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Outline of Talk 
ÅEmbryology and development of meninges 
ÅAnatomy of meninges 
ÅPost-natal changes in meninges 
ÅOrigin of subdural hemorrhage (SDH) 
ïAdults 
ïInfants 

ÅEvolution of acute to chronic SDH 
ïPathology 
ïRadiographic changes 

ÅSelected meningeal disorders with bleeding 
ÅRole of Hypoxia in Dural Hemorrhage 



Embryology of Meninges 

ÅStage I: 
ïClosure of cephalic neural tube (embryonic day 24) 

ïDiffuse surrounding mesenchymal cells, ground 
substance, reticulum between neural tube and 
overlying prospective cutaneous ectoderm 

ïOrigin of vascular elements along deeper surface of 
reticulum having tight junctions, basal lamina, 
pinocytotic vesicles and microvilli, and which 
penetrate brain 

ïVascular tunic coalesces into discreet vessels 



Embryology of Meninges 

ÅStage II: 
ïFormation of discrete mesenchymal layers 
ÅCompact cellular layer (outermost) 

ÅLoose cellular layer 

ÅVascular tunic evolving into discrete blood vessels 

ÅNeuroepithelium (innermost) 

ïCompact layer forms skull, dura and arachnoid 

ïLoose layer forms subarachnoid space and pia 

ïEnds with identification of meninges and 
subarachnoid space 



Embryology of Meninges 

ÅStage III 

ïCompact layer splits into outer (dura) and inner 
(arachnoid) layers 

ïProgressive change in cell morphology from deep 
to superficial layers 

ÅProgressively more dense cells 

ÅIncreasing rough endoplasmic reticulum 

ÅIncreasing collagen fibrils between cells 

ïNo clear boundary between two layers 



Embryology of Meninges 

ÅStage III (continued) 
ïDeepest portion of compact layer forms 5-6 layers 

of cells ς outer arachnoid (embryonic day 57) 

ïCollagen fibrils in compact layer become more 
organized and interwoven over time 

ïCells in outermost compact layer differentiate to 
form osteoblasts and become skull 

ïWithin the loose portion cellular processes 
connect adjacent cells and ensheath blood vessels 
in subarachnoid space and brain 



Embryology of Dural Vasculature 

ÅDuring 7th to 12th fetal weeks blood vessels from 
the innermost mesenchymal layer invade brain 
from superficial to deep 
ÅCells of vessels are originally exposed directly to 

extracellular space, not separate from neurons 
and glia. Glial processes later envelop vessels to 
establish blood brain barrier 
ÅRapid canalization of vessels 
ÅFinal establishment of vessel networks and 

anastomoses, with selection of vasculature and 
regression/elimination of other pathways 



Embryology of Dural Vasculature 

ÅInitial common plexus of vessels splits in first 
trimester into two discrete systems 

ïDural system 

ïPial system 

ÅMost anastomoses between the two systems 
are eliminated  

ÅThose that remain form 10-18 bridging veins 



Embryology of Dural Vasculature 

ÅDural channels develop within the outer compact meninx 
later than arteries 

ÅChannels coalesce to form venous sinuses 
ïStage I: Formation of capital venous plexus 

ïStage II: Formation of anterior, middle, and posterior venous 
stems that drain into primary head sinus and thence to anterior 
cardinal vein 

ïStages III, IV: Dural sinuses and primitive jugular vein  migrate 
laterally with growth of cerebrum and cerebellum 

ïStage V: Formation of sigmoid sinus 

ïStage VI: formation of external jugular system and vein of Galen 

 
 



Fetal and Post-Natal Dural Maturation 

ÅSagittal venous plexus in falx cerebri 

ÅDominant channel forms superior sagittal sinus dorsally 

ÅInferior falcine plexus forms inferior sagittal and 
straight sinuses  
ïStraight sinus also receives contributions from tentorium 

Å A primitive falcine sinus connects inferior sagittal sinus 
and straight sinus to SSS within dural leaves of falx 
ïOrdinarily disappears before birth 

