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Development of the cerebral cortexDevelopment of the cerebral cortex
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In the telencephalon, radial migration is 
recognized as the primary mechanism by 
which developing neurons reach their 
final position

As the cortex thickens, radial migration is 
largely dependent on the interactions of 
migrating neurons with radial glial fibers

In the telencephalon, In the telencephalon, radial migrationradial migration is is 
recognized as the recognized as the primary mechanismprimary mechanism by by 
which developing neurons reach their which developing neurons reach their 
final positionfinal position

As the cortex thickens, radial migration is As the cortex thickens, radial migration is 
largely dependent on the largely dependent on the interactions of interactions of 
migrating neurons with radial glial fibersmigrating neurons with radial glial fibers
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TangentialTangential migrationmigration



Corbin et al. 2001Corbin et al. 2001

NonNon --radiallyradially migratingmigrating neuronsneurons are are generatedgenerated in in 
the the ganglionicganglionic eminenceeminence ((subpallialsubpallial telencephalon)telencephalon)

major major routesroutes of of 
tangentialtangential migrationmigration

embryonic telencephalonembryonicembryonic telencephalontelencephalon



ippocampo

corteccia



ProjectionProjection
NeuronsNeurons
reach reach 
their their 
final final 
positions positions 
by by 
RadialRadial
migrationmigration

In Human NeocortexIn Human Neocortex
65% of interneurons originate from the dorsal 65% of interneurons originate from the dorsal telencephalictelencephalic neuroepiteliumneuroepitelium
35% of interneurons originate from the 35% of interneurons originate from the ganglionicganglionic eminenceeminence

tangentiallytangentially migrating neurons in the telencephalon become migrating neurons in the telencephalon become 
interneuronsinterneurons when they reach their final destinationwhen they reach their final destination



Cortical Development

• Cellular Proliferation
• Neuroblast Migration
• Cellular Differentiation
• Programmed cell-death



The normal human cortex is the result of The normal human cortex is the result of 
complex, precisely timed sequences of complex, precisely timed sequences of 
processes taking place duringprocesses taking place during
embryogenesis.embryogenesis.



Any insult (either genetic or environmental) during  this time wiAny insult (either genetic or environmental) during  this time wi ndow and involvingndow and involving
one or more of the leading processes of corticogene sis, may done or more of the leading processes of corticogene sis, may d etermineetermine



Malformations of Cortical Malformations of Cortical 
Development: Development: 

MCDMCD

Neuronal Migration DisordersNeuronal Migration Disorders ::
NMDNMD



TERMINOLOGYTERMINOLOGY

•• Dysplasia (synonymous of Dysgenesis  and Malformation)Dysplasia (synonymous of Dysgenesis  and Malformation)
These are general terms referred to any tissue that is imperfeThese are general terms referred to any tissue that is imperfectly developed inctly developed in
embryonic or fetal life.embryonic or fetal life.

•• HeterotopiaHeterotopia
is a displaced tissue within its normal organ of originis a displaced tissue within its normal organ of origin

•• HamartomaHamartoma
is a zone of normal cells in their normal site, but with disoris a zone of normal cells in their normal site, but with disorganizedganized
architectural arrangement architectural arrangement 

•• EctopiaEctopia
is a normally formed organ or tissue in an abnormal site withis a normally formed organ or tissue in an abnormal site within the bodyin the body

(from H.V. Sarnat,1992)(from H.V. Sarnat,1992)



Areas ofAreas of
atypical atypical 
cortical cortical 
structurestructure

Malformations of Cortical DevelopmentMalformations of Cortical Development

Copp and Harding 1999

absent or abnormally
broad gyri: lissencephaly

excessive folding
of an abnormally
thin cortex

misplaced neurons; may serve as misplaced neurons; may serve as 
foci for epileptogenic activity;foci for epileptogenic activity;
wide spectrum from isolated wide spectrum from isolated 
nodules to nodules to ““ bandband”” heterotopiaheterotopia



Incidence of MCD

Wolf et al.                (1993)    15% ( 216       consec.   pts.)

