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A B S T R A C T   

Focal cortical dysplasia (FCD) is a neurological disorder distinguished by faulty brain cell 
structure and development. Repetitive and uncontrollable seizures may be linked to FCD’s 
aberrant cortical thickness, gyrification, and sulcal depth. Quantitative cortical surface analysis is 
a crucial alternative to ineffective visual inspection. This study recruited 42 subjects including 22 
FCD patients who underwent surgery and 20 healthy controls (HC). For the FCD patients, T1- 
weighted and PET images were obtained by a PET-MRI scanner, and the confirmed epilepto-
genic zone (EZ) was collected from postsurgical follow-up. For the HCs, CT and PET images were 
obtained by a PET-CT scanner. Cortical thickness, gyrification index, and sulcal depth were 
calculated using a computational anatomical toolbox (CAT12). A cluster-based analysis is carried 
out to determine each FCD patient’s aberrant cortical surface. After parcellating the cerebral 
cortex into 68 regions by the Desikan-Killiany atlas, a region of interest (ROI) analysis was 
conducted to know whether the feature in the FCD group is significantly different from that in the 
HC group. Finally, the features of all ROIs were utilised to train a support vector machine clas-
sifier (SVM). The classification performance is evaluated by the leave-one-out cross-validation. 
The cluster-based analysis can localize the EZ cluster with the highest accuracy of 54.5 % (12/22) 
for cortical thickness, 40.9 % (9/22) and 13.6 % (3/22) for sulcal depth and gyrification, 
respectively. Moderate concordance (Kappa, 0.6) is observed between the confirmed EZs and 
identified clusters by using the cortical thickness. Fair concordance (Kappa, 0.3) and no 
concordance (Kappa, 0.1) is found by using sulcal depth and gyrification. Significant differences 
are found in 46 of 68 regions (67.7 %) for the three measures. The trained SVM classifier achieved 
a prediction accuracy of 95.5 % for the cortical thickness, while the sulcal depth and the gyr-
ification obtained 86.0 % and 81.5 %. Cortical thickness, as determined by quantitative cortical 
surface analysis of PET data, has a greater ability than sulcal depth and gyrification to locate 
aberrant EZ clusters in FCD. Surface measures might be different in many regions for FCD and HC. 
By integrating machine learning and cortical morphologies features, individual prediction of FCD 
seems to be feasible.  
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1. Introduction 

Focal cortical dysplasia (FCD) is a disorder marked by faulty development of a single portion of the brain’s outer layer, generally 
known as the cerebral cortex. This disorder is a prevalent cause of epilepsy, particularly in children, young adults, but also in adults 
[1]. A complete history and physical examination are frequently used to make the diagnosis of FCD. The majority of FCD cases linked 
with seizures are drug-resistant. In such circumstances, individuals should be examined for resective epilepsy surgery, which has the 
potential to greatly reduce seizure load or perhaps lead to seizure freedom [2]. FCD is classified into three types (Type I, Type II, and 
Type III). According to the most recent International League Against Epilepsy (ILAE) classification, FCD Type I is a histological 
category distinguished by architectural disorder of the neocortex as a result of impaired developmental maturation and the absence of 
any other primary epileptogenic lesion in the brain (as validated by MRI or histopathology). Whereas, FCD Type II is characterized by 
mild defects in cortical development and accounts for 9 % of all cases in epilepsy surgical case series, with the frontal lobe accounting 
for 51 % of histopathological proven cases. This kind of FCD is frequently linked to drug-resistant epilepsy. FCD Type III is charac-
terized by abnormal neocortical architectural organization in the vicinity of epileptogenic lesions such as hippocampal sclerosis, 
developmental brain tumours, vascular malformations, or any other early-life lesion such as pre- or perinatal infarction, bleeding, or 
inflammation. It should be noted that each of these categories of FCD is further classified into different types [3]. 

