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A | will conform to accepted standards of
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Outline of Talk

A Embryology and development of meninges
A Anatomy of meninges
A Postnatal changes in meninges

A Origin of subdural hemorrhage (SDH)
I Adults
I Infants

A Evolution of acute to chronic SDH

I Pathology

I Radiographic changes
A Selected meningeal disorders with bleeding
A Role of Hypoxia in Dural Hemorrhage
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Embryology of Meninges

A Stage |

I Closure of cephalic neural tube (embryonic day 24)

I Diffuse surroundingnesenchymactells, ground
substance, reticulum between neural tube and
overlying prospective cutaneous ectoderm

I Origin of vascular elements along deeper surface o
reticulum having tight junctions, basal lamina,
pinocytoticvesicles and microvilli, and which
penetrate brain

I Vascular tunic coalesces into discreet vessels
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Embryology of Meninges

A Stage I

I Formation of discretenesenchymalayers

ACompact cellular layer (outermost)
ALoose cellular layer

AVascular tunic evolving into discrete blood vessels
ANeuroepithelium(innermost)

I Compact layer forms skuduraand arachnoid
I Loose layer forms subarachnoid space prad

I Ends with identification of meninges and
subarachnoid space
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Embryology of Meninges

A Stage I

I Compact layer splits into outedra) and inner
(arachnoid) layers

I Progressive change in cell morphology from deep
to superficial layers
AProgressively more dense cells
AlIncreasing rough endoplasmic reticulum
Alncreasing collagen fibrils between cells

I No clear boundary between two layers
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Embryology of Meninges

A Stage 1l (continued)

I Deepest portion of compact layer formssHayers
of cells¢ outer arachnoid (embryonic day 57)

I Collagen fibrils in compact layer become more
organized and interwoven over time

I Cells In outermost compact layer differentiate to
form osteoblasts and become skull

I Within the loose portion cellular processes
connect adjacent cells arehsheathblood vessels
In subarachnoid space and brain
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Embryology of Dural Vasculature

A During 7 to 12 fetal weeks blood vessels from
the innermostmesenchymalayer invade brain
from superficial to deep

A Cells of vessels are originally exposed directly to
extracellular space, not separate from neurons

and g
estab

A Rapid

1a. Glial processes later envelop vessels to
Ish blood brain barrier

canalization of vessels

A Final establishment of vessel networks and
anastomoses, with selection of vasculature and
regression/elimination of other pathways
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Embryology of Dural Vasculature

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

I Dural system
I Plalsystem

A Most anastomoses between the two systems
are eliminated

A Those that remain form @8 bridging veins
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Embryology of Dural Vasculature

A Dural channels develop within the outer compact meninx
later than arteries

A Channels coalesce to form venous sinuses
I Stage:Formation of capital venous plexus

I Stage tlFormation of anterior, middle, and posterior venous
stems that drain into primary head sinus and thence to anteri
cardinal vein

I Stages lll, NDural sinuses and primitive jugular vein migrate
laterally with growth of cerebrum and cerebellum

I Stage VYFormation of sigmoid sinus
I Stage VIformation of external jugular system and vein of Gals
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Fetal and PosiNatal Dural Maturation

A Sagittal venous plexus falx cerebri
A Dominant channel forms superior sagittal sinus dorsall

A Inferior falcineplexus forms inferior sagittal and
straight sinuses
I Straight sinus also receives contributions from tentorium
A A primitivefalcinesinus connects infericsagittalsinus
and straight sinus to SSS within dural leavdalaf
I Ordinarily disappears before birth

I Fallure of straight sinus development can lead to its
persistence (usually with other anomalies)
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PersistentalcineSinus
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Fetal and PosiNatal Dural Maturation

A Falcinevenous network persists posiatally
and into senescence (Tubbs, JNS, 2007)

I Present in all 27 cadaver specimens8&y/o
I Average 0.6 mm In size (613 mm)
A No connections with cortical bridging veins

A Divided into three subtypes
I Type |I: No communication with SSS
I Type ll: Limited connections with SSS
I Type lll: Significant communications with SSS
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FalcineVenous Plexus
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Anatomy of Meninges

A External venous system

i Cortical draining veins B )
A Labbé(temporal) e T
A Trolard(parietal)
A Middle meningeal

| Sphenoidasinuses
| Cavernous sinus
| Superior sagittal sinus

Great cerebral vein of Galen
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Anatomy of Meninges

