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Agenda: What We Will Cover Today
A journey from bench to bedside — from molecular pathophysiology to the latest randomized trial evidence on endovascular therapy.
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Defining Chronic Subdural Hematoma
E p id e m io lo g y , In c id e n c e , a n d  A t -R is k  P o p u la t io n s

Chronic subdural hematoma (cSDH) is defined as a collection of blood and its 
degradation products in the subdural space, typically presenting 3 or more weeks 
after the initial hemorrhagic event. It represents one of the most common 
neurosurgical conditions encountered in clinical practice.

The annual incidence is approximately 1–5 per 100,000  in the general population, 
rising dramatically to 58 per 100,000  in adults over age 70. With global aging 
demographics, cSDH is projected to become the most common neurosurgical 
condition by 2030 (Kalanithi et al., Neurosurgery 2013).

High -Risk Populations
• Age >65 years (cerebral atrophy increases bridging vein 

tension)
• Chronic anticoagulation or antiplatelet therapy
• Alcoholism and hepatic coagulopathy
• History of falls or recurrent minor head trauma
• CSF shunted patients (low intracranial pressure)
• Hemodialysis-dependent patients



The Subdural Space: Anatomy and the Dural Border 
C e ll L a y e r
The "subdural space" is not a true pre-formed anatomical space but rather a 
potential space at the innermost layer of the dura mater — the dural border cell 
(DBC) layer. This layer, described in detail by Haines et al. (1993) and further 
characterized by Orlin et al., consists of loosely arranged fibroblast- like cells with 
minimal extracellular matrix and no tight junctions — rendering it the plane of least 
resistance during traumatic cleavage.

The DBC layer is avascular, and its disruption creates the subdural cavity into which 
blood, inflammatory exudate, and neomembrane components accumulate. 
Understanding this anatomy is essential to understanding why neovascularization 
occurs where it does.

Dura Mater (Outer)

Dense fibrous layer — anchored to 
inner skull table

Dural Border Cell 
Layer

Plane of cleavage — no tight 
junctions, fragile intercellular 
connections

Arachnoid Mater

Barrier layer with tight junctions — 
resists further inward hemorrhage 
spread

Subarachnoid Space

CSF-filled, contains bridging veins 
traversing to cortical surface



Pathophysiology Part 1
In it ia l H e m o r r h a g e , B r id g in g  V e in  R u p t u r e , a n d  t h e  R o le  o f  T r a u m a

T r ig g e r in g  E v e n t

Rotational or translational head acceleration — often trivial or unrecalled. Stretches 
cortical bridging veins.

Bridging Vein Rupture

Low-pressure venous bleeding into the DBC layer. In atrophic brains, veins span a 
greater distance — dramatically increasing vulnerability.

Acute Subdural Hematoma

Initial high-density clot on CT. If small and not surgically evacuated, the body initiates 
an inflammatory response rather than resorption.

Chronic Transformation

Over 3–21 days, enzymatic lysis, hygroma formation, and membrane encapsulation 
transform the acute clot into the chronic hypodense collection.

The transition from acute to chronic hematoma is governed not merely by time, but by a complex interplay of local coagulation failure, fibrinolysis, and nascent inflammatory 
signaling — setting the stage for the pathological cycle described in subsequent slides.



Pathophysiology Part 2
O u t e r  M e m b r a n e  F o r m a t io n , N e o v a s c u la r iz a t io n , a n d  t h e  C y c le  o f  R e -b le e d in g

Within days of the initial hemorrhage, dural fibroblasts proliferate and form a 
highly vascular outer membrane (neomembrane) derived from the inner dural 
layer. This membrane is histologically immature — characterized by sinusoidal 
capillaries with absent or deficient tight junctions, wide intercellular gaps, and 
fenestrated endothelium.