Despite recent advances in neuroimaging, diagnosing FCD remains difficult. The vast majority of Type II cortical dysplasia cases 
exhibit abnormalities magnetic resonance imaging (MRI), whereas the vast majority of Type I cases do not. FCD are small or incon-
spicuous, making them difficult to detect visually on an MRI. Histopathological MRI studies show that during ocular inspection, 
approximately 40 % of Type II FCD are negative, but approximately 85 % of Type I FCD are negative [4,5]. This statistic varies ac-
cording to the imaging technique and the interpreter’s level of competence. additional imaging techniques such as FDG-PET (Fluo-
rodeoxyglucose-positron-emission-tomography) are described as a useful alternative in diagnosing abnormalities for FCD [6]. 
FDG-PET can be used to help identify seizure disorders, which can help identify occult lesions on MRI data. It is frequently used to 
detect focal hypo-metabolism in the FCD regions with a diagnostic sensitivity for FCD detection estimated at 78–83 % [7,8]. This 
sensitivity is further enhanced using simultaneous PET/MRI recording [9,10]. Though FDG-PET appears to have higher sensitivity in 
diagnosing than MRI, visual assessment has various limits and several uncertainties in the method. Visually interpreting FDG-PET data 
relies on human observers’ subjective interpretation of the images, which largely focuses on qualitative interpretation but does not 
provide accurate quantitative measures or objective criteria for diagnosis [11,12]. For the reasons mentioned above, an additional 
analysis procedure is needed to provide an accurate diagnosis. Therefore, the advantages of quantitatively combining multiple mo-
dalities with PET for FCD detection merit further exploration. 

To analyse FCD, several alternatives to visual assessment are used. Voxel-based morphometry (VBM) is one of these, a regularly 
used approach for assessing drug-resistant epilepsy. We previously utilised this approach [11] to evaluate individuals with refractory 
epilepsy by identifying the epileptogenic zone(EZ). Riney et al. examined children with epilepsy using VBM on FLAIR (Fluid--
attenuated inversion recovery) MRI images [12]. Although prior studies have discovered cortical anomalies in FCD patients, the results 
have not been consistent, which could be attributed to variances in the specific patient samples analysed or the methodologies utilised. 
Cortical morphologies were discovered to reflect intermediate progenitor cell regulation creation and amplification in the current 
study [13]. 

Surface-based analysis can also aid in the assessment and diagnosis of cortical morphology. Thesen et al. use an automated, surface- 
based method for evaluating morphometric characteristics associated with cortical epileptogenic anomalies to detect aberrant 
thickness in the cortical surface and blurring grey-white matter boundaries [14]. Spitzer et al. built an open-source, interpretable 
surface-based machine-learning system to detect FCDs in heterogeneous structural MRI data from epilepsy surgical centers throughout 
the world [15]. Cortical morphological investigations, such as cortical thickness, are commonly employed to study the neuroplastic 
alterations associated with pathophysiological changes and abnormalities. Moreover, sulcal depth and gyrification, two morphological 
metrics that parallel cortical thickness, have received less attention in FCD research [16]. Deep sulcal areas have a relatively stable 
spatial distribution and are responsive to cortical development and atrophy [17,18]. The cerebral gyrification properties adapt the 
cortical surface area to the geometry of the skull, enhancing neural circuit development [19]. As a result, the cortical morphology 
examination may contribute to more rigorous and reliable information on the underlying neurophysiological mechanisms driving FCD. 

Therefore, the purpose of this study is to implement a thorough examination of cortical morphological development utilising FDG- 
PET imaging, and to look at the relationships between cortical abnormalities in FCD patients [20–22]. Based on past FCD neuroimaging 
research investigations [23–25], we hypothesized that cortical characteristics would reveal major metabolic abnormalities or aberrant 
activity in FCD-affected regions. However, we intend to use PET-MRI and PET-CT in our investigation because we believe that 
quantitatively analysing them could potentially improve the identification of abnormal activity in the brain. Furthermore, we hy-
pothesized that the main alterations observed in the cortical surfaces of FCD patients were due to fluctuations in the strength of these 
features [26,27]. 

To test these ideas, the cortical morphologies will be quantitatively examined using CAT12, a volumetric analysis tool supplied by 
SPM that provides a quick and simple alternative method for cortical surface analysis. CAT12 has demonstrated high sensitivity in 
studies of neurological illnesses such as refractory epilepsy and epileptogenic zone localisation [11]. It is used to determine the cortical 
thickness, sulcal depth, and gyrification index. A cluster-based analysis is carried out to determine each FCD patient’s aberrant cortical 
surface. To evaluate whether the characteristic in the FCD group had altered significantly, a region of interest (ROI) analysis was done. 
Finally, all ROI features were trained in a machine learning classifier to distinguish FCD from healthy controls. 
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2. Materials and methods 

2.1. Participants 

The dataset for the current study initially comprised 50 people (25 patients with FCD and 25 healthy controls (HC)). The pop-
ulations in the dataset were all subjected to a selection criterion, such as image quality and age. The technique and selection criteria are 
depicted in Fig. 1. 

