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The detection of cortical malformations in conventional MR images can be challeng-

ing. Prominent examples are focal cortical dysplasias (FCD), the most common cause

of drug‐resistant focal epilepsy. The two main MRI hallmarks of cortical

malformations are increased cortical thickness and blurring of the gray (GM) and

white matter (WM) junction. The purpose of this study was to derive synthetic anat-

omies from quantitativeT1 maps for the improved display of the above imaging char-

acteristics in individual patients.

On the basis of a T1 map, a mask comprising pixels with T1 values characteristic for

GM is created from which the local cortical extent (CE) is determined. The local

smoothness (SM) of the GM‐WM junctions is derived from the T1 gradient. For dis-

play of cortical malformations, the resulting CE and SM maps serve to enhance local

intensities in synthetic double inversion recovery (DIR) images calculated from theT1

map.

The resulting CE‐ and/or SM‐enhanced DIR images appear hyperintense at the site of

cortical malformations, thus facilitating FCD detection in epilepsy patients. However,

false positives may arise in areas with naturally elevated CE and/or SM, such as large

GM structures and perivascular spaces.

In summary, the proposed method facilitates the detection of cortical abnormalities

such as cortical thickening and blurring of the GM‐WM junction which are typical

FCD markers. Still, subject motion artifacts, perivascular spaces, and large normal

GM structures may also yield signal hyperintensity in the enhanced synthetic DIR

images, requiring careful comparison with clinical MR images by an experienced neu-

roradiologist to exclude false positives.
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1 | INTRODUCTION
Quantitative MRI (qMRI) techniques do not only allow for the direct measurement of certain tissue parameters such as the longitudinal relaxation

timeT1 in pathologic tissue1,2 but have also been useful for enhancing pathology specific tissue characteristics, thus improving the visual assessment

of certain brain pathologies.3,4 The question ariseswhether qMRI data can also be used to deriveMR images with special contrasts for improved visu-

alization of focal cortical malformations which can be difficult to detect in conventional MR images. A prominent example of cortical malformations

with cytoarchitectural and frequently also neuronal abnormalities5,6 are focal cortical dysplasias (FCD), a common cause of drug‐resistant focal epi-

lepsy. In these patients, surgery might be a treatment option, requiring accurate FCD detection.

Previous study results revealed that 60–91% of FCDs showed cortical thickening and 74–96% blurring of the junction between grey (GM) and

white matter (WM),7,8 which thus seem to be the two most promising parameters for detecting a majority of FCDs. Furthermore, alterations in

WM signal near the cortex may resemble an estuary that extends funnel‐shaped towards the ventricle, reflecting the involvement of radial

glialneuronal units (transmantle sign).9,10

Various techniques for FCD detection have been proposed, which differ in MRI data acquisition, data segmentation, calculation of cortical

thickness, quantification of GM‐WM blurring, and data display, as discussed in the following sections.

For MRI data acquisition, T1‐weighted sequences with 1 mm isotropic resolution are frequently used to achieve a distinct GM‐WM

contrast.8,11-14 Furthermore, the double inversion recovery (DIR) sequence which suppresses simultaneously signal from WM and cerebrospinal

fluid (CSF)15 has been successfully used for FCD detection with a spatial resolution of 1x1x2 mm3.16

Data segmentation usually requires a signal non‐uniformity correction.11,12,17 Alternatively, the MP2RAGE sequence18 which provides a

structural data set that is free from the receive profile (RP) bias, less affected by inhomogeneities of the radio frequency (RF) transmit field

(B1) and purely T1‐weighted, has been successfully applied for FCD detection.19

For calculation of the cortical thickness, several algorithms have been proposed13 which are in general either surface‐based20,21 or

voxel‐based.8,11,22

Similarly, several algorithms are available for estimation of GM‐WM blurring,13 employing different concepts: calculation of the absolute

gradient of signal intensities across the GM‐WM junction,8,11 calculation of the boundary thickness,23 quantification of the contrast between

WM and GM close to the junction,21 or calculation of junction images that show voxels which cannot be clearly attributed to either WM or GM.12

For the display of the parameters indicating GM thickening and/or GM‐WM blurring in a way that allows for the detection of abnormal values,

there are mainly two techniques. The first technique is based on an individual brain analysis, so FCDs have a different intensity than surrounding

normal tissue. As an example, FCDs appear hyperintense in ratio maps which are defined as the product of cortical thickness and image signal

divided by the GM gradient.11 The second technique compares individual patient data with a large cohort of normal controls.12,14,16,21 The Mor-

phometric Analysis Programme (MAP), frequently used in the clinical setting, applies this concept12 and has been shown to significantly increase

the diagnostic sensitivity for FCD type II.14

Standard FCD detection using conventional clinical MRI data such as DIR or fluid attenuated inversion recovery (FLAIR) images requires visual

exploration of the GM‐WM junction to find subtle abnormalities in the morphological appearance and/or in local signal levels. This conventional

approach has certain limitations: there is a high demand on the uniformity of signal levels and contrasts in the underlying conventional MRI data

and on the experience and attention of the radiologist to spot subtle cortical malformations. Automated or semi‐automated techniques as

described above reduce the subjective factor by enhancing subtle changes in the GM‐WM transition zone. However, the success of FCD

detection still depends on the uniformity of signal contrasts and signal levels across the MR images. Furthermore, most methods are based on

the second display technique described above, highlighting local deviations from normal values measured on a healthy subject cohort, thus requir-

ing image normalization to a standard template.

