orienting it toward the proximal direction to maintain physiological drainage.

5.5 [bookmark: OLE_LINK78]Suture the surrounding tissue near the stump of ALV to the inner edge of the PFV incision to provide external fixation. Give heparin sodium before the last stitch to keep the PFV lumen free of clot.
[bookmark: OLE_LINK13]
6. Suture and postoperative care

6.1 Perform continuous suturing for the subcutaneous fascia and interrupted suturing for the epidermis.

6.2 Disinfect the surgical area with iodine tincture. Then apply erythromycin ointment uniformly around the incision to prevent infection.

6.3 Postoperatively, administer penicillin sodium (800,000 units/kg) via intraperitoneal injection once daily for five consecutive days to reduce the risk of infection.

7. Validation of anastomosis 

7.1 [bookmark: OLE_LINK9][bookmark: _Hlk201844367]Identify and dissect the anterior facial vein (AFV), a tributary of the EJV, lateral to the PFV. 

7.2 [bookmark: OLE_LINK51]Verify the success of the anastomosis by observing significantly more intense staining in the PFV compared to the adjacent AFV.

7.3 Quantify color changes objectively using the standardized CIE LAB color space. Define and extract Regions of Interest (ROIs) in Fiji to obtain the mean CIE L*a*b* values, then calculate the hue angle (h°) in degrees using the formula: 

h° = atan2(b, a) × (180/π)6,7.

REPRESENTATIVE RESULTS
[bookmark: _Hlk210061349][bookmark: OLE_LINK1][bookmark: _Hlk210061297]The surgical procedures and postoperative outcomes of dcLnVA and dcLaVA are illustrated with one representative case each. In the dcLnVA case, PFV (2 mm in diameter) was identified and dissociated from the lateral border of the SCM (Figure 1A, Figure S1A). In the gap between the SCM and STM, approximately 4 mm medial to the PFV, a long oval dcLN (5 mm × 4 mm × 2 mm) was found and finely separated (Figure 1B,C, Figure S1B-E). Subsequently, the clamped PFV was juxtaposed with the separated dcLN (Figure 1D). A longitudinal incision (1.5 mm) was made on the PFV side wall, and the lumen was flushed with approximately 1 mL of heparin sodium solution (0.1%) (Figure 1E-F, Figure S1F). An incision (2.5 mm long and 1 mm wide) was made at the dcLN (Figure 1G-H, Figure S1G-H). The upper edge of the dcLN incision was sutured and fixed with the upper end of the PFV incision, and the length of the PFV incision was extended inferiorly to match the length of the dcLN incision (Figure 1I-J). Continuous suture was performed from the lower edge to the upper edge of the dcLN incision, so that the edge of the dcLN incision was consistent with the inner edge of the PFV incision (Figure 1K-M). Before completing the suture, the lumen was again flushed with approximately 0.5 mL of heparin sodium solution (0.1%) (Figure 1N). The final view of dcLnVA (Figure 1O). In the dcLaVA case, after identifying and dissociating the PFV (2 mm in diameter), the dcLN, composed of two small lymph nodes, with the proximal one measuring 2.5 mm × 2 mm × 1 mm, was located in the gap between the SCM and STM, approximately 7 mm medial to the PFV (Figure 2A-C, Figure S2A-E). A longitudinal incision (1 mm) was made into the PFV and rinsed with approximately 1 mL heparin sodium solution (0.1%) (Figure 2D-E, Figure S2F). The ALV with surrounding tissue was transected and gradually dissected so that it was adjacent to the incision of the PFV (Figure 2F-H). A needle was inserted approximately 2 mm from the proximal end of the PFV incision, through the surrounding tissue of the ALV stump to fix the ALV stump in the PFV cavity (Figure 2I-L), and the surrounding tissue of the ALV was further matched with the inner edge of the PFV incision to achieve external fixation (Figure 2M-N). The final view of dcLaVA (Figure 2O). To further quantify the postoperative results, three classic regions of pre-anastomosis PFV (PFV-1), post-anastomosis PFV (PFV-2) and the adjacent AFV surface were selected in dcLnVA (Figure 3A-D) and dcLaVA (Figure 3F-I), respectively. The a value, b value, and hue angle were calculated based on the CIE Lab color space model (Table 1, Table 2). The results showed that in dcLnVA (Figure 3E), the average hue angle of PFV-2 (278.2o) was biased towards the blue tone compared with the average hue angle of AFV (327.9 o), which was more significant than the average hue angle of PFV-1 (24.8o). In dcLaVA (Figure 3J), the average hue angle of PFV-2 (282.4o) was more blue than the average hue angle of AFV (303.7o), which was also more significant than the average hue angle of PFV-1 (39.6o).
[bookmark: OLE_LINK40][bookmark: OLE_LINK41]
FIGURE AND TABLE LEGENDS
Figure 1: Anastomosis of the dcLN and PFV. (A) Identification and dissection of the posterior facial vein (PFV). (B–C) A long oval deep cervical lymph node (dcLN) was located within the gap between the sternocleidomastoid muscle (SCM) and the trapezius muscle (STM). (D) The clamped PFV was juxtaposed with the isolated dcLN.
(E–F) A longitudinal incision was made on the lateral wall of the PFV, and the lumen was flushed with heparin sodium solution (0.1%). (G–H) An incision was made on the dcLN. (I–J) The upper edges of the dcLN and PFV incisions were sutured and fixed, and the PFV incision was extended inferiorly to match the length of the dcLN incision. (K–M) Continuous suturing was performed from the lower to the upper edge of the incision, aligning the edge of the dcLN incision with the inner edge of the PFV incision.
(N) Before completing the suture, the lumen was flushed again with heparin sodium solution (0.1%). (O) Successful end-to-side anastomosis of the dcLN to the vein.