The study finally, included 42 participants, including 22 patients and 20 healthy controls. The patients’ average age and standard 
deviation (SD) are 31.9 ± 11.8 years, with 68.2 % (15/22) males and 31.8 % (7/22) females. The healthy controls had a mean age and 
standard deviation of 25.8 ± 7.7 years, with 42.9 % (8/20) males and 57.1 % (12/20) females. From January 2018 to July 2019, 
patients were subjected to pre-surgical investigation at the Shengjing Hospital of China Medical University, Shenyang, China. A full 
clinical history and neurological examination were performed, as well as a complete cognitive assessment, psychiatric assessments. It 
also contained long-term scalp video-EEG, MRI, and PET data for inter-ictal and ictal onset sequence. The scanned images were taken 
in accordance with the clinical routine of epilepsy for both patients and healthy controls. The Ethics Committee of Shengjing Hospital 
of China Medical University approved this study. All participants in the experiment signed an informed consent form, consented to 
have the MRI images published, and were informed about the study methodology. 

All 22 patients had medically resistant epilepsy surgically removed, with histological confirmation of FCD. Specialists analysed the 
pathology of the specimen and subtyped it using the ILAE categorization [28]. Presurgical examination information on the patients’ 
seizure onset zones, age, and gender and pathological subtype of FCD are presented in Table 1. All patients are in Type II. The Engel 
value was used to evaluate the surgical results of all patients, and the result was validated by the postsurgical follow-up EZ. Six months 
following the procedure, the Engel value was evaluated. 

2.2. FDG-PET images acquisition 

Regardless of whether the study was conducted on patients or a control group, all PET imaging scans were obtained and analysed in 
accordance with clinical epilepsy methods. A GE Healthcare SIGNA PET/MR scanner (Waukesha, WI, USA) is used to acquire images of 
patients. Subjects were instructed to relax silently for 45–60 min following intravenous administration of 3.7 MBq/kg of 18 F-FDG. To 
reconstruct PET scans, the standard 3D ordered subsets expectation maximisation (OSEM) technique (32 subsets and three iterations) 
is employed. The restored data has a 192 × 192 × 16 matrix and a voxel scale of 1.56 × 1.56 × 2.40 mm3. Each scan takes roughly 15 
min to acquire. 

The images of the healthy control group were taken using a Discovery 690 PET (General Electric) from Shengjing Hospital of China 
Medical University. After receiving 5 MBq/kg of 18 F - FDG intravenously, the subjects were advised to relax silently in a dimly lit room 
for around 40 min. A standard 11-min method is employed to obtain projection data for 25 tomographically corrected attenuation- 
corrected images brain areas with a thickness of 3.27 mm. The mode helical was employed with a restoration width of 700 mm 
and a slope for rescale of 1.0. The PET data was restored using the OSEM technique, which had 16 subsets and six iterations. Finally, 
the reconstructed matrix data is 512 × 512 × 16 with a voxel scale of 3.65 × 3.65 × 3.27 mm3. 

2.3. MRI and CT acquisitions 

To acquire the MRI images, a GE Healthcare SIGNA PET/MR scanner (16-channel head coil) was employed. The following se-
quences were included in the protocol: Sag 3D T1BRAVO (T1w; TE = 3.3 ms, flip angle = 12◦, TR = 8.5 ms, voxel size = 0.469 × 0.469 
× 1 mm3 matrix size = 512 × 512, the Magnetic Field Strength = 3.0 T). The subjects were advised to remain awake while closing their 

Fig. 1. Criteria and the procedure for selecting subjects.  
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eyes and lying down for the subsequent tests. Slices were inclined in an oblique axial position to help reduce signal losses and warp in 
the mesiotemporal and orbitofrontal areas. 

The CT scan was obtained at Shengjing Hospital of China Medical University using a Discovery 690 CT (General Electric). The 
following are the acquisition parameters: The slice thickness is 3.75 mm, with a slice spacing of 3.27 mm. The scan mode is helical, 
with a restoration diameter of 500 mm and a slope for rescale of 1.0. Finally, the reconstructed matrix data is 512 × 512 × 16 with a 
voxel scale of 3.65 × 3.65 × 3.27 mm3, and a resolution of 140 kVp. 