Vinters et al.            (1999)   12% (   60            “ “ )

Frater et al.              (2000)   37% ( 133            “ “ )

“C. Munari” Center (2001)   46% ( 390           “ “ )

“C. Munari” Center (2006)   56% ( 500           “ ” )



Classification Schemes
•• MischelMischel et al. (1995)et al. (1995)J. J. NeuropatholNeuropathol Exp Exp NeurolNeurol. 54; 137. 54; 137--153153

based entirely on pathology. Impractical and impossible to applybased entirely on pathology. Impractical and impossible to applyto the majority to the majority 
of patients with MCD who never undergo surgical resectionof patients with MCD who never undergo surgical resectionor biopsyor biopsy

•• Raymond et al. (1995)Raymond et al. (1995)Brain 118; 629Brain 118; 629--660660
clinical, clinical, neuropsycologicalneuropsycological, , EEGraphicEEGraphic, neuroradiological and pathological , neuroradiological and pathological correlationscorrelations
withwith various cortical dysgenesisvarious cortical dysgenesis

•• BarkovichBarkovich et alet al. (2001). (2001)Neurology 57;2168Neurology 57;2168--21782178
ddata imaging are available for essentially all patients whereas pata imaging are available for essentially all patients whereas pathological material and athological material and 
genetic data are available for few.genetic data are available for few.

•• TassiTassiet al. (2002)et al. (2002)Brain 125; 1719Brain 125; 1719--17321732
Limited to FCD and based on neuropathological, electroclinical aLimited to FCD and based on neuropathological, electroclinical and MRI findingsnd MRI findings

•• SarnatSarnat and Floresand Flores––SarnatSarnat (2003)(2003)Epileptic Epileptic DisordDisord. 5 (2); S35. 5 (2); S35--S43S43
based entirely on molecular geneticsbased entirely on molecular genetics

•• PalminiPalmini et al. (2004) et al. (2004) Neurology  62 (Neurology  62 (supplsuppl. 3) S2. 3) S2--S8S8
a review of current terminology and classification issues of pota review of current terminology and classification issues of potential clinical relevance to ential clinical relevance to 
epileptologistsepileptologists, , neuroradiologistsneuroradiologistsand and neuropathologistsneuropathologistsdealing with FCDdealing with FCD

•• BarkovichBarkovich et alet al. (2005). (2005)Neurology 65;1873Neurology 65;1873-- 18871887
a revised version of the classification published in 2001a revised version of the classification published in 2001



Malformations of cortical development
• Agyria
• Lissencephaly 
• Pachygyria    
• Polymicrogyria
• Hemimegalencephaly
• Schizencephaly
• Heterotopia  (Band and Periventricular)
• Dysgenesis of the cortical mantle (Cortical Dysplasia, Microdysgenesis)

- neurons in the molecular layer
- marginal glioneuronal heterotopia
- persistent subpial granular layer
- persistent Cajal Retzius cells

- laminar disorganization
- neuronal cytomegaly
- cytoskeletal abnormalities
- balloon cells change

Layer I



•• Architectural DysplasiaArchitectural Dysplasia Type I AType I A
•• CytoarchitecturalCytoarchitectural DysplasiaDysplasia Type I BType I B

•• TaylorTaylor ’’s Dysplasia without balloon cellss Dysplasia without balloon cells Type II AType II A
•• TaylorTaylor ’’s Dysplasia with balloon cellss Dysplasia with balloon cells Type II BType II B