Figure 2: Connection of the ALV to the PFV. (A-C) After identifying and dissecting the posterior facial vein (PFV), the deep cervical lymph node (dcLN) and its afferent lymphatic vessel (ALV) were located within the gap between the sternocleidomastoid muscle (SCM) and the trapezius muscle (STM). (D-E) A longitudinal incision was made in the PFV and irrigated. (F-H) The ALV (with surrounding tissue) was transected and gradually dissected to approximate the PFV incision. (I-L) A suture needle was passed through the surrounding tissue of the ALV stump to secure it within the PFV lumen. (M-N) The surrounding tissue of the ALV was further aligned with the inner edge of the PFV incision to achieve external fixation. (O) The ALV of the dcLN is successfully connected to the vein.

Figure 3: Postoperative color quantitative analysis. (A-D) Selection of classic areas of surface color for preoperative posterior facial vein (PFV-1), postoperative posterior facial vein (PFV-2), and anterior facial vein (AFV) in dcLnVA. (E) Comparison of PFV-1, PFV-2, and adjacent AFV hue angles in dcLnVA. (F-I) Selection of classic areas of surface color for preoperative posterior facial vein (PFV-1), postoperative posterior facial vein (PFV-2), and anterior facial vein (AFV) in dcLnVA. (J) Comparison of PFV-1, PFV-2, and adjacent AFV hue angles in dcLnVA.

Table 1: ClE LAB color space hue distribution -dcLnVA.

Table 2: ClE LAB color space hue distribution -dcLaVA.

Figure S1: Measurement of key indicators in dcLnVA.

Figure S2: Measurement of key indicators in dcLaVA.

