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Objective: Precisely localizing the seizure onset zone remains a challenging task in drug-resistant epilepsy (DRE) patients especially given its critical role in successful surgery and effective management. This study aimed to investigate the kinetic parameters of regional 18F-fluorodeoxyglucose (FDG) uptake in DRE patients, aiming to identify the kinetic parameters best enabling the identification of the epileptogenic region.
Methods: Consecutive DRE patients with clinically mandated interictal 18F-FDG PET/CT were recruited from October 2019 to September 2020 for pre-surgical evaluation. Immediately after injecting 18F-FDG of 112–179 MBq, dynamic data were acquired for 90 min. The motion correction and resampling to the Montreal atlas was performed in order to generate a transformation matrix. 116 volume of interests (VOIs) and regional time-activity curves (TACs) were generated by employing the automated anatomical labeling (AAL) template using PMOD software. Kinetic parameters of FDG unidirectional blood-brain clearance (K1), efflux (k2), phosphorylation (k3), and net metabolic flux (Ki) were derived using irreversible 2-tissue-compartment model with an image-derived input function (IDIF). The kinetic parameters values obtained from all regions were ranked and compared with the presumed epileptogenic zone (EZ).
Results: Eleven DRE patients (5 males, 6 females, mean age 35.1 ± 10.2 years) were analyzed. We found that the region with the lowest values of Ki provided correct lateralization in 7/7 (100%) of patient with temporal lobe epilepsy (TLE) and the region with the lowest Ki and k3 parameters showed concordance with the EZ in 100% and 71.4% of patients, respectively.
Conclusion: The present parametric approach to the evaluation of FDG-PET may be more sensitive than semi-quantitative approaches for the detection of pathophysiology in the EZ of patients with medically unresponsive TLE in addition to the routine clinical investigations.
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1 INTRODUCTION
Epilepsy is a prevalent neurological disorder that affects millions worldwide, and about one-third of patients with epilepsy become medically intractable, often requiring surgery for achievable management [1]. Precisely localizing the epileptogenic zone (EZ) is essential for successful surgical intervention. Functional imaging techniques such as 99mTc-ethyl cysteinate dimer (ECD) ictal-interictal single photon emission computed tomography (SPECT) and 18F-fluorodeoxyglucose-positron emission tomography (FDG-PET) play a crucial role in identifying EZ and differentiating them from non-epileptogenic regions, particularly in patients with drug-resistant epilepsy (DRE) or discordant cases where conventional magnetic resonance imaging (MRI) has limited sensitivity [2–5]. 18F-FDG PET is typically used in interictal studies for presurgical evaluation since ictal studies are difficult to obtain due to slow brain glucose uptake and the short decomposition time of 18F. The main advantage of interictal 18F-FDG PET over interictal 99mTc-ECD SPECT is that 18F-FDG PET provides a better spatial resolution, thus results in higher diagnostic sensitivity for EZ localization [6].
In epilepsy, it was known that there is mutation of gene controlling oxidative phosphorylation affecting mitochondrial function [7–11]. Since the structure of mitochondria is disrupted in neuropathological study, the utilization of glucose in this area is less. This results in the focally reduced FDG uptake or the known relative hypometabolism in the EZ. However, the limitations of static FDG-PET (sFDG-PET) in accurately defining the surgical margin pose a significant challenge [12, 13]. Overcoming these limitations and achieving accurate localization of the seizure origin remain the greatest challenges for epilepsy pre-surgical evaluation.
Pharmacokinetic (PK) modeling plays a critical role in studying radiotracer kinetics in the human body, particularly in the field of nuclear medicine, which includes neuroimaging [14–16]. Applying kinetic models and quantifying PET data is of great interest for accurately localizing seizure onset zones in difficult epilepsy cases. While some studies have shed light on local cerebral FDG metabolism during epilepsy, our understanding of this phenomenon is limited, and most previous studies have investigated FDG kinetics in healthy adults or animals [17–22]. Their applicability to epilepsy has yet to be ascertained. As such, the establishment of PK models specific to epilepsy is a critical need, and would help optimize treatment for patients with DRE.