A Internal venous system
I Basal veins of Rosenthal (2
I Internal cerebral veins (2)
I Superior cerebellar vein (1)
I Vein of Galen
I Inferior sagittal sinus
I Straight sinus
I Tentorialveins
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Anatomy of Meninges

A Posterior Fossa veins

| Superior, inferiopetrosal
veins and sinuses

| Suboccipitakinus
i Circular sinus

A Common venous system
I Torcular
I Lateral (transverse) sinus
I Sigmoid sinus
I Jugular vein
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Anatomy of Meninges

Lateral Lacunae
(Parasagittatiural
venous channels)

Emissary veins
Skull

P Arachnoid

Arachnoid granulations
Subarachnoic
space

Bridging veins

Superior
SagitalSinus

FalxCerebri
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Anatomy of Meninges
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Anatomy of Meninges
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Anatomy ofMeninges

A Presence of multiplearasagittaintradural
endothelial lined channels connecting to both
SSS and lateral lacunae

A Intraduralchannels increase with advancing
age, much more prominent in adults

A Channels are associated with extensive
trabecularparasagittadural network
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Arachnoid Granulations

A Almost entirely absent in infants
A Become more numerous over first8fmonths
A By 2 years, histologically similar to adults

A Invaginateinto both dural sinus and lateral
lacunae

A Also closely associated wiglarasagittadural
channels andrabecularmeshwork

A Arachnoid is very adherent at these sites
PI:NNSTAT]: ;’
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ArachnoidGranulations

ARACHNOID CELL LAYER
outer zone
inner zone

whorl &
psammoma body

FIBROUS CAPSULE |
endothelium
fibrocyte

dural
border cell

CENTRAL CORE—""

core iy
arachnoid cell e/ _—endothelium

#-dura mater

fibrocyte
dural rder cell

arachnoid membrane
subarachnoid space
pia mater
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ArachnoidGranulations

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

C:parasaggitatiurafrom
term infant.

Arachnoid easily stripped,
no arachnoid granulations
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Anatomy of Meninges

A Bridging veins have subarachnoid and subdural
segments that differ histologically:

I Greatest variability in thickness in subdural segment
(10- 600 um) compared with subarachn@dgment
(50-200 pm)

I More loosely woven collagen fibers

I Collagen more circumferentially arranged (less
longitudinal strength)

I Not invested with arachnoid trabecular cells
A May explain preferential SDH without SAH

|
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Trabeculaef the Subarachnoid Space

Blood vessel (subarachnoid
segment) invested in
subarachnoidrabeculae

Subarachnoidrabeculae

Piamater
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Infant Acute Subdural Hemorrhage:
a! ¢ f Subdufals ¢ & 2

A Large (surgical) SDH,
convexity

A High speed significant
mechanism, rare in AHT

A Rarely in long and short falls )
(present in % of deaths in one YOML RN
series (Hall, J Trauma 1999) w

A May produce lucid interval ,_

A Actively bleeding site found in ~ *
significant number

I Bridging vein, sinus laceration
I Cortical artery
A SAH not uncommon

A Less commonly associated
with retinal hemorrhages
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Infant Acute Subdural Hemorrhage:
al ¢ f Sub&uﬁ'als (7

A Thin (skim) subdural / r“'g;\ ks
A High convexityinterhemispheri¢tentorial \‘,ﬁ Q)
A Frequent in AHT (~80% of AHT cases)) . o, ;a.»*

A Commonly associated with RH e

A Hypoxieischemic brain injury out of
proportion to SDH

A High mortality eas
A No lucid interval (either awake or comatose) * A

A ? Bleeding source | N
I Smaller bridging veins? ' ’

I Torn arachnoid villi/parasagittal dural venous . - /
plexus?