The method proposed here is based on quantitative T1 maps acquired with qMRI techniques. In contrast to conventional MRI data, quantita-

tive relaxation time maps provide physically meaningful values (in this caseT1, given in ms), rather than just signal levels. This approach has several

advantages: (1) Quantitative parameter maps are intrinsically corrected for any spatial signal bias imposed by non‐uniformities of the RF coil

sensitivity profiles, facilitating the derivation of tissue masks. (2) Quantitative values are ideally independent of the scanner software and hardware

(albeit not the field strength), and in fact an increased inter‐site reproducibility has been reported for qMRI maps, as compared to conventional

data.24 (3) The proposed method does not require data normalization as it is based on the first display technique described above, enhancing areas

where evaluated parameter values differ from those of surrounding normal tissue.

In summary, the presented method highlights areas of focal cortical thickening and areas with blurring of the GM‐WM junction by deriving two

parameters from quantitativeT1 maps with 1 mm isotropic resolution: the local cortical extent (CE) which follows from the distance of a GM voxel

from the surface of the surrounding compactGMstructure and the smoothness (SM) of theGM‐WMjunctionwhich is derived from local T1 gradients

and their standard deviation across the junction. Signal enhancement is performed if CE and SM exceed normal variations, so cortical malformations

appear hyperintense as compared to surrounding normal brain regions. Synthetic DIR datawere derived from theT1maps and used as underlyingMR

image for signal enhancement. The method was tested on healthy controls, epilepsy patients with FCDs and a patient with tuberous sclerosis.



NÖTH ET AL. 3 of 15
2 | MATERIALS AND METHODS
2.1 | Subjects

The study was approved by the local ethics committee, and all participants gave written informed consent before participation.

This prospective technical study for the development of a method that facilitates the detection of cortical malformations is part of a more com-

prehensive clinical study, employing multi‐parametric qMRI for quantitative comparison of tissue parameters in epilepsy patients and healthy

volunteers.

The method described below was developed on the basis of qMRI data acquired on the first consecutive 8 patients (5 m, 3 f; age range:

19–55 years; mean: 31.5 years) included in this ongoing clinical study, who fulfilled the following inclusion criteria: (1) minimum age of 18 years,

(2) diagnosis of epilepsy based on clinical criteria, and (3) diagnosis of FCD based on visual inspection of clinically indicated 3 T MRI images opti-

mized for epilepsy diagnostics.25 The latter was performed by a senior neuroradiologist experienced in imaging of epilepsy. In addition, the method

was tested on a patient with tuberous sclerosis (f, 25 years), since tubera typically share histopathological features of some types of FCD. For com-

parison, the method was also tested on the first consecutive 5 healthy control subjects included in the study (2 m, 3 f; age range: 19–64 years;

mean: 30 years, no history of neurological or psychiatric disorders).

After inclusion in the study, all participants underwent the qMRI protocol as described below.
2.2 | Acquisition of MR data

All research scans were performed on a 3 T whole body MR scanner (Magnetom TRIO, Siemens Medical Solutions, Erlangen, Germany), with a

body coil for RF transmission and an 8‐channel phased‐array head coil for signal reception.

Quantitative T1 maps were acquired via the variable flip angle (VFA) technique which is based on the acquisition of spoiled gradient echo (GE)

images with different excitation angles (α), thus modifying image contrasts since GE data acquired with low or high α display proton density (PD)

or T1 weighting, respectively. Thus, T1 can be calculated from the contrast differences, as described in the literature.26,27 In the protocol used, two

3D GE data sets were acquired with the following imaging parameters: FOV = 256x224x160 mm3, matrix size 256x224x160, TR/TE = 16.4 ms/

6.7 ms, α1/α2 = 4°/24°, receiver bandwidth (BW) 222 Hz/Pixel. A FLASH‐EPI hybrid readout was used to improve the SNR.28 The acquisition time

was 4:54 min per data set, i.e. 9:48 min in total. Non‐uniformities of B1 were measured as described by Volz.29 In summary, this technique

acquires two GE data sets, one of which is magnetization prepared via an RF pulse which reduces the longitudinal magnetization and thus the

image intensity. Thus, from the quotient of the two data sets the actual preparation angle can be determined and B1 follows from comparison

with the nominal value. The same FOV as for T1 mapping with identical volume coverage and a matrix size of 64x56x40 was used, yielding an

isotropic spatial resolution of 4 mm. The other parameters were: TR/TE = 11 ms/5 ms, α = 11°, BW = 260 Hz/Pixel. The acquisition time was 53 s.

FLAIR data sets were acquired as part of the research protocol for defining regions of interest (ROI) inside the FCD for quantitative analysis.

The parameters were: FoV = 256x220x160 mm3, matrix size = 256 x 220 x 160, TR/TE/TI = 5000/353/1800 ms, BW = 930 Hz/pixel, and dura-

tion 7:12 min.
2.3 | Data processing

Brain extraction was performed with the software tool “bet” from the FMRIB Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl). All other cal-

culations were performed with custom‐built programs written in MatLab (MathWorks, Natick, MA). For comparison, data segmentation was per-

formed with the recon‐all stream implemented in FreeSurfer (Athinoula A. Martinos Center for Biomedical Imaging, Boston, MA, USA).

