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ABSTRACT – Focal cortical dysplasia is one of the most common under-
lying pathologies in patients who undergo surgery for refractory epilepsy.
Absence of a MRI-visible lesion necessitates additional diagnostic tests and
is a predictor of poor surgical outcome. We describe a series of six patients
with refractory epilepsy due to histopathologically-confirmed focal corti-
cal dysplasia, for whom pre-surgical 7 tesla T2*-weighted MRI was acquired.
In four of six patients, T2* sequences showed areas of marked superficial
hypointensity, co-localizing with the epileptogenic lesion. 7 tesla T2* hypo-
intensities overlying focal cortical dysplasia may represent leptomeningeal
venous vascular abnormalities associated with the underlying dysplastic
cortex. Adding T2* sequences to the MRI protocol may aid in the detection

localization, susceptibility weighted,
imaging

a 2000-2007 UCLA series of 97
patients (Lerner et al., 2009). No
visible lesion on MRI is a predictor
of poor surgical outcome and neces-
of focal cortical dysplasias.
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lepsy. A substantial percentage of
these lesions is not visible using
routine 1.5 tesla (T) or 3T MRI;
37% for FCD type I and 15% for
type FCD type II in a review of
surgical series from 2000 to 2008,
and 36% and 2%, respectively, in

sitates additional diagnostic studies
which may include invasive intracra-
nial electrode registration (Téllez-
Zenteno et al., 2010). Advances in
imaging techniques are expected to
improve the detection of epilepto-
genic lesions.
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usceptibility-based contrast MRI sequences are
ensitive to the susceptibility effect created by
he paramagnetic property of deoxyhaemoglobin in
lood, and thus augment the visibility of the cere-
ral venous microvasculature (Haacke et al., 2009).
equences such as T2* and susceptibility-weighted

maging (SWI) have proven useful in the detection
nd characterization of a variety of cerebral vascu-
ar abnormalities (e.g. Sturge-Weber syndrome and
avernous malformations), as well as haemorrhagic,
alcified or iron-containing lesions (Mittal et al., 2009).
eports on susceptibility-based contrast sequences in
pilepsy patients are limited and mostly describe the
enefits for detection and characterization of calci-
ed lesions, and not for the detection of otherwise

nconspicuous lesions, such as FCD (Saini et al., 2009).
n this series, we illustrate the potential of the T2*

RI sequence at 7 tesla (T) in assisting the detection
f FCD.

ethods

e retrospectively selected six consecutive patients
rom the Dutch Epilepsy Surgery Program with refrac-
ory epilepsy due to histopathologically-confirmed
CD, for whom T2* images at 7T were acquired pre-
urgically between November 2008 and November
014. These patients either had lesions suggestive of
CD on 3T (n=2) or had normal 3T MRI, with semiology,
lectroencephalogram, and telemetry findings stron-
ly suggesting a structural focal abnormality (n=4).
T MRI was deemed normal if no indications for
tructural abnormalities were identified on assess-
ent by expert neuroradiologists and during review

y the Dutch Epilepsy Surgery Program board, which
ncludes neurosurgeons, neurologists, and neurora-
iologists with expertise in the field of epilepsy.
T MRI-negative patients underwent additional pre-
urgical evaluation, including 7T MRI and PET, SPECT,
r MEG, in order to localize the epileptogenic zone.

n addition, 7T MRI was used to further characte-
ize the lesions for the two subjects with lesions
n 3T.
he 7T MRI protocol included (conventional) 3D
LAIR, 3D double inversion recovery, 3D T1 and
D T2-weighted sequences, and a previously descri-
ed T2*-weighted sequence (Zwanenburg et al., 2011).
arameters used for the gradient echo T * MRI were:
16

2

sotropic 0.5-mm resolution, echo time of 27 ms, flip
ngle of 24◦, repetition time of 57-93 ms (shortest
ossible), with EPI and flow compensation. For two
atients, scans were acquired with 0.6-mm resolution

isotropic), echo time of 20 ms, flip angle of 20◦, and
epetition time of 25-26 ms. Images were acquired on
Phillips 7T system (Philips Healthcare, Cleveland, OH,

i
c
a
r
O
i
m

SA) with a volume transmit and 16- or 32-channel
eceive head coil (Nova Medical, Wilmington, MA,
SA).

