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Seven tesla MRI improves detection of focal cortical
dysplasia in patients with refractory focal epilepsy
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SUMMARY

Objective: The aim of this study is to determine whether the use of 7 tesla (T) MRl in
clinical practice leads to higher detection rates of focal cortical dysplasias in possible
candidates for epilepsy surgery.

Methods: In our center patients are referred for 7 T MRI if lesional focal epilepsy is sus-
pected, but no abnormalities are detected at one or more previous, sufficient-quality
lower-field MRI scans, acquired with a dedicated epilepsy protocol, or when concealed
pathology is suspected in combination with MR-visible mesiotemporal sclerosis—dual
pathology. We assessed 40 epilepsy patients who underwent 7 T MRI for presurgical
evaluation and whose scans (both 7 T and lower field) were discussed during multidis-
ciplinary epilepsy surgery meetings that included a dedicated epilepsy neuroradiolo-
gist. We compared the conclusions of the multidisciplinary visual assessments of 7 T
and lower-field MRl scans.

Results: In our series of 40 patients, multidisciplinary evaluation of 7 T MRI identified
additional lesions not seen on lower-field MRl in 9 patients (23%). These findings were
guiding in surgical planning. So far, 6 patients underwent surgery, with histological con-
firmation of focal cortical dysplasia or mild malformation of cortical development.
Significance: Seven T MRI improves detection of subtle focal cortical dysplasia and
mild malformations of cortical development in patients with intractable epilepsy and
may therefore contribute to identification of surgical candidates and complete resec-
tion of the epileptogenic lesion, and thus to postoperative seizure freedom.

KEY WORDS: Focal cortical dysplasia, Malformation of cortical development, Mag-
netic resonance imaging, Ultra-high field, 7 T.

In patients with pharmacoresistant focal epilepsy, resec-
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tion of the epileptogenic zone can be considered. Focal cor-
tical dysplasia (FCD) is the most frequent etiology (42%) in
patients younger than 18 years of age selected for surgery.
In adults FCD is the third most common etiology (13%)
after hippocampal sclerosis (43%) and tumors (30%).!
Focal cortical dysplasias are a subgroup of circumscript
malformations of cortical development (MCDs) and are
characterized by abnormal migration, maturation, and dif-
ferentiation of neurons.? Onset of epilepsy occurs typically
before the age of 12 years, and roughly 76% of patients have
medically refractory seizures.® Resective surgery can be
highly effective, with reported seizure freedom rates rang-
ing from 33% to 80% in mixed FCD type cohorts of patients
operated in the last two decades."*'* In a large study of 211
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KEY POINTS

e The increased field strength in 7 T MRI provides an
increase in signal-to-noise ratio that can be used to
improve image contrast and resolution

e Seven T scans were acquired with a 3D protocol,
including T;, T, and T>* weighted images, FLAIR,
and white matter suppression sequences with 0.5- to
0.8-mm resolution

e Seven T MRI allowed detection of focal cortical dys-
plasia and mild malformation of cortical development
in 23% of patients previously considered “MRI-nega-
tive”

e Improved lesion detection contributes to identification
of surgical candidates and complete resection of
epileptogenic lesions

patients with FCD, International League Against Epilepsy
(ILAE) type I and II operated 1998-2010, 65% remained
seizure free (Engel class I) up to latest follow-up
(2-12 years).® Seizure freedom rate markedly increases in
cases of complete resection,™®!""'? averaging 77% in a lit-
erature review by Lerner et al." Appropriate detection and
delineation of a FCD on MRI contributes to identification of
surgical candidates and complete resection of the epilepto-
genic lesion, and thus to postoperative seizure freedom.'*'°

However, the structural abnormalities in FCD are often
very subtle and may escape detection on conventional struc-
tural neuroimaging. This makes FCD the most common
pathology (45-51%) in patients who undergo epilepsy sur-
gery for focal refractory epilepsy and have a “nonlesional
MRL”""" In a review of surgical series from 2000 to 2008,
37% of FCD type I lesions and 15% of FCD type II lesions
were not detected with 1.5 or 3 tesla (T) MRL' Detection
seems even more problematic for the most subtle architec-
tural abnormalities in the FCD spectrum, classified as mild
malformations of cortical development (mMCD), of which
58% were not visible on MRI in a series published in
2008."®

Studies comparing 1.5 and 3 T MRI in epilepsy surgery
candidates have shown that imaging at 3 T can identify
FCDs that escaped detection at 1.5 T.'” 2% In a cohort of
patients with FCD type II, 3 T MRI showed a lesion in 20%
of patients with nonlesional 1.5 T.*?

We hypothesize that a similar effect can be gained from
7 T, by virtue of increased signal-to-noise ratio, allowing
higher resolution and contrast.”® Dysplastic lesions previ-
ously detected using lower-field MRI are reported to be
detected with more confidence and visualized in greater
detail at 7 T.** One previous study reported an improved
detection rate of 7 T MRI compared to lower-field MRI,
although half of the patients in whom a new lesion was
detected at 7 T underwent previous scanning in presurgical

evaluation at only 1.5 T, and not at 3 T, the field strength
currently considered optimal. >

In our study we aim for verification of the clinical value
in a larger group of patients, of whom most underwent pre-
vious 3 T MRI, and using a full three-dimensional (3D)
scanning protocol with submillimeter resolutions in fluid
attenuated inversion recovery (FLAIR), T;, T>, and T,*-
weighted, and white matter suppression sequences. We
wanted to determine whether the use of 7 T MRI in clinical
practice led to higher detection rates of focal cortical dys-
plasia in candidates for epilepsy surgery, and how this influ-
enced surgical decision making.

