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Abstract 

 

Evaluation of histopathological changes of 

vasculature in recurrent chronic subdural 

hematoma 
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WCU Graduate School of Convergence Science and Technology 

Seoul National University 

 

Chronic subdural hematoma (cSDH) is a collection of blood in subdural space with 

encapsulated hematoma by neomembrane. The incidence of cSDH is increasing, especially in 

the aging population. Although hematoma is removed by surgical interventions, a considerable 

percentage of patients undergo recurrence. Still, the underlying mechanism of spontaneous 

recurrence has not been unveiled and there is no standard management. To figure out the 

unsolved issues of spontaneous recurrent cSDH, I observed histopathology of cSDH dura mater, 

focusing on the vasculature changes.   

Control dura and cSDH dura were harvested from patients and compared to each other. The 

immuno-staining technique was mainly used to visualize the vasculatures. The dura tissues 

were cleared transparently by CLARITY to observe 3-dimensional structure in the whole dura 

layers. Additionally, transmission electron microscopy (TEM) was used for observing 

capillaries and their endothelial cells.  



 

 

 

As a result, meningeal dura in cSDH was thinner than control. In contrast, the dural border 

cell (DBC) layer was thicker as it turned into neomembrane. In the cSDH neomembrane, 

vascular volume density was 5.9 times higher than the DBC layer of control dura mater. The 

sinusoidal capillaries were found in the neomembrane by taking TEM images. Also, the volume 

density of arteries in the neomembrane was 5.4 times higher than the control DBC layer. These 

arteries in the neomembrane were connected to the middle meningeal artery (MMA). In 

addition, changes in lymphatic vessel morphology were observed such as the formation of 

sprouts and loops. 26.9 times more sprouts and 58.8 times more loops were formed per volume 

than control.  

Accordingly, increased vessel density and formation of fragile and leaky capillaries in the 

neomembrane layer were observed, which suggest neovascularization in the cSDH dura. 

Especially, the connection between MMA and dense arteries in the neomembrane of cSDH dura 

was visualized. These results may support the hypothesis of spontaneous recurrent cSDH and 

the therapeutic effect of MMA embolization.      

   

Keywords: chronic subdural hematoma, dura mater, neomembrane, sinusoidal capillary, 

middle meningeal artery, neovascularization, lymphangiogenesis  
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Introduction 

Chronic subdural hematoma (cSDH) is an accumulation of blood covered with neomembrane in 

subdural space. The incidence of cSDH has increased twice from 8.2 to 17.6 per 100,000 

persons per year from 1990-2015. Especially, the ≥80-year-old people showed about 6 times 

higher cSDH incidence rate than younger adults1,2. Moreover, 2 to 37 percentage of cSDH 

patients undergo recurrence of bleeding even after surgical interventions1,2,3. For figure out the 

reason of spontaneous recurrence and find a novel treatment for cSDH, it is important to 

understand the underlying characteristics of recurrent cSDH.  

The human brain is covered by a membrane called the meninges. Meninges consists of 

multilayer as dura, arachnoid, and pia mater. Dura mater is the hardest one and it is divided into 

three layers. Periosteal dura attaches to the skull and includes large vessels like the middle 

meningeal artery (MMA). Meningeal dura is under the periosteal dura and it contains lesser 

collagen and denser cells than periosteal dura. In last, the dural border cell (DBC) layer is on the 

bottom of these two layers, and it is the thinnest and contains loose fibrous tissues. This layer 

turns into the neomembrane and encapsulates the hematoma in cSDH. A space between the 

DBC layer and arachnoid mater is called subdural space4 (Figure.1). 
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Figure 1. Human brain and meninges structures. 

Illustration of the human brain and meninges. Meninges covers brain and it consists of three 

layers, dura, arachnoid, and pia mater. Bridging veins are veins in the subarachnoid space which 

puncture the dura mater and dural venous sinuses.  
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The main risk factor of SDH is trauma. Trauma evokes tearing of bridging veins, and cortical 

vessels, separation of the dura-arachnoid junction, and rupture of arterial twig5,6. These damages 

lead to the formation of SDH, and hematoma is slowly developed over the 3 weeks in case of 

cSDH. 

About 80% of cSDH patients without mass effect showed spontaneous regression of hematoma 

without any treatments10. Some cSDH patients were treated by medications such as steroids, 

angiotensin-converting-enzyme inhibitors, and platelet-activating factor receptor 

antagonist11,12,13. The other cSDH patients with mass effect need surgical removals like small 

burr hole trephination, craniotomy, and SDH evacuation1,3,5,14. In spite of these conventional 

surgical removals, the cSDH recurrs1,2,3. Some reasons of recurrent cSDH are definite such as 

trauma, drugs, and medical disease but, the mechanism of spontaneous recurrent cSDH remains 

still unclear. The main hypothesis is that fragile new vessels from the neomembrane are 

repeatedly ruptured and micro-hemorrhage enlarges to hematoma1,2,4,5,17. In addition, MMA 

might be related to the reason of spontaneous recurrent cSDH. Because MMA embolization 

which was introduced as a novel treatment for cSDH recently showed relatively lower 

recurrence rate of cSDH than conventional surgical removals (1.4% vs. 27.5%)15,30.  