2.4. Data processing 

The processing method of our study consisted of three steps which involve data pre-processing, data processing, and statistical 
analysis as shown in Fig. 2. 

During the data pre-processing step, all images, including PET and T1W, were converted to the Nifti format [29] from the original 
Dicom format [28]. Then, PET scans were registered to the canonical template and realigned. Finally, the PET scans were co-registered 
with the T1W images. 

CAT12 was employed to carry out the cortical surface analysis on our data during the processing step. This innovative fully 
automated approach based on projection-based thickness (PBT) was utilised to measure cortical thickness and the core surface of the 
cortex in a single step [30,31]. The images were automatically segmented into three volume tissues (grey matter (GM), white matter 
(WM), cerebrospinal fluid (CSF)), and several other cortical tissues. Following segmentation, the segmented features were automat-
ically affine registered to MNI template space and nonlinearly deformed. 

Table 1 
Presurgical examination information on the patients’ seizure onset zones, age, and gender and pathological subtype of focal cortical dysplasia.  

Patient Seizure onset zone Abbreviation Age (year) Gender Type 

1 Right medial temporal lobe structure R\mT 48 F Type I 
2 Right medial temporal lobe structure R\mT 27 M Type I 
3 Left medial temporal L\mT 21 M Type I 
4 Right medial temporal lobe structure R\mT 35 M Type I 
5 Medial lateral right temporal lobe R\mT 34 F Type I 
6 Right medial temporal lobe structure R\mT 35 M Type I 
7 Right medial temporal lobe structure R\mT 24 M Type I 
8 Left medial temporal lobe structure L\mT 28 M Type I 
9 Left frontal L\F 38 F Type I 
10 Left middle temporal L\mT 45 M Type I 
11 Left middle temporal L\mT 28 M Type I 
12 Left middle temporal L\mT 35 M Type I 
13 Left middle temporal L\mT 38 M Type I 
14 Left middle and lateral temporal L\m & laT 16 F Type I 
15 Hippocampus, right temporal lobe R\mT 22 F Type I 
16 Left medial temporal lobe L\mT 27 M Type I 
17 Left temporal lobe L\T & L\mT 23 F Type I 
18 Right temporal occipital lobe R\T & R\O 26 M Type I 
19 Right parietal lobe R\P 12 F Type I 
20 Left middle temporal (Hippocampus) L\mT 32 M Type I 
21 Right frontal R\F 24 M Type I 
22 Left medial temporal lobe structure L\mT 24 M Type I  

Fig. 2. Flowchart of the study procedure. (A) Processing steps; (B) Co-registration. (C) Cluster-based analysis. (D) ROI-based analysis. (E) Machine 
learning analysis. 

E.J. Bacon et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e23605

5

The thickness was then retrieved using the PBT approach, which employs a projection system that takes into account blurring sulci 
to get an accurate cortical thickness map [32]. The PBT method estimates the WM distance using tissue segmentation and then projects 
the local maximum (This is comparable to the thickness) to neighbouring GM voxels are connected using a neighbour connection 
determined by the WM distance. 

Several additional surface measurements were retrieved, including the sulcal depth (SuD) and gyrification index (GI). The GI is 
determined using absolute mean curvature and is expressed as a proportion of the external brain surface to the outside surface after the 
sulci are removed. Sulcus depth is calculated using the Euclidean distance betwixt the centre surface and its convex hull. The square 
root-transformed sulcus depth is used in this case because the function of the square root is used to make the data more consistently 
distributed [30]. 

The recently produced surfaces were smoothed with various Gaussian smoothing kernel values, namely 15 mm FWHM for thickness 
and 20 mm for GI and SuD. Three sections are included in the statistical analysis process, i.e., the cluster-based, ROI-based, and 
machine learning-based analysis. 

2.5. Cluster-based analysis 

Cluster-based analysis was first conducted. For each surface feature (thickness, GI and SuD), a two-sample t-test is conducted 
between each FCD patient and HC group using age as the covariate. The clusters showing significant changes in the surface measure of 
a single FCD patient will be obtained. 

In our study, we defined a cluster as a group of vertices on the cortical surface. A significant cluster is obtained when the cluster size 
is above 100 mm3. A brain region is declared to be abnormal if a cluster is identified within it. One or more abnormal regions can be 
identified for a single patient. When more regions are identified, the region with the highest intensity peak (T-value) will be considered 
the main region identified for the patient. If this region matches the postsurgical confirmed EZ, a correct finding is achieved for this 
patient. An accuracy score can be determined for all the patients. 