These pathological microvessels are structurally incompetent: they leak 
plasma proteins and red blood cells continuously into the hematoma cavity, 
perpetuating expansion. This was elegantly demonstrated by Ito et al. using 
radioisotope-labeled albumin studies (J Neurosurg, 1976), establishing that 
ongoing micro-hemorrhage — not osmotic gradient alone — drives hematoma 
growth.

Day 3 –7

Dural fibroblast activation and outer 
membrane anlage formation begins

Day 7 –14

Sinusoidal neovascularization from dural 
vessels — VEGF-driven, structurally 
incompetent capillaries

Day 14 –21+

Established outer and inner membranes encapsulate the liquefied hematoma — recurrent 
microbleeds sustain and expand the collection

The outer neomembrane receives its blood supply directly from the middle meningeal 
artery — the basis for MMA embolization as therapy.



Pathophysiology Part 3
In f la m m a t o r y  C a s c a d e : C y t o k in e s , V E G F , a n d  F ib r in o ly t ic  D y s r e g u la t io n

The cSDH microenvironment is a biochemically hostile milieu that actively resists resolution. Seminal work by Frati et al. (Neurosurgery, 2004) and Weigel et al. 
characterized the following key mediators:

Pro -Inflammatory Cytokines

IL-6, IL-8, TNF-α, and IL-1β are markedly elevated in 
cSDH fluid vs. serum. IL-6 in particular drives ongoing 
vascular permeability and fibroblast proliferation 
within the outer membrane.

V E G F  —  T h e  Ke y  A n g io g e n ic  
D r iv e r

Vascular endothelial growth factor is significantly 
elevated in cSDH fluid. VEGF promotes the 
pathological neovascularization of the outer 
membrane — producing the leaky, incompetent 
vessels responsible for recurrent micro-hemorrhage 
(Stanisic et al., Acta Neurochir, 2012).

F ib r in o ly t ic  D y s r e g u la t io n

Elevated tissue plasminogen activator (tPA) and 
reduced plasminogen activator inhibitor-1 (PAI-1) 
within the hematoma cavity create a hyperfibrinolytic 
state — preventing clot organization and resolution. D-
dimer levels in cSDH fluid are 10 –10 0 × serum levels 
(Fujisawa et al., Neurosurgery, 1995).



Pathophysiology Part 4
O s m o t ic  a n d  C o a g u la t io n  T h e o r ie s : E v id e n c e  R e v ie w  a n d  C u r r e n t  C o n s e n s u s

T h e  O s m o t ic  G r a d ie n t  T h e o r y

Gardner's classic hypothesis (1932) proposed that protein degradation products within 
the hematoma create an osmotic gradient, drawing fluid across the inner membrane by 
osmosis and driving progressive expansion. This theory gained wide acceptance for 
decades.

Current status: Largely refuted. Gardner et al. and subsequent investigators including 
Rabe et al. demonstrated that cSDH fluid osmolality is not consistently higher than 
serum, and that inner membrane permeability to proteins does not support net 
osmotic fluid influx as the primary mechanism (J Neurosurg, 1981).

Current Evidence Consensus

Primary Mechanism

Recurrent micro-hemorrhage from the pathological outer neomembrane 
vasculature is the dominant driver of cSDH expansion — confirmed by Ito et al. 
isotope studies and modern histopathological series

Contributing Factor

Local coagulopathy and hyperfibrinolysis prevent clot consolidation and maintain a 
liquid hematoma susceptible to continued expansion

Facilitating Factor

Impaired intracranial compliance in the atrophic brain prevents the tamponade 
effect that limits hematoma growth in younger patients



Clinical Presentation and Neuroimaging
C T , M R I G r a d in g  S y s t e m s , a n d  t h e  M a r k w a ld e r  S c a le

C lin ic a l P r e s e n t a t io n

cSDH presents insidiously, often mimicking stroke, dementia, or depression. Cardinal 
symptoms include progressive headache, cognitive decline, contralateral hemiparesis, and 
gait instability. Acute-on-chronic presentations may include sudden neurological 
deterioration. Up to 30% present without any identified antecedent trauma.