To figure out the cause of spontaneous recurrent cSDH and contribute to finding standard 

management, the histopathological changes in cSDH dura were observed by comparing to 

control. The control dura sample was isolated from subarachnoid hemorrhage (SAH) patient and 

the dura with cSDH was harvested from cSDH patient. Morphological, and structural changes 

of vasculature in the dura were comprehensively evaluated.  
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Materials and Methods 

Sampling of the dural specimen  

Human dura samples of dura mater were acquired under the approval of the institutional 

review board. Control dura mater was sampled from a 54-year-old female patient who was 

diagnosed SAH undergoing surgical clipping of unruptured intracranial aneurysm, who have 

never been operated on. A dura mater with cSDH was harvested in a 56-year-old male patient 

who underwent fronto-temporal craniotomy, clipping of unruptured aneurysm in the anterior 

communicating artery, and evacuation of the cSDH. One month ago, the patient underwent a 

left-sided craniotomy and SDH evacuation of multilayered cSDH (Figure.2a). The patient had a 

history of minor head trauma a few months ago, with no other medical problems. 

Intraoperatively, SDH was covered with neomembrane and detached with a few membranes, 

in which outer neomembrane was attached to the inner dura mater and was slightly thick; 

meanwhile, the inner neomembrane was less firmly attached to the arachnoid mater and was 

thinner than the outer neomembrane. Outer neomembrane contents included dark brownish fluid 

and hard old clot. When the outer neomembrane was peeled from the dura mater, fine blood 

oozing from the inner dural surface was observed at that area. However, there was no bleeding 

in the inner neomembrane from the arachnoid mater. Dura mater tissues were too large to 

experiment, so control dura, and cSDH dura with the outer neomembrane were resected in a 

small size (Figure.2b).  
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b.  



 

6 

 

Figure 2. cSDH patient characteristics and dura samples.  

a. A 56-year-old male presented with an cSDH. Initial brain MR reveals a multilayered cSDH 

on the left side. After the patient underwent SDH evacuation, cSDH recurred spontaneously on 

the same side.    

b. Gross photos of the harvested the control dura and the cSDH dura including outer 

neomembrane. 
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Tissue clearing  

To observe various types of vessels and their structures 3 dimensionally, clear lipidexchanged 

acrylamide-hybridized rigid imaging-compatible tissue-hydrogel (CLARITY) tissue clearing 

technique was performed in dura tissues. Dura samples were fixed in 10% formalin after 

isolation and stored at 4℃ at least 24hrs. The samples were cut into smaller pieces and put in a 

40% acrylamide solution for scaffolding. After 1 day of incubation at 4℃, filled nitrogen gas in 

the bottles and incubated at 37℃ for 5hrs in the dark. These polymerization stages support 

tissue structures even after lipids were cleared through electrophoresis. Since non-sliced tissues 

are too thick to penetrate, tissues were incubated in DeepLabel™ Solution A (Logos Biosystem, 

#C33002) to increase permeability. Then, the tissues were incubated in DeepLabel™ Solution B 

(Logos Biosystem, #C33003) with primary antibodies at 37℃. After 7 days of incubation, the 

dura samples were washed by phosphate-buffered saline (PBS) with tween 20 and incubated for 

5 days with secondary antibodies. After the incubation samples were washed using PBS with 

tween 20, samples were incubated in X-CLARITY™ Mounting Solution (Logos Biosystem, 

#C13101) overnight at 37℃. Going through a series of processes, the refractive index (R.I) of 

tissue changes, the tissue finally became transparent. Using Leica confocal microscopy SP8, 

took images from those stained samples. (Figure.3) 

  



 

8 

 

 

 

 

 

 

 

 

 

Figure 3. Stages of tissue clearing.  