I Falcinétentorial intraduralvenous plexus? 4.
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Anatomy of Meninges

A Electron Microscopy of Dura and Arachnoid

I Outer layer consists of densely woven extracellular
collagen fibers with few cells

I Inner (dural border cell) layer (DBC)
A More electron dense cells
A Flat cells with elongated nuclei, thimerdigitatingprocesses
A CompleteABSENCH collagen
A Gap junctions, desmosomes, QO TIGHT JUNCTIONS
A Large extracellular cisterns filled with amorphous material

I Lack of coherence within this DBC layer

. IST, 5 LN
Schachenmayand Friede PENNSIATE D)
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Transition Zone between Outer Dura

Outer collagenoudura

Transitional Zone

Dural Border Cell Layer
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Anatomy of Meninges

A DuraArachnoid Interface
| Between DBC layer and Arachnoid Barrier Layer
I No clearcut boundary
I Tightly adherent intercellular connections

| Little adherence between DBC and oudlerra,
nor between arachnoid interface and deeper
arachnoid

I Complete lack of collagen
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Anatomy of DuraArachnoid Interface

Outer collagenoudura
DBC Layer
Arachnoid Barrier Layer

Subarachnoid Space
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Anatomy of Meninges

A Arachnoid Barrier Layer
I Compact arrangement of cells

I Underlying basal lamina separatiAgachnoid
Barrier Layer from deeper arachnoid

I Characteristic numerous tight junctioQs
contrast to DBC)

I Desmosomes, intermediate and gap junctions
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Anatomy of Meninges

Dural Border Cell Layer

Arachnoid Barrier Layer
(between arrowheads)

Tight Junctions
Basal lamina

Desmosomes

Collagen
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Creation of Subdural Hematoma

A Strong attachments between DBC and Arachnoid
Barrier Layer preclude separation

A Instead, SDH is created by cleavagin the |
5dzN>F t .. 2NRSNJ / Sttt [l eS
attachments to the outer collagenodsira

I Some dural border cells end up on both sides of the
evolving subdural hematoma
A Adjacent to collagenougura
A Adjacent to deeper arachnoid membrane

A¢SOKY A O lintrddéral eriaima |- y

PENNSTATE B

% Children’s Hospital &



Creation of Subdural Hematoma
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Creation of Subdural Hematoma

periosteal
dura

Intraduralhematoma
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SubduraHygroma

A Hypodensesubdural collection

I Isodenseon CTjsointenseto CSF on all
MRI imaging sequences, no membrane
ifaleé |ffS3ISRfée 200dzNJ walLl
minor trauma
I Composition not identical to CSNé¢tterling1988)
A RBC counts higher than CSF but < 10,00/mm
AWBC counts not significantly different than CSF
A TP, albuminlgGall higher
Ai transferrin found in 4/6 samples

. l. J - .-7-.._1‘_._”_: e
Wetterling et al. PENNSTATE D)
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SubduraHygromato GSDH?

A SDHythought to be due to traumatic separation afachnoid
anddura

I Allows CSF access through arachnoid barrier layer and into DB(
layer

I EXxpansion may require intracranial hypotension
A CSF drainage (iatrogenic or spontaneous), atrophgnpitol
A Some ESDHn adultsarise from recurrent bleeding into
subduralhygroma

I GSDH less common following severe TBI wiBDA but more
common following trivial trauma

I Hygromavisible onCTaverage 14 days after injury
I Generated €&SDH average 102 days after injury

A Unknown how often this occurs in infants
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TRAUMA
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Tear of Bridge Veins,
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Bleeding from Cortical Laceration
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SDHygromas/s GSDH

A 75 patients (mean 73 yrs) with€DH (brown
bloody, 89%pr SDHy(clear, 11%) fluid

Ai transferrinmeasured in both
subdural fluid and serum

A Elevated transferrin (> 2 times serum levels) ir
94% of €&SDH and 100% &fygromagNS)

A Bothabsolutel transferrin levels and
subdural/serunratioslower in CSDH tharbDHy
(p <.01) indicating less CSF

. PE NNSTth
Kristofet al

JNS 2008

W Children’s H{}spltal aa@: ?’