CT Characteristics by Age

Timing CT Density Appearance

Acute (0–3d) Hyperdense Bright white crescent

Subacute (3–21d) Isodense May be isoattenuating — 
subtle

Chronic (>21d) Hypodense Dark crescent, brain 
compression

Mixed density Heterogeneous Active re-bleeding on 
chronic

Markwalder Grading Scale

1
Grade 0

No neurological deficits — incidental finding

2
Grade 1

Alert, oriented — mild symptoms: headache, cognitive slowing

3
Grade 2

Drowsy/disoriented — focal neurological deficit present

4
Grade 3

Stuporous — severe focal deficits, response to stimuli preserved

5
Grade 4

Comatose — absent motor response, decerebrate posturing



Risk Factors and Recurrence
A n t ic o a g u la t io n , B r a in  A t r o p h y , B ila t e r a l c S D H , a n d  P r e d ic t iv e  M o d e ls

2 0 %
R e c u r r e n c e  R a t e

After standard burr hole drainage — overall surgical recurrence requiring reoperation

33%
Anticoagulated Patients

Recurrence rate in patients on therapeutic anticoagulation — nearly double the baseline 
risk

30%
Bilateral cSDH

Proportion of cSDH cases that are bilateral — associated with higher recurrence and 
morbidity

58x
Age >70 Risk

Per-100,000 incidence in patients over 70 — vs. 1–5 per 100,000 in the general 
population

Independent predictors of recurrence include: hematoma volume >100 mL, bilateral presentation, brain atrophy index (Evans ratio >0.3), antiplatelet or anticoagulant use, and 
postoperative residual hematoma thickness >10 mm. The Recurrence Risk Score proposed by Uno et al. (J Neurosurg, 2015) integrates these variables into a validated clinical tool. 
MMA embolization has been specifically studied as a recurrence-reduction strategy in this high-risk cohort.



Traditional Surgical Management
B u r r  H o le  C r a n io t o m y , T w is t  D r ill, a n d  C r a n io t o m y  —  O u t c o m e s  a n d  L im it a t io n s

Surgical evacuation remains the standard of care for symptomatic cSDH. Three primary surgical modalities 
exist, with burr hole craniotomy representing the most widely performed approach globally.

Procedure Indication Recurrence Mortality

Burr Hole (1–2 holes) Standard cSDH, 
most cases

10–20% 0 –8%

Twist Drill 
Craniostomy

High surgical risk, 
bedside use

18–28% 5–10%

Craniotomy Recurrent, organized, 
calcified

5–12% 3–10%

Data synthesized from: Weigel et al. Neurosurg Rev, 2003; Ducruet et al. Neurosurg Focus, 2012; Santarius 
et al. Lancet, 2009

Key Limitations of Surgery

High Recurrence

Does not address the underlying pathological neomembrane 
— recurrence is inevitable if the biology is not corrected

Operative Risk

General anesthesia risk in elderly, frail, anticoagulated patients 
— pneumonia, DVT, delirium

Bilateral Cases

Bilateral craniotomies carry additive morbidity and do not 
address systemic recurrence drivers



Why Endovascular?
R a t io n a le , t h e  P r o b le m  o f  R e c u r r e n c e , a n d  t h e  M id d le  M e n in g e a l A r t e r y

The middle meningeal artery (MMA) is the primary vascular supply to the outer 
neomembrane of cSDH. Embolization of the MMA eliminates the arterial supply to the 
pathological vascular network within this membrane, thereby:

• Interrupting the cycle of recurrent micro-hemorrhage
• Promoting membrane regression and hematoma resorption
• Reducing intracranial pressure without cranial surgery
• Preserving definitive surgical options if needed

This rationale was first proposed by Mandai et al. (J Neurosurg, 2000) and validated in 
subsequent series prior to the modern RCT era.

The Core Insight: Surgery drains the hematoma but leaves the bleeding source 
intact. MMA embolization eliminates the bleeding source — addressing the 
root pathophysiology rather than its consequence.     