Image of tissue clearing stages. Before clearing images show gross photos of the control dura 

and the cSDH dura. After clearing images indicate depletion of lipid in tissue with 

polymerization. Refractive index (R.I) of tissue changes after treated mounting solution. After 

matching R.I, the tissue becomes completely transparent.   
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Immunohistochemistry  

Selected regions in the dura samples were embedded in paraffin and analyzed with 4μm 

sections. These sectioned samples were deparaffinized in xylene and rehydrated serially in 100-

70% ethanol solutions. In the antigen retrieval step, the tissue was boiled in the solution made 

by citric acid and tri-sodium citrate for 10min. To increase the permeability, tissues were 

incubated in the 0.5% TritonX-100 in PBS and the slides were incubated again for 60min in the 

5% bovine serum albumin in PBS to block non-specific antigens. Then, tissue slides were 

incubated overnight with primary antibodies against laminin (Sigma Aldrich, #L9393), α 

smooth muscle actin (αSMA) (Abcam, #ab7817), lymphatic vessel endothelial hyaluronan 

receptor-1(LYVE-1) (Abcam, #ab14917), Podoplanin (PDPN) (Abcam, #ab77854) at 4℃. 

Laminin is a marker of basement membrane which covers outside of the vessels, and αSMA 

shows mural cells and pericyte on vessels. LYVE-1 and PDPN are markers of lymphatic 

endothelial cells. After incubation, slides were washed with PBS and incubated for 1hr with 

secondary antibodies in room temperature. The samples were washed again and mounted using 

VECTASHEILD® mounting solution (Vector Laboratories, #H-1000). To capture stained 

images, Leica confocal microscopy SP8 was used.  

 

Measurement of vessel and tissue volume  

To measure the volume of whole tissues and stained vasculatures, IMARIS (Oxford 

instrument) was used. This image analysis software merged and reconstructed taken images 

from Leica confocal microscopy SP8. After forming 3-dimensional images, the surface analysis 

technique in IMARIS technically targets the fluorescent regions and measured their surfaces and 

volumes. Using this function, 3 pieces of control dura and 3 pieces of cSDH dura were used for 



 

10 

 

measuring vascular volume. Also, another 3 pieces of control dura and 3 pieces of cSDH dura 

were used for measuring artery volume.  

 

Transmission Electron Microscopy (TEM) 

TEM (JEOL, JEM-1400) images were taken at Seoul National University, Korea. The dura 

samples were fixed in 10% formalin and washed in PBS overnight. Then, samples were washed 

in Sorenon’s phosphate buffer and fixed 2% osmium tetroxide. After dehydrated in alcohol, 

propylene was treated and embedded in Spurr’s embedding media. Ultrathin sectioned samples 

were mounted on copper grids and stained with uranyl acetate and lead citrate.   
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Results 

Part 1. Morphologic change of dura in cSDH 

In the periosteal layer, large blood vessels like MMA and numerous vertical lines were found 

but no difference between the control and cSDH dura samples. However, the meningeal and 

DBC layer in cSDH showed different morphologies compared to control. The meningeal layer 

was thinner and slightly denser in cSDH. In contrast, the neomembrane layer in cSDH was 

thicker and had looser connective tissues than the DBC layer in control. Also, relatively large 

voids and erythrocytes between tissues were found in this layer. Below the neomembrane, I 

additionally observed the large amounts of erythrocytes presumed to be hematoma with 

ambiguous border. (Figure. 4) 
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a. 

 

 

 

 

 

 

 

 

 

b. 
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c. 

 

Figure 4. Morphological characteristics in control and cSDH dura.  

a. H&E staining of the control and the cSDH patient whole dura layer. Dura with cSDH tissue 

included neomembrane and hematoma.    

b. Enlarged each layer of the dura and divided them. Compared to the DBC layer in control, the 

neomembrane shows much looser connective tissues and numerous voids. The blue-dash line in 

the hematoma layer is the boundary between the neomembrane and hematoma. 

c. The illustration shows the characteristics of each layer in meninges. Subdural hematoma 

presses all layers of meninges and it forms a neomembrane by changing the DBC morphology. 
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Part 2. Vasculature changes in cSDH dura 

Vascular density in neomembrane of cSDH dura  

To observe vasculature in the dura, laminin and αSMA were targeted for immunostaining. 

Laminin is a marker of the basement membrane which is contained all vascular structures not 

only blood vessels but also, lymphatic vessels. αSMA staining usually indicates mural cells 

and pericytes covering the vessels which are mostly in smooth muscle cells on arteries.  

Results of IHC showed that the number of vessels in the neomembrane of cSDH had more 

than the DBC layer in control. The number of vessels per area(mm2) of control was 20.7 and 

cSDH was 78.9 on average. This calculation proved that 3.8 times more vessels per area(mm2) 

were in the cSDH neomembrane than the control DBC layer. (Figure. 5)  

  



 

15 

 

 

 

 

Figure 5. The number of vessels per area in the control DBC layer and the cSDH 

neomembrane.  