Calculation of CE and SM of WM‐GM junctions in general requires data segmentation into WM and GM masks. However, most automatic

segmentation algorithms utilize information on normal brain architecture. This bears the risk that minor cortical malformations remain undetected

due to insufficient segmentation reliability in cases of differences between the target anatomy and the norm.30 As a consequence, the use of man-

ual and semiautomatic segmentation tools has been proposed for these cases.30 To avoid potential problems, the method presented here does not

employ standard data segmentation but rather calculates GM characteristics (GMC) masks comprising all pixels with T1 values that are typical for

GM. It has been shown in the literature that approximateT1 ranges at 3 Tesla are 650 to 1050 ms for WM and 1200 to 1600 ms for GM.31 For the

whole data evaluation procedure described below, the following six input parameters are used to initiate the tissue classification procedure:

T1 min(WM) = 650 ms, T1max(WM) = 1050 ms, T1 min(GM) = 1200 ms, T1max(GM) = 1600 ms. Furthermore, for recognizing small WM or

CSF structures enclosed inside GM it is assumed that the minimum T1 difference between these structures and the surrounding GM is ΔT1

(WM) = 100 ms and ΔT1(CSF) = 100 ms. Please note that these values are considerably smaller than normal T1 differences between WM and

GM or CSF and GM, to account for partial volume effects.

http://www.fmrib.ox.ac.uk/fsl
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2.3.1 | T1 based calculation of GM characteristics (GMC) masks

A tissue mask (TM) is created by skull‐stripping the high angle VFA data set using “bet” and excluding all pixels with T1 < T1 min(WM). For com-

pactness, small enclosed areas in TM with a value of zero are filled. All further data processing is restricted to pixels inside TM.

The median T1 value median(T1) and the standard deviation std(T1) is calculated across all pixels with a T1 value between T1 min(WM) and

T1max(WM). For each pixel insideTM, a value K is determined as K = (T1‐median(T1))/std(T1). Thus, large values of K denote pixels withT1 values

that are considerably longer than the median T1 in bulk WM which increases the likelihood that they belong to GM. Pixels with K > 4 are attrib-

uted to a bulk GMC mask. Furthermore, pixels with 2 < K ≤ 4 are added to this mask, provided they are connected. This is performed via a mask

growing algorithm, using the bulk GMC mask as a seed mask and adding recursively adjacent pixels (i.e. pixels inside an outer 1 pixel shell), pro-

vided they have a K‐value between 2 and 4. Pixels with T1 > 1.5*T1max(GM) are then removed from the GMC mask and attributed to CSF.

As an example, Figure 1 shows for a healthy subject a single slice of theT1 map (left), an enlarged frontal region (Figure 1a) and the result of the

initial tissue classification (Figure 1b), indicating the GMC start mask (red) and the start masks with pixels classified as WM (green) and CSF (blue).

For large homogeneous areas in theT1 map, each tissue type is attributed correctly. However, problems arise for small areas due to partial volume

effects: small CSF compartments enclosed in GM structures (white arrows) (such as CSF in the sulci) and small WM compartments enclosed in GM

structures (grey arrows) are frequently misinterpreted as GM.

For improvement of results, local T1 maxima and minima with a sufficiently marked ΔT1 are identified inside the GMC start mask, attributing

the maxima to CSF and the minima to WM. For this purpose, the T1 gradient G is calculated, pointing from short to long T1 values, i.e. from WM

across GM to CSF (see Figure 2a, arrows). For calculation of a T1 gradient component in a certain spatial direction, an “upper” and a “lower” gra-

dient, G(+) and G(−), are calculated for a pixel with number i via G(+)(i) = T1(i + 1)‐T1(i) and G(−)(i) = T1(i)‐T1(i‐1) and averaged. In cases where one of

the gradients cannot be calculated because one of the contributing pixels is outside TM, only the respective other gradient is used. Subsequently,

the maps |<G>| and <|G|> are derived where the brackets represent spatial averaging across nearest neighbors (via convolution with a cubic 3x3x3

pixel kernel) and the vertical bars signify calculation of the vector length. Furthermore, an “enhancement parameter” (EP) is calculated voxel‐wise

according to:

EP ¼ 1 −
Gh ij j
Gj jh i (1)

In areas where G is homogeneous (enclosed by dotted lines in Figure 2), |<G>| and <|G|> yield identical values, so EP = 0 (Figure 2b). In small

enclosed CSF (black line) or WM (white line) structures, G changes polarity, so |<G>| is zero and EP = 1 (Figure 2b). Thus, the EP map highlights

small enclosed WM and CSF structures. For the creation of an EP mask, a threshold has to be applied. The problem with a fixed threshold is the

fact that maximum EP values inside enclosed CSF or WM structures are variable (see Figure 2b): the choice of a higher threshold risks to exclude

areas with smaller maximum EP values, whereas a lower threshold yields variable widths of enclosed CSF or WM structures in the EP mask (i.e.
FIGURE 1 Data for a healthy subject: (left) T1 map, (a) enlarged frontal area of the T1 map, (b) start tissue masks for WM (green), GM (red) and
CSF (blue), (c) enhancement parameter (EP) map, and (d) final tissue masks. Grey/white arrows indicate small WM/CSF structures surrounded by
GM, which are recognized in the final tissue masks, but not in the start masks



FIGURE 2 Data for a healthy subject: (left)
T1 map, (a) enlarged lateral area of the T1

map, (b) map of the enhancement parameter
EP. The T1 gradient (arrows) points from short
to long T1 values. EP has low values in areas
where the T1 gradient is homogeneous
(dotted lines) and high values in small areas of
enclosed CSF (black line) or WM (white line).
In areas with a local maximum or minimum of
T1, as in some WM areas, EP will also assume
high values (white circle)
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larger widths for areas with higher EP values). For improved results, two thresholds are applied, a relatively low fixed threshold of 0.25 for

excluding small EP values and a variable threshold chosen as follows: for each pixel, the minimum and maximum EP value across nearest neighbors

(i.e. inside a cubic 3x3x3 pixel kernel) are determined and the pixel is included in the EP mask if its EP value exceeds the average of these two

values. This procedure makes the widths of enclosed WM or CSF structures independent of the local maximum EP value.