MATERIALS AND METHODS

Patients

The University Medical Center Utrecht (UMCU) is a ter-
tiary referral center for patients with refractory epilepsy and
for epilepsy surgery. A multidisciplinary team consisting of
neurologists, neurophysiologists, neurosurgeons, neuroradi-
ologists, nuclear medicine physicians, and neuropsycholo-
gists from different centers evaluates surgical candidacy of
each patient, determines the type and order of ancillary
investigations, and decides on the selection or rejection for
surgery and on surgical strategy during epilepsy surgery
meetings (ESMs). Patients are referred for 7 T MRI if
lesional focal epilepsy is suspected but no abnormalities are
detected at one or more previous, sufficient-quality MRI
scans, acquired with a dedicated epilepsy protocol (3 T in
most cases),”® or when concealed pathology is suspected in
combination with MR-visible mesiotemporal sclerosis (dual
pathology).

For this series we consecutively included 40 patients who
underwent 7 T MRI for presurgical evaluation between
March 2009 and February 2016 and whose scans (both 7 T
and lower-field scans) were discussed in the ESMs. Two
young patients, ages 7 and 8 years, scanned in this period
were excluded from analysis. In one, the examination had to
be stopped because of inconsolable fear. In the other, severe
movement artefacts in all sequences made accurate assess-
ment impossible. In the 40 included patients, at least one
sequence was of sufficient quality for reliable visible assess-
ment, although some degree of movement artefacts in one
or more sequences was common, especially with pediatric
patients. For the review and analysis of patient data, institu-
tional ethical board approval was acquired. All patients gave
informed consent for the 7 T MRI examination.

MRI acquisition

Seven T MRI scans were performed on a Phillips
Achieva 7 T MRI system (Philips Healthcare, Best, the
Netherlands) with a 16-channel receive coil or, after May
2011, a 32-channel receive head coil combined with dual
channel transmit coil (Nova Medical, Wilmington, MA,
U.S.A.). From mid-2015 on, dielectric pads, containing

Epilepsia Open, 2(2):162-171, 2017
doi: 10.1002/epi4.12041



164

T. J. Veersema et al.

calcium titanate (Leiden University Medical Center, Lei-
den, the Netherlands), were routinely used to reduce arte-
facts and signal loss in the temporal regions.”’ Pads were
placed to the sides of the subject’s head. Patients all used ear
plugs to protect from acoustical noise.

In our center, 3 T MRI scans were performed with 3 T
Philips Achieva with eight-channel sensitivity encoding
(SENSE) head coil. The 3 T is the default machine for epi-
lepsy patients; only on specific indication (e.g., vagal nerve
stimulator in situ) and in the past 1.5 T was performed, on a
Phillips Achieva 8ch or Philips Ingenia dStream.

Scan protocols

The 7 T scanning protocol consists of T, 7>, FLAIR, and
T,*-weighted sequences and a gradient echo white matter
suppression (WMS) sequence, all with 0.5- to 0.8-mm iso-
tropic resolution with 50% overlap of slices; acquisition
time was circa 45 min. Since 2008, there have been minor
adjustments in the protocol, mainly the addition of the
WMS sequence and modification of the 7,* echo times.
Parameters of our 1.5, 3, and 7 T MRI sequences performed
in our center are described in Table S1. In case of severe
motion artefacts, precluding reliable assessment, sequences
are repeated to generate at least 7;, 7>, and/or FLAIR
sequences of sufficient quality, at the cost of 7,* and WMS
sequences.

All sequences are routinely reformatted in 0.5-mm (inter-
polated) multiplanar reconstructions to have axial, coronal,
and sagittal images for all sequences, allowing for optimal
appreciation of cortical architecture. This protocol covers
all sequences recommended in various guidelines for the
detection of epileptogenic lesions.*®

MRI assessment

MRIs were routinely reviewed (prior to the ESM) by
visual analysis on a high-resolution workstation by a dedi-
cated epilepsy radiologist who takes part in the ESMs and
who also revised all scans performed outside the UMCU.
During bimonthly multidisciplinary meetings, patients’ full
histories, electroencephalograms (EEGs), and results of
other investigations are discussed. MRI scans are shown on
a projector screen in the presence of a neuroradiologist and
collectively reassessed by the entire ESM team. The result-
ing conclusion is taken as final and was used in this study.
Scans were sometimes reviewed on more than one occasion.
The reported collective assessment of the lower-field MRI
always took place prior to the meeting during which the 7 T
MRI was evaluated.

A radiological diagnosis of possible FCD was made in
case of presence of distinctive imaging features,”® most
notably blurring of the gray-white matter border and trans-
mantle sign.

