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Abstract
Purpose  To evaluate a MRI postprocessing tool for the enhanced and rapid detection of focal cortical dysplasia (FCD).
Methods  MP2RAGE sequences of 40 consecutive, so far MRI-negative patients and of 32 healthy controls were morpho-
metrically analyzed to highlight typical FCD features. The resulting morphometric maps served as input for an artificial 
neural network generating a FCD probability map. The FCD probability map was inversely normalized, co-registered to 
the MPRAGE2 sequence, and re-transferred into the PACS system. Co-registered images were scrolled through “within a 
minute” to determine whether a FCD was present or not.
Results  Fifteen FCD, three subcortical band heterotopias (SBH), and one periventricular nodular heterotopia were identified. 
Of those, four FCD and one SBH were only detected by MRI postprocessing while one FCD and one focal polymicrogryia 
were missed, respectively. False-positive results occurred in 21 patients and 22 healthy controls. However, true positive 
cluster volumes were significantly larger than volumes of false-positive clusters (p < 0.001). The area under the curve of the 
receiver operating curve was 0.851 with a cut-off volume of 0.05 ml best indicating a FCD.
Conclusion  Automated MRI postprocessing and presentation of co-registered output maps in the PACS allowed for rapid (i.e., 
“within a minute”) identification of FCDs in our clinical setting. The presence of false-positive findings currently requires a 
careful comparison of postprocessing results with conventional MR images but may be reduced in the future using a neural 
network better adapted to MP2RAGE images.
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Abbreviations
FCD	� Focal cortical dysplasia
SBH	� Subcortical band heterotopias
MAP	� Morphometric analysis program
ANN	� Artificial neural network

TP	� True positives
FP	� False positives
PACS	� Picture archiving communication system

Introduction

Malformations of cortical development comprise hetero-
geneous disorders of disrupted cerebral cortex formation 
caused by various genetic, infectious, vascular, or metabolic 
etiologies [1]. Among those, focal malformations represent 
an important subgroup as they may be amenable to epi-
lepsy surgery. Focal malformations include focal cortical 
dysplasia (FCD) but also gray matter heterotopia and focal 
polymicrogyria.

Gray matter heterotopia are clusters of normal neu-
rons in abnormal locations and commonly categorized into 
periventricular nodular heterotopia (previously designated 
as subependymal heterotopia), subcortical heterotopia, and 
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subcortical band heterotopia (SBH) (previously called double 
cortex) [1]. Polymicrogyria means an excessive number of 
abnormally small cerebral gyri, most commonly in a bilateral 
location in the posterior parts of the Sylvian fissures. However, 
any part of the cerebral cortex including the frontal, occipital, 
and temporal lobes can be affected [1].

FCD are characterized by disordered cortical lamination 
with or without abnormal cell types. FCD are the most com-
monly resected epileptogenic lesions in children and the third 
most common lesions in adults [2]. Structural MRI abnormali-
ties comprise an increased cortical thickness, blurring of the 
gray/white matter junction, a transmantle sign, and/or an abnor-
mal gyral/sulcal pattern [3]. These abnormalities can be subtle 
but highlighted by voxel-based morphometric MRI analysis 
and comparison of results to a group of healthy controls. Using 
this approach, the morphometric analysis program (version of 
2018; MAP18) utilizes MPRAGE data sets and generates mor-
phometric maps in terms of junction, extension, and thickness 
images enhancing the visualization of abnormal blurring of the 
gray/white matter junction, abnormal extension of gray matter 
into deep white matter as well as an increased cortical thickness 
[4–6]. The sensitivity of FCD detection is higher by using 
MP2RAGE instead of MPRAGE sequences as potential FCD 
lesions are displayed with larger volumes and higher mean 
z-scores [7]. The MP2RAGE sequence is a MPRAGE sequence 
with two inversion pulses at 700 ms and 2500 ms, respectively. 
From the two images, a so-called unified image is calculated 
using the formula MP2RAGE =

contrast TI1× contrast TI2

contrast T1
2
+ contrast TI2

2
 . The 

MP2RAGE sequence produces images with a higher B1 homo-
geneity than the MPRAGE sequence and is therefore particu-
larly suited for postprocessing [8, 9]. Another recent modifica-
tion is the integration of an artificial neural network (ANN) in 
the postprocessing tool MAP18. This ANN was trained with 
morphometric and brain segmentation maps from MPRAGE 
sequences and generates FCD probability maps which reflect 
the voxel-wise probability for dysplastic tissue [10]. Here, 
although the ANN was trained with MPRAGE images, FCD 
probability maps were calculated from MP2RAGE images and 
presented as an overlay on the original MP2RAGE input image 
(cf. examples in Figs. 1, 2, 3, and 4).