ïFailure of straight sinus development can lead to its 
persistence (usually with other anomalies) 



Persistent Falcine Sinus 



Fetal and Post-Natal Dural Maturation 

ÅFalcine venous network persists post-natally 
and into senescence (Tubbs, JNS, 2007) 
ïPresent in all 27 cadaver specimens 60-88 y/o 

ïAverage 0.6 mm in size (0.5-11 mm) 

ÅNo connections with cortical bridging veins 

ÅDivided into three subtypes 
ïType I: No communication with SSS 

ïType II: Limited connections with SSS 

ïType III: Significant communications with SSS 



Falcine Venous Plexus 



Falcine Venous Plexus 

Type I Type II 

Type III 



Anatomy of Meninges 
ÅExternal venous system 

ïCortical draining veins 
ÅLabbé (temporal) 

ÅTrolard (parietal) 

ÅMiddle meningeal 

ïSphenoidal sinuses 

ïCavernous sinus 

ïSuperior sagittal sinus 



Anatomy of Meninges 
ÅInternal venous system 

ïBasal veins of Rosenthal (2) 

ïInternal cerebral veins (2) 

ïSuperior cerebellar vein (1) 

ïVein of Galen 

ïInferior sagittal sinus 

ïStraight sinus 

ïTentorial veins 



Anatomy of Meninges 
ÅPosterior Fossa veins 

ïSuperior, inferior petrosal 
veins and sinuses 

ïSuboccipital sinus 

ïCircular sinus 

ÅCommon venous system 

ïTorcular 

ïLateral (transverse) sinus 

ïSigmoid sinus 

ïJugular vein 



Anatomy of Meninges 

Lateral Lacunae 
(Parasagittal dural 
venous channels) 

Arachnoid 
granulations 

Bridging veins 

Skull 

Dura 

Superior 
Sagital Sinus 

Arachnoid 

Subarachnoid 
space 

Emissary veins 

Falx Cerebri 



Anatomy of Meninges 

Bridging vein 

Venous lacunae within dura 

Arachnoid 
Granulations 

Venous 
Lacunae 



Anatomy of Meninges 

Bridging veins 
Deep to venous lacunae 

Venous lacunae 



Anatomy of Meninges 

ÅPresence of multiple parasagittal intradural 
endothelial lined channels connecting to both 
SSS and lateral lacunae 

ÅIntradural channels increase with advancing 
age, much more prominent in adults 

ÅChannels are associated with extensive 
trabecular parasagittal dural network 

 

Fox et al 
Neurosurgery 1996 



Arachnoid Granulations 

ÅAlmost entirely absent in infants 

ÅBecome more numerous over first 7-8 months 

ÅBy 2 years, histologically similar to adults 

ÅInvaginate into both dural sinus and lateral 
lacunae 

ÅAlso closely associated with parasagittal dural 
channels and trabecular meshwork 

ÅArachnoid is very adherent at these sites 

 



Arachnoid Granulations 



Arachnoid Granulations 

A and B: parasagittal dura 
from 35 year old. 
Arachnoid granulations 
stripped off of trabecular 
dural network 

C: parasaggital dura from 
term infant. 
Arachnoid easily stripped, 
no arachnoid granulations 

Fox et al 
Neurosurgery 1996 



Anatomy of Meninges 

ÅBridging veins have subarachnoid and subdural 
segments that differ histologically: 
ïGreatest variability in thickness in subdural segment 

(10- 600 µm) compared with subarachnoid segment 
(50-200 µm) 

ïMore loosely woven collagen fibers 

ïCollagen more circumferentially arranged (less 
longitudinal strength) 