The abnormal brain regions identified from the cluster-based analysis are compared with the postsurgical confirmed EZ by Cohen’s 
kappa statistical test. To facilitate the comparison, the abnormal brain regions were grouped into 4 lobes (parietal, frontal, occipital, 
and temporal) in each hemisphere according to match the postsurgical follow-up EZ reports. The following is how the relationship 
between Kappa value (k) and agreement level is interpreted: When k = 0, there is no agreement; when k = 0.01–0.20, there is no or 
slight agreement; when k = 0.21–0.40, the agreement is fair; when k = 0.41–0.60, the agreement is moderate; when k = 0.61–0.80, the 
agreement is substantial; and finally, when k = 0.81–1.00, the agreement is almost perfect. SPSS version 22.0 software (IBM-SPSS, 
Armonk, NY, USA) was used for all statistical analyses. 

2.6. The ROI-based analysis 

ROI-based analysis was also performed using the extracted surface measures. The ROI was defined using the Desikan-Killiany atlas, 
and 68 cortical regions (34 per hemispheres) in total were extracted [33]. The thickness, GI, and SuD of each ROI were calculated for 
each FCD patient and HC. A two-sample test was used for each ROI measure to determine the statistical significance between the FCD 
and HC groups. Moreover, for a measure of all ROIs, the Spearman correlation analysis was conducted between FCD and HC groups. If 
p < 0.05, a significant correlation is available; otherwise, they are independent of each other [34]. 

2.7. Machine learning-based analysis 

Finally, the 68 ROI features extracted were assessed using a machine learning classifier to differentiate FCD from HC. The support 
vector machines (SVM) classifier was employed to complete the classification task, with the post-surgical confirmed EZ used as the 
ground truth. For the prediction tasks, 10-fold cross-validation is used to assess classification performance. Here, k-fold cross- 
validation has been considered one comprehensive way for predictive model evaluation [35]. The goal is to make the best use of 
our training data to estimate the achievement of a model on unseen data. The model’s accuracy and sensitivity were also estimated. 

3. Results 

3.1. The identified potential EZ clusters 

Table 2 presents the demographic data of participants. For cortical thickness, abnormal clusters were identified in all FCD patients, 

Table 2 
Demographic information.  

Characteristics Patients Healthy Controls 

Number of patients 22 20 
Gender (male/female) 15/7 8/12 
Age (years) 15–63 15–48 
(Mean ± SD) 31.9 ± 11.8 25.8 ± 7.7  
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indicating a positive finding rate of 100 %. Gyrification and sulcal depth showed the same positive finding rate of 95.5 %. Table 3 
displays clusters of patients with significant alterations in thickness, GI, and SuD (No. 8). For the thickness, the cluster with the largest 
size is located in the left insula and it also has the highest T-value of 6.06. Cortical thickness has more aberrant regions than gyrification 
and sulcal depth. 

Fig. 3 shows an example of the identified abnormal clusters for three different patients (No. 03, 07, 20). Each column highlights the 
finding of specific cortical features, while each row describes the outcome of a single patient. The cluster with the largest cluster size 
and the highest T-value peak is chosen as the most significant EZ. The cortical thickness output more visible clusters than others that 
showed subtle clusters. As an example, for patient 03 (P03), the most significant clusters were shown in the left frontal and occipital for 
the cortical thickness. The same observation was made for patients 07 and 20 (P07 and P20). 

Table 4 shows the comparison of the two-sample t-test outcomes to the confirmed EZ for all the patients. Cortical thickness correctly 
identified 54.5 % (12/22) of patients, followed by sulcal depth and gyrification, which correctly identified 40.9 % (9/22) and 13.6 % 
(3/22) of patients, respectively. There are six overlapped regions between those detected by cortical thickness and sulcal depth, but 
only two overlapped regions between thickness and gyrification and four overlapped regions between gyrification and sulcal depth. 

3.2. Concordance between possible and verified EZ clusters 

Cohen’s kappa statistic for the cluster-based analysis yielded different results across three measures. The identified potential EZ 
clusters and the confirmed EZs yielded a moderate concordance for the cortical thickness (k = 0.6), while a fair concordance is ob-
tained for the sulcal depth (k = 0.3), and no concordance is found for the gyrification (k = 0.1). 