We hypothesized that by presentation of original MR images 
together with co-registered maps resulting from morphometric 
MRI analysis, FCD can be detected very fast, i.e., “within one 
minute.” The aim of this prospective study was therefore to 
evaluate the feasibility and accuracy of such an approach.

Methods

Within a 6-month period (1.9.2019–29.2.2020), consecutive 
patients with focal epilepsy syndromes suggested by semi-
ology and/or EEG were included. Inclusion criteria were 

that patients had been considered MRI-negative so far and 
were studied with an epilepsy-dedicated protocol including 
a MP2RAGE sequence on a 3-T Prisma scanner (Siemens 
Healthineers, Erlangen, Germany) [7]. The study was in 
accordance with the 1964 Helsinki Declaration and its later 
amendments and approved by the local ethical committee.

Postprocessing

The unified images of the MP2RAGE sequence were pro-
cessed with SPM 12 (http://​www.​fil.​ion.​ucl.​ac.​uk/​spm/) run-
ning in MATLAB R2014b (MathWorks, Natick, MA, USA). 
DICOM images were converted to NIfTI format; segmented 
into gray matter (GM), white matter (WM), and cerebrospi-
nal fluid (CSF) maps; and normalized to the Montreal Neu-
rological Institute (MNI) space. Using the MAP18 software, 
junction, extension, and thickness images were calculated 
as described before [4–6]. In addition, these morphomet-
ric maps were used as input for an artificial neural network 
(ANN) trained with MRI data of FCD patients and healthy 
controls as described elsewhere [10]. However, it should be 
noted that this ANN has been trained with MPRAGE data 
as FCD cases with MP2RAGE sequences required for such 
training are currently not available in sufficient quantity. The 
output of the ANN after classification of all voxels in the 
unified MP2RAGE image comprises a FCD probability map 
with values closer to 1 indicating voxels more likely to be 
dysplastic tissue and values closer to 0 representing non-
dysplastic brain tissue or compartments outside of the brain. 
Finally, all results of MRI postprocessing (i.e., morphomet-
ric maps and FCD probability map) were inversely normal-
ized (i.e., transferred to native space), co-registered, recon-
verted to DICOM format, and exported to the PACS system. 
The FCD probability map was displayed as an overlay in 
the original MP2RAGE image and could be screened very 
fast by scrolling through the co-registered data sets (Fig. 1).

Evaluation

Epilepsy-dedicated MRI scans of 40 consecutive patients 
were evaluated by a senior neuroradiologist (> 20 years of 
experience) by visual inspection of the conventional MR 
images first, and then—for the “one minute” approach—
together with the co-registered MRI postprocessing results. 
A FCD was diagnosed when the typical radiologic criteria 
[3] were clearly identifiable in the conventional MR images. 
A lesion was regarded as detected by the “one minute” 
approach (i.e., true positive, TP), if the results in the FCD 
probability map overlapped with the dysplastic lesion, thus 
allowing for a rapid detection. Furthermore, we differenti-
ated between lesions that were already recognizable in the 
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first screening of the conventional MRI images and those 
only detected in the “one minute” approach by means of co-
registered postprocessing results. In order to calculate false 
positives (FP), we generated morphometric results includ-
ing FCD probability maps of 36 healthy controls who had 
been studied to build up a normative database. Number and 
volumes of TP and FP clusters in the FCD probability map 
were measured using the imaging platform NORA (www.​
nora-​imagi​ng.​org).

Statistics

Descriptive statistics include age, gender, clinical findings/
semiology, and location of lesions. The normal distribu-
tion of TP and FP FCD cluster volumes was checked by 
Shapiro–Wilk test. The Mann–Whitney U test was used 
to compare TP and FP FCD volumes. A receiver operat-
ing curve (ROC) was calculated to determine the optimal 
cut-off volume between TP and FP. All statistical analyses 

were performed using R statistics (R Core Team, https://​
www.R-​proje​ct.​org).

Results

Out of 40 consecutive patients, 15 patients had FCD, three 
subcortical band heterotopia (SBH), one periventricular nod-
ular heterotopia, and one focal polymicrogyria respectively. 
Twenty patients were MRI-negative (Table 1).