To distinguish between local T1 maxima (CSF) and minima (WM), T1 and EP data are collected across nearest neighbors, i.e. across 3x3x3 pixel

areas, and a linear fit is performed according to:

T1 ¼ p0þ p1⋅EP (2)

The correlation coefficient (cc) of the linear fit is also determined. For small enclosed CSF/WM structures inside GM, T1 increases/decreases

with EP, so p1 and cc must be positive/negative. Furthermore, to guarantee sufficient salience of the maxima and minima, the parameter

V = EP*abs(p1) is calculated and a lower threshold corresponding to ΔT1(CSF) and ΔT1(WM) is assumed for CSF and WM, respectively: since

p1 = ΔT1/ΔEP, V can be written as V = abs (ΔT1)*EP/ΔEP, so assuming that EP and ΔEP are approximately 0.5 near enclosed structures, the lower

threshold for V is given by ΔT1(CSF) or ΔT1(WM), respectively.

Therefore, WM and CSF candidates are determined on the following basis:

CSF candidates: inside EP mask, p1 > 0, cc > 0, V > ΔT1(CSF).

WM candidates: inside EP mask, p1 < 0, cc < 0, V > ΔT1(WM).

All WM/CSF candidates for whichT1 is at least 10% lower/higher than the local averageT1 of GM are added to the WM and CSF start masks

with exactly the same mask growing algorithm as described above, using the WM or CSF start mask as seed mask and adding recursively adjacent

pixels (i.e. pixels inside an outer 1 pixel shell), provided they form part of the selected WM or CSF candidates. The remaining pixels are attributed

to the GMC mask.

Figure 1d shows the resulting final masks which are improved considerably when compared to the start masks (Figure 1b): in particular, small

embedded WM (grey arrows) and CSF (white arrows) structures as displayed in the T1 map (Figure 1a) and EP map (Figure 1c) are more reliably

recognized.

2.3.2 | Calculation of the smoothness SM of GM‐WM junctions

The WM/GM junction is subdivided into three layers: L1 (inside GM, adjacent to WM), L2 (inside WM, adjacent to GM) and L3 (inside WM,

adjacent to L2). The absolute T1 gradient (G) is determined inside these layers, mean values av(G) and standard deviations std(G) are calculated

across nearest neighbors, i.e. inside 3x3x3 pixel areas, and the parameter P = av(G)*std(G) is determined. For smooth WM/GM junctions, G will

be relatively small and uniform across the three layers, yielding low values of av(G) and std(G) and thus of P, so 1/P indicates the degree of

smoothness. P is averaged across nearest neighbors, i.e. across 3x3x3 pixel areas, yielding the values Pav which are only considered inside the cen-

tral layer L2. SM is calculated according to:
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SM ¼ median Pavð Þ
Pav

(3)

In this equation, the numerator represents the median value of Pav in L2 across the whole brain and serves for normalization purposes. As Pav

appears in the denominator of Equation [3], there is the risk of strong outliers for small Pav values. As the analysis of in vivo data shows that the

standard deviation of SM inside L2 is about 1.5, SM values are restricted to a maximum of 10, i.e. to the median value plus six standard deviations,

reducing the risk that physiologically meaningful values are capped. For better visibility of the results, SM is extended from L2 across the GMC

mask, attributing to each pixel inside this mask the SM value in L2 which is geometrically closest. Finally, SM is smoothed via averaging across

nearest neighbors, i.e. via convolution with a cubic 3x3x3 pixel kernel.

2.3.3 | Calculation of the cortical extent CE of GM structures

The algorithm comprises two steps. In step 1, for each pixel inside the GMCmask, the shortest distance (D) to the edge of the mask is calculated. A

maximum distance of 5 mm (corresponding to a maximum thickness of 10 mm which is sufficient for assessing cortical GM) and a resolution of

0.25 mm are assumed, and each distance is rounded to a multiple of 0.25 mm. The resulting “distance map” assumes low values close to the edge

of the GMC mask and high values in the middle of extended GM structures, where the maximum value is 50% of the local extent of the cortex.

In step 2, the CE map is calculated from the “distance map”: all pixels with the largest possible value of D and pixels in their local environment,

i.e. at a distance of less than D, are identified. Twice the value of D is attributed to these pixels as their CE value. This process is then repeated for

the next lower D value, omitting the pixels that have already been labeled in the CE map. This process is performed recursively for all D values.

Again, CE is smoothed via averaging across nearest neighbors, i.e. via convolution with a cubic 3x3x3 pixel kernel.

2.3.4 | Enhancement of image data for the visualization of cortical malformations

The goal is to enhance signal intensities in an MR image on the basis of a spatially varying parameter P which is either the SM of the GM‐WM

junction or the local CE, as introduced above. The enhancement should fulfill the following conditions: (1) there should be no enhancement if P

is smaller than a lower threshold Pmin, below which P shows normal fluctuations only. (2) Enhancement should not increase beyond an upper limit

Pmax. To satisfy these conditions, a function f(P) is derived first which assumes values between 0 and 1, according to:

f Pð Þ ¼ P − Pmin

Pmax − Pmin
for Pmin < P < Pmax (4)

with f(P) = 0 for P ≤ Pmin and f(P) = 1 for P ≥ Pmax.