DISCUSSION
[bookmark: OLE_LINK5][bookmark: OLE_LINK54][bookmark: OLE_LINK60][bookmark: _Hlk201865237][bookmark: OLE_LINK4][bookmark: OLE_LINK17]In 2012, ILif et al. first described the glymphatic system8. In 2015, Louveau et al. identified T-cell aggregates in the lumen of lymphatic vessels and termed these structures meningeal lymphatics. They further demonstrated that meningeal lymphatics are connected to both the glymphatic system and dcLN. In summary, under the regulation of the brain lymphatic system, including both the glymphatic system and meningeal lymphatics, Aβ in the interstitial fluid is drained into the cerebrospinal fluid (CSF), then into meningeal lymphatics, and ultimately reaches the dcLN9. Subsequent animal experiments consistently demonstrated that impaired meningeal lymphatic function results in cognitive decline and increased Aβ deposition in mice10. Conversely, therapeutic strategies such as near-infrared light irradiation, which enhance the function of meningeal lymphatics, have been shown to improve cognition and reduce AD-related pathological features in mice11. As research progresses, growing evidence indicates that CSF efflux via meningeal lymphatics, particularly those located at the skull base, is more credible and efficient than the traditional pathway through arachnoid granulations. This finding further highlights the crucial role of the brain lymphatic system in the pathogenesis and progression of AD12-14. More importantly, whether at the base or the back of the skull, the primary direction of efflux from meningeal lymphatics is toward the dcLN13. Compared with the superficial cervical lymph node (scLN), the dcLN plays a more important role in the drainage of CSF15. This observation further supports our decision to perform anastomosis between the dcLN and a low-pressure vein. Additionally, lymphatics in the nasal region play an important role in the drainage of CSF to the dcLN. EB in the CSF can traverse the cribriform plate to enter the nasal cavity and nasal epithelium, thereby justifying our use of intranasal EB injection16,17. Since Professor Xie’s team introduced dcLVA, a microsurgical technique, into the treatment of AD2, both our understanding and therapeutic approaches to the disease have undergone revolutionary changes. Although dcLVA has brought hope and significant improvements to patients with AD, many questions remain unanswered, and further research is required to establish a robust scientific foundation. First, given the relatively recent clinical application of dcLVA in AD, its long-term outcomes require further observation. Second, although most patients exhibit significant short-term improvements, attributing these solely to enhanced Aβ clearance is overly simplistic. Finally, the degree of improvement varies among patients, with some showing minimal response. In moderate to severe cases, where neuronal degeneration is already extensive, it remains unclear whether additional Aβ clearance can reverse the damage. These challenges highlight the need for a deeper investigation into the mechanisms underlying dcLVA, which may help refine the technique and provide a stronger scientific basis to improve its therapeutic efficacy. In addition to clinical trials, animal models that simulate dcLVA offer a feasible platform for in-depth investigation of its underlying mechanisms18. 

[bookmark: OLE_LINK18]Compared with the animal model article published by Professor Xie4, in the application of dyes, we used Evans blue to mark the lymphatic system, which is more commonly used. Through previous practice, it has been proven that dcLN can be achieved by the same Evans blue injection through the nasal cavity as that through the occipital cisterna injection. This method is different from the indocyanine green, which requires a fluorescent color in the published article. It reduces the need for a fluorescence microscope and expands the application scenario of surgery. The EB injection strategy is also crucial. Based on multiple preliminary trials, we determined that injection of approximately 100 µL/kg of EB (5%) in male SD rats resulted in rapid and complete staining of the dcLN within approximately 30 min. In contrast, when a smaller volume, approximately 60 µL/kg of EB (5%), was injected, EB flowed more slowly towards the dcLN and its ALV, typically requiring about 50 min. Given the longer surgical time required, to avoid the adverse effects of prolonged anesthesia on the animals, we selected the appropriate surgical method based on the volume of EB injected and the staining status of the dcLN. If a larger volume of EB was injected and the dcLN was rapidly and completely stained with a larger size, an anastomosis between the dcLN and the PFV was recommended. This is because, on one hand, a larger dcLN is more suitable for anastomosis with the PFV, on the other hand, since the dcLN and its ALV are both fully stained at this point, it is difficult to completely separate them. The resulting ALV would be too short to be easily stretched towards the PFV for anastomosis. Conversely, if a smaller volume of EB was injected and the dcLN and its ALV were stained more slowly, remaining unstained even after the surgical incision was made and the sternocleidomastoid muscle was retracted, the PFV was first clamped and fenestrated, while monitoring the staining progress. Once the EB reaches the surface of the dcLN through the ALV, the ALV was transected and dissected from the surface of the dcLN. In conclusion, it is essential to master the intranasal injection of EB, the anatomical dissection of the rat's neck, and the selection of appropriate surgical methods based on the specific intraoperative conditions. While ensuring the effectiveness of the surgery, the surgical duration should be minimized to avoid unnecessary side effects. 

