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Summary

Objective: We aimed to use a novel magnetic resonance fingerprinting (MRF) technique to 

examine in vivo tissue property characteristics of periventricular nodular heterotopias (PVNHs). 

These characteristics were further correlated with stereotactic-EEG (SEEG) ictal onset findings.

Methods: We included 5 patients with PVNH who had SEEG-guided surgery and at least 

one-year seizure freedom or substantial seizure reduction. High-resolution MRF scans were 

acquired at 3T, generating 3D quantitative T1 and T2 maps. We assessed the differences between 

T1 and T2 values from the voxels in the nodules located in the SEEG-defined SOZ and non-

SOZ, on individual-level and group-level. ROC analyses were performed to obtain the optimal 

classification performance. Quantification of SEEG ictal onset signals from the nodules was 

performed by calculating power spectrum density (PSD). The association between PSD and T1/T2 

values were further assessed at different frequency bands.

Results: Individual-level analysis showed T1 was significantly higher in SOZ voxels than non-

SOZ voxels (p < 0.05), with an average 73% classification accuracy. Group-level analysis also 
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showed higher T1 was significantly associated with SOZ voxels (p < 0.001). At the optimal cut-off 

(normalized T1 of 1.1), a 76% accuracy for classifying SOZ nodules from non-SOZ nodules was 

achieved. T1 values were significantly associated with ictal-onset PSD at the ultra-slow, θ, β, 

γ, and ripple bands (p < 0.05). T2 values were significantly associated with PSD only at the 

ultra-slow band (p < 0.05).

Significance: Quantitative MRF measures, especially T1, can provide additional noninvasive 

information to separate nodules in SOZ and non-SOZ. The T1 and T2 tissue property changes 

carry electrophysiological underpinnings relevant to the epilepsy, as shown by their significant 

correlations with power changes during the SEEG seizure onset. The use of MRF as a 

fementary noninvasive tool may improve presurgical evaluation for patients with PVNH and 

pharmacoresistant epilepsy.
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Introduction

Periventricular nodular heterotopias (PVNHs, or nodules) are brain malformations due 

to abnormal neuronal migration during cortical development1–4 and are frequently 

associated with pharmacoresistant epilepsy.5,6 Surgical resection or ablation of the 

epileptogenic zone is the most effective intervention to achieve seizure freedom in 

patients with pharmacoresistant epilepsy. However, localizing the epileptogenic zone in 

epilepsies associated with PVNH is challenging. There is a lack of clear structural or 

metabolic biomarkers of in vivo epileptogenicity for the nodules. In addition, complex 

and heterogeneous interactions between the nodules and their overlying neocortex often 

present.7 Although invasive evaluation with stereotactic-electroencephalography (SEEG) is a 

necessary step for the localization of epileptogenic zones in patients with PVNH, SEEG 

electrodes cannot fully sample the many and frequently bilateral nodules for practical 

reasons. This challenge often results in incomplete information about the epileptogenic 

nature of some of the nodules even after an extensive SEEG evaluation.

MRI is a powerful imaging tool to detect epileptic lesions non-invasively. On conventional 

T1 weighted (T1w) and T2 weighted (T2w) images, PVNH lesions tend to have uniform 

signal intensity and cannot distinguish epileptic nodules from the non-epileptic ones. Thus, 

there is a need for an MRI method that is both more sensitive to brain tissue property 

changes and specific to the epileptic potential of PVNH.

Magnetic resonance fingerprinting (MRF) is a novel MRI technique that utilizes variable 

acquisition patterns (e.g. variable flip angles and repetition times) to generate perfectly-

aligned, high-resolution quantitative tissue property maps (T1 and T2 maps) in clinically 

feasible time.8,9 The quantitative MRF T1 and T2 tissue property maps have shown 

improved sensitivity, specificity, and repeatability in various clinical applications.10–12 As 

demonstrated in prior studies, T1 and T2 values may carry diagnostic significance for 

epileptic lesions such as hippocampal sclerosis12 and cortical malformations.9 In particular, 
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our prior study used the 3D MRF method to investigate a cohort of pharmacoresistant 

epilepsy patients with focal cortical dysplasia (FCD), PVNH and tuberous sclerosis 

complex. We demonstrated initial efficacy of the MRF T1 and T2 tissue property maps, 

showing differentiating signals when multiple lesions were present, while conventional MRI 

was uninformative.9 This motivated the current study to systematically examine the efficacy 

of 3D MRF to probe the in vivo epileptogenicity of PVNH lesions.