1.1. Mild MCDMild MCD
•• Type IType I : : with ectopically placed neurons in or adjacent to Layer Iwith ectopically placed neurons in or adjacent to Layer I
•• Type IIType II : : with microscopic neuronal heterotopias outside Layer Iwith microscopic neuronal heterotopias outside Layer I
Structural ImagingStructural Imaging : : both types probably are both types probably are not detectable by current MRInot detectable by current MRI
Clinical relevanceClinical relevance : : no specific data delineating clinical or epileptic profileno specific data delineating clinical or epileptic profile

2.2. FCDFCD
•• Type IAType IA :: isolated architectural abnormalities (isolated architectural abnormalities (dyslaminationdyslamination))
•• Type IBType IB :: architectural abnormalities and giant or immature neuronsarchitectural abnormalities and giant or immature neurons
Structural ImagingStructural Imaging :: unclear in type I B unclear in type I B 
Clinical relevanceClinical relevance :: no specific data delineating clinical or epileptic profileno specific data delineating clinical or epileptic profile
•• Type IIAType IIA :: architectural abnormalities with dysmorphic neurons without balarchitectural abnormalities with dysmorphic neurons without balloon cellsloon cells
•• Type IIBType IIB :: architectural abnormalities with dysmorphic neurons with balloonarchitectural abnormalities with dysmorphic neurons with balloon cellscells
Structural imagingStructural imaging :: increased cortical thickness, blurring grey/white matter,increased cortical thickness, blurring grey/white matter,

increased T2increased T2--weighted signal, mainly extra temporalweighted signal, mainly extra temporal
Clinical relevanceClinical relevance : : highly intrinsic highly intrinsic epileptogeneticepileptogenetic, high seizure frequency, , high seizure frequency, 
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Age at seizure onsetAge at seizure onset

MCD (284 patients)MCD (284 patients) FCD (198 patients)FCD (198 patients)
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CYTOLOGIC
ABNORMALITIES

STRUCTURAL
ABNORMALITIES

Normal                Type IA and IB         Type I IA/BNormal                Type IA and IB         Type I IA/B



Focal Cortical Dysplasia (FCD)Focal Cortical Dysplasia (FCD)

Type IAType IA Type IBType IB

Type IIAType IIA Type IIBType IIB



Patient R.R. : Type IA (Architectural Dysplasia)Patient R.R. : Type IA (Architectural Dysplasia)



Type IA :Type IA :
isolated architectural abnormalities (isolated architectural abnormalities ( dyslaminationdyslamination ))

Thionin MAP 2

SMI 311Thionin PV

MAPMAP --CBCB



FCD Type I A FCD Type I A 



FCD Type IB (FCD Type IB (CytoarchitecturalCytoarchitectural ))
aspecific MRIaspecific MRI

Ci.El.



Cytoarchitectural (CD)
• disarray of cortical lamination
• giant and/or immature neurons

• ectopic neurons in the WM SMI 311

Thionin



Patients M.R.Patients M.R.
Type IIBType IIB
(TFCD with BC)(TFCD with BC)



TypeType II B FCDII B FCD
(Taylor(Taylor ’’ s s withwith BC)BC)



Calonego per illustrare taylor del lobo temporale

C.S. C.S. -- FCD Type IIB (TaylorFCD Type IIB (Taylor ’’s with balloon cellss with balloon cells ))



• disarray of cortical lamination
• dysmorphic neurons
• ballooned cells (+/-)

Type II FCD (Taylor’s)

NormalNormal cortexcortex



A

B C

FED

NormalNormal cortexcortex

Balloon cellsBalloon cells

Dysmorphic neuronsDysmorphic neurons

Type II (TaylorType II (Taylor ’’ s Dysplasia)s Dysplasia)



PV

vGAT

GABAergic terminals on dysmorphic neurons in Type I I FCDGABAergic terminals on dysmorphic neurons in Type I I FCD

PVPV



Type II (Taylor) DysplasiaType II (Taylor) Dysplasia



M.M.
Electrode J

M.M.
Interictal activity
during wakefulness, 
electrode J



Z.M. Wakefulness Sleep



C.Silvia veglia

C.Silvia sonno



WAKE

NREM

NREM

REM

23.00

05.00

0                        4                      8               12                    16                      20        24 sec