ïNot invested with arachnoid trabecular cells 

ÅMay explain preferential SDH without SAH 

Yamashima and Friede; J Neurol, 
Neurosurg Psychiatr 1984 



Trabeculae of the Subarachnoid Space 

Dura and Arachnoid 

Subarachnoid trabeculae 

Pia mater 

Blood vessel (subarachnoid 
segment) invested in 
subarachnoid trabeculae 



Infant Acute Subdural Hemorrhage: 
ά! ¢ŀƭŜ ƻŦ ¢ǿƻ Subduralsέ 

ÅLarge (surgical) SDH, 
convexity 

ÅHigh speed significant 
mechanism, rare in AHT 

ÅRarely in long and short falls 
(present in ¾ of deaths in one 
series (Hall, J Trauma 1999) 

ÅMay produce lucid interval 
ÅActively bleeding site found in 

significant number 
ïBridging vein, sinus laceration 
ïCortical artery 

ÅSAH not uncommon 
ÅLess commonly associated 

with retinal hemorrhages 
 



Infant Acute Subdural Hemorrhage: 
ά! ¢ŀƭŜ ƻŦ ¢ǿƻ Subduralsέ 

Å Thin (skim) subdural 
Å High convexity, interhemispheric, tentorial 
Å Frequent in AHT (~80% of AHT cases)) 
Å Commonly associated with RH 
Å Hypoxic-ischemic brain injury out of 

proportion to SDH 
Å High mortality 
Å No lucid interval (either awake or comatose) 
Å ? Bleeding source 
ïSmaller bridging veins? 
ï Torn arachnoid villi/parasagittal dural venous 

plexus? 
ï Falcine/ tentorial intradural venous plexus? 

 



Anatomy of Meninges 

ÅElectron Microscopy of Dura and Arachnoid 

ïOuter layer consists of densely woven extracellular 
collagen fibers with few cells 

ïInner (dural border cell) layer (DBC) 

ÅMore electron dense cells 

ÅFlat cells with elongated nuclei, thin interdigitating processes 

ÅComplete ABSENCE of collagen 

ÅGap junctions, desmosomes, but NO TIGHT JUNCTIONS 

ÅLarge extracellular cisterns filled with amorphous material 

ïLack of coherence within this DBC layer 

Schachenmayr and Friede, 
Am J Pathol 1978 



Transition Zone between Outer Dura 
and DBC Layer 

Outer collagenous dura 

Dural Border Cell Layer 

Transitional Zone 



Anatomy of Meninges 

ÅDura-Arachnoid Interface 

ïBetween DBC layer and Arachnoid Barrier Layer 

ïNo clear-cut boundary 

ïTightly adherent intercellular connections 

ïLittle adherence between DBC and outer dura, 
nor between arachnoid interface and deeper 
arachnoid 

ïComplete lack of collagen 



Anatomy of Dura-Arachnoid Interface 

Outer collagenous dura 

DBC Layer 

Arachnoid Barrier Layer 

Subarachnoid Space 



Anatomy of Meninges 

ÅArachnoid Barrier Layer 

ïCompact arrangement of cells 

ïUnderlying basal lamina separating Arachnoid 
Barrier Layer from deeper arachnoid 

ïCharacteristic numerous tight junctions (in 
contrast to DBC) 

ïDesmosomes, intermediate and gap junctions 



Anatomy of Meninges 

Dural Border Cell Layer 

Arachnoid Barrier Layer 
(between arrowheads) 

Tight Junctions 

Desmosomes 

Collagen 

Basal lamina 



Creation of Subdural Hematoma 

ÅStrong attachments between DBC and Arachnoid 
Barrier Layer preclude separation 

ÅInstead, SDH is created by cleavage within the 
5ǳǊŀƭ .ƻǊŘŜǊ /Ŝƭƭ [ŀȅŜǊΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ƴŜŀǊ ƛǘΩǎ 
attachments to the outer collagenous dura  
ïSome dural border cells end up on both sides of the 

evolving subdural hematoma 
ÅAdjacent to collagenous dura 

ÅAdjacent to deeper arachnoid membrane 

Å¢ŜŎƘƴƛŎŀƭƭȅ ƛǘΩǎ ŀƴ intradural hematoma 



Creation of Subdural Hematoma 



Creation of Subdural Hematoma 

Mack, Squire, Eastman 
Pediatr Radiol 2009 

Intradural hematoma 



Subdural Hygroma 

ÅHypodense subdural collection 

ïIsodense on CT; isointense to CSF on all 
MRI imaging sequences, no membrane 

ïaŀȅ ŀƭƭŜƎŜŘƭȅ ƻŎŎǳǊ ΨǎǇƻƴǘŀƴŜƻǳǎƭȅΩ ƻǊ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ 
minor trauma 