In this study, we aim to investigate differences between quantitative T1 and T2 values in 

nodules from the SOZ and non-SOZ, at the individual-level and group-level. We further 

explored the electrophysiological underpinnings of quantitative T1 and T2 values, and 

assessed their relationship with power spectral density (PSD) at SEEG ictal onset. We 

hypothesize that T1 and T2 values from MRF could carry quantitative tissue property 

information to differentiate nodules in the SOZ from those in the non-SOZ, and they would 

have significant positive correlations with power changes during the SEEG seizure onset, as 

quantified by PSD.

Materials and methods

Patient selection

From a consecutive cohort of pharmacoresistant epilepsy patients undergoing presurgical 

evaluation at the Cleveland Clinic Epilepsy Center from 2017 to 2020, patients were 

retrospectively included based on the following selection criteria: (1) had PVNH lesions on 

the 3T clinical MRI with no other malformations in the cortex, based on official radiology 

report; (2) underwent a 3D whole-brain MRF scan; (3) underwent SEEG as part of their 

presurgical evaluation, with at least one electrode targeting the nodules; (4) underwent 

resective or ablative surgery; (5) had at least one-year seizure freedom or substantial 

seizure reduction after surgery. Exclusion criteria: severe imaging artifacts preventing image 

segmentation or registration. Analyses of this study was performed retrospectively, and 

none of the results influenced clinical recommendation. This study was approved by the 

Institutional Review Board (IRB) of the Cleveland Clinic and all subjects gave written 

informed consent to participate in the MRF research scan.

MRI acquisition

A 3D whole-brain MRF scan was acquired on a 3T MRI (Prisma, Siemens, Erlangen, 

Germany) with field of view (FOV) = 300 × 300 × 144 mm3, resolution = 1 × 1 × 1 

mm3 and scan time = 10 min 40 sec.8,9 In addition to the MRF scan, a 3D B1 mapping 

scan was acquired with the same FOV and resolution as the MRF scan to compensate for 

the B1 inhomogeneity in MRF maps (scan time = 1 min 50 sec).13–15 To estimate T1 and 

T2 values of each voxel, the acquired MRF signals were matched to a predefined signal 

evolution dictionary that was generated by Bloch equation simulation (T1 range: 2 – 3000 

ms and T2 range: 3 – 2000 ms) using a pattern recognition method.9 Representative MRF T1 

and T2 maps are shown in Figure 1. A clinical 3D T1w whole-brain magnetization-prepared 

rapid acquisition with gradient echo (MPRAGE) scan was additionally acquired with the 

following parameters: resolution = 0.5 × 0.5 × 0.9 mm3, repetition time (TR) = 1900 ms, 
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echo time (TE) = 2.57 ms, inversion time (TI) = 1100 ms, 192 slices and scan time = 3 min 

53 sec.

Data processing

SEEG electrode reconstruction was performed by fusing the postoperative thin-sliced CT 

images with the preoperative clinical T1w MPRAGE images using automatic full-volume 

maximal-mutual-information registration in Curry 8 (Compumedics NeuroScan, Australia). 

Classification of SOZ and non-SOZ SEEG contacts were obtained from the official clinical 

report, based on consensus at the epilepsy patient management conference (PMC).

MRF T1w images were synthesized from the MRF maps, with a contrast similar to the 

T1w MPRAGE images obtained from conventional clinical protocol. MRF T1w images 

were registered to T1w MPRAGE images using symmetric image normalization (SyN) in 

advanced normalization tools (ANTs).16 SyN was used as it was shown to consistently 

deliver high accuracy of registration results.17 The warping information from the registration 

of MRF T1w images was applied to T1 and T2 maps, to register them to the T1w MPRAGE 

images. Overall, this process allowed for the T1w MPRAGE images, T1 map, T2 map, and 

SEEG electrode location to be registered in the same space.