3.3. Differences in surface measures between FCD and HC 

The ROI-based analysis reveals statistically significant differences in 46 out of 68 (67.7 %) cortical regions between FCD and HC 
populations, as illustrated in Fig. 4. It provides an overview of ROI-based analysis in terms of the cortical thickness (Fig. 4(A)), the 
gyrification (Fig. 4(B)), and the sulcal depth (Fig. 4(C)). Fig. 4(D) highlights the brain regions exhibiting diverse ROIs and statistically 
significant variations in the thickness, GI, and SuD. 

Among the 46 regions, 22 were located in the left hemisphere with some of them in the inferior temporal gyrus, precuneus gyrus, 
para-hippocampal gyrus, middle frontal gyrus, and posterior-cingulate gyrus. The right hemisphere identified 24 regions (Middle 
temporal, anterior cingulate, hippocampal, occipital, and superior frontal). The same observation was made for all three surface 
measures. In addition, the spearman correlation yielded a high p-value (0.06, 0.07 and 0.06) for the cortical thickness, gyrification and 
sulcal depth. 

3.4. Individual prediction of FCD 

The SVM classifier has a prediction accuracy of 95.5 % for cortical thickness, and 86.0 % and 81.5 % for sulcal depth and gyr-
ification, respectively. Fig. 5 illustrates the receiver’s operating characteristics with its area under the curve (ROC-AUC), whereas Fig. 6 
depicts the confusion matrix of the classifiers. The cortical thickness yielded a sensitivity of 96.0 % for gyrification, while the sulcal 
depth and cortical thickness obtained 95.0 % and 88.0 % respectively. 21 out of 22 (95.0 %) patients and 19of 20 (95.0 %) HCs are 
predicted correctly for the cortical thickness. The gyrification correctly predicted 20 out of 22 (90.9 %) patients and 14 out of 20 (70.0) 
HCs. The sulcal depth correctly predicted 18 out of 22 (81.8 %) patients and 18 out of 20 (90.0 %) HCs. 

4. Discussion 

In our study, surface-based analysis was used to analyse PET images for FCD diagnosis. The study provides new information on the 

Table 3 
Abnormal clusters with major changes in the cortical morphology of a single FCD patient (e.g., No. 8).  

Hemispheres/cortical morphology Location Cluster size T value MNI’ 

X Y Z 

Thickness 
LH Insula 7500 6.06 − 36 − 23 0  

Superior temporal 104 3.11 − 64 − 32 10  
Inferior temporal 202 3.08 − 52 − 15 − 32 

RH Frontal 200 2.52 13 66 6 
Gyrification 
LH Cingulate 421 2.62 − 3 − 49 27  

Lingual 204 2.53 − 26 − 56 − 8 
RH – – – – – – 
Sulcal Depth 
LH Lingual 2188 3.18 − 12 − 70 − 8 
RH – – – – – –  
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relationship between cortical area measurements and FCD. Firstly, the cluster-based analysis successfully identified abnormal clusters 
in FCD (Thickness). Secondly, the ROI-based analysis showed the differences between the FCD and HC populations. Finally, the trained 
SVM classifier achieved a good prediction accuracy the sulcal obtained the highest prediction score. 

4.1. Main findings and their significance 

The cortical thickness identified the highest number of clusters during the cluster-based analysis, while the other two features 
identified less. These observed differences during our analysis might be explained by the tissue characteristics of each cortical mea-
surement [14]. Cortical thickness and gyrification present different characteristics, this assertion is confirmed by Gautam et al. [36]. 
Cortical gyrification is substantially and favourably associated to the cerebral cortex (cortical volume), but adversely associated to the 
thickness in several parts of the cortex, according to the authors. 

Frontal gyrification has also been associated to improved short-term memory and cognitive flexibility [37]. This assumption could 
explain the disparity reported between the results of cortical thickness and gyrification. On the contrary, Tosun et al. found some 
parallels between thickness and SuD [38]. The authors established that aberrant pre- and post-central relationships between CThick 
and SDepth in children with partial epilepsy could be a biomarker of mental comorbidity. Another factor that could explain the 
observed discrepancy in cortical thickness and sulcal depth is the smoothing kernel size. The cortical thickness in our study is 15 
FWHM, while the sulcal depth is 20 FWHM [14]. 