Four FCD (## 7, 8, 22, 40; i.e., 27% of FCD) and one 
SBH (#25; i.e., 33% of SBH) were only detected by post-
processing using “within a minute” approach (Figs. 2, 3). 
One FCD with a subtle transmantle sign was missed with the 
“within a minute” approach and only visible in the junction 
image of the MAP (#15). The focal polymicrogyria (#2) was 
not visualized with the “within a minute” approach.

In another two patients, the extent of the FCD displayed 
by postprocessing was visually larger than in the conven-
tional MR images (##32, 33).

A
B C D

E F G H

Fig. 1   Axial MP2RAGE image with a FCD IIB of the right superior 
frontal gyrus (A: arrow). Postprocessing with normalization, seg-
mentation, and subtraction/division from a database with 154 healthy 
controls results in the calculation of junction (B), thickness (C), and 
extension images (D). These serve among others as input maps for 
an ANN that creates binary output maps in which the lesion is dis-

played in gray tones (E). An axial FLAIR image helps to separate 
the FCD and false positives (F). At the end, co-registered output and 
MP2RAGE maps are inversely normalized and sent back to the PACS 
system, in which they are viewed by scrolling through the co-regis-
tered data set (G, H) (#12)
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FPs were found in 29 patients: 11 patients had no FP, 
16 patients had one or two FP clusters with a volume of 

0.01–0.63 ml, and 13 patients more than two, often scattered 
FP clusters (volumes of 0.01–8.29 ml), respectively.

Fig. 2   A 28-year-old man 
with hypomotor seizures and 
clonic seizures with versive 
head movement to the left side 
evolving to bilateral tonic–
clonic seizures (#40). MRI with 
coronal (A) and axial refor-
mations (B) of a 3D FLAIR 
sequence was considered to be 
normal. By scrolling through 
the co-registered MP2RAGE 
images (C, D), the lesion was 
detected “within a minute.” 
For co-registration, the ANN 
probability map (E) is used. The 
junction image as one of the 
input maps for the ANN high-
lights the blurring of the gray 
white matter junction as the 
most prevalent feature of FCD 
(F: arrows). Epileptogenicity 
of the lesion was confirmed by 
SEEG, the patient underwent 
surgery, and histopathology 
revealed a mild malformation of 
cortical development (mMCD)

A B

C D

E F
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Median lesion volume of true positive (TP) clusters was 
0.53 ml (0.04–13.1 ml; IQR 1.17) compared to 0.04 ml 
(0.01–8.29 ml; IQR 0.10) of the FP clusters (p < 0.001).

The AUC of the receiver operating curve was 0.851 with 
a cut-off volume of 0.05 ml best indicating a true dysplastic 
lesion (n = 15).

With respect to FPs in healthy controls, 14 of 36 had no FP, 
11 subjects had singular FP clusters, three patients had two, 
and eight patients more than two FP clusters, respectively. The 
median volume of FP was 0.09 ml (0.01–4.29 ml, IQR 0.28).

Discussion

FCD can be detected “within a minute” when MP2RAGE 
data sets are postprocessed by morphometric analysis and 
then presented together with morphometric results in the 
PACS, thus allowing for a very fast screening by scrolling 
through the co-registered images. In the present study, this 
approach helped to detect four FCD and one subcortical 
band heterotopia which otherwise would have been over-
looked. In another two patients, the lesions were larger in 

Fig. 3   A 22-year-old woman 
with auditory, somatosensory, 
and visual auras evolving to 
bilateral tonic–clonic seizures. 
Postictal hemianopia to the left 
side (#22). Scrolling through 
the co-registered MP2RAGE 
data set led to the identification 
of an FCD of the right parahip-
pocampal gyrus (A, B). Axial 
(A) and coronal FLAIR images 
showed a corresponding subtle 
blurring of the subcortical white 
matter (C, D). Intracranial 
stereo-EEG proved the lesion 
to be epileptogenic. Lesion 
volume was 1.6 ml (E) with 
a tiny false-positive lesion of 
the left superior frontal gyrus 
(0.02 ml) (F)

A B

C D

E F
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the postprocessed compared to the conventional images 
which encourages the reader to consider it a lesion and not 
a FP. Yet, there were also FP clusters in the FCD probabil-
ity maps, both in patients and in healthy controls. How-
ever, volumes of true dysplastic lesions were significantly 
larger than FP clusters, at least in our study population.