Segmentation of PVNH lesions

A diagram for PVNH lesion mask generation is shown in Figure 2(A). The T1w MPRAGE 

image was segmented to obtain a cerebral spinal fluid (CSF) mask using FSL (FMRIB, 

Oxford, UK).18 Then, a whole-brain mask of T1 and T2 maps was subtracted by the 

CSF mask, and neighboring voxels closed to CSF were excluded in the subtracted mask 

to avoid partial volume effects from CSF. To precisely remove voxels of white matter 

within the PVNH lesion mask, a histogram of T1 values of the whole brain was fit to a 

three exponential Gaussian curve to calculate an average and standard deviation of white 

matter values,19 as shown in Figure S1. The average white matter value plus three standard 

deviations of white matter was used as a threshold to remove the white matter voxels in the 

subtracted mask for each patient. Lastly, the centroid of each nodule was defined by expert 

review of the lesion mask, and an ROI with a radius of 3 mm was applied at the centroid 

to generate the individual nodule lesion mask. The radius of 3mm was chosen empirically 

to ensure full coverage of all the nodules with no overlap. If the nodule was sampled with 

SEEG, the centroid of the ROI was set at the contact. We then multiplied the ROIs with the 

nodule lesion masks to extract MRF T1 and T2 values within each ROI.

Definition of SOZ and non-SOZ nodules

If the nodules were implanted by SEEG and included in the SOZ (per official clinical 

report), they were considered SOZ nodules. If nodules were implanted by SEEG and shown 

to be not involved at SOZ, they were considered non-SOZ nodules. If the nodules were not 

implanted by SEEG (per PMC consensus based on noninvasive evaluation data), they were 

also considered as non-SOZ nodules; this was a fair assumption given the patients included 

in this cohort had sustained seizure freedom or significant seizure reduction after the SEEG-

directed surgery which did not involve these nodules. Whenever possible, post-operative MR 

images were coregistered to confirm non-SOZ nodules were outside of surgical cavity.
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Data analysis

Analysis of MRF T1 and T2 values—All statistical analyses were performed using 

MATLAB 2020a (Mathworks, Natick, MA). For individual-level analysis, a t-test was 

performed to investigate the statistical difference between T1 and T2 values from the voxels 

in the nodules located in the SOZ and non-SOZ. T1 and T2 values of SOZ and non-SOZ 

voxels were used to create receiver operating characteristic (ROC) curves. Youden index was 

used to identify the optimal cut-off value of T1 and T2 for SOZ and non-SOZ voxels. The 

classification performance metrics included accuracy (ACC), sensitivity (SEN), specificity 

(SPE) and area under the ROC curve (AUC).

For group-level analysis, linear mixed-effects models (LMMs) were fitted to investigate 

the association between T1 and T2 values and SOZ/non-SOZ voxels: T1 or T2 = response 

variable, SOZ/non-SOZ = predictor variable (fixed effects) and patient = random effects.

Furthermore, for group-level analysis, we proposed a normalized cut-off of T1 value 

between SOZ and non-SOZ nodules using datasets from all patients based on Youden index, 

as shown in Figure S2. Mean T1 values for each nodule were used to generate a group-level 

ROC curve. The mean T1 value of the whole-brain gray matter was used to normalize T1 

values of nodules in each patient to minimize individual heterogeneities.

Analysis of relationship between SEEG power spectral density and MRF 
values—Quantification of SEEG ictal onset characteristics was performed by estimating 

the PSD from signals at the ictal onset on the SEEG contacts located in the SOZ and 

non-SOZ nodules, as shown in Figure 2(B). One patient (P4) was excluded from this part of 

the analysis because there were no electrode contacts placed in non-SOZ nodules, preventing 

comparisons. SEEG data (sampling frequency = 1000 Hz) was analyzed using a referential 

montage and a single electrode placed on the scalp was used as reference. PSD analyses 

were performed using Morlet wavelet decomposition. The average spectral power in the 

following frequency bands was estimated: ultra-slow (< 0.5Hz), δ (0.5 – 4Hz), θ (4 – 8Hz), 

α (8 – 12Hz), β (12 – 30Hz), γ (30 – 100Hz), and ripple (100 – 200Hz). We performed 

analyses using 5-second, 10-second and 20-second windows following the SEEG seizure 

onset, using the same onset markings as the ones used for clinical purpose. Median duration 

of all the seizures included in the PSD analyses was 97 sec (range: 22 to 163 sec). Ictal 

onset patterns were typically characterized by pre-ictal spiking (or burst of polyspikes) 

followed by a sudden burst of tonic fast activities, observed over slow waves evolving to 

a progressively building up pattern. To quantify the relative change in power, the average 

spectral power from a 5-minute segment of baseline SEEG data was estimated. Normalized 

spectral power at seizure onset was estimated for each SEEG contact by subtracting the 

mean spectral power from the baseline and dividing it by the standard deviation of spectral 

power from the baseline. We used average normalized PSD across multiple seizures for each 

patient to minimize bias.