An image is then enhanced according to:

IMAGenhanced ¼ IMAGþ AF − 1ð Þ⋅IMAG⋅ f Pð Þ (5)

Here, the amplification factor AF = 4 was chosen, yielding 4‐fold signal enhancement for f(P) = 1. For determination of Pmin, the brain is

subdivided into volumes of 9x9x9 pixels, calculating for each subvolume the average value and standard deviation of P. Median values of av(P)

and std(P) across the whole brain are determined and Pmin follows from Pmin = median[av(P)] + SL*median[std(P)]. For larger values of the sensi-

tivity level (SL), the threshold Pmin is relatively high, yielding a low sensitivity as only larger deviations of the parameter P yield signal enhancement.

In contrast, the sensitivity can be increased by reducing the value of SL and thus Pmin. For all evaluations, SL = 3 is chosen as standard setting and

denoted as normal sensitivity. Furthermore, test versions of enhanced images with low (SL = 4), elevated (SL = 2) and high (SL = 1) sensitivity are

created for comparison. For Pmax, the 90th percentile of all P values with P > Pmin is chosen.

It should be noted that Equation [5] allows for the enhancement of any MR image that is coregistered to theT1 data. However, as the goal of

this study was to derive all data from the T1 maps, synthetic images are calculated as described in the next step.

2.3.5 | Calculation of synthetic MPRAGE and DIR data

Two types of synthetic data sets are calculated: synthetic T1‐weighted magnetization prepared rapid acquisition of gradient echoes (MPRAGE)

data which will serve in the results section for display purposes and for segmentation using FreeSurfer to test the quality of the GMC masks,

and synthetic DIR data which will serve as substrate images for enhancement via the parameters CE and SM.

SyntheticT1‐weighted MPRAGE data are derived from theT1 maps, using a mathematical algorithm described in the literature4 with the target

parameters TR = 1900 ms, TI = 900 ms, and α = 9°. FOV and spatial resolution are identical to the respective parameters of the T1 map.
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For calculation of synthetic DIR data, the following Fermi filter is used:

f± x; x0;Δxð Þ ¼ 1

1þ exp ±
ln 19ð Þ
Δx

⋅ x − x0ð Þ
� � (6)

The positive/negative sign yields a low pass/high pass filter, respectively, x0 is the cut‐off value and Δx is half the filter width, i.e. f(x) changes

from 5% to 95% across 2* Δx.

It should be noted that the synthetic DIR data merely serve as substrate images for enhancement via the parameters CE and SM. For this pur-

pose, only theT1 selectivity of conventional DIR images was replicated, yielding a suppression of signal fromWM and CSF and an almost exclusive

display of GM structures. Other features such as T2‐weighting were not included (which would require the additional acquisition of a T2 map). At

3 Tesla, parameters recommended for DIR in the literature32 are: TR = 10s, TI1 = 3000 ms, TI2 = 510 ms. Calculation of the resulting T1 filter

characteristics according to Madhuranthakam et al.33 shows that it has a maximum at about 1600 ms with suppression of longer and shorter

T1 compartments. This was replicated by applying a high pass and a low pass filter to the T1 map:

DIR ¼ C⋅f− T1; 1100; 500ð Þ⋅fþ T1; 2200; 700ð Þ (7)

The resulting DIR is maximized for T1 = 1600mswhere it achieves a value of 1000 via appropriate choice of the scaling constant C. Pixels outside

TM are set to zero in DIR. To avoid spurious signal from CSF, a map M1 is obtained by smoothing the CSF mask across nearest neighbours via con-

volutionwith a 3x3x3 cubic kernel. Pixels inside the original CSFmask are set to 1 inM1. Thus, the complementarymapM2=1‐M1assumes values of

0 inside CSF, values between 0 and 1 in a 1‐pixel layer around CSF and values of 1 elsewhere. DIR is multiplied with M2, thus removing CSF pixels

from DIR and reducing the signal in DIR for pixels directly adjacent to CSF to avoid partial volume effects.

The synthetic DIR data were used as underlying images for enhancement as described above. Two enhanced types of DIR were calculated,

using P=SM or P=CE.

To test the dependence of data processing results on the choice of the six input parameters (i.e. the approximate upper and lower T1 limits for

WM and GM and the minimum salience of enclosed WM or CSF structures embedded in GM), data processing was repeated twice for each sub-

ject, either reducing or increasing all input parameters by 10%. It should be noted that this is a marked change. As an example, a reduction of

parameter values by 10% corresponds to the assumption of T1 ranges of 585 to 945 ms for WM and 1080 to 1440 ms for GM, both values being

considerably lower than typical 3 Tesla T1 ranges reported in the literature.31

2.4 | Analysis of patient data

For a quantitative analysis of patient data, the FLAIR data sets were coregistered to the T1 maps and served for localizing the FCD and defining

respective ROIs. For each patient, the site of the FCD in the FLAIR image was verified by visually comparing the FLAIR image with the correspond-

ing clinical MRI data used for initial diagnosis. These data had been acquired at different hospitals, equipped with different hardware and software

and using different MRI protocols, usually comprising T1‐weighted MPRAGE, T2‐weighted FLAIR, T2‐weighted turbo spin echo, susceptibility‐

weighted and diffusion‐weighted sequences. ROI placement was performed by a senior neuroradiologist specialized in epilepsy imaging and an

experienced neurologist, taking all decisions by consensus. ROIs comprising 2x2x1 voxels were manually placed in the areas identified as FCDs.