Hippocampal atrophy in combination with signal changes
was indicative of mesiotemporal sclerosis.”’ Covert dual
pathology was suspected if the clinical presentation could
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not be explained by mesiotemporal sclerosis alone. MRI
scans were considered nonlesional if no possibly epilepto-
genic lesions were seen. Patients with aspecific or radiologi-
cal findings strongly divergent from patient and
electrophysiological characteristics, for example, arachnoid
cysts, age-related or gliotic white matter lesions, and
enlarged perivascular spaces, were considered MRI-negative.
No postprocessing techniques were used or evaluated for
the purpose of this study.

Surgery

All surgical procedures were carried out in the UMCU by
two neurosurgeons with expertise in epilepsy surgery. All
patients in this series were operated either after chronic
electrocorticography (ECOG) or with guidance of acute
(intraoperative) ECOG. The surgeons strive to resect tissues
en-bloc as much as possible, to allow optimal histopatholog-
ical examination.

Histopathology

Resected brain tissue was fixed in 10% buffered formalin
and embedded in paraffin. Paraffin-embedded tissue was
sectioned at 5 pum and used for histology and immunohisto-
chemistry. Sections were processed for hematoxylin and
eosin staining as well as for immunohistochemical staining
for a number of neuronal and glial markers. Surgical sam-
ples were evaluated and classified according to the ILAE
guidelines.*>°

RESULTS

Patient characteristics, ancillary tests, and surgical
procedures

Included in this study were 40 patients in whom 7 T MRI
was performed on clinical indication and whose scans were
assessed in multidisciplinary ESMs. Age at time of 7 T scan
was 7-48 years (median 18).

Thirty-five (88%) were previously scanned at 3 T, 4
(10%) had at least a 1.5 T, and 1 previously had a 1.0 T
MRI. Eighteen patients (43%) underwent both 3 T and a
1.5/1/0.5 T MRI. Other ancillary tests performed were fluo-
rodeoxyglucose positron emission tomography (FDG-PET)
(in 38, 95%) and magnetoencephalography (in 29, 73%). So
far, single positron CT (SPECT) has been performed in 15
patients, including one failed examination (38%) (ictal sub-
traction with MRI co-registration: n = 12). Three patients
were still awaiting SPECT when study data were collected.

Thirteen patients (33%) underwent resective surgery, all
guided by ECOG (chronic grid registration n = 10, chronic
with grid and depth electrodes n = 1, acute grid registration
n = 2). At a follow-up ranging from 1 month to 5 years
(mean 17 months, median 9 months), 11/12 (91%) patients
were seizure free (Engel score 1A, n = 10; Engel 1D,
n = 1). One patient was scored Engel 4B at 6 months (one
patient has not yet been evaluated postoperatively).
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Seven patients (18%) await invasive EEG monitoring.
Twelve (30%) patients were rejected for resective surgery,
of whom one underwent multiple subpial transections in the
motor cortex and one received a vagal nerve stimulator. Sur-
gery is postponed in one patient with likely FCD because of
unexpected and prolonged seizure freedom. In three patients
(8%) the presurgical evaluation was stopped because of
expected unacceptable motor deficit or a significant
decrease in burden of disease. Four (10%) patients are still
under evaluation and await noninvasive tests: SPECT
(n = 2) and functional MRI and EEG (fMRI-EEG) (n = 2).

Findings of 7 T MRI

Table 1 provides an overview of 7 T and lower-field
MRI findings in all patients as well as the consequent treat-
ment strategies and histological diagnoses if available.

Table 2 summarizes the findings of relevant ancillary
tests in patients with new findings at 7 T (Patients 1-9,
Table 2) and in those patients who underwent surgery fol-
lowing a clinically indicated 7 T without newly identified
epileptogenic lesions (Patients 10—16, Table 2). A table of
all 40 patients is provided as Table S2.

Thirty-eight patients underwent 7 T MRI because lower-
field MRI was interpreted as showing no relevant epilepsy-
related lesions. In 8 of those, a focal abnormality, suspect of
FCD, could be identified on 7 T. Six of them have been oper-
ated, with histology confirming FCD type Ila in 2, FCD IIb
in 1, mMCD type 2 in 2, and mMCD with oligodendroglial

hyperplasia in 1 case (exemplary cases in Figs. 1-3).
In Patient 5, mMCD type 2 was diagnosed; however, close
relation to language areas precluded en-bloc resection of the
complete MRI abnormality.*® Possibly deeper tissues would
have been compatible with FCD I or II type (Fig. 3). In
another patient, FCD is also suspected, but surgery with
acute ECOG is postponed because of current seizure free-
dom. One patient is still under evaluation. All patients with
new lesions had previous good-quality 3 T MRI scans.

Two patients underwent 7 T MRI because of clinical sus-
picion of dual pathology in combination with mesiotempo-
ral sclerosis (MTS) visualized at 3 T MRI. In one patient
(Patient 10, Table 2) with left-sided MTS and associated
dysplasia in the temporal pole, there was a clinical and elec-
trophysiological suspicion of an additional contralateral
(right-sided) seizure onset. Seven T MRI did not indicate
the presence of such a lesion, and a left-sided anterior tem-
poral lobectomy plus amygdalohippocampectomy was per-
formed. Histopathology confirmed MTS + FCD Illa.