To explore the relationship between normalized PSD and mean T1 or T2 values for the 

nodules, LMMs were fitted to datasets of all patients: PSD = response variable, T1 or T2 = 

predictor variable (fixed effects) and patient = random effects.
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Results

From 2017 to 2020, a total of 20 patients with PVNH underwent presurgical evaluation, 

and 15 patients had MRF acquired. Twelve of the 15 patients underwent SEEG and then 

resective/ablative surgery, and 7 patients had one-year post-op follow up. Eventually, 5 

patients fulfilled the inclusion criteria. At one-year post-op follow up, 3 patients were 

completely seizure-free and aura-free (ILAE Class 1); one patient was seizure-free but had 

occasional auras (ILAE Class 2); and one patient had only two seizures after surgery as 

compared to weekly seizures before (ILAE Class 3). Detailed demographics and clinical 

information can be found in Table 1. Figure 1 shows MRF T1 and T2 maps, as well as the 

locations of coregistered SEEG electrodes. Visual inspection of the clinical MRI could not 

differentiate any signal differences amongst the nodules in any of the included patients. All 

SOZ nodules were sampled and confirmed by SEEG; 59% of the non-SOZ nodules were 

sampled and confirmed by SEEG, while 41% of the non-SOZ nodules were not implanted.

MRF individual-level analyses

Figure 3 shows violin plots of MRF T1 and T2 values of voxels from SOZ and non-SOZ 

nodules for each patient. As shown in Figure 3A and Table 2, the mean T1 values were 

significantly higher in the SOZ voxels than the non-SOZ voxels for all patients (p < 0.05, 

average 14% higher in SOZ). Mean MRF T2 value changes were not consistent across 

patients (Figure 3B and Table 2): patients 1 and 5 had increased T2 in SOZ voxels; patients 

2 and 3 had decreased T2 in SOZ voxels; patient 4 showed no significant changes. This 

finding was consistent when comparing the SOZ and the SEEG-sampled non-SOZ nodules 

(p < 0.001).

Table 3 shows classification performances to differentiate voxels from SOZ and non-SOZ 

nodules at the individual patient-level. MRF T1 value showed average of ACC, SEN, SPE, 

and AUC of 73.4%, 79.4%, 72.8%, and 0.80, respectively. The individual cut-off values of 

MRF T1 with the optimal classification performance were quite variable across patients, 

at 1429, 1386, 1561, 1455, and 1584 ms highlighting individual heterogeneity. MRF T2 

showed less optimal performance than MRF T1, with an average of ACC, SEN, SPE, and 

AUC of 61.5%, 61.2%, 67.5%, and 0.67, respectively.

MRF group-level analyses

MRF T1 values were significantly associated with SOZ and non-SOZ voxels in LMM (p < 

0.001). The estimated coefficient and standard error of LMM for SOZ/non-SOZ were 192.5 

and 47.2, respectively. Consistent with the results from patient-level analyses, MRF T2 was 

not significantly associated with SOZ and non-SOZ. Detailed fitting results are summarized 

in Table S1.

Since T1 values were significantly associated with SOZ and non-SOZ at the group level, 

they were used to calculate a cut-off at the group level, to determine the threshold for 

separating SOZ and non-SOZ nodules. MRF T1 values reveal ACC of 76.3% for the 

classification between SOZ and non-SOZ nodules at the group level, at the normalized 
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cut-off of 1.1. The optimal SEN, SPE, and AUC of T1 were 76.9%, 76.2%, and 0.82, 

respectively. Figure S2-A–B shows detailed ROC analysis results.

MRF and PSD correlations

On all SEEG sampled nodules, MRF T1 values were significantly associated with 

normalized PSD at the seizure onset, in the ultra-slow, θ, β, γ and ripple bands (p < 0.05); 

these significant correlations were consistently seen with 5, 10 or 20 second windows. For 

MRF T2 values, significant associations were found only in the ultra-slow band (p < 0.05) 

consistently across the 5, 10 or 20 second windows.

Discussion

We present here the first study to systematically examine the efficacy of 3D MRF to probe 

the in vivo epileptogenicity of PVNH. We show that the quantitative T1 tissue property 

value from MRF was significantly elevated in the epileptic (SOZ) nodules compared to 

non-epileptic nodules, on both individual-level and group-level analyses. This is further 

corroborated by the significant correlation between the quantitative T1 and T2 values and 

select frequency bands in the power spectrum density analyses based on the SEEG ictal 

onset data. Altogether, our findings show the potential value of the MRF quantitative tissue 

property maps in non-invasive localization of the epileptic nodules. One important caveat 

should be considered when interpreting our findings: our cohort consisted of patients with 

PVNH and no overt cortical malformations. PVNH can also exist with extensive cortical 

malformations, with even more complex and diffuse epileptic networks.7 While clearly 

understanding the intricate interactions between nodules and their overlying cortex on the 

electrophysiological level7, our study, as the first MRF study on patients with PVNH, 

focused on the imaging characteristics of the nodules themselves, not the overlying cortex. 