Although Professor Xie has successfully performed dcLVA in rats and verified its technical feasibility4, the core of LVA research as an operational intervention is the standardization and repeatability of the operation itself, which is different from drug therapy. Therefore, we believe that it is necessary to demonstrate the anatomical approach and operation steps of LVA more clearly and in detail, which not only helps to improve the reproducibility of experiments but also provides a technical basis for further exploration of the intervention mechanism of LVA on AD. Different from the published literature, we can clearly see the anastomosis of dcLN and its ALV with PFV, a branch of EJV, to enhance the visualization and learning of the operation. In addition, there is only one set of pictures in the different and already published articles, and we show in detail the steps of dcLN and its ALV anastomosis with PFV in the manuscript. Has the dcLN in AD been altered? What has changed? Is there a difference between selecting dcLN or bypassing dcLN and selecting its ALV directly? Are there other mechanisms of intervention that go beyond promoting lymphatic drainage? Different from the perspective of microsurgery, we believe that the differences in surgical methods can help us further understand the pathogenesis of AD and take corresponding intervention methods. At the same time, we explicitly selected PFV, the genus branch of EJV, as the vessel to be anastomosed. Among the veins in the neck of SD rats, AFV and PFV are two larger veins whose diameters are close to the width of the dcLN incision. The PFV is more medial than AFV and closer to dcLN. At the same time, PFV mainly takes the reflux of facial blood, so it can avoid the influence on brain tissue as much as possible. More importantly, PFV has a relatively fixed anatomical position and diameter, which is helpful to realize the standardization of vein selection, reduce experimental variables, and enhance the comparability and reliability of results.
[bookmark: OLE_LINK16]
Compared with Professor Xie's paper, we further elaborate on the details of dcLN and its ALV coincidence with PFV. The PFV should ensure that the clamping segment is long enough and in a relaxed state for traction and anastomosis. When making an incision on the side of PFV, a longitudinal incision should be made. On the one hand, it is convenient for anastomosis, and on the other hand, the transverse incision will cause the possibility of PFV fracture due to the presence of subsequent tension. As for the size of the PFV incision, it should be small at the beginning and can be enlarged according to the length of the dcLN incision, so that the PFV incision can match the incision of the dcLN and the broken end of the ALV. Compared with PFV, which has a relatively fixed anatomical location and diameter,dcLN has more variables in size and location. To facilitate drainage and anastomosis, the incision width of the dcLNd should be as large as possible, but not larger than the diameter of the PFV. The incision of the dcLNd should be located at the distal end of the dcLN while avoiding damage to the ALV on its surface. During the suture process, the edge of the dcLN should be advanced, and only the membrane on the surface of the dcLN should be inserted. The overall purpose is to anastomose the outer edge of the dcLN incision to the inner edge of the PFV incision to avoid lymph leakage. Heparin sodium should be injected again before the final suture to avoid the formation of blood clots that could affect the drainage. When ALV was anastomosed, because its diameter was still small, the tissue around the broken end of ALV was used as the anchor to suture the vein wall to avoid ligation of ALV. In order to promote lymphatic return, the stumps of ALV should be oriented towards the proximal end of PFV, consistent with the direction of blood flow. To verify the effect, we compared the anastomosed PFVS with neighboring AFVs (all of which were EJV branches), which could be evaluated without expensive fluorescence microscopy. For quantitative color analysis, the CIE LAB color space was utilized, as it provides an objective and widely recognized standard6,7. The color of PFV before anastomosis (PFV-1), PFV after anastomosis (PFV-2), and the adjacent AFV were quantified and compared to make the results more direct and clear. In summary, in contrast to the vague descriptions and pictures in the published literature, we can clearly see the successful anastomosis between dcLN and vein rather than scLN.