CSF within &GDH

A Injection ofradiolabeled®®Tc via LP in 5 infants
undergoing drainage afubacuteor chronic
SDH

A Tracer recovered from SD fluid within
3-24 hours

PE NNSTth
Zouroset al

JNS, 2004
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CSF Within SDH

A Three potential mechanisms for accumulation ¢
CSF within subdural hematoma

I Tears ilmrachnoidmembrane
AHigh prevalence of some preceding trauma
ADirect intraoperative identification ofirachnoidtears

I Exudatediffusion througharachnoidbarrier layer
and inner membrane (no evidence for or against)

I Direct extension into SDH from adjacentradural
channels $quiefMack)
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Infant SDH

A Infants havdlewer parasagittal dural channels
I CSF within SDH less likely to be direct dural leakage

A Infants < 7moshave fewarachnoidgranulations
I Arachnoid easily torn frordurain parasagittaregion

A Subarachnoid space is larger in infants than in
adults

I Normally up to 5 mm at convexity and
Interhemispheridissure

A Peaks at 7 months posiatal
A Progressive decline thereafter until age 2, stable thereafter

PENNSTATE

JIAIE g
E Children’s Hospital @y



Infant SDH

A Acute SDH resolves much more quickly in infants

A Mixed SDH much more common, both in AHT an
pediatric accidental trauma (Diaginchor)

I Likely reflects admixture of blood, serum, and CSF

A Volume of fluid drained is much greater than size
of SDH (often 100s of cc)

A Radieisotope injected via LP at time ofSDH
drainage appears in subdural fluid withir?8
hours Zouros2004)

A Suggestslura-arachnoid connection is disrupted
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Infant SDH

A SDH may be combination of bleeding and CSI
collection

I Bleeding from parasagittdialcine and/or
tentorial venous plexus

I Bleeding from venous sinus or lateral lacunae at
site of tornarachnoiavilli

I CSF from torn arachnoid and/arachnoiadvilli
Into subdural intradural) space

I Perhaps CSF leak from within dural CSF spaces
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Pathology of Subdural Membranes

A Characterized by excessive proliferation of
Interface layer cellsspecifically DBC cells
I Multi-layered tiers and clusters
I Highly disorganized architecturally

I Appearance of collagen and elastin, and networks ¢
blood vessels (normalBbsentfrom DBC layer)
I No tight junctions, rare gap junctions

I Membrane tightly apposed to inn&lura, but not to
underlying arachnoicarachnoid barrier layer intact

| .
Friedeand Schachenmayr PtN[\'STﬂ‘T]:— }
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Pathology of Subdural Membranes

A Three key retained features of normal DBC
I Basic cell morphology
| Large extracellular zones between cells
I Many types of intercellular junctions

A Three key alterations
I Excessive numbers of cells
I Presence of collagen and elastin
I Blood vesselmvaginatingrom outer dural layers
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Pathology of Subdural Membranes:
Estimating the Age ddubdurals

Age

1 day Intact RBC, no macrophages, little fibrin

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

7 days More abundant fragmented RBQ@hjcker outer membrane, visible
inner membrane, more abundant macrophages, (+) hemosiderin

14 days Thicker outer membrane, multiple layers of fibroblastsundant
hemosiderin staining macrophageshath outer and inner
membranesneovascularitypeginning

30 days Well formed outer and inner membranes, abundaetovascularity

3 months Hyalinizedcollagen fibers, outer and inner membranes fused,
hemosiderin containingnacrophages, mitiple vascular sinusoids
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Evolution of Subdural Hematomas

A Gardner (1932): oncotic gradient theory

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

I Weir (1971) demonstrated no differences in
osmolality of chronic subdural hematomas, serum o
CSF

A Ito, Li (1987): Fibrinolysis anebleedingtheory
I 10% of'C- radiolabeled RBC ended up in SDH/day

PI:N[\'STAT]:

W Children’s H{}Spltal aa@: ?’



Evolution of Subdural Hematomas

A Multiple factors contribute to the clomileiuthat
promote rebleeding(partial list)
i Fibrinolysi¥ @ A 0 pdksllekHes ¢lafing
Tl OUZ2NARAZ m TAtaroldbep Iaﬁlrh_JTPA ¥
platelet activating factothrombomodulin

I Inflammation Cytokines, plasmimradykinin
IL-6, IL-8, macrophagesosinophils mast cells,
Iymphocytes TNF

A High levels of 6 and 8 correlated with risk of-EDH

I Procollagemeptides Levels similar to those found In
wound healing

I Angiogenesig +* D9 CX CDCXZ @ t 5DC
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Evolution of Subdural Hematomas

A Net Result:

I Local inflammation

| Inhibition of clotting

I Hyperfibrinolysis

I Increasevasopermeabillity
|

|

I Angioneogenesis
I Chronicrebleeding
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Rebleedingn Subdural Hematomas
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