Control ROIs of identical size were manually placed in the matching region of the contra‐lateral hemisphere with special regard to lobe and cortical

or subcortical region. For each patient and ROI, mean values and standard deviations were determined from both enhanced DIR datasets. Values

from the FCD and control ROIs were compared separately for each subject. Furthermore, a comparison across all subjects was performed via

paired t‐tests, using a significance threshold of p = 0.05.
3 | RESULTS

Comparison of the CE‐ or SM‐enhanced DIR data sets with high (SL = 1), elevated (SL = 2), normal (SL = 3) and low (SL = 4) sensitivity showed that

in all investigated cases cortical malformations were clearly visible in the enhanced DIR images calculated with normal (SL = 3) sensitivity. Thus, all

subsequent data evaluations and figures refer to the data calculated with normal sensitivity.

Figure 3 shows data from a healthy subject (row 1) and two epilepsy patients (rows 2 and 3). In each row, the first three images show for three

adjacent slices the results of the FreeSurfer segmentation, indicating the GM‐WM boundary (blue) and the pial surface (red). Furthermore, the

GMC mask is overlaid (yellow). The last image shows the MPRAGE data for the central slice and serves for orientation. The data from the healthy

subject (row 1) show that for cortical areas, there is a very close match between the boundaries of the GMC mask and the segmentation results. In

addition, the GMC mask also shows non‐cortical GM structures such as the caudate nucleus and the thalamus. Furthermore, in some cortical areas

the GMC mask extends beyond the segmentation boundary into WM areas (white arrows). However, comparison with neighbouring slices shows



FIGURE 3 Data from a healthy subject (row 1), a patient with a frontal FCD characterized by the transmantle sign (row 2), and a patient with a
frontolateral FCD (row 3). Each row shows three adjacent slices of the FreeSurfer segmentation, indicating the WM‐GM boundary (blue) and the
pial surface (red), with an overlay of the GMC mask (yellow) obtained from the method presented. The MPRAGE image (right) of the central slice is
shown for orientation. FCD areas are highlighted by a white ellipse. For the healthy subject (row 1), the GMC mask extends in some places beyond
the segmentation boundary into WM areas (white arrows) but is within the boundary in the next slice (black arrows), so the extension beyond this
boundary amounts to 1 pixel only
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that these areas are adjacent to the GM‐WM boundary in the next slice (black arrows), so the extension beyond this boundary amounts to 1 pixel

only. The data from the patient in row 2 show a frontal FCD characterized by the transmantle sign (marked by white ellipse). The FCD is included

in the GMC mask. In contrast, it is classified as WM by the segmentation. The data from the patient in row 3 show a frontolateral FCD (marked by

white ellipse). The FCD and adjoining GM appear as a compact area in the GMC mask. In contrast, the segmentation subdivides the FCD into WM

and CSF. In summary, the results demonstrate that the GMC mask shows both actual GM regions and pathologies withT1 values in the GM range.

Figure 4 shows two slices (rows) from a data set obtained on a healthy subject, displaying (from left to right) the T1‐weighted MPRAGE, the

DIR, the CE‐ and the SM‐enhanced DIR images. In the cortex, the enhanced DIR images show only minor signal increases. In contrast, the CE‐

enhanced DIR image shows marked hyperintensity for large deep brain GM structures (bottom row) such as the caudate nucleus, the putamen

and the thalamus. Similarly, the SM‐enhanced DIR image appears hyperintense in areas of the thalamus and the putamen, due to the natural blur-

ring of the GM‐WM junction delineating these structures.

Figure 5 shows representative data for three patients (rows) in the same arrangement as in Figure 4. The first patient (row 1; same patient as in

Figure 3, row 3) was diagnosed with an FCD in the left frontolateral region on the basis of clinical MRI data showing cortical thickening and blur-

ring of the GM‐WM junction. Correspondingly, the FCD is clearly visible in both enhanced DIR images, in addition to displaying a hypointense

signal in MPRAGE and a hyperintense signal in DIR. Furthermore, there are some spurious signal enhancements in the right hemisphere due to

perivascular spaces (see below for details). The second patient (row 2) was diagnosed with an FCD in the left precentral sulcus which is rather

inconspicuous in MPRAGE, DIR and the CE‐enhanced DIR. In contrast, the FCD is clearly visible in the SM‐enhanced DIR. The third row shows

data from the tuberous sclerosis patient with several tubera, displaying similar image characteristics as FCDs in the MPRAGE and DIR data. Impor-

tantly, the lesions show marked hyperintensity in both enhanced DIR images.

Table 1 shows the results of the quantitative analysis, listing for each patient (rows) mean values and standard deviations of signal intensities in

the CE‐enhanced (columns 1 and 2) and SM‐enhanced (columns 3 and 4) DIR data sets across the FCD‐ROI and the contra‐lateral control ROI. For



FIGURE 4 Representative data of two different slices (rows) for a healthy subject, showing (from left to right) MPRAGE, DIR, CE‐ and SM‐
enhanced DIR images. While cortical areas display only some very minor anterior hyperintensities, GM structures in some deep brain areas
show a strong signal hyperintensity in both enhanced DIR images
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each case, the enhanced DIR yields higher values in the FCD‐ROI than in the control ROI, the difference being more pronounced for the SM‐

enhanced DIR. On the group level, the intensity difference between FCD and control ROIs was significant for both the CE‐enhanced DIR

(p = 0.049) and the SM‐enhanced DIR (p = 0.011).

