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ABSTRACT

BACKGROUND AND PURPOSE: Focal cortical dysplasias are the most common resected epileptogenic lesions in children and the
third most common lesion in adults, but they are often subtle and frequently overlooked on MR imaging. The purpose of this
study was to evaluate whether MP2RAGE-based morphometric MR imaging analysis is superior to MPRAGE-based analysis in the
detection of focal cortical dysplasia.

MATERIALS AND METHODS: MPRAGE and MP2RAGE datasets were acquired in a consecutive series of 640 patients with epilepsy.
Datasets were postprocessed using the Morphometric Analysis Program to generate morphometric z score maps such as junction,
extension, and thickness images based on both MPRAGE and MP2RAGE images. Focal cortical dysplasia lesions were manually seg-
mented in the junction images, and volumes and mean z scores of the lesions were measured.

RESULTS: Of 21 focal cortical dysplasias discovered, all were clearly visible on MP2RAGE junction images, whereas 2 were not visible
on MPRAGE junction images. In all except 4 patients, the volume of the focal cortical dysplasia was larger and mean lesion z scores
were higher on MP2RAGE junction images compared with the MPRAGE-based images (P =.005, P =.013).

CONCLUSIONS: In this study, MP2RAGE-based morphometric analysis created clearer output maps with larger lesion volumes and higher
z scores than the MPRAGE-based analysis. This new approach may improve the detection of subtle, otherwise overlooked focal cortical

dysplasia.

ABBREVIATIONS: FCD = focal cortical dysplasia; MAP = Morphometric Analysis Program

Focal cortical dysplasias (FCDs) are the most common epilep-
togenic lesions in children undergoing epilepsy surgery and
the third most common cause in adults." They encompass a
broad spectrum of histopathologic abnormalities and have
recently been classified in a 3-tiered system, in which FCD type
I has abnormal radial and/or tangential laminations and FCD
type II is composed of dysmorphic neurons either without
(FCD IIa) or with (FCD IIb) balloon cells. FCD type III lesions
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are dysplastic lesions occurring alongside other lesions, eg, hip-
pocampal sclerosis or tumors.>

Whether a dysplastic lesion is detected on MR imaging depends
on the degree of histopathologic abnormality and on the quality of
the MR imaging examination.” The impact of the MR imaging
quality can be derived from the increasing proportions of FCD type
II in cohorts of patients undergoing epilepsy surgery.* Many of
these FCDs were detected following postprocessing of an MPRAGE
sequence, which highlighted subtle and thus equivocal findings on
conventional, mostly FLAIR, sequences.”® For MR imaging post-
processing, several epilepsy centers use the Morphometric Analysis
Program (MAP), which is based on algorithms of the freely avail-
able Statistical Parametric Mapping (SPM; http://www.filion.ucl.ac.
uk/spm/software/spm12) software. By comparison with a normal
data base, 3 different morphometric maps are generated that high-
light suspicious brain regions characterized by subtle blurring of the
gray-white junction, abnormal cortical gyration, or abnormal corti-
cal thickness.”®

The MP2RAGE sequence is a refinement of the MPRAGE
sequence. It combines 2 MPRAGE datasets acquired, interleaved at
different TIs, and creates a homogeneous T1-weighted contrast
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Epilepsy-dedicated MR imaging protocol®

No. of Voxel Size TI/TR/TE/a Acquisition Time
MR Imaging Sequence Slices/Thickness (mm) (mm?) (ms/ms/ms/degree) (Min:Sec)
Sag 3D-MPRAGE 160/1 1Tx1x1 900/2000/2.26/12 4:40
Sag 3D-FLAIR-SPACE 160/1 1x1x1 1800/5000/388/var 6:52
Ax 2D-T2-TSE 42/3 04 x04x3 5040/102/150 4:34
Ax 2D-T2* 23/5 07 x 0.7 x5 639/19.9/20 2:33
Cor 2D-T2-STIR 40/2 0.4 x 04 x2 100/5390/25/140 8:07
Cor 2D FLAIR 68/2 0.7 x 0.7 x 02 2500/9000/87/150 4:14
Ax 2D-DWI-SE EPI 23/5 0.6 x 0.6 x5 3400/85 0:46
Sag 3D-MP2RAGE 192/1 1x1x1 700, 2200/2000/2.26/12 8:52

Note:—SPACE indicates sampling perfection with application-optimized contrasts by using flip angle evolution; SE, spin-echo; «, flip angle; Sag, sagittal; Ax, axial; Cor,

coronal; var, variable flip angle.
3T Magnetom Prisma (Siemens).