MRI featuresMRI features

Type I A      Type I A      Type I B                        Type IIType I B                        Type II
(architectural)  (architectural)  (cytoarchitectural)             (Taylor)(cytoarchitectural)             (Taylor)

volume of affected region      decrease                        volume of affected region      decrease                        --/+                          increased/+                          increased

cortical thickness                    normal                    cortical thickness                    normal                    --/+                          increased /+                          increased 

blurring                                       mild              blurring                                       mild              --/+                          intense/+                          intense

white matter                           shrinkage                white matter                           shrinkage                --/+                       /+                       decrdecr . T1 Sign.. T1 Sign.

T2T2--W signal                             variable                   W signal                             variable                   --/+                           increased/+                           increased

most com. affected lobe        temporal                 mainly emost com. affected lobe        temporal                 mainly e xtra T           mainly extra Txtra T           mainly extra T



500 patients operated on for intractable epilepsy at the500 patients operated on for intractable epilepsy at the
““ C. Munari C. Munari ““ Epilepsy Surgery Centre Epilepsy Surgery Centre –– Milano Milano --ItalyItaly

4040

(8%)(8%)
6363

(13%)(13%)
3333

1919

(4%)(4%)
8787

(17%)(17%)
285285

(57%)(57%)
500500TOTAL

116600001133212132 32 
(6%)(6%)

Cryptogenic

000000000000303030 30 
(6%)(6%)

HS

7711111100006611
26 26 

(5%)(5%)
Infl./Scar

5513131111101017178585132 132 
(27%)(27%)

Tumors

272733331122886161148148280 280 
(56%)(56%)MalformationsMalformations

MultilobarMultilobarMultilobarMultilobar / T/ TOOCCPPFrFrTTNN°°Lesions

Site of neuropathological defined  lesionsSite of neuropathological defined  lesions



500 patients operated on for intractable epilepsy at the500 patients operated on for intractable epilepsy at the
““ C. Munari C. Munari ““ Epilepsy Surgery Centre Epilepsy Surgery Centre –– Milano Milano --ItalyItaly

Malformations of Cortical Development (MCDMalformations of Cortical Development (MCD --Site of surgery)Site of surgery)

331100000011393944 44 
(17%)(17%)Neuronal Neuronal HeterHeter..

27 (10%)27 (10%)33 (13%)33 (13%)111166
59 59 

(23%)(23%)
135 135 

(52%)(52%)262262TOTALTOTAL

220000001111110014 (5%)14 (5%)T.S.T.S.

1100000000111133PolymicrogyriaPolymicrogyria

1177000000006614 (5%)14 (5%)PNHPNH

1100000000000011HMEGHMEG

1122000000000033DCXDCX

121210100011442727151569 69 
(26%)(26%)FCD  II A/BFCD  II A/B

66121211001118186464102 102 
(39%)(39%)FCD I A/BFCD I A/B

0000000000111122Arachnoid cystArachnoid cyst

0011000000009910 (4%)10 (4%)HamartomaHamartoma

MultilobarMultilobarMultilobarMultilobar /T/TOOC C PPFrFrTTNN°°LesionLesion



1125 (57%)25 (57%)66191910109944 (17%)44 (17%)Neuronal Neuronal HeterHeter..

7 7 
(3%)(3%)

9090
(34%)(34%)

32 32 
(12%)(12%)

55 55 
(21%)(21%)

3939
(15%)(15%)

136 136 
(52%)(52%)

262262TOTALETOTALE

0000000000141414 (5%)14 (5%)T.S.T.S.