To achieve accurate localization of EZ, it is crucial to understand the differences in FDG kinetics and transfer rate between EZ and normal human brain areas. Therefore, the present study aimed to investigate the kinetic parameters for regional FDG uptake in DRE patients utilizing interictal dynamic FDG-PET (dFDG-PET) PK models. Quantitative analysis in terms of PK models that provide transfer rates and quantification in each region of the brain derived in this study can improve the localization of EZ for intractable epilepsy, ultimately leading to better management and outcomes for patients.
2 MATERIALS AND METHODS
2.1 Subjects
This study was conducted in accordance with the guidelines and regulations of our institutional review board (IRB) and obtained approval prior to patient recruitment. Consecutive DRE patients who underwent a prolonged video-electroencephalography (EEG) monitoring for presurgical evaluation and required 18F-FDG PET/CT study during October 2019 to September 2020 were scanned in this study. Written informed consent was obtained from all patients prior to the examination. Patients were received anti-seizure medications as per their usual regimen at the time of scanning procedure in order to control the seizure condition. All patients underwent MRI brain epilepsy protocol with T1-weighted and T2-weighted sequences. Patients who had last seizure within 48 h prior to the examination, or lacked EEG data were excluded from the study.
2.2 Dynamic PET/CT image acquisition
To conduct the kinetic modeling, PET/CT imaging was performed using a Siemens Biograph Vision 64-slice digital PET/CT system. All patients fasted for at least 6 h before the study. Prior to injection, blood glucose levels were checked to ensure the level below 120 mg/dL. Each patient was intravenously injected with 2.6 MBq/kg of 18F-FDG (half-dose protocol) and immediately followed by a 90-min dynamic PET scan. List-mode data were acquired and binned into 31 frames: 6 × 10 s, 8 × 30 s, and 17 × 300 s. PET image series for each frame was reconstructed using time-of-flight ordered subset expectation maximization (OSEM) algorithm with 8 iterations and 5 subsets, and matrix size of 440 × 440. Corrections for radioactivity decay, attenuation, model-based scatter, random events, and 5 mm Gaussian filtering of convolution kernel were applied to all PET image reconstructions. A low-dose CT scan protocol was used for attenuation correction and localization.
In this study, a non-invasive method, image-derived input function (IDIF) was utilized for alternative invasive arterial blood sampling [13, 23, 24]. The regions of interest (ROIs) were drawn by iso-contour (3D iso-contouring VOI tools using region-growing) inside the right internal carotid artery (ICA) in order to generate time-activity curve (TAC) input function for the kinetic modeling. Figure 1 shows the dFDG-PET images varying over time, which were used for generating the TAC at the internal carotid artery region as a non-invasive input function.
[image: Figure 1]FIGURE 1 | Illustration of dynamic-FDG PET images changing over-time for measuring the input function at the internal carotid artery region.
2.3 Regional tissue time-activity curves
In this study, 31 time-frames of dynamic PET images were transferred to the PMOD software (PMOD 4.101, PMOD Technologies Ltd.) to determine the FDG kinetic parameters in each patient. Image pre-processing was initiated with motion correction for the 90-min acquisition for the deformation process. PET data were averaged across the early 5 time-frames series to create a reference, which was used to perform a rigid body transform across all 31 frames of the dynamic PET. The motion-corrected PET frames were then re-sliced and co-registered with a PET template in the Montreal Neurological Institute (MNI) space using a non-rigid transform to generate a transformation matrix. The transformation information was then used to reorient the dynamic image into the MNI space. The resulting transformation matrix was inverted and applied to all ROIs to move them from the standard MNI template into the patient PET. A set of predefined volume of interests (VOIs) utilizing an automated anatomical labeling (AAL) template atlas was used to generate 58 VOIs per hemisphere, creating a total of 116 regional TACs for calculating the kinetic parameters. The overview workflow for spatial normalization, AAL atlas, which was used to automatically extract the VOIs and TACs for 116 local brain regions, and the IDIF for PK model, which was obtained using dynamic PET scan, is illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Overall workflow for PK model based on 2-tissue compartment (2TC) utilizing image-derived input function measured from dFDG-PET.