[bookmark: _Hlk210051210]Previous studies on LVA have primarily focused on limb lymphedema, with the central objective limited to “promoting lymphatic return”19. However, in the context of AD models, the question of whether to retain or bypass the dcLN is no longer simply a matter of drainage efficiency—it also involves potential structural remodeling and immune dysfunction within the dcLN itself. In other words, anastomosis at the dcLN versus anastomosis at the ALV may represent two fundamentally distinct intervention strategies. This distinction is expected to offer a new perspective for elucidating the mechanism of cervical lymph compensation and decompensation in AD. Therefore, a prospective controlled study to systematically compare the long-term effects of these two surgical approaches on lymphatic dynamics, the immune microenvironment, cognitive function, and related molecular alterations such as AQP4 and sigma-1 receptor, will be a key focus of our subsequent work20. Such an investigation is essential to deepen our understanding of AD pathogenesis and refine corresponding intervention strategies. Similarly, the role of dcLN in other neurological disorders, such as Parkinson’s disease, intracerebral hemorrhage, chronic traumatic encephalopathyand21, and brain tumors, and the potential efficacy of dcLVA in these contexts, also warrant further exploration in animal models. The validation of LVA surgery’s effects in AD models and other disease models, along with elucidating the underlying mechanisms, represents a key direction for our future research. Nevertheless, we believe that promptly publishing the LVA surgical procedure in SD rats and sharing our practical experience will help accelerate progress in this promising field, thereby facilitating earlier clinical translation and informed clinical practice. In summary, our study further refines the surgical protocol and critical steps, offers stronger support for foundational research, and contributes more effective guidance for addressing clinical challenges.

[bookmark: OLE_LINK65][bookmark: OLE_LINK55][bookmark: OLE_LINK28][bookmark: OLE_LINK62][bookmark: OLE_LINK27][bookmark: OLE_LINK21]The present study aimed to establish a surgical model of dcLVA in rats, but there are still some limitations. First of all, although intranasal injection of dye may cause less trauma to rats than cisterna magna injection, there is a risk of dye flowing into the respiratory tract through the nasal cavity, which may interfere with the experimental results. Secondly, compared to humans, rats offer fewer suitable veins for anastomosis. Due to the distance between the dcLN and the PFV, it is often subjected to some tension after anastomosis, which may hinder effective lymphatic drainage. More importantly, unlike the PFV, the dcLN in rats exhibits slight variations in its anatomical presentation regarding location, size, and number due to individual differences like age and gender. In some cases, these specific variants can affect our existing surgical modalities. Therefore, future studies should focus on optimizing: how to achieve better dcLN staining, how to further reduce post-anastomotic tension, more surgical approaches and modalities, and the feasibility of choosing larger deep cervical lymphatic tissue flaps (dcLTF)22 instead of smaller dcLN for anastomosis. In addition, the efficacy of this surgical procedure in the AD rat model and the underlying mechanisms need to be further investigated. In summary, we have provided more specific references and a solid framework for the detailed operations of dcLVA and its two different surgical methods—dcLnVA and dcLaVA. Our research findings can further standardize the surgical procedures and key steps, providing stronger support for basic research and more effective guidance for addressing clinical problems. We believe that with further exploration of AD and other neurological diseases, as well as the continuous improvement and enrichment of dcLVA, more options will be brought to the treatment of neurological diseases.

ACKNOWLEDGMENTS
This work was supported by National Natural Science Foundation of China (82173384 and 81773161), Heilongjiang Province Key Research and Development Program (2023ZX06C11) and Genertec Medical Scientific Research Fund Project (TYYLKYJJ-2024-043).

DISCLOSURES 
The authors have nothing to disclose.