The results of the ROI-based analysis can support the assumption that illness patients have basic disparities in brain structural 
measurements. Dworkin et al. studied this topic and effectively addressed a strategy for finding local group variations in multivariate 
density at the subject-level [39]. Another reason could be the structural differences between the two PET modalities. This claim was 
corroborated by Mayerhoefer et al. According to the authors, PET/MRI provides for more appropriate care than PET/CT in minimal 
proportion of cancer sufferers [40]. 

Our study also explores a machine learning analysis to do individual predictions based on the cortical morphologies extracted. The 
machine learning analysis performed well. The observed prediction outcomes proved that integrating machine learning in 

Fig. 3. Illustrations of detected aberrant clusters in three distinct patients (e.g., Patient Numbers: 03, 07, 20). The first row presents the findings for 
Patient 03, while the second row exhibits results for Patient 07, and the third row highlights the outcomes for Patient 20. Each column corresponds 
to a specific cortical characteristic, with the first column representing the cortical thickness (A), the second column illustrating the gyrification (B), 
and the third column depicting the sulcal depth (C). 

E.J. Bacon et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e23605

8

neurological disease, might bring more facilities in the way of analysing neuroimaging data and may help in diagnosing FCD more 
accurately. Previous studies have shown that machine learning can outperform human capacities in many fields including neuro-
imaging. This assertion is supported by Varoquaux et al., who uncovered new aspects of the cognitive organization using their machine 
learning model and performed well [41]. Hence, integrating quantitative and machine learning analysis might contribute a lot and 
become a crucial alternative to the visual assessment of FCD [14,42,43]. 

4.2. Why are cortical thickness, gyrification, and sulcal depth utilised in FCD diagnosis? 

Diagnosing FCD remains challenging for medical scientists since the visual inspection is ineffective with a lot of inconsistencies. The 
purpose of this study is to provide additional technique to diagnose FCD. To fulfil the study’s goal, we recommend assessing the 
thickness, GI, and SuD. Several researchers studied the efficacy of cortical parameters such as thickness, GI, and SuD in assessing 
epilepsy patients. Sophie et al. addressed the constraints of a paediatric population by developing an automated technique for FCD 
detection based on cortical thickness and gyrification characteristics [44]. Tosun et al., evaluated the cortical (CThick-SDepth) 
relationship between normally growing children and those with focal epilepsy (TDC) [38]. MRI-negative images include enough in-
formation to help detect visually ambiguous FCD in vivo. Ahmed et al. described a quantitative morphometry strategy for dis-
tinguishing FCD lesions in MRI-negative candidates that incorporates machine learning algorithms and surface-based MRI processing 
techniques. Their method found much more MRI-negative individuals with lesions, and the classification task was effective, with 14 of 
24 FCD lesions properly identified (58 %) [45]. 

4.3. CAT12 performance for cortical surface analysis 

The computational anatomy toolbox is a volumetric toolbox that provides a quick and simple alternative method for cortical 
surface examination. Several academics have attempted to compare its performance to that of existing tools. Seiger et al. compared the 
CAT12 toolbox’s performance to that of FreeSurfer. Their investigation discovered that CAT12 outperformed FreeSurfer and provided 
additional proof that the toolbox produces precise and profitable results [31]. Though FreeSurfer will most certainly remain a mainstay 
for thorough cortical morphology assessments, CAT12 appears to be a solid alternative that might be very useful for research scientists 
or physicians. Righart et al. attempted to validate CAT12 in comparison to FreeSurfer [46]. Li et al. used CAT12 cortical morphometry 
to examine changes in SuD, GI, and thickness of Codeine-containing cough syrup (CCS) users’ cerebral cortex. Their findings were 
encouraging due to significant changes in SuD, GI, and thickness [47]. 

4.4. The significance of machine learning in the detection of FCD 

Several studies have used machine learning to explore FCD. Demerath et al. recently published a study to see if the detection of FCD 
can be improved further by feeding this approach magnetization-prepared two rapid acquisition gradient echoes (MP2RAGE) datasets 
instead of magnetization-prepared rapid acquisition gradient echo (MPRAGE) datasets [48]. Ganji et al. assessed cortical 

Table 4 
Comparison between cluster-based analysis outcomes and postsurgical confirmed EZs.  