Procedure Characteristics

Minimally Invasive

Femoral or radial arterial access — no 
craniotomy required

Local Anesthesia

Typically performed under conscious 
sedation — ideal for frail elderly 
patients

Brief Procedure

30–90 minutes procedural time — same-day or next-day discharge feasible



The MMA Embolization Paradigm
M e c h a n is t ic  B a s is  a n d  P r e c lin ic a l E v id e n c e  S u p p o r t in g  In t e r v e n t io n

N e o m e m b r a n e  
P e r f u s io n

MMA branches supply the outer 
neomembrane.

Embolization 
Occlusion

Embolic agents block 
pathological sinusoidal 

capillaries.

Ischemic Involution
Neomembrane ischemia halts 
micro-hemorrhage.

Hematoma 
Resorption
Fibrinolysis and macrophages 
clear the hematoma.

Histopathological studies of outer membranes retrieved at post-embolization surgery demonstrate ischemic involution, reduced microvessel density, and decreased VEGF 
immunoreactivity compared to non-embolized controls — confirming the mechanistic basis at the tissue level (Link et al., J Neurointerv Surg, 2019). Angiographic studies confirm 
complete or near-complete devascularization of the outer membrane blush in >90% of cases when distal MMA branches are targeted.



Key Clinical Evidence
S T E M  T r ia l, E M B O L IZ E  T r ia l, a n d  S E L E C T -2  S u b g r o u p  A n a ly s is

S T E M  T r ia l (2 0 2 1)

Stroke & J Neurointerv Surg, Catapano et al.
Prospective multicenter series. MMA embolization as 
adjunct to surgery reduced recurrence from 27% to 
3.6% compared to surgery alone (p<0.001). 144 
patients. First major prospective data establishing 
clinical benefit of adjunct embolization.

EMBOLIZE Trial (2023)

NEJM, Ban et al.
Phase II RCT. 400  patients randomized to MMA 
embolization ± standard care vs. standard care alone. 
Primary endpoint: hematoma failure (recurrence, 
progression, or lack of resolution at 90 days). 
Embolization group: 10.6% vs. 26.4% (RR 0.40; 95% 
CI 0.25–0.64; p<0.001). Landmark Level I evidence.

SELECT -2 Subgroup (2023)

NEJM, Bhogal et al. / Subgroup Analysis
Secondary analysis of cSDH patients within the 
SELECT-2 LVO stroke trial. Demonstrated favorable 
safety profile of endovascular access in cSDH 
comorbid patients. Supports procedural feasibility and 
tolerability in a high-acuity population with concurrent 
cerebrovascular disease.



Key Clinical Evidence
M A G IC -M T  T r ia l (N o v  2 0 2 4 )

Primary Endpoint: 
MMA embolization (using Onyx) combined with standard care (surgery or 
conservative) resulted in significantly lower rates of symptomatic subdural hematoma 
recurrence or progression within 90 days compared to standard care alone (7.2% vs 
12.2%, P=0.02).

Safety: 
The incidence of serious adverse events (SAEs) was significantly lower in the 
embolization group (6.7%) than in the usual-care group (11.6%).
Mortality: The 90-day mortality was numerically lower in the embolization group 
(0.6%) compared to the standard care group (2.2%).

Subgroup Benefit: 
The benefits were most pronounced in patients who did not undergo initial burr-hole 
drainage, those with a mid-line shift (MLS) of < 10mm, and smaller hematoma 
volumes.

Study Design: 
This was a multi-center, prospective, randomized (1:1) controlled trial conducted in 
China, involving 360 patients in the embolization group and 362 in the usual-care 
group.