In the other patient (Patient 9, Table 2), 3 T MRI sug-
gested MTS, but semiology and electrophysiology indicated
temporal neocortical pathology. Seven T MRI revealed an
abnormal gyration pattern in combination with enhanced
venous vasculature on the 75* sequence, indicating a possi-
ble developmental abnormality in the anterior temporal
lobe. Selective left anterior temporal lobectomy with hip-
pocampectomy was performed, and the hippocampus was
found to have normal histology, whereas in the temporal

Table I. Epilepsy surgery meeting conclusions in patients with nonlesional or unclear lower-field MRI

ESM conclusion

| ECOG planned
| Still under evaluation

30 Nonlesional

3 Still under evaluation

2 Suspicion of Additional lesion

dual pathology

Resective surgery

No additional lesions Resective surgery

based on ESM conclusion

lower-field MRI basedon7 T Surgery Histology

38 Considered 8 Lesional 5 Resective surgery (with ECOG) 2 FCD ILAE typella
nonlesional | FCD ILAE type llb

| Resective surgery with ACOG planned

6 Resective surgery (ECOG guided)

6 ECOG or S-EEG planned

12 Rejected for resective surgery (I MST, | VNS) -
3 No surgery (declined/clinical improvement) -

| mMCD type 2

| Proliferative oligodendroglial hyperplasia
with mild malformation cortical development
2 Yet unknown (FCD suspected)

Yet unknown (FCD suspected)

2 mMCD type 2

| FCD ILAE type lla

I Normal histology

| Normal histology (sample error suspected)
I Normal histology (suboptimal assessment
due to tissue fragmentation)

mMCD type 2, no MTS
MTS + FCD ILAE type llla

ECOG, electrocorticography; ESM, epilepsy surgery meeting; FCD, focal cortical dysplasia; ILAE, International League Against Epilepsy; mMMCD, mild malforma-
tion of cortical development; MST, multiple subpial transections; MTS, mesiotemporal (hippocampal) sclerosis; S-EEG, stereo EEG; VNS, vagal nerve stimulator.

Epilepsia Open, 2(2):162-171, 2017
doi: 10.1002/epi4.12041



166

©
-
L)
°]
£
8
1S
o
>
=2,
~

panunuo)