IHC results show the vessels in the control DBC layer and the cSDH neomembrane. Left dura 

mater figures are overlay image of DAPI(blue), laminin(red), and αSMA(green). Scale bar 1mm 

for control image. Scale bar 2mm for cSDH image. DBC-neomembrane figures are enlarged 

images derived from left whole dura layer images. Scale bar 200μm. White arrows point to each 

vessel. Compared to the same layer of the tissues, the number of white arrows in the 

neomembrane was higher than the control.   
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Also, laminin staining was performed with tissue clearing and I analyzed vessel volume 

density per DBC layer of control and neomembrane layer of cSDH volume(μm3). Magnified 

vessel area directly showed that cSDH neomembrane contained more vessel structures than 

control DBC layer. As a result of calculating volume, the vessel volume per tissue 

volume(μm3) in the cSDH neomembrane layer was 5.9 times higher than the DBC layer in 

control. These results may indicate the neovascularization in the cSDH neomembrane. (Figure. 

6)    
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Figure 6. Visualization of laminin-positive vasculature in the DBC layer of control 

and the neomembrane of cSDH dura. 

 3-dimensional images of vasculatures in the control DBC layer and the cSDH neomembrane 

stained by laminin(red). Scale bar 1000μm. Yellow vessels show part of the same volume in 

each tissue and magnified. Scale bar 200μm. Denser vessels were found in cSDH than control. 

The whole area of the tissues was measured in its vascular volume (μm3).   
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Capillary structures in neomembrane of cSDH dura  

To confirm the reports of sinusoidal capillaries in the neomembrane of cSDH, features of 

capillary were observed by taking TEM in the control DBC layer and the cSDH neomembrane. 

Capillary consists of one layer of endothelial cells connected with junctions and adhesion 

molecules. I found capillaries surrounded by endothelial cells with tight junctions like 

continuous capillary in both dura. Additionally, different two more capillaries were discovered 

in the neomembrane of cSDH but not in the control DBC layer. One of them showed a pore with 

diaphragm between endothelial cells like fenestrated capillary. The other one had gaps without 

any junctions or diaphragms between endothelial cells like sinusoidal capillary. (Figure. 7)     
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a. 

 

 

 

 

b.   
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Figure 7. Type of capillaries in the DBC layer of control and the neomembrane of 

cSDH dura. 

TEM images of capillaries in the control DBC layer and the cSDH neomembrane.  

a. Continuous capillaries were only observed in the control DBC layer. Black arrow indicates a 

tight junction between the endothelial cells. Scale bar 1μm.     

b. Continuous, fenestrated capillary, and sinusoidal capillary were found in the neomembrane. 

Black arrows in the continuous capillary point the tight junctions. A black arrow in fenestrated 

capillary points a pore with diaphragm. In sinusoidal capillary, black arrows indicate gaps with 

no junctions and diaphragms. Scale bar 1μm.  
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Arterial vasculature in cSDH dura 

The whole dura layer was stained with αSMA including periosteal and meningeal layers to 

observe the whole structure of the artery in the dura. Relatively large-scaled arteries in the 

periosteal layer were MMA. The MMA branched out arteries called penetrating artery and they 

connected to small arteries in the DBC layer. In cSDH dura, the MMA was connected to 

abundant arteries in the neomembrane through penetrating arteries. Arteries in the cSDH 

neomembrane widely distributed and looked denser than arteries in the control DBC layer. 

(Figure.8a) 

Since the previous results, I compared artery volume density in the control DBC layer and the 

cSDH neomembrane. The neomembrane contained 5.4 times higher artery volume density 

rather than the control DBC layer on average. It indicates that the artery also may be 

neovascularized in the neomembrane. (Figure.8b) 

 

  



 

22 

 

a.  

 

 

 

 

 

 

 

 

 

b. 
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Figure 8. Arterial vasculatures in the control and cSDH dura. 

a. To visualize the artery, αSMA(green) was used in immunostaining. There are the connections 

between MMA and arteries in the DBC layer of control or the neomembrane of cSDH dura. 

Especially, the arteries in the neomembrane of cSDH were widely distributed and looked denser. 

Scale bar 300μm.     

b. Visualization of arteries in the DBC layer and the neomembrane. Scale bar 1000μm. Yellow 

vessels show part of the same volume in each tissue and magnified. Scale bar 200μm. Denser 

arteries were observed in the cSDH than the control.   
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Lymphatic structure in cSDH dura.  

To selectively stain lymphatic vessels, LYVE-1, PDPN, and laminin antibodies were used for 

immunostaining. LYVE-1 exists on the lymphatic endothelial cell surface and PDPN is a protein 

that has been found in lymphatic endothelial cells either17. So, those two markers have been used 

for targeting lymphatic endothelial cells.  

Compared to control, different lymphatic vasculatures were found in cSDH dura, especially near 

large vessels in the periosteal layer. I observed that the sprout and loop structures of lymphatic 

vessels in cSDH dura. These structures also could be found in control but much less than cSDH. 