REFERENCES
1. Formolo, D. A. et al. Leveraging the glymphatic and meningeal lymphatic systems as therapeutic strategies in Alzheimer's disease: an updated overview of nonpharmacological therapies. Mol Neurodegener. 18 (1), 26 (2023).
2. Li, X. et al. Promising outcomes 5 weeks after a surgical cervical shunting procedure to unclog cerebral lymphatic systems in a patient with Alzheimer's disease. Gen Psychiatr. 37 (3), e101641 (2024).
3. Chen, J. Y. et al. Deep cervical lymphovenous anastomosis (LVA) for Alzheimer's disease: microsurgical procedure in a prospective cohort study. Int J Surg. 111 (7), 4211-4221 (2025).
4. Fang, R. et al. A novel microsurgical model of cervical lymph node-to-vein anastomosis (LNVA) for studying brain lymphatic outflow. J Craniofac Surg. 36 (6), 2160-2163 (2025).
5. Maloveska, M. et al. Dynamics of Evans blue clearance from cerebrospinal fluid into meningeal lymphatic vessels and deep cervical lymph nodes. Neurol Res. 40 (5), 372–380 (2018).
6. Mazur, F., Han, Z., Tjandra, A. D., Chandrawati, R. Digitalization of colorimetric sensor technologies for food safety. Adv Mater. 36 (42), e2404274 (2024).
7. Karamucki, T., Rybarczyk, A., Jakubowska, M., Sulerzycka, A. A comparison of two methods of determining colour change in the assessment of the quality of pork. Acta Sci Pol Technol Aliment. 16 (3), 321–329 (2017).
8. Iliff, J. J. et al. A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β. Sci Transl Med. 4 (147), 147ra111 (2012).
9. Louveau, A. et al. Structural and functional features of central nervous system lymphatic vessels. Nature. 523 (7560), 337–341 (2015).
10. Da Mesquita, S. et al. Functional aspects of meningeal lymphatics in ageing and Alzheimer's disease. Nature. 560 (7717), 185–191 (2018).
11. Wang, M. et al. Non-invasive modulation of meningeal lymphatics ameliorates ageing and Alzheimer's disease-associated pathology and cognition in mice. Nat Commun. 15 (1), 1453 (2024).
12. Proulx, S. T. Cerebrospinal fluid outflow: a review of the historical and contemporary evidence for arachnoid villi, perineural routes, and dural lymphatics. Cell Mol Life Sci. 78 (6), 2429–2457 (2021).
13. Yoon, J. H. et al. Nasopharyngeal lymphatic plexus is a hub for cerebrospinal fluid drainage. Nature. 625 (7996), 768–777 (2024).
14. Zhou, Y. et al. Impaired peri-olfactory cerebrospinal fluid clearance is associated with ageing, cognitive decline and dyssomnia. EBioMedicine. 86, 104381 (2022).
15. Papadopoulos, Z. et al. Differential impact of lymphatic outflow pathways on cerebrospinal fluid homeostasis. J Exp Med. 222 (2), e20241752 (2025).
16. Mehta, N. H. et al. The brain–nose interface: a potential cerebrospinal fluid clearance site in humans. Front Physiol. 12, 769948 (2021).
17. Norwood, J. N. et al. Anatomical basis and physiological role of cerebrospinal fluid transport through the murine cribriform plate. Elife. 8, e44278 (2019).
18. Fan, F., Zhao, N., Guo, M. Lymphatic–venous anastomosis: cracking the code of Alzheimer's disease treatment? Neural Regen Res. doi: 10.4103/NRR.NRR-D-25-00540 (2025).
19. Hong, J. P., Chen, W. F., Nguyen, D. H., Xie, Q. A proposed role for lymphatic supermicrosurgery in the management of Alzheimer's disease: a primer for reconstructive microsurgeons. Arch Plast Surg. 52 (2), 96–103 (2025).
20. Nguyen, L. et al. Role of sigma-1 receptors in neurodegenerative diseases. J Pharmacol Sci. 127 (1), 17–29 (2015).
21. Pierre, K. et al. Chronic traumatic encephalopathy: diagnostic updates and advances. AIMS Neurosci. 9 (4), 519–535 (2022).
22. Chen, J. Y. et al. Deep cervical lymphovenous anastomosis (LVA) for Alzheimer's disease: microsurgical procedure in a prospective cohort study. Int J Surg. 111 (7), 4211–4221 (2025).