FIG 1. FCD with the transmantle sign of the left medial fronto-orbital gyrus (bottom-of-sulcus
dysplasia) in a 12-year-old girl with seizures (patient 1). The lesion was overlooked on visual inspec-
tion (A—C) but was highlighted with MPRAGE-based (D and E) and MP2RAGE-based (G-H) junction
images. MP2RAGE-based thickness (F) and extension (/) maps were considered to have negative

findings.

with an intrinsic correction of B; inhomogeneities and reduced re-
sidual proton density and T2* weighting. T1 relaxation times can
be derived from the MP2RAGE contrast, which has been shown to
be highly reproducible both across subjects and within the same
subject using different scanning parameters.” We conducted this
prospective study because we hypothesized that due to higher B,
homogeneity, the MP2RAGE sequence is better suited for mor-
phometric MR imaging analysis and the resulting FCD detection
than the traditionally used MPRAGE sequence.
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MATERIALS AND METHODS
Within a 4-year period (July 1, 2015-
June 30, 2019), 640 patients with epi-
lepsy were studied with an epilepsy-
dedicated protocol'® and an additional
MP2RAGE sequence on a 3T scan-
ner (Magnetom Prisma; Siemens)
(Table).

The study was in accordance with
the 1964 Helsinki Declaration and its
later amendments and was approved
by the local ethics committee (Uni-
versity Medical Center Freiburg).

Morphometric MR Imaging
Analysis

Morphometric MR imaging analy-
sis was performed on MPRAGE and
MP2RAGE images using a fully auto-
mated script, MAP, running in Matlab,
Version R2014b (MathWorks). The cur-
rent version of the program (MAP18)
corresponds to previous implementa-
tions known as MAP07%'"'? but now
uses algorithms of SPM12, eg, the algo-
rithm for normalization into Montreal
Neurological Institute space known as
(with  small
modifications in SPM12 compared with
SPM5; see SPM12 Manual, page 51f,
www.filion.uclac.uk) and the recently

“unified segmentation”

improved segmentation into 5 tissue
classes instead of 3 as in SPM5. The cre-
ation of the morphometric maps has

been described in detail in previous publications.”*'*'*

Briefly, each
T1 input image is normalized to Montreal Neurological Institute
space, simultaneously corrected for intensity inhomogeneities and
segmented in different tissue compartments. The distribution of
gray and white matter is analyzed on a voxelwise basis and com-
pared with a normal data base. On the basis of this analysis, 3D mor-
phometric maps, called extension image, junction image, and
thickness image, are generated. These are z score maps in which

brain regions that deviate from the normal data base have


http://www.fil.ion.ucl.ac.uk

FIG 2. FCD with the transmantle sign of the right precentral gyrus in a 7-year-old girl with seiz-
ures (patient 18). Despite movement artifacts, the lesion is clearly visible on FLAIR (A and D) and
MP2RAGE-based junction images (F). In an MPRAGE-based junction image (C) for comparison, the
lesion is not clearly distinguishable. Strong TIWI contrast is seen in a uniform MP2RAGE image (E)

compared with MPRAGE (B).

higher z scores and appear bright, thereby highlighting typical
MR imaging features of FCDs, such as abnormal gyration and
abnormal extension of gray matter into white matter (exten-
sion image), blurring of the gray-white matter junction (junc-
tion image), and abnormal cortical thickness (thickness
image).

Because the junction image is the most sensitive of these
maps, it was the focus of this study, and its creation will be
described in more detail here:

Means and SDs of the voxel intensities in the gray and white
matter compartments are used to determine individual lower (mean
gray matter signal intensity + one-half gray matter SD) and upper
(mean white matter signal intensity — one-half white matter SD) in-
tensity thresholds for filtering and conversion of the normalized and
intensity-corrected input image to a binary image. Each voxel with a
gray value between these thresholds is set to 1 in the resulting binary
image, and the other voxels are set to zero. The resulting binary
image is then smoothed by a 3D convolution filter and compared
with a normal data base. The datasets forming the normal database
have been processed in the same way as described above and then
used to create an average image and an image providing SDs for all
voxel positions. These are used to transform the smoothed binary
image into the final junction image with z score normalized data.
Bright regions in the junction image correspond to cortical areas
with a less defined border between gray and white matter and a
broader transition zone compared with the normal data base.®

For the present study, 2 different normal data bases of healthy
controls have been used, one for MPRAGE data and the other for
MP2RAGE data. They consist of MPRAGE and MP2RAGE

datasets, respectively, of the same
cohort of 154 persons (88 women, 66
men) with a mean age of 33.9years
(range, 20-64 years), measured on a 3T
Magnetom Prisma scanner.