Four-part of dura tissues in each sample were stained and counted the number of sprouts and loops 

per tissue volume(μm3). As a result, the number of sprouts per volume(μm3) in cSDH was 26.9 

times higher than control on average. Also, the number of loops per volume(μm3) in cSDH was 

58.8 times more than control. These results imply that lymphangiogenesis occurred in the cSDH 

condition. (Figure.9) 
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a. 

 

 

 

 

b.  

 

 

 

Figure 9. Lymphatic vasculatures in control and cSDH dura. 

 

Lymphatic vasculatures were visualized in both dura tissues.  

a. Lymphatic sprout and loop structures were observed in the cSDH dura. White arrows indicate 

the sprouts from existing lymphatic vessels.    

b. Compared to the control dura, the number of sprouts and loops were higher in the cSDH 

dura. Yellow arrows point sprouts and white arrows point loops. Scale bar 500μm.  
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Discussion 

cSDH condition induces changes in the layer morphologies and vasculatures including 

lymphatic vessels. The meningeal layer was thinner but, the DBC layer was dramatically thicker 

than the control. In the neomembrane layer, the density of vessels was higher than the control 

DBC layer. The sinusoidal capillaries were found in the neomembrane and the density of 

arteries also higher than the control DBC layer. Moreover, I observed the connections between 

arteries in the neomembrane and MMA in the periosteal layer. Also, more lymphatic sprouts and 

loops were found in the cSDH which have been considered evidence of lymphangiogenesis. 

Compared to the control, the meningeal dura was thinner, and the DBC layer was thicker in the 

cSDH dura. The thinner meningeal layer in the cSDH dura could happen by the pressure of 

hematoma or, maybe because the thickness of the dura layer can be different depending on the 

individual. The reason for the thicker DBC layer in cSDH is the formation of neomembrane. 

The accumulated blood between the dura and arachnoid mater damages the DBC layer. It 

recruits inflammatory cells that attempt to repair the delaminated DBC layer by forming 

granulation tissue. Also, blood and cSDH fluid contain high concentration of type 1 (PICP) and 

type 3 (PIIINP) procollagen and those factors induce proliferation of DBCs to fibrous 

connective tissue. Then, the collagen matrix is continuously formed as a repair process. 

Moreover, eosinophils express transforming growth factor (TGF-β1) and induce SMAD 

signaling. This SMAD signaling pathway persists in fibrosis which contributes to developing 

the neomembrane. Therefore, the creation of collagen matrix and proliferation of DBCs formed 

the neomembrane layer, which is inevitably thicker than control DBC layer. For these reasons, I 

considered that the DBC layer in the control dura sample and the neomembrane layer in the 

cSDH dura sample were the same layers.      
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The number of vessels per area (mm2) and volume density of vessels per tissue volume (μm3) 

in the cSDH neomembrane were higher than the control DBC layer. These results indicate the 

occurrence of neovascularization in the neomembrane layer.  

Neovascularization is induced by inflammation from hematoma. The accumulation of blood 

recruits inflammatory cells such as lymphocytes, neutrophils, macrophages, and eosinophils, 

and those cells migrate to the bleeding region. Inflammatory cells release pro-inflammatory 

cytokines (IL-1, -2R, -5, -6, -8, -17) and anti-inflammatory cytokines (IL-10, 13). Angiopoietin-

2 (Ang-2) and vascular endothelial growth factors (VEGFs) are representative pro-angiogenic 

factors that are overexpressed in cSDH neomembrane17-20. The level of VEGF and vascular 

endothelial growth factor receptor (VEGFR) is significantly higher in cSDH fluid compared 

with peripheral blood and cerebrospinal fluid (CSF). In addition, cSDH fluid contains a high 

concentration of prostaglandin E (PGE2) and hypoxia-inducible factor 1α (HIF-1α). Those 

factors regulate VEGF expression18,19. In particular, vascular regeneration in meninges after a 

head injury is managed by VEGFR2 signaling. VEGF-A predominantly binds to VEGFR2 and 

this VEGF-A/VEGFR2 signaling increases Dll4-Notch signaling in tip endothelial cells21. 

Highly contained angiogenic factors and inflammatory cells evoke neovascularization in the 

neomembrane of cSDH. Because of these mechanisms, abnormal capillaries were also formed 

in the same layer.     

Observation of sinusoidal capillary in the neomembrane of cSDH was reported in 197523,24. 

Normally, continuous and fenestrated capillary are found in the dura mater, but sinusoidal 

capillary is not22. Sinusoidal capillary is only found in the liver, bone marrow, spleen, and brain 

circumventricular organs in normal22. It means that the sinusoidal capillary may be newly 

formed in the condition of cSDH. Capillary is the smallest blood vessel so its characteristic is 

hard to observe using immunohistochemistry. Therefore, I performed taking TEM which is 

enough to zoom in on the cell size to confirm the previous results. In this study, sinusoidal 
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capillaries were observed only in the neomembrane of cSDH dura, not in the DBC layer of 

control dura.  