ïComposition not identical to CSF (Wetterling 1988) 

ÅRBC counts higher than CSF but < 10,000/mm3 

ÅWBC counts not significantly different than CSF 

ÅTP, albumin, IgG all higher 

Å̡  transferrin found in 4/6 samples 

Wetterling et al. 
Acta Neurochirurgica 1988 



Subdural Hygroma to C-SDH? 

ÅSDHy thought to be due to traumatic separation of arachnoid 
and dura 
ïAllows CSF access through arachnoid barrier layer and into DBC 

layer 
ïExpansion may require intracranial hypotension 
ÅCSF drainage (iatrogenic or spontaneous), atrophy, ?mannitol 

ÅSome C-SDH in adults arise from recurrent bleeding into 
subdural hygroma 
ïC-SDH less common following severe TBI with A-SDH but more 

common following trivial trauma 
ïHygroma visible on CT average 14 days after injury 
ïGenerated C-SDH average 102 days after injury 

ÅUnknown how often this occurs in infants 





SD Hygromas vs C-SDH 

Å75 patients (mean 73 yrs) with C-SDH (brown-
bloody, 89%) or SDHy (clear, 11%) fluid 

Å̡  transferrin measured in both 
subdural fluid and serum 

ÅElevated ̡  transferrin (> 2 times serum levels) in 
94% of C-SDH and 100% of Hygromas (NS) 

ÅBoth absolute ̡  transferrin levels and 
subdural/serum ratios lower in C-SDH than SDHy 
(p <.01) indicating less CSF 

Kristof et al 
JNS 2008 



CSF within C-SDH 

ÅInjection of radiolabeled 99Tc via LP in 5 infants 
undergoing drainage of subacute or chronic 
SDH 

ÅTracer recovered from SD fluid within 
3-24 hours 

 

Zouros et al 
JNS, 2004 



CSF Within SDH 

ÅThree potential mechanisms for accumulation of 
CSF within subdural hematoma 

ïTears in arachnoid membrane 

ÅHigh prevalence of some preceding trauma  

ÅDirect intra-operative identification of arachnoid tears 

ïExudate/diffusion through arachnoid barrier layer 
and inner membrane (no evidence for or against) 

ïDirect extension into SDH from adjacent intradural 
channels (Squier/Mack) 

Kristof et al 
JNS 2008 



Infant SDH 

ÅInfants have fewer parasagittal dural channels 
ïCSF within SDH less likely to be direct dural leakage 

ÅInfants < 7 mos have few arachnoid granulations 
ïArachnoid easily torn from dura in parasagittal region 

ÅSubarachnoid space is larger in infants than in 
adults 
ïNormally up to 5 mm at convexity and 

interhemispheric fissure 
ÅPeaks at 7 months post-natal 

ÅProgressive decline thereafter until age 2, stable thereafter 



Infant SDH 

ÅAcute SDH resolves much more quickly in infants 
ÅMixed SDH much more common, both in AHT and 

pediatric accidental trauma (Dias, Vinchon) 
ïLikely reflects admixture of blood, serum, and CSF 

ÅVolume of fluid drained is much greater than size 
of SDH (often 100s of cc) 
ÅRadio-isotope injected via LP at time of C-SDH 

drainage appears in subdural fluid within 3-24 
hours (Zouros 2004) 
ÅSuggests dura-arachnoid connection is disrupted 

 