Figure 6 shows data from a patient (top row; same patient as in Figure 3, row 2) and a healthy subject (bottom row) in the same arrangement as

in Figure 4. The patient suffered from a frontal FCD characterized by the transmantle sign (open arrow) extending from GM into WM, which

appears hypointense and hyperintense in MPRAGE and DIR, respectively. This area is not characterized by an increased CE, but clearly visible

in the SM‐enhanced DIR image due to the smooth signal transition in the T1 data. A similar signal enhancement is caused by perivascular spaces

in the deep brain structures. The healthy subject data (bottom row) show an example for a false positive: the SM‐enhanced DIR image appears to

indicate a transmantle sign (closed arrow). However, the MPRAGE, DIR and CE‐enhanced DIR data show no connection of this structure with cor-

tical GM, identifying it as a perivascular space.

Figure 7 shows for a healthy volunteer an example for a false positive caused by subject movement. The top row shows the PD‐weighted

image (left, only minor subject movement), theT1‐weighted image (center, stronger movement) and the quantitativeT1 map (right) calculated from

the two weighted images. TheT1‐weighted image shows a signal enhancement in the left and a signal reduction in the right hemisphere. The origin

of this artifact is subject motion affecting a certain portion of k‐space only, thus leading to a wave‐like intensity variation after Fourier transform

into image space. Furthermore, spurious residual signal is visible in the background. Thus, theT1 map displays a discrepancy in T1 values between

the left and right hemispheres, and a local maximum close to the right cortex as a result of the movement artifact in the T1‐weighted image. The

bottom row shows from left to right: the MPRAGE, the DIR, the CE‐enhanced DIR, and the SM‐enhanced DIR images. The latter shows a strong

hyperintensity (circle), erroneously suggesting an FCD at the position of the motion‐induced apparent T1 enhancement. The experiment was

repeated for this subject who remained still during the second measurement. The resultingT1 map and the enhanced DIR data sets were free from

artifacts (data not shown), thus confirming that the observed effects were in fact due to subject motion.

Figure 8 shows for four patients (columns) CE‐enhanced DIR data sets that were calculated with different input parameters, corresponding to

90% of the standard values (top row), standard values (centre row) and 110% of the standard values (bottom row). The patients shown in column

1–3 correspond to the patients shown in Figure 5, the patient shown in column 4 corresponds to the patient shown in Figure 6 (top). Cortical

malformations can be distinguished for all parameter levels (white ellipses). Figure 9 shows the respective result for the SM‐enhanced DIR data.

Again, cortical malformations can be distinguished for all parameter levels (white ellipses). However, for the reduced input parameter level (top

row), there is a stronger occurrence of false positives (white arrows), mainly due to perivascular spaces. The reason is that in this case the assumed



TABLE 1 Mean value ± SD of signal intensities in FCD and control ROIs for both enhanced DIR images

CE‐enhanced DIR SM‐enhanced DIR

FCD ROI Control ROI FCD ROI Control ROI

PAT 1 1327 ± 106 290 ± 74 987 ± 101 290 ± 74

PAT 2 952 ± 35 563 ± 62 983 ± 88 563 ± 62

PAT 3 882 ± 32 711 ± 181 963 ± 114 711 ± 181

PAT 4 452 ± 115 227 ± 32 2270 ± 208 227 ± 32

PAT 5 975 ± 31 649 ± 103 1078 ± 49 801 ± 144

PAT 6 978 ± 23 208 ± 19 1191 ± 198 208 ± 19

PAT 7 2803 ± 108 196 ± 17 997 ± 5 196 ± 17

PAT 8 374 ± 72 302 ± 186 641 ± 150 302 ± 186

Mean ± SD 1099 ± 758 393 ± 212 1139 ± 483 412 ± 243

FIGURE 5 Representative data for three patients (rows), arrangement as in Figure 4. The FCD in the left frontolateral region (row 1) appears
hyperintense in both enhanced DIR images, whereas the FCD in the left precentral sulcus (row 2) appears hyperintense in the SM‐enhanced
DIR only. In the patient with tuberous sclerosis (row 3), the two tubera located in the slice shown appear hyperintense in both enhanced DIR
images
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T1 ranges for WM and GM are too low, so WM pixels with slightly increased T1 values are attributed to the GMC mask, yielding more areas

labelled as WM‐GM boundaries with smooth T1 transitions.

4 | DISCUSSION

The method presented here facilitates the detection of cortical abnormalities such as cortical thickening and blurring of the GM‐WM junction

(which are typical FCD markers), based on quantitative T1 maps with an isotropic spatial resolution of 1 mm. Cortical thickening is quantified

via the parameter CE which is derived from the GMC mask, and blurring of the GM‐WM junction is quantified via the parameter SM which follows

from the local T1 gradients and their standard deviations across the tissue boundary.



FIGURE 6 Data from a patient (top row) and a healthy subject (bottom row), arrangement as in Figure 4. For the patient, a frontal FCD
characterized by the transmantle sign (open arrow) appears hyperintense in the SM‐enhanced DIR. The other modalities show that this
structure is connected to GM. Further signal enhancement in the SM‐enhanced DIR is caused by perivascular spaces in the deep brain structures.
For the healthy subject, a perivascular space (closed arrow) displays a hyperintensity in the SM‐enhanced DIR similar to a transmantle sign;
however, the connection to GM is missing in the other modalities

FIGURE 7 False positive caused by subject movement (healthy subject). Top row, from left to right: PD‐ and T1‐weighted image, and resulting
T1 map. Bottom row, from left to right: MPRAGE, DIR, CE‐ and SM‐enhanced DIR. TheT1‐weighted image shows a movement artifact (horizontal
stripes in background, signal reduction in right hemisphere), yielding increased T1 values in the right hemisphere and a hyperintensity in the SM‐
enhanced DIR image, erroneously suggesting an FCD at the site marked with a circle
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For displaying the results, synthetic DIR data that show mainly GM structures are derived from theT1 maps. Subsequently, two signal enhanced

versions of DIR data are createdwhich appear hyperintense in areas of either increased CE or SMvalues. A lower limit was imposed on the respective

parameter of interest to avoid that minor variations within the normal range yield signal hyperintensity and thus false positives.