There are three types of capillaries: continuous, fenestrated, and sinusoidal, these are 

distinguished by endothelial cell structures. Continuous capillaries have tight junctions between 

endothelial cells. Fenestrated capillaries have pores with diaphragms between endothelial cells. 

Sinusoidal capillaries have wide lumen, incomplete basement membrane, lacking smooth 

muscle cells, and gaps between endothelial cells without junctions22,23,24. Based on these 

features, endothelial cells in the capillaries were observed and classified the capillary types. 

Continuous capillaries were found in both of the dura mater tissues. However, the fenestrated 

capillary was only found in the neomembrane of cSDH dura, not in the DBC layer of control 

dura. Same as previous results, the sinusoidal capillary was observed in the neomembrane layer 

of cSDH dura. Therefore, this result suggests that those sinusoidal capillaries were newly 

formed with neovascularization in the neomembrane. 

Because of sinusoidal capillary structural features, this type of capillary has been considered 

weak and fragile22,24,25. Also, gaps with no junctions between endothelial cells allow exudation 

of erythrocytes24. Its fragility and leaky can drive the growth of hematoma and have been 

considered the causation of recurrent cSDH26. In addition, counting the capillaries of each type 

in the tissues was tried. However, the tissue was stored in 10% paraformaldehyde over the two 

weeks so, most the capillary structures were broken. It was impossible to compare the number 

of capillaries between each type. 

The MMA in the periosteal layer was connected to relatively abundant arteries in the cSDH 

neomembrane. From the external carotid artery, the maxillary artery branched out then, another 

branch from the maxillary goes into the skull through the foramen spinosum. This artery is 

MMA. All small arteries in dura derive from MMA and they connect to each other27. αSMA 

staining of dura tissues showed the connections between MMA and arteries in the 
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neomembrane. Those arteries in the neomembrane had higher volume density rather than the 

DBC layer in control. It may indicate the neovascularization of the artery in the cSDH 

neomembrane. 

Newly formed vessels stretched out from pre-existing vessels. Therefore, I assumed that the 

MMA may connect to newly formed arteries in the neomembrane layer and supply blood. Some 

non-histological studies were reported the similar results using angiography in cSDH 

patients14,27,28. However, this study is the first histological observation of artery 

neovascularization. 

Inevitably, MMA connects to newly formed vessels including newly formed arteries and 

sinusoidal capillaries. It means that a high amount of blood might be supplied to newly formed 

arteries than control. An increase in supplied blood may affect sinusoidal capillaries and evoke 

rupture of vessels or leakage of blood. Spontaneous resolution implies that the hematoma or 

blood can be absorbed naturally in the body. However, the overwhelming speed of blood 

accumulation may disrupt the balance of supplying and draining. It indicates that the connection 

between MMA and newly formed vessels may be the main cause of hematoma growth or 

spontaneous recurrent cSDH. This hypothesis supports the micro-hemorrhage from the fragile 

vessels, also may explain the principle of MMA embolization effectiveness in cSDH patients32. 

(Figure.10) However, the experiment was conducted with a sample from only one cSDH 

patient. So, it is necessary to research other cSDH cases to generalize this hypothesis. 
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Figure 10. Illustration of normal and cSDH dura mater with vessels.  

Compared to the control dura mater, abundant arteries derived from MMA spreads in the 

neomembrane layer. Also, the sinusoidal capillaries are found in the same layer.  
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In 1994, MMA embolization was first introduced for the novel treatment of cSDH15. Then, 

Mandai et al. reported the successful treatment of cSDH using MMA embolization in 200029. 

After MMA embolization was introduced, many cases have shown potential as a new therapy 

for cSDH for several years30,31. The recurrence rate of cSDH after MMA embolization is about 

2%. This rate is much lower than conventional surgical removals (2-37%)30,31. Also, Ban et al. 

reported that the treatment failure rate in embolization was only 1.4% but, conventional 

treatment was 27.5%30. These statistical analyses of case reports of MMA embolization in cSDH 

prove that MMA embolization effectively decreases the rate of recurrence than other surgical 

removals. Almost 97.8% of patients showed the spontaneous regression of hematoma at 6 

months of follow-up27,30,31,33. According to the results of this study, the reduction of supplied 

blood into dura by embolization of MMA is the principle of MMA embolization treatment in 

cSDH patients. Even though MMA embolized, dura can be supplied blood from other 

connections. However, MMA is the main bloodstream route so, embolization can effectively 

regulate the amount of blood. By reducing the continuous accumulation of blood, remained 

hematoma can spontaneously regress. 