Evaluation
All morphometric maps (ie, junction,
extension, and thickness images) were
displayed in MRIcro (https://people.
cas.sc.edu/rorden/mricro/mricro.html)
in the full-range contrast setting and
screened alongside coregistered 3D-
FLAIR sequences for dysplastic lesions.
An FCD was diagnosed when the typi-
cal radiologic criteria were clearly iden-
tifiable on either T1 or FLAIR images.
In such cases, lesions were manually
segmented on axial slices of the junc-
tion images generated from MPRAGE
and MP2RAGE sequences, respectively,
according to the extent of the bright
area highlighting the blurring of the
gray-white matter junction. All segmen-
tation results were stored as ROIs, and
volumes and z scores were measured.
Thickness and extension images
were evaluated only for positive or neg-
ative findings in a consensus reading by 2 readers with >3 and
>20years’ experience in clinical neuroimaging. In this context,
MPRAGE and MP2RAGE junction images were also examined for
false-positive lesions, ie, findings without correlation in the FLAIR
sequences.

Statistics

The Wilcoxon signed rank test was used to compare the volumes
and z scores of the FCDs obtained with MPRAGE- versus
MP2RAGE-based junction images. Statistical analysis and graphic
representation were performed with SPSS 22 (IBM) and R (https://
www.R-project.org).

RESULTS

Twenty-one lesions with MR imaging characteristics of FCD type II
were identified in 20 patients (mean age, 27 * 14.9 years; range, 7—
60 years). An operation has been performed in only 7 patients so far
(2 with FCD IIa, 4 with FCD IIb, and in 1 patient [patient 9] in
whom only ectopic neurons were found). Seizure outcome has been
available in 6 patients so far and was Engel Epilepsy Surgery
Outcome Scale TA in 4 patients and IVB in 2 patients (patients 1
and 17; On-line Table).

Postprocessing of the MPRAGE and MP2RAGE sequences
helped to detect 2 FCD Ila lesions, which were overlooked on con-
ventional MR images (patients 1, 2; Fig 1). Two lesions (patients 14,
18; Fig 2) were invisible on MPRAGE-based junction images but
clearly identified on MP2RAGE-based images. In 20 patients, we
detected, in total, 34 (MPRAGE junction) and 32 (MP2RAGE junc-
tion) false-positive lesions, respectively (for individual values, see
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5.643 (range, 1.762-13.176; standard
error of the mean, 0.654) for the
MP2RAGE-based analysis, respec-
tively (P=.013). The distribution of
volumes and z scores, including me-
dian values, are presented in Fig 3.
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FIG 3. Lesion volumes (A, in milliliters) and mean lesion z scores (B) in MPRAGE- and MP2RAGE-

based junction maps.

FIG 4. FCD llb with a transmantle sign of the left superior frontal gyrus (bottom-of-sulcus dyspla-
sia) in a 27-year-old man with right-sided sensory-motor seizures (patient 5). A, Reformatted 1-
mm-thick coronal FLAIR section (arrow: transmantle sign of the FCD). B, Overlay of MPRAGE-
based junction image abnormalities with z scores of >4. C, Overlay of MP2RAGE-based junction
image abnormalities with z scores of >4. The MP2RAGE-based junction image matches the signal
abnormalities at the gray matter junction as a characteristic feature of FCD type Il (D-F, magnified

coronal, sagittal, and axial views).

On-line Table). Distribution of false-positive findings was similar
between both techniques, with no false-positives in 3 MPRAGE/6
MP2RAGE datasets, 1 false-positive in 7/6, two false-positives in 7/
2, three in 1/4, four in 2/1, and 5 false-positive findings in 1
MP2RAGE dataset.

The median volumes of true-positive lesions, manually seg-
mented on junction images, were 0.586 mL (range, 0.114-7.946
mL; standard error of the mean, 0.403 mL) for the MPRAGE-
based junction images and 0.829 mL (range, 0.182-8.690 mL;
standard error of the mean, 0.441 mL) for the MP2RAGE- based
junction images, respectively (P = .005). The median z scores on
full-range contrast junction images were 4.452 (range, 2.111-
9.125; standard error of the mean, 0.381) for MPRAGE and
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. based junction images of all 21 FCDs
MPZRAGE in 20 patients (On-line Table and Figs
1, 2, 4, and 5). In contrast, abnormal-
ities in the thickness and extension
images were only present in 13/21 and
16/21 lesions for the MPRAGE- and
13/21 and 18/21 lesions for the

MP2RAGE-based analysis.

DISCUSSION

In the present study, postprocessing of
an MP2RAGE sequence yielded larger
lesion volumes and lesion z scores of
the junction images compared with
the MPRAGE sequence. In addition,
it helped to detect 2 FCDs that were
not highlighted on MPRAGE-based
junction images.

The junction images display the
abnormal transition of the gray-white
matter junction. Blurring of the gray-
white matter transition is a common
feature in type I and II FCDs. The
prevalence of transition zone abnor-
malities on structural (nonpostpro-
cessed) MR imaging ranges between
53% (FCD Ia) and 79% (FCD IIb)."”
The sensitivity and specificity of MAP
junction maps in histology-proved
FCDs, based on T1WI, have been
reported as 64% and 96%."'