+ Awoidaqo) ‘eiseydsAp
Joiziue (% 1) @4nygnosea pasea.dap pue pasea.dap pue ‘ssauaAIsuodsa.Ll
REYY:EETE SNOURA padueyud uondUNi-WAAD uondUNi-WAAD ‘UOISJI9A pERY
Apprewnin pue [edodway Buluniq Buluniq |edodwey |e3arred papis-T ‘saunzies
‘uone.nsida. plg Jolia1ue | uonelAs snoignp snoignp Jowzisod oadn -oJodway Ssaualeme
[eniul 193je SAN [eWwIOUqE + JS1IA +ISLW +ISLW paw.iopiad 10N 5ol ‘[esodwiaz-oseq | RESTe] [e2043iny Suizijesare-uoN padredwi [e204 1 s1/0 6
$24nZ195 dIUOPD
*sn.A2 [edodway -djuo} [eJa3e|iq 03
[e1paw 7 Jorzisod [e20} Aa1AndE Jo
uJa13ed snousa wsijoqeiswodAy [edodway IS9U.E ‘S3UNZIdS
[ewAyoua.edenu sn.A2 seingue -o.nued ssaualeme
'/ B/ pauueld puo [ewouqy oN oN pawdopiadioN  ‘[esared-osodwiel paw.opiad 10N pauuelg -oju0uy [elaIR|Ig [edodwa padredw [e204 8Ud 8
$24nZ135 2IUOPD
-1U03 [eI33EIq
‘swisipewoIne
sagueyd aIM s2unzies
[eudis Janrew [euamodou
pauueld 9IyM pajed.ewap ‘saunzfes
DODV YIm Aldood jo wsijoqeiswodAy opdsjide ssaualeme
'/U '/u Awoidsuolsa pueq [elped [e3dtied | oN pawuoyiad loN paw.iopad 0N [eaoried | |e3oried ] paw.opiadioN |e3aried-0.3uad pawuopiadioN paJredw [edo4 pl/o L
ugis spuewsue (spoaz>sp
aj3qns pue SuludpIy yadep)
[e2nJ03 ‘uonoun| sn2j|ns [eauouy onaupjiadAy
snJAS -WO Suruniq Jorsadns | j0 ‘saunzias
syauow ;| |eauo.y a|ppiw Yam snojns deap yadap Bupjds |eauo.y Ssauaeme
+V1 qan4 7 Awoisuoisa Ajlewsouqe [e3uouy ] pauLioyad 10N SN0} 3.nZIds ON sovids [eauoy snonunuo) 395U0 [e39) [e3uouy ] padredw [e204 voople 9
(xz1) snapns v
21NJEJNISEA SNOUSA
PasueyUd ‘(SIWAA)
uolsa) AususruriadAy |eaaried swispewoine
YN JO 423U spuewsues 9 pasunouo.d ‘UOISI9A PapIS-]
4O uoneulwEXD a3gns pue uoneJA3 ss9| pue SNJAS ‘Burress ‘Aanoe
ou ‘Aje; snIA3 |ewiouqe snajns (W L 2 ypim |eauo.y |elpaw sdoas ‘saunzies
Jouu9 9dwes |eauouy [eipaw |e3uo.y JoLdjul JU3SISUOD) wsijoqeiswodAy opdejide 7 8upjds ssaualeme
syauow § 4| ‘zadk @opw 7 Awoyedniod JwnnaJado [e3uouy oN paw.iopiad 10N [e3uody [eqodw=y | |eauouy snonunuod |e3uouy [e3uouy padredwi [e204 1z S
*sNJAS $2.4nZ195 dIUOPD
[eadi>o0 oLiayur -1u0) [elR3e)Iq
- uonean8yuod 01 [e20j tenE
)-udis spurwsUE X310 [eNsiA [ensiA tsaunzias
‘saBueyd [eusis saniew.ouqe wsijogelawiadAy wo.y duEs] [eauo.y SSOUDIEME
'/ B/ uoneneAs Japun J913BW 2IYM 33gNS oN oN paw.iopiad 10N [endid>o e ‘[E20MINLY paw.iopiad 10N -piwjasuQ padredwi [e204 8 U ¥
eisejdiadAy
Jeah | 4y |enSoapuaposijo
$24nZ135 JIUOPD
-J1U03 [eI33EIq
JoLizaue 7 uopdun| [edodwa3-piw 01 [e20} ‘BIX3|E
-MD jo SuLiiniq sn.AS [edodwa 7 [e2R40208U pue eiseydsAp
snuA3 (L + ¥V [elpaw e ‘saunzias
[edodwan [eipaw sanisualuliadAy , SolI[ewLIOUqE 7 x9310203u ‘[edodway SsouDIEME
YIm aoWw 9 Awoidsuoysa [ean102gng oN oN paw.opiad JoN soidg asnyIp [e3dLa3u] [edodway [edodwa padredw [e204 YT ObI6 €
(zL) AnsusauriadAy
JenIeW AUYM Bpqgns |eaniBese.ed swspewoine
“‘Arepunoq AA/D J0 [e3uouy puey Y ‘saunzias
Awo3dauolss| Bupan|q apgns ym ¥ Bupjds |eaxiBese.ed ssaualeme
Jeahk 7 4y el add [e3uoy y IR |[BWS [EIUOY Y oN paw.iopiad 30N paw.iopiad 10N sanI[ewLIouqe ON paw.iopiad 10N snonunuod [eauouy y [e3uo.y y pauredwi [e204 I 110 T
saunzias
[eaiBeseded [eaaiBese.ed [eaaiBese.ed JnaupjiadAy
[e3uouy [eauouy y YId [e3uouy isaunzias
Awoidaqo) uo AusuaruiadAy I [eaaiBese.ed [eaaiBese.ed ssaualeme
sieak G 4v| qan4 |enJed y ‘8uruiniq apgng oN pawiopiad 10N paw.iopad 10N sanieuLIouqe oN paw.opiad 10N snonupuod [eauo.y y [eauo.y y padredwi [e204 9T IS |
(24035 o3u3) (edka v31) Aiading WL £ WL € RN LS 153ds 134904 93W 9023 sedJeyasip sedJeyasip ABojowas  angap  aBe  “ou
awoxnnQo A3ojoyredorsiy wuoynda)ide wuoynda)ids e /Xes  1eg
[edlRIUl [€30] DIF 9JBYING a8y
EERELAUN

A3ojoyjedossiy [ewiouqe Yaim SAIIESU-[Y W 40 | [ IB SUOISI| M3U Y3IM sjudiled T 3|qe

162-171, 2017

10.1002/epi4.12041

Epilepsia Open, 2(2):

do

i:



167

s
w
S
o
<
3
-
v
3
=
[}
(a]
“
(]
>
9
QU
E
4
3
-~
~

“1Y29.3() 421USD) [B3IP3| ASIDAIUN SPISINO PaLLIOpad UBDS YA,

"PopIs-1y31i Y sisouads [edodwanolsaw ‘S | ‘weJdojeydadusolaudew ‘D3| ‘papis-ya| ] uondun|

a11eW 93yM pue AeJS ‘uonounl-pAD :25uaNbas A1aA08.4 UOISIaAUL paTENURNIE-PINj) Y|y T4 AydeSowon uoissiwa uo.nisod (4 ) 2s0dn|8Ax0apoaonyy ‘| 3d-Dd4 {panunuodsip sgn.p dndajidanue ‘— s8nup ondajdenue
uo ‘+ s3nup snds|idsnue Jo uoNBNUNUOISIP 431 SAUNZISS A|Uo ‘| ‘98.) a4nzias A919]dwod ‘v | :240ds [a8u3 ‘we.dofeydsduso.nds|e ‘533 AydesSodniod0.41939 ‘HODT @ousnbas A1aAodaa uoisIaAul 3|qnop “Y|d

|esodwn
[eipaw

pue [ea3e|
pue [e3aLred y

$94NZI9S dIuUo|d
-21u03 [eJ93e|Iq
{UOISIA paysiuwIp
4q pamoy|oj sake
O UOIS.I9A PapIS
-7 ‘senIWR.xXd