It is our hope that the current study would provide a framework for future studies using 

the MRF method to also investigate the complex overlying cortex in epilepsy patients with 

PVNH.

Contribution to the literature

PVNH is highly associated with pharmacoresistant epilepsy, and surgical management of 

this pathological entity is tremendously challenging. There is a high level of heterogeneity in 

the patients with PVNH, as the nodules can be single, multiple with unilateral distribution, 

multiple with bilateral distribution, and with or without complex cortical malformations. The 

epileptogenic role of the nodules is supported by prior studies that showed poor seizure 

outcomes when surgeries left nodules unresected.4,20,21 In the meantime, there are clear 

indications of interactions between nodules and the overlying cortex, constituting highly 

individualized epileptogenic network that renders SEEG explorations indispensable.7,22 

Due to these challenges, patients with PVNH were frequently not considered favorable 

surgical candidates. In the literature, most previous studies with surgical outcomes are 

case reports or small series4,20,21,23–27 with the largest cohort reporting on 20 patients.7 

These prior studies have a few consistent findings. First, there is an intrinsic capability 

for the nodules to generate seizures, therefore they constitute an important part of the 

epileptogenic network. Second, within the same patient, all nodules are not the same in 
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terms of their metabolic and electrical characteristics. Differences in fluorodeoxyglucose 

(FDG) uptake on PET, for example, were observed among various nodules in the same 

patient.7 Interictal activities were often asynchronous among different nodules of the same 

patient, and seizures can start in one or a subgroup of nodules. Last, upon identification 

of the seizure onset zone, surgical interventions (radiofrequency thermocoagulation, laser 

ablation, and resective surgery) can be quite effective in achieving seizure freedom. SEEG-

guided radiofrequency-thermocoagulation was reported to lead to a substantial percentage 

of patients with seizure freedom,7 including patients with bilateral nodules which were 

traditionally considered as contraindication for surgery success. Taken together, investigation 

of the highly individualized epilepsies associated with PVNH, while challenging, could be 

fruitful for an optimal surgical plan leading to sustained seizure freedom or reduction.

Few MRI studies have been conducted to investigate PVNH. Conventional structural MRI 

typically exhibits isointense signal/contrast from the nodules, and therefore is not as helpful 

in generating focal surgical strategies, as compared to other epileptic pathologies, such 

as hippocampal sclerosis and FCD. Nolan et al. investigated diffusion tensor imaging 

and resting-state functional MRI in a single case, reporting structural and functional 

connections between the particular nodule and overlying cortex that was suspected to 

cause the seizures.27 Differences in functional connectivity strength have also been reported 

between patients with PVNH and healthy controls on a group-level using resting-state 

functional MRI.23,24 Deleo et al. utilized group-level quantitative image analysis to illustrate 

widespread structural and functional alterations in PVNH, particularly interacting with 

the overlying cortex and the hippocampus.28 Our current study is the first to use a 

novel quantitative MRI technique (3D high-resolution MRF) to show the tissue property 

differences between SOZ and non-SOZ nodules as confirmed by SEEG, on both individual 

and group levels, therefore providing a significant addition to the literature.

Advantages of quantitative MRI

In conventional MR imaging, tissue contrast from T1w and T2w images originate from 

differences in the relaxation time (i.e. quantitative T1 and T2 values) of different tissue types. 

Although the T1w and T2w images often provide good tissue contrast, the signal depends 

on many factors such as pulse sequence types, acquisition sequence parameters, receive coil 

sensitivity and geometry, and hardware conditions.29 Additionally, the signal source is a 

mixture of proton density and relaxation time of tissues. This non-linear blend of signal 

sources has limited investigation of specific tissue properties for neurological diseases. On 

the other hand, the 3D MRF technique we applied in the current study allows for direct, 

high-resolution measurement of two independent tissue property parameters, namely the 

quantitative T1 and T2 values. These values provide a direct link between the acquired signal 

change and the microstructural change9–11,30, allowing for characterization of the nodules.