T T2* images were reviewed for abnormalities co-
ocalizing with epileptogenic zones. To aid visual
etection of hypointense structures, minimum inten-
ity projections of T2* sequences were constructed
ith 5-mm slab thickness. Following resective surgery,

issues were histopathologically classified according
o ILAE guidelines (Blümcke et al., 2011).
nformed consent was obtained for performing 7T MRI
nd the use of patient data. The report complies with
he declaration of Helsinki.
n addition, we reviewed 7T T2* images of eight control
ubjects (four male and four female; age: 27±4) (pre-
iously published by Zwanenburg et al. [2011]).

ase series

our of six patients had normal 3T MRI findings; in
wo of these, conventional 7T MRI sequences (T1,
2, double inversion recovery, and FLAIR) revealed a

esion suggestive of FCD. In two other patients, abnor-
alities were seen both on 3T and 7T images. All six

atients underwent resective surgery and had histopa-
hological confirmation of FCD (ILAE type Ib in Patient
I, type IIa in Patient V and VI, type IIb in Patient I and IV,
nd mild malformation of cortical development type 2
n Patient III). In four of these patients (Patients I and
I [figure 1A] and Patients III and IV [figure 1B]), 7T T2*
howed areas containing marked hypointensities with
branched, partly tortuous configuration, and a signal
ompatible with venous blood, suggestive of increa-
ed venous vasculature in the sulci neighbouring the
alformed cortex.

ecause the described T2* signal changes appeared to
e located in the leptomeningeal tissue or subarach-
oid space overlying the malformed cortex, we looked

or a histopathological correlate in the leptomeninges
f the operated patients. Unfortunately, due to the

ocations of the malformations, in the lower part of
sulcus and interhemispheric, respectively, en-bloc

esection with intact leptomeningeal structures was
nly possible in one patient (Patient III). This lesion
as classified as mMCD type 2, with fibrotic and thick
eninges containing prominent vascular structures

figure 2).
n summary, hypointensities on T2* were identified
Epileptic Disord, Vol. 18, No. 3, September 2016

n four of six consecutive patients with histologically-
onfirmed FCD, for whom 7T T2* images where
vailable. Table 1 lists clinical and imaging characte-
istics of all six patients.

n 7T T2* images and corresponding minimum
ntensity projections of eight healthy volunteers, sym-

etric venous leptomeningeal vascular structures
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Figure 1A. (A) MRI findings of patients with confirmed FCD and T2* signal changes; 7T T2 (A-D), T2* (E-H) and T2* minimum intensity
projection (I-L) transverse reconstructions. Lesions are depicted in detail in (B), (D), (F), (H), (J) and (L). Patient I; FCD ILAE type IIb (A,
B -whit
B omin
t . T2 -
a (G, H
m rease

w
a
a

D

W
o
g
p
p
v
s
b
o
e

–
i
a
c
o
l
w
w
(

, E, F, I, J). No lesion was identified on 3T MRI and subtle grey
). On T2* (E, F), the neighbouring sulcus appears to contain pr

he visual detection. Patient II; FCD ILAE type Ib (C, D, G, H, K, L)
nd cortical thickening indicative of FCD. In the same area, T2*
inimum intensity projection (K, L) strongly emphasizes the inc

ere clearly visible but the phenomenon described
bove was not identified (figure 3 for 7T T2* images of
healthy subject).

iscussion

e describe the observation of 7T T2* hypointensities
verlying pathologically-confirmed (n=4) epilepto-
enic malformations of cortical development. We
pileptic Disord, Vol. 18, No. 3, September 2016

ropose that these signal abnormalities reveal a
athological change in the leptomeningeal venous
asculature. The location in sulci and on the cortical
urface, the configuration, and a T2* signal compati-
le with venous blood all support this hypothesis. The
rigin of the observed T2* hypointensities could be
ither, or a combination, of the following:

t
v
i
t
–
c
m

e matter junction blurring was seen on 7T T2 weighted MRI (A,
ent vasculature. T2* minimum intensity projection (I, J) aids in

weighted MRI (C, D) shows grey-white matter junction blurring
) shows a wide sulcus with prominent vascular structures. T2*

d vasculature.

(1) Increased blood volume may be the result of
ncreased vascular diameter or density in the context of

developmental anomaly of the leptomeningeal vas-
ulature, parallel to the developmental malformation
f the underlying cortex. The leptomeningeal vascu-

ar network is formed from a gestational age of eight
eeks, starting as the pial capillary anastomotic plexus
hich produces penetrating vessels into the cortex

Marín-Padilla, 2012). It is conceivable that, in addition
317

o immaturity and abnormal migration of neurons, the
ascular network may show analogous abnormalities
n dysplastic cortex, resulting in abnormal configura-
ion of superficial cortical vasculature.