g|nsu| sa|ids ojpedods |[e BluoPoAW
Jorimsod ‘lesodwan ‘saanz|as
Awoidaqo| ew.Iouqe  pue [ea3g| [ea23e] y syyids [endidoo [endipoo SSOUDIEME
smojjo4 72dh @OWw |edodwl y BLWIOUQE ON| oN pawiiopad 10N -ododwal y /lesodwiay-oseg snonupuo) -oJodw= y -ododwi= y paJredw [edo4 U 91/0 9l
$24nZ195 dIUOPD
-|UO3 [eJR3EIq O3
[e20} ‘UoIsNyuOd
‘UOIS.IA
[edodway peay papis
snJAS eaJe ag.e| ul -ojuoyy -y ‘euswouayd
|edodway ajppiw qeaswodAy |edodwan |eda3e)1q Auoupne ‘saunzias
sanijew.ouqe pue oiadns ‘le3ared |eda1e| ] sanLenga.Ll Jedodway ssaua.leme
yauow | 4| oN 7 Awo19dn10D) BLLIOUQE ON| paw.opiadioN pauLiopad 30N -lesodwisi-oseq | BAISN2UOd J0N sovjids oipeJods Jyadsy Jopzisod paJiedw [e204 0T €€/0 Sl
$9.nZ135s dIUO|>
-|U03 [eI23E|Iq
03 |20} 1004
9] Ul suonesuas
uoneuswdely sndwesoddiy y ‘uonezijeatap
o18np sNJIA3 woyisny saids ojpeJods ‘eiseydsAp
JuBWSSISsSE ‘[edodway wnjnosado y uoneziedo| ‘[edodway Aiosuas ‘saunzias
|ewndogns -oseq Jola3sod qeiswodAy Jesp ou Jopaisod Jedodwy [eiodwiar-oseq ssaualeme
aeak 7/ Y| nq ‘eurioN uondasay saniew.Iouqe oN paw.iopiad 30N paw.iopiad 10N snoigng ‘auaydsiway y y sising Jowizasod y Jonimasod y padredwi [e204 1 ws ¥l
saunzias
1uo-21uoY
|eJ23e)1q 03 [e30}
snIA2 nauppadAy
SNJAS [e3uo.y [eIpaW saunzias
|eauo.y [eipaw EW.IOUqE qeaswodAy sanijew.Iouqe [e201 *Aa1Anoe wuoyndajide w.oyndaide ssaualeme
aeah §+q| 72dh @oww Y AwoadnI0D) EwIOUqe ON paw.iopiad 10N oN pauLiopad 30N |eauoayy oN [e3o1193UI ON dURsIp ON oUnsIp oN padredwi [e204 b1 81/o €l
$24nZ135 JIUOPD
-1U03 [eI33EIq
|eadoo 01 [8204 ‘2JU03
Awodsuolss) (seqo] [eiodwiay wsijoqeisw -otodwan o) ‘saunzies
|eaidiodo ul ss0] [euSis 9.9A3S) s euwLIouqe -odAy e sajids -oseq y Supjids |edodwan ssaudIEmME
Jeaf | —y| ®1 D4 -osodwai-oseq y soniew.Iouqe oN oN paw.opiad JoN -oJodwai-oseq y [edodwan y snonunuod Jopmasod y |ea3uS2-03U0} Y padredw [e204 L ple T
saunzfes
(snojns jo RITTREN [V
wonoq ul o4 |ea93g]1q pEay
“10.49 a|dwes sno|Ns [ea3ud /5948 uoISIA
Joy329dsns) -a.4d ‘[ennuad-aud EW.IOUqE sjds [e3u@3-03u0y papis-y ‘seunzies
sieah 7 —v| anssn [ew.oN 7 Awoidauoisa ew.IOUqE ON oN paw.iopiad 10N |e3u9d-03u04) T39su0 [e3d] 0URsIp oN [e3US2-03U0y SJeME [BD04 6 S1/% 11
A8ojoyzed eiseydsAp
Aworradwesod |enp jo uonesipul anissadxa
-IyejepSAwe ON "2qo] [edodwa3 3qo| [eiodwiay sndwesoddiy ‘swspewolne
+ Awodaqo| uonounl-WAAD uondUNi-WAAD + [e2110208U ‘saunzias
aod + |esodway JO uonedRWSP Jo uonedIRWSP qeaswodAy |edodway sayyids saAem dueys ssaua.leme
aeak | —y|  7SSePIVIISLIWN Jouue Jeapun + JSIW JB9PUN + TSI T SLIA 2|qissod pauLioyad 30N Jedodwai | paw.opiad 10N JoLue ] |edodwiaa-piuwi [edodwa3-piw padredw [e204 08U 0l
S1W
Jeak 7 +gy ou‘zadh gopWw Awodadwedoddiy
$24nZ135 2IUOPD
» [e1odwi=y [esodwizy -d1u03 [eJ93e|Iq
qJawnjon Jawnjon 01 [e204 ‘BISOUWE
(94095 [28u3) (edk va1) Aizang WL £ MWL € WL S 123dS 134904 BEIN] 9003 sad.eydsip sad.eydsip ABojoywag  angap a8t ou
awonnQo A8ojoyaedorsiy w.opndajide w.opnda)ide e /Xes  1ed
[e30M93Ul  [E3D] DI JBMNG a8y
DEEREL N

"panunuod °Z djqeL

162-171, 2017
10.1002/epi4.12041

Epilepsia Open, 2(2)

i:

do



168

T. J. Veersema et al.

lobe mild architectural abnormalities compatible with
mMCD type 2 were confirmed.