FIGURE 8 CE‐enhanced DIR data sets for four patients (columns), calculated with different assumptions of input parameters, corresponding to
90% of the standard values (top row), standard values (Centre row) and 110% of the standard values (bottom row). The patients in column 1–3
correspond to the patients in Figure 5, the patient in column 4 corresponds to the patient in Figure 6 (top). Cortical malformations can be
distinguished for all parameter levels (white ellipses)
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In contrast to techniques that highlight FCDs by comparing individual patient data to reference data sets acquired on healthy controls,12

the method presented here provides intrinsic contrasts: FCDs are distinguished via comparison with surrounding normal brain structures,

rather than via comparison with healthy controls. Thus, normalization of the data is not required, in contrast to methods that pool data from

different subjects.

In a previous publication based on a similar concept,11 maps of different features (cortical thickness, image signal, gradient of the GM‐WM

junction) were combined into a single map to increase the hyperintensity and thus the visibility of FCDs. In the method presented here, it was

rather chosen to create enhanced DIR data sets separately for each single parameter under investigation, since FCDs do not always show

abnormalities in all features simultaneously. Furthermore, these abnormalities may affect different anatomical regions (cortex, GM‐WM junc-

tion or adjacent WM), so deviations from normal baseline values arising from different features do not necessarily overlap. As an example,

CE increases are in general located inside the cortex, whereas SM may be increased around areas of abnormal subcortical GM which, however,

do not necessarily yield increased CE values. The differential approach chosen here helps to distinguish between cortical and subcortical

abnormalities and reduces the risk that false positives arising from the assessment of the different parameters are combined in a single image.

The concept of distinguishing FCDs via comparison with surrounding normal brain structures provides certain disadvantages, since areas

where CE and/or SM are naturally increased will yield false positives. As an example, large GM structures such as the putamen, the thalamus

and the amygdalae appear hyperintense in the CE‐enhanced DIR. Similarly, perivascular spaces appear hyperintense in the SM‐enhanced DIR.

Therefore, the user has to be aware of these issues and careful comparison of the enhanced DIR data with standard clinical MRI data is required.

Further problems may arise in the presence of image artifacts. Due to the partial volume effect, small embedded CSF structures may not be

recognized correctly during the segmentation process, yielding erroneously high CE values and therefore false positives in the CE‐enhanced

DIR data. Furthermore, as shown for one case, subject motion artifacts may yield signal reductions in WM which are misinterpreted as blurred

embedded GM structures, yielding false positives in the SM‐enhanced DIR data.

A further limitation of the proposed method could be that the total acquisition time which is required for quantitative T1 and B1 mapping (ca.

11 min in the current implementation) can be longer than for standard clinical scans.



FIGURE 9 SM‐enhanced DIR data sets, calculated with different assumptions of input parameters. The arrangement is identical to Figure 8.
Cortical malformations can be distinguished for all parameter levels (white ellipses). For the reduced input parameter level (top row), there is a
stronger occurrence of false positives (white arrows)
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It should also be noted that theT1 prolongation at the site of an FCD is not specific for a certain disease, indicating a focal pathologic process

only. As an example, glioma or encephalitis might yield similar patterns in the enhanced DIR data.

There are several ways in which the method might be improved. In the current implementation, only two parameters (SM and CE) were used

for signal enhancement. In a previous publication by Bernasconi et al.,11 it has been proposed to derive a third parameter, dubbed “relative inten-

sity” (RI). In summary, the intensity Bg at the WM‐GM boundary is determined, subsequently deriving for each pixel the parameter RI = [Bg ‐ abs

(Bg‐S)]/Bg where S is the local signal. Inclusion of this additional feature might improve the sensitivity of the method proposed here. Furthermore,

it may be advantageous to perform multi‐parametric mapping, including other quantitative parameters (such as PD, T2 or diffusion parameters) for

improved detection of cortical malformations. The multi‐component image series provided by multi‐parametric mapping would also allow to use

advanced denoising algorithms such as optimized multicomponent nonlocal means combined with principal component analysis34 or multispectral

nonlocal maximum‐likelihood filters.35 Their application to the source data used as input images of the method presented here could lead to fur-

ther improvements of results.

In summary, the method shows a clear signal enhancement at the site of FCDs which, however, also arises in deep GM structures and

perivascular spaces, is not disease specific and may be induced by artifacts. Thus, while these maps alone are not sufficient for a comprehensive

analysis of the brain morphology for cortical malformations, they have the advantage of clearly highlighting suspect brain areas, so signal enhance-

ment serves as a marker for potential FCDs. Due to the high contrast in the enhanced maps, suspect areas are easier to identify than in

unenhanced maps or standard morphological images. Still, it is required that the identified areas are closely investigated in clinical morphological

MR images, such as 3D high‐contrast T1‐weighted data sets and 3D FLAIR data sets, to confirm if signal enhancement arises from an FCD or an

artefact. Therefore, the method should rather be used as a supporting tool by an experienced neuroradiologist, in addition to standard clinical MR

images.
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