Displaying larger and brighter
lesions, the MP2RAGE sequence likely
increases the sensitivity and diagnostic confidence, which may
have an impact on the decision to proceed with invasive electroen-
cephalography recordings or epilepsy surgery.

The abnormal cortical morphology as reflected by an increased
cortical thickness and abnormal extension of gray matter into
white matter is common in FCD II but is typically absent in FCD I
and III. However, abnormal cortical morphology is more difficult
to identify on the extension and thickness images than the abnor-
mal transition of the gray-white matter junction on the corre-
sponding junction images. In most cases, the lesions were detected
with the aid of the junction images. However, there was a tendency
for better detection of FCDs on MP2RAGE-based extension
images (positive findings in 18/21 versus 16/21 lesions), whereas



FIG 5. FCD with a transmantle sign of the right superior frontal gyrus (bottom-of-sulcus dyspla-
sia) (FLAIR A and D) in an Tl-year-old girl with left upper and lower limb somatosensoric aura and
motor seizures (patient 20). The MPRAGE- (B and C) and MP2RAGE-based junction images (E and
F) match the signal abnormalities at the gray matter junction as a characteristic feature of FCD
type Il. MP2RAGE delivers, in this case, higher contrast junction images and better lesion defini-

tion compared with MPRAGE.

thickness images only had positive findings in 13/21 lesions in
both techniques.

Our finding of larger lesion sizes in MP2RAGE-based MAP
analysis raises the question about the real size of a lesion. By dem-
onstrating larger lesion volumes, MP2RAGE-based junction
maps may be superior in defining peripheral lesion components.
Furthermore, positive findings on extension and thickness images
suggest that an integrated definition and lesion detection in an
automated approach represent the next step in MAP-based FCD
postprocessing. Even if the resection of the subcortical compo-
nent does not seem to improve the outcome, an integrative defi-
nition of the lesion component at the cortico-medullary junction
should be sought.

Recently, a modification of the MP2RAGE sequence with
altered TIs to null CSF and white matter in the 2 respectively
acquired TT images has been published.'” The fluid and white mat-
ter suppression sequence appears ideally suited to search for FCD,
but its use for morphometric analysis again requires the buildup of
a sequence-specific normal data base of healthy controls.

A limitation of this study is the difficulty of evaluating whether
in light of a higher sensitivity of MP2RAGE-based junction images,
there are also more false-positive findings. In this study, we per-
formed a qualitative visual evaluation with the aid of the results of
the morphometric analysis. We did not use a specific threshold
value for an automated detection of FCD, but re-assessed the
“bright spots” on the morphometric analyses on FLAIR sequences
to discover subtle lesions with abnormalities at the gray-white mat-
ter interface. Therefore, a further quantification and assessment of
false-positive findings in patients or healthy controls is simply not
possible. To at least estimate false-positive findings in patients, we
visually compared MPRAGE- and MP2RAGE-based junction

images using the full-range contrast
setting of MRIcro. We found 34 and
32 false-positives in 20 patients on
MPRAGE- and MP2RAGE-based
images, respectively, with a similar
distribution between both techni-
ques. No differences with regard to
the cluster size or the z scores of
false-positives were found.

To estimate false-positive findings
in healthy controls, we analyzed 70
healthy controls, assuming that they
did not have FCD. With a general lin-
ear model and a leave-one-out strat-
egy, each voxel was compared with the
corresponding voxel of the remainder.
Number and z scores of false-positive
voxels (P<<.001, P<.05 family-wise
error—corrected) were not different
between MPRAGE and MP2RAGE
datasets (unpublished data).

However, at this point, for the
detection of FCD in an epileptologic
setting, sensitivity is more important
than specificity or the number of false-
positive findings because an unde-
tected or overlooked lesion may prevent the patient from access-
ing an epilepsy surgery program. Conversely, no putative FCD
would undergo an operation directly, but first the epileptogenic
potential of a possible lesion would always have to be verified
using electrophysiologic methods. Therefore, a high sensitivity is
more crucial for this type of clinical situation than a high
specificity.

Another limitation is the relatively low number of FCDs and
the fact that histopathologic proof has been obtained in only 7
patients so far. In 1 patient (patient 9), only ectopic neurons but
no FCD were encountered. However, because the patient was
seizure-free 3 months after the operation, a neuropathologic
sampling error should also be taken into consideration.

Recently, a modification of the MP2RAGE sequence with
inversion pulses to suppress CSF and white matter has been pub-
lished."” The fluid and white matter suppression sequence
appears ideally suited to search for FCD but again requires the
buildup of a data base of healthy controls and a larger number of
patients with FCD.

CONCLUSIONS
MP2RAGE compared with MPRAGE produced junction
images with larger FCD lesion volumes and higher lesion z
scores, which may improve the detection of FCD in patients
with focal epilepsy.
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