After identification of new lesions at 7 T, we reviewed
lower-field-strength images once more. Even though these
were inconspicuous at first, in hindsight, with knowledge of
the 7 T MRI findings, lesions could be recognized in 3 T
images in 3 of 9 patients (33%).

Six patients were operated even though presurgical
assessment of 7 T MRI did not reveal any relevant lesions.
They underwent grid-ECOG-guided corticectomy, and in 3
patients histopathological analysis revealed a dysplastic
lesion (2 mMCD type II, Patients 13 and 16; 1 FCD Ila,
Patient 12; Table 2). With knowledge of the histological
diagnosis, even in hindsight no lesion could be seen at 7 T;
however, temporal signal loss typical to ultra-high-field
acquisitions with insufficient correction methods made
assessment of the region of resection impossible in one of
these patients (Patient 12; Table 2). In another patient
(Patient 11; Table 2), normal histology was seen, even
though highly localized continuous spiking patterns in
ECOG registration were strongly suggestive of a small bot-
tom of the sulcus FCD. The difficult access to this lesion
precluded en-bloc resection, and the deeply located lesion
was removed with a surgical aspirator, most likely leading
to sample error in the pathological diagnosis. Indeed, retro-
spectively subtle features indicative of FCD were identified
onthe 7 TMRIL

DiScuUSSION

Of 40 patients with a clinical presurgical indication for
7 T MRI because of refractory focal epilepsy and pre-
sumed normal or nonexplanatory lower-field MRI, in 9
(23%) 7 T MRI revealed a lesion, guiding further surgi-
cal decision making. Six of these 9 patients have been
operated upon, with confirmation of FCD ILAE type ITIA
(n=2), FCD IIB (n=1), mMCD type II (n=2), or
mMCD with oligodendroglial hyperplasia (n = 1). One
patient is planned for surgical treatment under suspicion
of FCD, and in one patient with suspected FCD surgery
was postponed because of prolonged seizure freedom.
One patient is still being evaluated.

A recent study by de Ciantis* evaluated the diagnostic
yield of 7 T MRI in 21 patients with intractable focal epi-
lepsy and unrevealing 1.5 or 3 T MRI. Structural lesions
were identified in 6 (29%) of 21 patients, 4 of whom under-
went epilepsy surgery and whose histopathology confirmed
FCD (ILAE type Ila, n = 2; IIb, n = 1; [lla, n = 1). In that
study, however, only half of the 6 presumed MR-negative
patients in whom 7 T revealed a new lesion underwent pre-
vious MRI at 3 T, whereas in our series all 9 patients with
new lesions underwent 3 T MRI before. Our findings there-
fore truly reflect the added value of 7 T over the current
standard, 3 T MRI, in the presurgical evaluation.

Epilepsia Open, 2(2):162-171, 2017
doi: 10.1002/epi4.12041

Visualization of FCD

Several MRI features characterize FCD?® but with great
variety in conspicuity. Especially in mMCD and FCD type
I, changes can be very subtle'® and indistinguishable from
signal averaging and partial volume effects. The same
phenomena can hinder appreciation of blurring of the
gray-white matter junction, a telltale feature of FCD. Sub-
millimeter resolution and slice thickness greatly reduce the
detrimental signal averaging and partial volume effects.
Moreover, multiaxial images are needed to be able to opti-
mally assess the highly convoluted cerebral cortex. Subtle
signal changes can be obvious in one plane but completely
obscured by the cortical anatomy in another plane. In some
cases, even, the sole identifier can be an abnormal gyration
pattern, only recognizable in high-quality 3D image
sots, 182831

With current coil and processing techniques, it is not pos-
sible to achieve submillimeter high resolutions in all essen-
tial sequences (7;, T,, FLAIR, T, "‘)26’32 at 3 T while
maintaining tissue contrast and staying within acceptable
acquisition times. At 7 T this is currently possible and is its
most important strength. On the other hand, advances in coil
design and data processing could possibly also achieve this
at lower field strengths in the future.®

Inability of 7 T MRI to visualize dysplasia

In 30 out of 38 (79%) patients with nonlesional lower-
field MRI, 7 T MRI did not show epilepsy-related lesions
either. Possibly, there is no structural substrate, but it is
known that a portion of these patients do prove to have his-
tological abnormalities eventually."® In our series 3 patients
had confirmed FCD or mild malformation of cortical devel-
opment in the absence of any reported MR abnormalities at
7 T, even after retrospective review. In 1 patient, even
though histology was normal, probably because of sample
error, based on ECOG findings FCD is likely. In retrospect
there are signs of a bottom of sulcus FCD on the 7 T MRI.

There are several possible reasons why assessment of the
high-resolution images does not always provide the pivotal
information hoped for.