According to the ROC analysis of 15 FCD, a threshold 
size of 0.05 ml differentiated best between FCD and FP find-
ings in our study. The number of underlying FCD cases is 
too small to make a definite recommendation for a threshold 
value here. It is probably also not possible to determine a 
fixed lower limit for the size of FCDs, as they may become 
arbitrarily small. In any case, if a lesion is suspicious 

A B C

D E F

G H I

Fig. 4   Subtle FCD of the left postcentral gyrus (#29). The lesion was 
detected on the 3D FLAIR sequence as it showed a subtle transman-
tle sign (A–C: crosshair). Junction images in sagittal (D), axial (E), 
and coronal (F) reformations showed a 0.33-ml large abnormality at 

the gray white matter junction. The co-registered MP2RAGE-ANN 
images confirmed the lesion (G–I). The patient underwent SEEG and 
subsequent surgery, confirming an FCD IIB

720 Neuroradiology (2022) 64:715–726
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according to postprocessing, it is essential to check whether 
the typical criteria of FCD can also be identified in the con-
ventional MR images.

One limitation of our study also offers hope for the 
future: for the generation of the FCD probability maps, we 
used the artificial neural network (ANN) currently avail-
able in MAP18, which was trained on MPRAGE data sets. 
A new training using MP2RAGE data for this study was 
not possible so far due to the low numbers of FCD with 
MP2RAGE sequence. In this respect, the false-positive 
findings could also be partly a consequence of this still 
insufficient adaptation. Future training with MP2RAGE 
data might reduce the number of FP and increase both 
sensitivity and specificity for FCD detection. For FCD 
detection during a presurgical work-up, sensitivity is more 
important than specificity or the number of FPs. An unde-
tected FCD may prevent the patient from further work-up, 
but a putative FCD would not be operated without proving 
its epileptogenicity using clinical and electrophysiological 
data. Therefore, a high sensitivity is more crucial in this 
clinical situation than a high specificity.

The morphometric analysis program (MAP) is integrated 
in standard presurgical workflows of over 60 epilepsy cent-
ers in 22 different countries [10]. It has independently been 
validated for its clinical benefits against expert neurora-
diological assessments [11–13] with potential impact on 
further, also invasive and presurgical patient management 
[14]. The resulting morphometric maps as well as the FCD 
probability map resulting from the recently integrated ANN 
[6] can be easily inversely normalized back to the native 
space within the program and directly used for stereotactic 
and/or neuronavigation procedures. The program typically 
processes MPRAGE sequences with isotropic 1mm3 large 
voxels; the MPRAGE sequence itself is a fundamental part 
of epilepsy imaging protocols [15–17]. However, House 
and co-workers found higher mean z-scores of FCD when 
processing 3D T2-weighted instead of MPRAGE data sets 
[18]. We recently showed that not only the mean z-scores 
but also the volumes of FCD are larger when processing 
MP2RAGE instead of MPRAGE data sets. Especially, 
the higher volume of FCD facilitated the separation from 
FP when scrolling through the MP2RAGE data sets [7]. 
By displaying larger and brighter lesions, the MP2RAGE 
sequence increases the diagnostic confidence which may 
have an impact on the decision to proceed with invasive 
EEG recordings or epilepsy surgery. The higher diagnos-
tic yield of the MP2RAGE sequence likely results from 
the intrinsic correction of B1 inhomogeneities which is 
achieved by combining two MPRAGE data sets acquired 
interleaved at different inversion times [7–9]. The draw-
back is a longer acquisition time (≈ 8 versus 4 min) and the 
higher risk for movement artifacts.
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The major limitation of this study is that only six of 15 
patients with FCD have been operated so far (## 12, 22, 25, 
29, 33, 40). Four of those underwent stereo-electroencepha-
lographic (SEEG) recordings which clearly showed ictal EEG 
activity within and around the lesions. Here, the “one minute” 
approach led to extended electrode implantations proving the 
accuracy of the findings with SEEG recordings (#22, Fig. 3).

In conclusion, by postprocessing and displaying a 
MP2RAGE sequence and the co-registration output map in 
the PACS, subtle or even unvisible FCD can be detected 
“within a minute.” Fully automated MRI analyses have the 
potential to easily identify FCD and to contribute to over-
come the underutilization of epilepsy surgery and prolonged 
latencies for referral to epilepsy centers.
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