Infant SDH 

ÅSDH may be combination of bleeding and CSF 
collection 

ïBleeding from parasagittal, falcine, and/or 
tentorial venous plexus 

ïBleeding from venous sinus or lateral lacunae at 
site of torn arachnoid villi 

ïCSF from torn arachnoid and/or arachnoid villi 
into subdural (intradural) space 

ïPerhaps CSF leak from within dural CSF spaces 



Pathology of Subdural Membranes 

ÅCharacterized by excessive proliferation of 
interface layer cells, specifically DBC cells 

ïMulti-layered tiers and clusters 

ïHighly disorganized architecturally 

ïAppearance of collagen and elastin, and networks of 
blood vessels (normally absent from DBC layer) 

ïNo tight junctions, rare gap junctions 

ïMembrane tightly apposed to inner dura, but not to 
underlying arachnoid, arachnoid barrier layer intact 

Friede and Schachenmayr, 
Am J Pathol 1978 



Pathology of Subdural Membranes 

ÅThree key retained features of normal DBC 

ïBasic cell morphology 

ïLarge extracellular zones between cells 

ïMany types of intercellular junctions 

ÅThree key alterations 

ïExcessive numbers of cells 

ïPresence of collagen and elastin 

ïBlood vessels invaginating from outer dural layers  

 



Pathology of Subdural Membranes: 
Estimating the Age of Subdurals 

Age Histology 

1 day Intact RBC, no macrophages, little fibrin 

3-4 days Fragmented RBCs, outer membrane but no inner membrane, 
macrophages in outer membrane, (+) hemosiderin staining 

7 days More abundant fragmented RBCs, thicker outer membrane, visible 
inner membrane, more abundant macrophages, (+) hemosiderin  

14 days Thicker outer membrane, multiple layers of fibroblasts, abundant 
hemosiderin staining macrophages in both outer and inner 
membranes, neovascularity beginning 

30 days Well formed outer and inner membranes, abundant neovascularity 

3 months Hyalinized collagen fibers, outer and inner membranes fused, 
hemosiderin containing macrophages, multiple vascular sinusoids 



Evolution of Subdural Hematomas 

ÅGardner (1932): oncotic gradient theory 

ïGreater protein (oncotic pressure) within subdural 
fluid led to ingress of fluid and increased volume 

ïWeir (1971) demonstrated no differences in 
osmolality of chronic subdural hematomas, serum or 
CSF 

ÅIto, Li (1987): Fibrinolysis and rebleeding theory 

ï10% of 51C - radiolabeled RBC ended up in SDH/day 

 



Evolution of Subdural Hematomas 

ÅMultiple factors contribute to the clot mileiu that 
promote rebleeding (partial list) 
ïFibrinolysisΥ ҨŦƛōǊƛƴƻƎŜƴΣ prekallekrien, clotting 
ŦŀŎǘƻǊǎΣ ҧ ŦƛōǊƛƴ ǎǇƭƛǘ ǇǊƻŘǳŎǘǎΣ thromboplastin, TPA, 
platelet activating factor, thrombomodulin  
ïInflammation: Cytokines, plasmin, bradykinin, 

IL-6, IL-8, macrophages, eosinophils, mast cells, 
lymphocytes, TNF 
ÅHigh levels of IL-6 and 8 correlated with risk of C-SDH 

ïProcollagen peptides: Levels similar to those found in 
wound healing 
ïAngiogenesisΥ ±D9CΣ CDCΣ Ҩ t5DC όŘƛǎǘǳǊōŜŘ ƘŜŀƭƛƴƎύ 



Evolution of Subdural Hematomas 

ÅNet Result: 

ïLocal inflammation 

ïInhibition of clotting 

ïHyperfibrinolysis 

ïIncrease vasopermeability 

ïAngioneogenesis 

ïChronic rebleeding 

 



Rebleeding in Subdural Hematomas 

Takahashi, et al. 
Neurol Med Chir (Tokyo), 1985 

Rebleeding 