00000000003333PolymicrogyriaPolymicrogyria

1155111111111114 (5%)14 (5%)PNHPNH

00000000001111HMEGHMEG

00000000003333DCXDCX

1177
(10%)(10%)

22448 8 
(12%)(12%)

555569 69 
(26%)(26%)

FCD  IIA/BFCD  IIA/B

4450 50 
(49%)(49%)

1919313118 18 
(18%)(18%)

3434102 102 
(39%)(39%)

FCD I A/BFCD I A/B

00000000002222Arachnoid cystArachnoid cyst

00334400224410 (4%)10 (4%)HamartomaHamartoma

NeuropatNeuropat
n.vn.v. . 

NuropatNuropat
d.pd.p. (HS). (HS)

MR MR 
HSHS

MR MR 
d.pd.p..

MR MR 
Neg.Neg.

MR MR 
pos.pos.NN°°LesioneLesione

500 patients operated on for intractable epilepsy at the500 patients operated on for intractable epilepsy at the
““ C. Munari C. Munari ““ Epilepsy Surgery Centre Epilepsy Surgery Centre –– Milano Milano --ItalyItaly

Malformations of Cortical Development (MCDMalformations of Cortical Development (MCD--Neuropathology versus MRI)Neuropathology versus MRI)



500 patients operated on for intractable epilepsy at the500 patients operated on for intractable epilepsy at the
““ C. Munari C. Munari ““ Epilepsy Surgery Centre Epilepsy Surgery Centre –– Milano Milano --ItalyItaly

484837376060355 355 
(71%)(71%)161618185050

271271

(54%)(54%)
500500TOTALTOTAL

554466
17 17 

(53%)(53%)0011551111
32 32 

(6%)(6%)
CryptogenicCryptogenic

110033
26 26 

(87%)(87%)3300551818
30 30 

(6%)(6%)
HSHS

443388
11 11 

(42%)(42%)11004466
26 26 

(5%)(5%)
InflInfl ./Scar./Scar

44881212108 108 
(82%)(82%)4444999191

132 132 

(27%)(27%)
TumorsTumors

343422223131193 193 
(69%)(69%)8813132727145145

280 280 

(56%)(56%)
MalformationsMalformations

IVIVIIIIIIIIIITotal ITotal IIdIdIcIcIbIbIaIaNN°°LesionsLesions

Surgical outcome (Engel class.)Surgical outcome (Engel class.)



500 patients operated on for intractable epilepsy at the500 patients operated on for intractable epilepsy at the
““ C. Munari C. Munari ““ Epilepsy Surgery Centre Epilepsy Surgery Centre –– Milano Milano --ItalyItaly

Malformations of Cortical Development (Surgical outcome)Malformations of Cortical Development (Surgical outcome)

4422883030113366202044 (17%)44 (17%)Neuronal Neuronal HeterHeter..

32 32 
(12%)(12%)

21 21 
(8%)(8%)

31 31 
(12%)(12%)

178 178 
(68%)(68%)

7711112525135 135 
(52%)(52%)

262262TOTALTOTAL

00113310101100009914 (5%)14 (5%)T.S.T.S.

001111110000001133PolymicrogyriaPolymicrogyria

00221111111111227714 (5%)14 (5%)PNHPNH

110000000000000011HMEGHMEG

110022110000110033DCXDCX

664477
51 51 

(74%)(74%)111122
47 47 

(68%)(68%)69 (26%)69 (26%)FCD II A/BFCD II A/B

1919101088
65 65 

(64%)(64%)33661111
45 45 

(44%)(44%)
102 102 

(39%)(39%)FCD I A/BFCD I A/B

000000220000111122AracnhoidAracnhoid cystcyst

111111770000225510 (4%)10 (4%)HamartomaHamartoma

432Tot. 11d1c1b1aN°Lesion



Correlations of histopathological findings with Correlations of histopathological findings with 
MRI and surgical outcome in FCD  allow to MRI and surgical outcome in FCD  allow to 
define clinically homogeneous groupsdefine clinically homogeneous groups

CONCLUSION
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