Hematoma is absorbed after MMA embolization or spontaneously. The main route of 

hematoma absorption had been unknown. In 2015, the novel function of lymphatic vessels in 

meninges was introduced that it drains macromolecules, CSF, and brain interstitial fluid (ISF) to 

out of the brain34. Similarly, meningeal lymphatic vessels also drained erythrocytes out of the 

brain in SDH and SAH rodent model. These studies confirmed that the drained red blood cells 

were transferred into deep cervical lymph node (dCLN)35,36.  

As a result of lymphatic vessels in the dura of cSDH patients, lymphatic vessels showed 

relatively 26.9 times more sprouts and 58.8 times more loops than control dura. In blood 

vessels, development of sprout and loop structures mean angiogenesis. The formation of tip and 

stalk cells is induced by growth factors and it becomes sprout form from pre-existing vessels. 
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Then, two adjacent sprouted endothelial cells form a loop by connecting above the stalk cells 

during the angiogenesis. Therefore, sprout and loop structure generally indicate angiogenesis37. 

This meaning is as same as in lymphatic vessels. Thus, many articles proved lymphangiogenesis 

by counting sprouts, loops and calculating area35,36,38. However, it was impossible to compare 

lymphatic vessels in the same regions so, only sprouts and loops were counted without 

calculating the area. Relatively more sprouts and loops indicate the occurrence of 

lymphangiogenesis in cSDH patient dura. 

The possibility of lymphangiogenesis in cSDH was suggested by Liu et al. They reported that 

meningeal lymphatic-related markers such as LYVE-1, FOXC 2, and VEGF-C expression were 

gradually increased in the SDH35. Not only in the SDH animal model, but the traumatic brain 

injury (TBI) animal model also proved lymphangiogenesis in meningeal lymphatics nearby 

superior sagittal sinus (SSS) and transverse sinus (TS) by immunostaining of meninges39. In 

contrast, lymphangiogenesis-related structures were not detected in any regions of the SAH 

animal model36. I also used SAH patient dura for control, but there were no lymphangiogenesis-

related structures such as sprouts and loops same as animal experiments.     

Same as neovascularization, lymphangiogenesis is also related to inflammation. VEGF-C 

released from macrophages in inflammation conditions induces lymphangiogenesis18,19. 

VEGFR3 on the lymphatic endothelial cell surface binds to VEGF-C. This molecular signaling 

induces DLL4/Notch signaling and then tip/stalk cells are formed on the pre-existing lymphatic 

vessel40,41. Hematoma induces inflammation and recruited macrophages increase the level of 

VEGF-C in dura18,19,34,38.  

The role of lymphangiogenesis has still not been elucidated but, it is presumed that 

lymphangiogenesis may enhance the lymphatic drainage function by extended area. Ablation of 

the part of the lymphatic vessels in meninges showed drainage dysfunction in animal 

experiments34,38,42. On the other hand, VEGF-C injection promoted the drainage of the amyloid-



 

33 

 

beta in the Alzheimer’s disease mouse model43. Also, artificially induced lymphatic dysfunction 

by ligating dCLN was recovered with increasing lymphatic markers after injecting VEGF-C35. 

Although lymphangiogenesis occurred spontaneously by inflammation, it may recover or 

enhance meningeal lymphatic drainage function. 

In human, meningeal lymphatic vessels are mainly distributed around the dural venous sinus, 

especially running parallel to the regular venous and straight sinus as similar with mouse44. 

Additionally, as found in rodents, meningeal lymphatic vessels are found around the intrajugular 

vein and are linked to dCLN45. The relationship between meningeal lymphatic vessels and 

cSDH has not been researched yet in humans. If meningeal lymphatics drain hematoma, its 

distribution and expansion may help to treat cSDH.  

cSDH has no standard to predict patient prognosis so, the brain is periodically followed up by 

magnetic resonance imaging (MRI), and computed tomography (CT) until hematoma 

disappears. In some cases of SDH, hematoma in the parietal region relatively showed high 

occurrence rate with low spontaneous resolution than the other regions47. On the other hand, 

there was a report that only 5 patients among 24 patients showed spontaneous resolution of 

hematoma in the fronto-parietal region48. These reports suggest the possibility that the 

spontaneous resolution of hematoma may relate to the region. So, I expect that meningeal 

lymphatic distribution around the hematoma region may affect the resolution of hematoma and 

this can be a standard for predicting the patient prognosis. So far, people have studied the waste 

clearance pathway by imaging glymphatic-lymphatic system using MRI, CT, and positron 

emission tomography (PET)44,45,46. Therefore, lymphatic system imaging of SDH patients may 

need to study for the new standard.   