MRF T1 map findings

Our data suggest that MRF T1 tissue property maps reveal significant changes in the 

nodules located in the SOZ at the individual-level and group-level. T1 relaxation time is 

a spin-lattice relaxation time that involves an exchange of energy between water protons and 

the surrounding lipid, protein, and macromolecules. On individual-level data, we showed 
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that MRF T1 values in SOZ voxels were significantly higher than those in non-SOZ 

voxels, and revealed a high accuracy of 73% for classifying voxels resided in SOZ and 

non-SOZ nodules. On group-level data, T1 was also significantly associated with SOZ or 

non-SOZ, and showed a high 76% accuracy to classify SOZ from non-SOZ nodules using 

a normalized T1 threshold. These results carry practical significance in the clinical setting, 

as the high classification accuracy of the MRF T1 tissue property map suggests that this 

non-invasive tool could provide additional information for the surgical planning of PVNH 

cases. The T1 value increase found in the SOZ nodules is consistent with the trend of T1 

change found in other types of epilepsy. In a previous study, 24 patients with temporal 

lobe epilepsy presented with an ipsilateral distribution of T1 increase in temporopolar, 

parahippocampal, and orbitofrontal cortices compared to healthy controls.31 In another 

study, 33 patients with temporal lobe epilepsy showed an increase in T1 values in both 

atrophic and normal-appearing hippocampus, as compared to the T1 values from hippocampi 

of healthy participants.12 Nöth et al. showed increased T1 values in FCD lesions in 8 

epilepsy patients.32 Overall, the T1 tissue property value seems to be consistently increased 

in epileptogenic tissues, and our study examining PVNH also corroborates this trend.

The individual heterogeneity of the optimal T1 cut-off values is worth noting. This 

variability could be physiologically related, as reported by prior studies showing age related 

changes of T1 and T2 values in the normal brain.10,33 It could also be explained by diseased 

related factors such as seizure frequency, epilepsy duration and anti-seizure medications. 

This individual heterogeneity prompted us to adopt a normalized cut-off value, using the 

mean intensity of whole-brain gray matter for the normalization. Future investigations 

are needed to further mitigate this heterogeneity by other normalization methods. Once 

validated in a larger cohort, a supra-threshold nodule map (as sketched out in Figure S2-C) 

can be a useful non-invasive tool for SEEG planning of patients with PVNH.

MRF T2 map findings

T2 relaxation time is spin-spin relaxation that originates from the de-phasing of water 

protons due to interaction between them. On individual-level data, MRF T2 value changes 

were not consistent across patients. On group-level data, T2 was not significantly associated 

with SOZ or non-SOZ. The difference in the performance of T1 and T2 to characterize 

SOZ in PVNH may be explained by their distinct biophysical mechanisms. It could also 

be related to the relatively larger variation of T2 measured by MRF,34,35 partly due to B1 

inhomogeneity and large magnetization transfer effects.36 As previous studies have reported 

increased T2 values in FCD37,38 and hippocampal sclerosis lesions,39 future technical 

development is warranted for MRF T2 map to elevate the combined efficacy of the MRF 

multiparametric tissue property maps.

Correlation between SEEG spectral analysis and MRF findings

The qualitative nature of conventional weighted structural MR imaging precludes direct 

comparisons between electrophysiology and tissue property values. Indirect associations 

between volumetric MRI abnormalities and electrophysiological changes have been 

previously reported. A prior study on temporal lobe epilepsy reported the degree of 

entorhinal cortex atrophy was significantly correlated with the strength of coupling between 
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the hippocampus and the entorhinal cortex at SEEG seizure onset.40 Another study reported 

correlation between the degree of atrophy in the amygdala/hippocampal structures and 

SEEG background activities.41 Different from these prior studies, our approach provides 

the first attempt to directly compare quantitative T1 and T2 values with electrophysiological 

changes. Focusing on PVNH lesions, we showed higher T1 values at the nodules were 

significantly associated with increased power change during the seizure onset in the ultra-

slow, θ, β, γ and ripple bands. T2 showed similar significant associations, but limited 

to the ultra-slow band. It is intriguing to speculate what these correlations imply. Prior 

SEEG studies reported low-voltage fast activity was mainly seen as the ictal pattern 

from the nodules, typically with simultaneous involvement of the overlying cortex and 

sometimes alone,7,20 suggesting the importance of the higher frequency bands in the PVNH-

related epileptic network. Previous reports have also described the presence of fast activity 

(beyond 25 Hz) on intracranial EEG during seizure onset as a characteristic biomarker of 

the epileptogenic cortex.42–44 Additionally, the presence of ultra-slow frequency activities 

during interictal and ictal onset within the epileptic network has also been described in 

humans45–47 and computational models of epilepsies.48 Taken together, the significant 

correlation between the MRF tissue property values and ictal-onset PSD could imply that 

these tissue property values may have strong electrophysiological underpinnings relevant to 

the epilepsy.