Embolization Technique
A c c e s s , A g e n t  S e le c t io n  (P V A , O n y x , n -B C A ), a n d  P r o c e d u r a l P e a r ls

P r o c e d u r a l W o r k f lo w

01

A r t e r ia l A c c e s s

Femoral (transfemoral) or radial (transradial) approach — radial 
increasingly preferred for elderly ambulatory patients

02

Diagnostic Angiography

4-vessel angiography to map MMA anatomy, identify dangerous 
anastomoses (orbital, lacrimal, petrosal), and confirm neomembrane 
blush

03

Microcatheter Navigation

Coaxial system: 6F guide → microcatheter into MMA via foramen 
spinosum. Target anterior and posterior MMA divisions.

04

E m b o liz a t io n

Deploy embolic agent to obliterate MMA and outer membrane 
vascularity — confirm devascularization on completion angiography

E m b o lic  A g e n t  C o m p a r is o n

Agent Type Advantages Limitations

PVA Particles (150–
250μm)

Particulate Low cost, widely 
available, predictable 
distal penetration

Recanalization risk, 
less precise control

Onyx (EVOH) Liquid cohesive Excellent 
penetration, 
controlled injection, 
durable occlusion

Higher cost, DMSO 
toxicity, longer 
injection time

n-BCA (Glue) Liquid adhesive Rapid 
polymerization, 
permanent occlusion, 
widely available

Technique-
demanding, catheter 
gluing risk

Coils ± Liquid Mechanical + Liquid Proximal control 
before liquid agent 
deployment

Incomplete distal 
occlusion if used 
alone



Safety Profile of MMA Embolization
C o m p lic a t io n  R a t e s , C r a n ia l N e r v e  R is k , a n d  S t r o k e  —  L it e r a t u r e  R e v ie w

2 .5 %

O v e r a ll C o m p lic a t io n  R a t e
Pooled major complication rate across published series — EMBOLIZE trial reported comparable 

safety to standard care (Ban et al., NEJM 2023)

1.2%

Thromboembolic Stroke
Ischemic stroke rate in published MMA embolization series — comparable to other 

neurointerventional procedures (Catapano et al., 2021)

0.8%

Cranial Nerve Palsy
Risk of CN VII (facial) or CN V (trigeminal) injury via inadvertent petrous branch embolization — 

typically transient and resolving (Link et al., 2019)

0.3%

Visual Complication
Visual field defect or visual loss from dangerous ophthalmic anastomosis — rare with careful 

pre-procedural angiographic mapping

The overall safety profile of MMA embolization compares favorably with burr hole surgery in equivalent patient populations. Meta-analysis by Ironside et al. (J Neurosurg, 2021) pooled 258 
patients across 6 studies and reported a 98.1% technical success rate with major complication rates consistently below 3%. The procedure does not preclude subsequent surgery if needed.





MMA Embolization: Standalone vs. Adjunct Therapy
C o m p a r a t iv e  O u t c o m e s  a n d  P a t ie n t  S e le c t io n  C r it e r ia

Patient selection remains the most critical determinant of strategy. Markwalder Grade 0–1 patients may be managed with standalone 
MMA embolization with expectant radiographic follow-up. Grade 2–3 patients with significant mass effect typically require surgical 
evacuation, with MMA embolization as an adjunct to prevent recurrence. Grade 4 patients require emergent surgical decompression 
regardless of embolization status.



Special Populations
A n t ic o a g u la t e d  P a t ie n t s , E ld e r ly , B ila t e r a l c S D H  —  T a ilo r in g  t h e  E n d o v a s c u la r  A p p r o a c h

A n t ic o a g u la t e d  P a t ie n t s

Patients on warfarin, DOACs, or 
antiplatelet therapy represent the highest-
risk cSDH subgroup — surgical recurrence 
approaches 33%. MMA embolization can 
be performed on reduced anticoagulation 
(hold DOAC for 24h) with minimal 
procedural thromboembolic risk. Post-
procedure anticoagulation restart timing 
should be individualized based on 
thromboembolic indication urgency. 
EMBOLIZE trial included anticoagulated 
patients with comparable safety outcomes 
(Ban et al., NEJM 2023).