Moreover, enhancement of hematoma drainage by inducing lymphangiogenesis may help to 

treat cSDH in another way. Lymphangiogenesis is usually considered to enhancing the drainage 

function by extending its area. Like previous animal studies, induced lymphangiogenesis of 
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meningeal lymphatics can promote drainage function and it may accelerate the absorption of 

hematoma in humans. However, the patient needed surgical removal even though 

lymphangiogenesis was observed in the dura. It means that it is also necessary to prove that the 

newly formed sprouts and loops enhance the drainage function. Even if MMA embolization 

effectively reduces the blood supplying and blocks the re-growth of hematoma, existing 

hematoma needs to remove or absorb. Therefore, developing spontaneous resolution of 

hematoma by studying meningeal lymphatics can be suggested a novel treatment for cSDH 

patients. 
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Conclusion 

In conclusion, histopathological changes of vasculature in spontaneous recurrent cSDH were 

comprehensively evaluated. The increase of vessel density including arteries and, formation of 

the sinusoidal capillary in the neomembrane, and abundant lymphatic sprouts and loops were 

observed in the cSDH dura mater, suggesting neovascularization. Furthermore, the MMA in the 

periosteal layer was connected to relatively abundant arteries in the cSDH neomembrane. These 

results can support the main hypothesis of spontaneous recurrent cSDH and explain the 

therapeutic mechanism of MMA embolization.  
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요약(국문초록) 

 

재발한 만성 경막하 혈종에서 혈관 구조 

변화의 조직 병리학적 평가 
  

김 현 

분자의학 및 바이오제약학과 

서울대학교 융합과학기술대학원 

 

만성 경막하 혈종은 뇌경막하 공간에 출혈이 축적되어 혈종이 생기고 이 혈종이 

신생막으로 감싸져 있는 질환을 의미한다. 이 질환의 발생률은 노년층을 중심으로 

매년 증가하고 있는 추세이다. 혈종 제거 수술 후에도 해당 질환이 재발하는 

비율이 상당히 높다. 여전히 자연적으로 질환이 재발되는 원리는 밝혀지지 않고 

있으며, 이에 대한 표준 치료법이 확립되어 있지 않다. 만성 경막하 혈종의 자연적 

재발에서 밝혀지지 않은 문제들을 풀기 위해, 혈관 구조의 변화들을 중심으로 만성 

경막하 혈종 환자의 경막을 조직 병리학적으로 관찰하였다. 

환자들로부터 얻은 정상 경막과 만성 경막하 혈종의 경막을 서로 비교하였다. 

해당 연구에서는 주로 면역 염색 기법이 관 구조들을 시각화 하는데 이용되었으며, 

3 차원 구조로 경막의 모든 층을 관찰하기 위해서 조직 투명화 기법도 이용하였다. 

추가적으로, 투과전자현미경(TEM)은 모세혈관들과 해당 내피 세포들을 관찰하는 

데 사용되었다.  
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실험 결과, 만성 경막하 혈종 환자의 속판(meningeal dura)은 정상 경막에 

비해서 얇었다. 반대로, 경막 경계 세포 층은 환자의 경우 신생막으로 변화하기 

때문에 더 두껍게 관찰되었다. 환자의 신생막 층에서, 혈관이 차지하는 부피는 

정상적인 경막의 경계 세포 층에 있는 혈관의 부피에 비해서 5.9 배 밀도가 더 

높은 것을 확인했다. 그리고 sinusoidal 모세혈관 (sinusoidal capillary)이 신생막 

층에서 형성된 것을 TEM 을 이용해 관찰하였다. 또한, 환자의 신생막 층에서 

정상적인 경막의 경계 세포 층에 비해 5.4 배 높은 밀도의 동맥이 발견되었다. 해당 

동맥들은 중간뇌막동맥과 연결되어 있음을 확인했다. 추가적으로, sprout 와 loop 

구조의 형성을 통해서 림프관의 구조적 변화가 발생했음을 관찰했다. 정상에 

비해서 조직의 부피 당, 26.9 배 더 많은 sprout 와 58.8 배 더 많은 loop 구조가 

형성되어 있었다.  

따라서, 환자의 신생막 층에서는 혈관 밀도의 증가와 약하고 잘 새는 구조의 

모세혈관이 관찰되었고, 이는 만성 경막하 혈종 발생 시, 경막에서 신생혈관이 

형성됨을 의미한다. 특히, 중간뇌막동맥과 신생막에서 밀도가 높은 동맥간 연결성이 

조직학적으로 확인되었다. 이는 아마도 만성 경막하 혈종이 재발하는 원인에 대한 

가설을 뒷받침하고, 더 나아가 중간뇌막동맥 색전술을 이용한 치료법의 효과 

원리를 설명할 수 있을 것이다. 

 

주요어: 만성 뇌경막하 혈종, 뇌경막, sinusoidal 모세혈관 구조, 중간뇌막동맥, 

신생 혈관 형성, 신생 림프관 형성 

학 번: 2019-28947   
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