Limitations

Our study is inevitably affected by the small sample size and selection bias, with a highly 

selected cohort of PVNH and no overt cortical malformations. To strengthen the results, a 

larger sample size is very much needed. We are in the process of planning a multicenter 

study with a larger cohort to validate our findings in the near future. Additionally, because 

the image processing schemes differ significantly for PVNH and cortical regions, the current 

study focused on the nodules, while understanding the SOZ of patients with PVNH should 

also include the overlying cortex, which will be the topic of our follow up study. Of note, 

our framework of validating quantitative MRI findings with quantitative intracranial EEG 

findings can be generalized to the study of other pathologies. Lastly, the current study only 

included patients who became seizure-free, as it was necessary to confirm which nodules 

were truly epileptic and which were not. Future studies with a larger cohort should include 

both seizure-free and non-seizure-free patients, to assess the specificity of our findings.

Conclusion

Quantitative MRF measure, especially T1, can provide additional noninvasive information to 

separate nodules in SOZ and non-SOZ on both individual-level and group-level. The T1 and 

T2 tissue property values carry electrophysiological underpinnings relevant to the epilepsy, 

as shown by their significant correlations with power changes during the SEEG seizure 

onset. Our study suggests the potential of using MRF as a supplementary noninvasive tool to 

improve presurgical evaluation for patients with PVNH and pharmacoresistant epilepsy.
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Refer to Web version on PubMed Central for supplementary material.
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Key points

• High-resolution 3D MRF was used to characterize in vivo tissue property 

characteristics of PVNH.

• On individual level, MRF T1 was significantly higher in SOZ than non-SOZ 

voxels; on group level, higher T1 was also significantly associated with SOZ 

voxels.

• At the optimal cut-off of normalized T1, a 76% accuracy for classifying SOZ 

nodules from non-SOZ nodules was achieved.

• MRF T1 and T2 values were significantly associated with SEEG ictal-onset 

power spectrum density at selected frequency bands.

• MRF can be used as a supplementary noninvasive tool to improve presurgical 

evaluation for patients with PVNH.
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Figure 1. T1w MPRAGE image from clinical MRI, MRF T1 and T2 maps and SEEG 
implantations for the five epilepsy patients with PVNH included in this study.
The electrode contacts at the SOZ are marked with red and all implanted electrodes are 

marked with blue in the last column showing the implantations (only the contacts on the 

imaging plane are visualized). SEEG: stereotactic-electroencephalography.
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Figure 2. Diagram of study workflow.
(A) Extraction of T1 and T2 values from PVNH lesions. (B) Assessment of the correlations 

between T1 and T2 values and PSD of ictal-onset SEEG signals. Illustrated are the 

SEEG signals from SOZ nodule (red) and non-SOZ nodule (green). SEEG signals from 

both SOZ and non-SOZ nodules show high amplitude spike activity at the marked 

seizure onset. Compared to the non-SOZ nodule, the SEEG seizure pattern with the SOZ 

nodule consists of pre-ictal spiking followed by low-voltage fast activity at seizure onset. 

CSF: Cerebrospinal fluid. G-fitting: Gaussian fitting. WM: white matter. std: standard 

deviation. PVNH: periventricular nodular heterotopia. PSD: power spectral density. SEEG: 

stereotactic-electroencephalography. ROI: region of interest. SOZ: seizure onset zone. The 

mean and standard deviation of WM are calculated by the Gaussian fitting of the histogram. 

PSD is calculated by applying wavelet transform of SEEG signals at the seizure onset zone 

window. Red color denotes SOZ and green color denotes non-SOZ nodules for illustrative 

purpose. Markings on SEEG signal indicates the ictal onset obtained from clinical charts.
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Figure 3. Violin plots of MRF T1 (A) and T2 (B) values showing all the SOZ and non-SOZ 
voxels.
On each plot, the center indicates the median value of all voxels. SOZ: seizure onset zone.
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Table 1.

Clinical and demographic data of the study cohort.