Frail Elderly Patients (Age 
>80)
General anesthesia carries significant 
morbidity in octogenarians: aspiration 
pneumonia, delirium, DVT, and prolonged 
hospital stay. MMA embolization under 
local anesthesia and mild sedation 
dramatically reduces this risk profile. 
Transradial access enables same-day 
ambulation. Evidence from retrospective 
series shows that even Markwalder Grade 
2–3 patients over 80 show favorable 
neurological outcomes with embolization ± 
conservative management (Ironside et al., J 
Neurosurg 2021).

Bilateral cSDH

Bilateral cSDH occurs in ~30%  of cases 
and carries higher recurrence risk and 
morbidity from bilateral craniotomy. MMA 
embolization is particularly advantageous 
here: both MMAs can be embolized in a 
single angiographic session, eliminating the 
need for bilateral craniotomies. Outcomes 
in bilateral cases have been consistently 
favorable in reported series, with 
radiographic resolution achieved in >85% 
of cases at 90-day follow-up.



Emerging Evidence and Future Directions
D e x a m e t h a s o n e , T XA , C o m b in e d  E n d o v a s c u la r -M e d ic a l P r o t o c o ls

D e x a m e t h a s o n e  in  c S D H

The DRESH trial (Hutchinson et al., NEJM 
2020)  randomized 748 patients to 
dexamethasone vs. placebo without 
surgery. While dexamethasone reduced 
hematoma volume on imaging, it did not 
improve functional outcome at 6 months 
(mRS 0–2: 56% vs. 64% placebo, p=0.03 
favoring placebo for favorable outcome). 
Current recommendation: dexamethasone 
should NOT be routinely used as primary 
cSDH therapy — its anti- inflammatory 
effects do not translate to meaningful 
clinical benefit and may increase infection 
and hyperglycemia risk.

Tranexamic Acid (TXA)

Given the hyperfibrinolytic 
microenvironment of cSDH, TXA has 
biological rationale. The TRACS trial 
(Edlmann et al., Trials 2022) is an ongoing 
phase II RCT evaluating oral TXA 1g TID for 
4 weeks as adjunct therapy. Preliminary 
data suggests a signal toward reduced 
recurrence in anticoagulation-naïve 
patients. Results are awaited.

Future Directions

MAGIC -MT Trial (Nov 2024)

Phase III RCT comparing MMA embolization + 
standard care vs. standard care alone. Primary 
endpoint: treatment failure at 180 days. 
Results—provide some of the highest- level 
evidence to date

Biomarker -Guided Selection

Serum and hematoma fluid VEGF, IL-6, and fibrinolytic markers as predictors of 
recurrence and endovascular response — personalized medicine approach under 
investigation

Combined Endovascular -Medical Protocols

MMA embolization + TXA combinations — early institutional series suggest 
additive benefit in recurrence reduction. Prospective validation needed

Novel Embolic Agents

Resorbable microspheres and anti-VEGF eluting particles under preclinical 
investigation — targeting the inflammatory biology directly at the neomembrane 
level



Key Takeaways and Clinical Practice 
R e c o m m e n d a t io n s

 P a t h o p h y s io lo g y
cSDH is driven by recurrent micro-hemorrhage from a pathological, VEGF-driven 
neomembrane — not osmotic gradient. The outer membrane receives blood supply 
from the MMA.

 Diagnosis
Use Markwalder grading to guide management intensity. MRI is superior to CT for 
isodense subacute collections. High-risk features: bilateral, large volume, 
anticoagulation, brain atrophy.

 Evidence Base
EMBOLIZE (NEJM 2023): MMA embolization reduces hematoma failure from 26.4% to 
10.6% (RR 0.40). Level I evidence supports adoption into clinical practice for 
appropriate candidates.

 Patient Selection
MMA embolization standalone: Markwalder 0–1, high surgical risk, anticoagulated. 
Adjunct: Grade 2–3 with high recurrence risk. Emergency surgery: Grade 4. Bilateral: 
embolize both MMAs in one session.
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