Subject Thickness Gyrification sulcal Depth EZ 

1 L/T L/T L/T L/F 
2 R/T L/O R/F R/MT 
3 L/F R/F L/T L/MT 
4 R/O L/O R/T R/MT 
5 L/O R/F R/T R/MT 
6 L/T R/T L/T R/MT 
7 L/T R/T R/O R/MT 
8 L/T R/T L/O L/MT 
9 L/F L/O L/T L/F 
10 L/O R/F R/T R/MT 
11 L/T L/O L/T L/MT 
12 L/T L/O L/T L/MT 
13 L/T L/O L/P L/MT 
14 R/P none R/P R/P 
15 L/T L/T R/O L/MT 
16 L/T L/O L/O L/MlT 
17 R/P L/O none R/MT 
18 L/T L/O L/T L/MT 
19 L/T R/T R/T R/TO 
20 R/O L/O L/O R/P 
21 L/T R/F R/T L/MT 
22 R/F L/O R/T R/F 

L stands for left hemisphere, R stands for right hemisphere, F stands for frontal, T stands for temporal, O stands for occipital, P stands for parietal, M 
stands for middle, and l stands for lateral. 
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characteristics using surface-based morphometric and machine learning to diagnose FCD [49]. Lin et al. also developed a detailed, 
quantitative XGBoost classifier that identified FCD type IIb using MRI and PET imaging data. Their investigation achieved 93 % 
sensitivity, 91 % specificity, and 9 % false-positive rates, respectively [50]. David et al. tried to improve the visual detection by using 
morphometric analysis of T1-weighted images [51]. They developed an artificial neural network (ANN) classifier for robust automated 
detection of FCDs based on these morphometric maps and probe its generalization performance in a large, independent data set. 

4.5. Limitations and future works 

Though our study produced good results in terms of successfully identifying aberrant clusters or regions, numerous limitations 
should be investigated further. First and foremost, our study employed two different kind of imaging modality (PET-MRI and PET-CT). 

Fig. 4. Region of ROI-based analysis comparing FCD and HC for the cortical thickness (A), gyrification (B), and sulcal depth (C); (D) Brain regions 
exhibiting varied ROIs and statistically significant differences in the thickness, GI, and SuD. 
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Fig. 5. Average receiver operating characteristic (ROC) curve of the SVM classifier model for the cortical thickness (A), gyrification (B), and sulcal 
depth (C). 

Fig. 6. Confusion matrix of the SVM classifier model for the cortical thickness (A), gyrification (B), and sulcal depth (C).  
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This may have a significant impact on the obtained outcome and its interpretation. While the CT component of a PET-CT scan gives 
anatomical information, it has significant limitations and isn’t ideal for exploring the cortical surface in depth. However, PET-MRI, and 
more specifically the MRI component of it, is recognized and widely used for comprehensive examination of the cortical surface 
[52–54]. Secondly, our investigation revealed numerous anomalous clusters, which are treated by selecting the most significant 
cluster. Because we don’t know the nature of the cluster chosen, the selection criteria have certain limits. Some of the clusters may be 
statistically insignificant or simply artefacts discovered during the acquisition procedures. Jacobian correction is a typical strategy for 
dealing with false positives [55,56], which we did not employ in our work. Thirdly, another disadvantage could be the variance issue in 
the brain. Our investigation did not consider age-related changes in the cortex of either group (FCD or HC). The age factor is recognized 
to have little effect on the sensitivity of our study [57]. Other surface analysis methodologies, such as FreeSurfer or voxel-based 
analysis, could be used to address the poor performance of gyrification utilising CAT12 [31,58]. Finally, the sample size is small, 
which can be viewed as a constraint. In machine learning, data size can be a significant issue to deal with. These difficulties are 
encountered in numerous machine learning analyses [59,60]. However, other approaches could be applied, such as data augmenta-
tion, which is one of the techniques used to try to improve this issue [61,62]. 

5. Conclusion 

The cortical surfaces of the brain play a crucial role in the diagnosis of neurological diseases. The aberrant thickness, GI, and SuD in 
FCD patients may be associated with drug-resistant epilepsy with unmanageable seizure frequency. This study examined the critical 
function of brain cortical characteristics in FCD patients. thickness, GI, and SuD were assessed to identify abnormal regions. Cortical 
thickness appears to be the best morphological parameter for FCD diagnosis because it identified the most clusters during cluster-based 
analysis when compared to others. However, because surface metrics for FCD and HC may differ in many places, the contribution of 
sulcal depth and gyrification should be further explored. The application of machine learning to examine cortical morphological 
features can yield a reliable result for individual prediction of FCD. 
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