First, experience in 7 T MRI assessment is still limited
compared to that in 1.5 and 3 T MRI, the clinical standard
for many years. The added detail is sometimes a double-
edged sword; partial volume effects are greatly reduced and
much smaller structures are visible. But as a result the
images reveal a great number of structures for which it can
be problematic to differentiate between physiological clini-
cally meaningless variation and true pathology.

Second, thorough evaluation of 7 T examinations is rela-
tively time consuming. With constructed slice thickness of
0.5 mm, a completed scan protocol easily produces up to
4,000 slices. Possibly, lesions are missed if no extra time is
reserved for the clinical evaluation. The number of slices
and thus evaluation time could be reduced by increasing
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Figure 1.

Transverse (A) and sagittal 7 T T, (B), transverse 3 T T, (C). Patient 2. Male, 7 years, focal impaired awareness seizures. Seven T MRI
showed blurring of gray-white matter junction suspect for FCD. The lesion was only retrospectively identified on 3 T, where thick slices
(4 mm + | mm gap) lead to many false mimics from partial-volume effects of adjacent gyri. Lesionectomy in the medial frontal gyrus was
performed. Histology confirmed FCD ILAE type lla.

Epilepsia Open © ILAE

slice thickness and reducing reconstruction planes, but this
would likely negate the advantage of performing 7 T MRI.
Third, with the increase in field strength come more arte-
facts.”> Magnetic susceptibility effects and field inhomo-
geneities cause artefacts and signal loss. Temporal lobes are
particularly problematic with varying, but occasionally sev-
ere signal loss, making assessment impossible. Several tech-
niques to counter these artefacts are already successfully
used, and more are under development. A rather simple but
effective tool we routinely use since 2015 are the dielectric

Figure 2.

calcium titanate pads with passive RF shimming qualities,
which have shown to greatly reduce signal loss in the tem-
poral lobes.”” With growing clinical and technical experi-
ence, one would expect the diagnostic value of 7 T MRI to
increase.

Strengths and weaknesses

We chose to evaluate 7 T MRI in daily clinical practice,
with the conclusion of the multidisciplinary meetings as
final assessment. This design reflects how the added

|

Transverse (A) and coronal 7 T T, (B), 3 T FLAIR (C). Patient 6. Male, 14 years, focal impaired awareness seizures. At 7 T, blurring of
gray-white matter junction and cortical thickening compatible with FCD. In retrospect also recognizable on 3 T but initially overlooked
because of many (similar looking) partial-volume effects and signal variation in adjacent gyri. ECOG registration plus depth electrodes in
the MRI lesion was performed followed by lesionectomy of the bottom of a sulcus in the medial frontal gyrus. Histology confirmed FCD
type llb.

Epilepsia Open © ILAE
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Figure 3.

Transverse (A) and coronal 7 T white matter suppression sequence (B), coronal 3 T FLAIR (C). Patient 5. Male, 21 years, focal impaired
awareness seizures. On 7 T, WMS images were very subtle white matter signal changes adjoining a deep sulcus (resembling subtle trans-
mantle sign) in a region with a dense gyral pattern, suggestive of subtle cortical dysplasia. No abnormalities had been identified on 3 T
images. Histology was classified as mMMCD type 2; however, because of close relation to language areas en-bloc resection of the complete
MRI abnormality was not possible, and deeper tissues could have been compatible with FCD | or Il types.

Epilepsia Open © ILAE

information from 7 T MRI affects decision making and
how its use may benefit patient care. Naturally, this set-
ting does not allow for a formal and perfectly objective
comparison of the diagnostic accuracy between 7 T and
lower field strength, which would require systematic
scoring by multiple observers in a controlled environ-
ment. For the decision for surgical candidacy, clinical
information and ancillary tests are combined for more
robust assessments. We are convinced that lesion detec-
tion on MRI is more sensitive with fewer false positives
when taking supporting information and other tests into
account. Omitting this aspect in evaluating the value of
7 T can lead to results that are not fully applicable to
clinical practice. However, 7 T MRI scans are offered
later in the diagnostic work-up, and consequently in 17
of 40 patients (43%) additional ancillary test were avail-
able during the 7 T review. This was true for 5 of 9
(55%) patients with new 7 T MRI findings. The added
information available during multidisciplinary assessment
of the 7 T scans may have contributed to a better detec-
tion rate. Moreover, acquisition time is 45-50 min at
7 T, compared to 25 min for standard protocols at 1.5 or
3 T in our center. Hence, the longer acquisition is an
additional benefit (leading to either an increase in signal-
to-noise or higher resolution) on top of the increase in
field strength.

CONCLUSION

Our study demonstrates that the use of ultra-high-field
MRI with an extensive scanning protocol can improve

Epilepsia Open, 2(2):162-171, 2017
doi: 10.1002/epi4.12041

lesion detection compared to the current clinical standards.
It seems worthwhile to further invest in improving MRI
techniques for patients with focal refractory epilepsy. In our
series of 40 patients with refractory focal epilepsy, multidis-
ciplinary evaluation of 7 T MRI identified clinically rele-
vant additional malformation of cortical development
lesions in 9 patients (23%). Seven T MRI delivers on the
promise to improve detection of focal cortical dysplasia and
mild malformation of cortical development in patients with
intractable epilepsy.
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