Pt Sex Age 
(yr)

Hand Onset 
age 
(yr)

Epilepsy 
duration 
(yr)

Seizure 
frequency

PVNH MRI 

Impression
a

Cortical 

malfomation
a

# of total 
(nodule) 
SEEG 

electrodes
b

SEEG-
detected 
SOZ

Surgery Pathology
c Seizure 

outcome
d

1 F 42 R 31 9 10–15/m Bilateral, 
Multiple

None 15 (13) PVNH Bilateral 
nodule 
ablation

NA ILAE-2

2 M 56 R 5 51 Daily Bilateral, 
Multiple

None 14 (5) PVNH Uni 
lateral 
nodule 
ablation

NA ILAE-1

3 F 20 R 16 4 1–7/m Bilateral, 
Multiple

None 13 (5) PVNH + 
cortex

Uni 
lateral 
nodule + 
cortex 
ablation

NA ILAE-1

4 M 45 R 37 8 1/w Unilateral, 
Multiple

None 16 (1) PVNH + 
cortex

Uni 
lateral 
nodule + 
cortex 
ablation

NA
ILAE-3

e

5 F 16 R 8 8 1–2/m Bilateral, 
Multiple

None 19 (6) PVNH+ 
cortex

Uni 
lateral 
nodule + 
cortex 
resection

Heterotopia, 
no FCD, No 
HS

ILAE-1

a
MRI impression was based on the official radiology report.

b
Number of total SEEG electrodes used, with the number of electrodes targeting nodules in parentheses.

c
Pathology was classified based on the ILAE 2016 recommendation of the neuropathologic workup of epilepsy surgery brain tissue and the ILAE 

2011 FCD classification guidelines.

d
Surgical outcome was defined by the ILAE classifications.

e
This patient only had two seizures after surgery (as compared to weekly seizures before).

Pt: patient. yr: year. PVNH: periventricular nodular heterotopia. SEEG: Stereotactic-electroencephalography. SOZ: seizure onset zone. F: female. 
M: male. R: right. L: left. m: month. w: week. NA: not available (due to laser ablation). FCD: focal cortical dysplasia. HS: hippocampal sclerosis.
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Table 2.

Mean and standard deviation of MRF T1 and T2 values in voxels from SOZ and non-SOZ nodules.

T1 (ms) T2 (ms) P value
a

P value
b

SOZ Non-SOZ SOZ Non-SOZ

Patient 1 1461 ± 153 1362 ± 149 55.4 ± 6.0 53.3 ± 6.0 < 0.001 < 0.001

Patient 2 1418 ± 112 1358 ± 133 54.8 ± 5.8 58.7 ± 9.2 0.0025 0.0044

Patient 3 1804 ± 227 1422 ± 174 61.4 ± 4.7 65.1 ± 8.1 < 0.001 0.0423

Patient 4 1553 ± 85 1359 ± 180 63.3 ± 6.3 61.0 ± 19.3 < 0.001 0.5620

Patient 5 1675 ± 89 1410 ± 148 67.8 ± 4.7 62.4 ± 5.7 < 0.001 < 0.001

a
P value is obtained from T1 of SOZ and that of non-SOZ.

b
P value is derived from T2 of SOZ and that of non-SOZ.

SOZ: seizure onset zone. P values are derived from a T-test between SOZ and non-SOZ voxels (p* < 0.05).
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Table 3.

Classification performances (based on the Youden index) to differentiate voxels from SOZ and non-SOZ 

nodules at the individual patient-level.

T1 T2

ACC
(%)

SEN
(%)

SPE
(%) AUC Cutoff

(ms)
ACC
(%)

SEN
(%)

SPE
(%) AUC Cutoff

(ms)

Pt 1 66.8 58.8 67.8 0.68 1429 55.1 65.4 53.8 0.6025 53.3

Pt 2 59.9 64.6 59.6 0.64 1386 58.9 59.1 56.3 0.6179 55.6

Pt 3 82.1 90.0 82.0 0.90 1561 47.5 46.9 80.0 0.6397 65.3

Pt 4 73.6 92.0 70.6 0.82 1455 71.9 64.0 73.2 0.6897 61.6

Pt 5 84.5 91.7 84.2 0.95 1584 74.2 70.8 74.3 0.7783 65.7

Average 73.4 79.4 72.8 0.80 1483 61.5 61.2 67.5 0.6656 60.3

Pt: patient. SOZ: seizure onset zone. ACC: accuracy. SEN: sensitivity. SPE: specificity. AUC: area under the receiver operating characteristic curve.
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