(2) Paroxysmal increased metabolic demand asso-
iated with epileptic activity (la Fougère et al., 2009)
ay lead to reactive vascular changes in the form of
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Figure 1B. (B) MRI findings of patients with confirmed FCD and T2* signal changes. 7T T2 (A-D), T2* (E-H), and T2* minimum intensity
projection (I-L) coronal reconstructions. Lesions are depicted in detail in (B), (D), (F), (H), (J) and (L). Patient III; mild malformation of
cortical development type 2 (A, B, E, F, I, J). On T2 (A, B), blurring and subcortical hyperintensity represent developmental malformation.
T2* (E, F) shows a wide Sylvian fissure but no clearly appreciable vascular changes. On T2* minimum intensity projection (I, J), there
appears to be an increase in vascular signal in the superior temporal pole. Patient IV (C, D, G, H, K, L); FCD ILAE type IIb. On T2 (C, D),
t ontai
h that d
e imum

h
d
t
c
–
b
d
a
l
a
d
o
p

i
T
T
n
e
c

here is a notable large central parasagittal extracerebral space c
owever, on T2* (G, H), the large vein and smaller vasculature
xamination) is observed. (K, L) Image enhancement on T2* min

ypervascularisation. An increase in venous vascular
iameter or density results in a greater deoxygena-

ed blood volume per voxel and concomitant T2*
hanges.

(3) A focal increase in deoxyhaemoglobin may
e explained by altered hemodynamics. Other stu-
18

ies have shown that interictal hypometabolism was
ssociated with decreased perfusion on arterial spin
abelling MRI (Pendse et al., 2010), while cortical
ctivation is generally linked to positive blood oxygen-
ependent signal changes caused by an increase in
xygenated blood (Logothetis et al., 2001). Decreased
erfusion in epileptogenic lesions may lead to an inter-

a
T
e
l
f
R
h

ning a large vein, but without evident dysplastic characteristics,
rains from the dysplastic cortex (as confirmed by histological
intensity projection.

ctal increase in venous deoxyhaemoglobin, visible as
2* hypointensity.
he clinical relevance of the described phenome-
on is that it might be indicative of underlying
pileptogenic cortex and even be distinctive in
ases where conventional MRI sequences reveal no
Epileptic Disord, Vol. 18, No. 3, September 2016

bnormalities.
wo additional patients with refractory epilepsy
valuated in our centre had clinical and electrophysio-

ogical characteristics indicative of a structural seizure
ocus, but no supportive findings on 3 and 7T MRI.
etrospective review of 7T MRI T2* images showed
ypointensities that might have provided clues for
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Figure 2. Histology. (A) Normal neocortex (HE: haematoxylin and eosin). (B-C) HE and (D) CD34 of neocortex from Patient III with
t truct
d sert
w nt; m

l
o
r
C
7
t
3
c
s

t
T

hick (focally fibrotic) leptomeninges and prominent vascular s
yslamination, but with microscopic neuronal clusters (arrow; in
hite matter (isolated mild malformations of cortical developme

ocalizing the seizure focus (data not shown). Lack
f concordance between other ancillary diagnostic
pileptic Disord, Vol. 18, No. 3, September 2016

esults prevented surgical treatment.
omparison of T2*-weighted sequences acquired at
T and at lower field strength was not possible since
his sequence is not routinely performed with 1.5 or
T MRI for epilepsy patients in our centre. Fine vas-
ular structures should be more detectable on 7T
ystems because of the higher spatial resolution and

o
M
o
c
A
l
m

ures. (E-F) NeuN of neocortex from Patient III without cortical
in F) and excess of neurons of normal morphology in the deep
MCD type 2). Scale bar in A, B, E, F: 320 �m; C, D: 160 �m.

he positive relationship between field strength and
2* effects (Haacke et al., 2009). Because of the type
319

f pathology and the as yet experimental nature of 7T
RI, it is difficult to obtain T2* images in large groups

f patients in order to assess the presence of the des-
ribed phenomenon.
n important limitation is that we report a qua-

itative analysis of the T2* signal change. Further-
ore, histopathological validation of changes in
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