2.4 Compartmental modeling
By employing dFDG-PET measurements, the irreversible two-tissue compartment (2TC) model was used to develop the kinetic modeling for the dFDG-PET data utilizing the PKIN kinetic modeling module. The compartmental model used to describe the behaviors of FDG in brain tissue is depicted in Figure 3. The left compartment represents the vascular space for FDG, the center compartment represents the tissue space for free FDG, and the right compartment represents the tissue space for 18F-FDG-6-phosphate (FDG-6-P). The transfer rate constants between compartmental tissues are represented by K1 (FDG unidirectional blood-brain clearance), k2 (efflux), and k3 (phosphorylation). The corresponding ordinary differential equation of 2TC FDG kinetic modeling of each compartment can be expressed using Eq. 1 as follows [25, 26]:
[image: image]
where Cwb(t) represents the 18F-FDG activity concentration in whole blood derived from IDIF, C1(t) represents the activity concentration of free 18F-FDG, and C2(t) represents the activity concentration of metabolized or trapped 18F-FDG in the tissue space at time t. The constant K1 (unit: mL/min/cm3) is the rate of 18F-FDG delivery from the whole blood to the tissue space, k2 (unit: min-1) is the rate constant of tracer leaving the tissue space, whereas k3 (unit: min-1) is the rate constant of 18F-FDG being phosphorylated by hexokinase. Typically, this irreversible model widely assumes that the dephosphorylation process is negligible, therefore, FDG k4 rate constant can be considered to be zero (i.e., k4 = 0) for the majority of tissues. As a result, the irreversible FDG model using PMOD in this study includes 3 fittable parameters (i.e., K1, k2, k3). With regard to non-linear fitting of kinetic parameters, the initial values of Ki, K1, k2, and k3 were set to 0.05, 0.1, 0.01, and 0.01, respectively. The lower bound and the upper bound were set from zero to eight for all mentioned parameters.
[image: Figure 3]FIGURE 3 | Two-tissue irreversible compartment model used for kinetic modeling of 18F-FDG.
The macro parameter Ki representing the net metabolic influx rate of 18F-FDG consumption can be calculated using Eq. 2 as follows [26, 27]:
[image: image]
The total radioactivity concentration in the tissue compartment as a function of time (CPET(t)) that can be measured by PET is the sum of the time courses of 18F-FDG in the vascular, intravascular and extravascular spaces, which can be written using Eq. 3 as follows [25–27]:
[image: image]
where ⊗ is the convolution operation symbol, K1 is the rate of 18F-FDG entry into the tissue, while k3/(k2+k3) represents how much 18F-FDG is metabolized or trapped as mentioned previously. For model fitting, the fraction of blood volume (vB, unit: mL/mL) is fixed at a physiologic value of approximately 5% to reduce the number of fitted parameters [15, 18, 19, 26, 28].
2.5 Potential epileptogenic zone verification
The consensus of the area of potential EZ was made by the multidisciplinary epilepsy team which consisted of epileptogists, neurosurgeons, diagnostic radiologists and nuclear medicine physicians. At the time of this study, results of the kinetic 18F-FDG study were not as part of information used for consensus decision.
2.6 Data analysis
The kinetic parameters of Ki, K1, k2, and k3 derived from kinetic modeling of 116 regions in each patient were analyzed. All rate constants among these regions were ranked and the lowest value of kinetic parameters was chosen, and compared with the presumed EZ identified by the concordance of at least 3 out of 4 pre-surgical workups, which are clinical semiology, scalp EEG, MRI, and static FDG-PET visual analysis results. The presumed EZ as established through the previously mentioned concordance was determined by assigning it to a specific region based on the AAL atlas.
3 RESULTS
Eleven patients with DRE, aged 19–53 years (5 males, 6 females, mean age 35.1 ± 10.2 years) were carried out. Table 1 presents the characteristics of the study subjects with DRE referred to dFDG-PET in this study. The mean 18F-FDG activity administered to the patients was 135.5 ± 19.2 MBq, ranging from 110–179 MBq, and all dynamic scans of the 11 DRE patients were successful. Negative MRI findings were found in 2 patients (patient 5 and patient 6). Table 2 lists the summary of suspected area of EZ and related kinetic parameter findings. In this study, the suspected areas for EZ were found at the left temporal lobe in 4 patients, right temporal lobe in 3 patients, and inconclusive in 4 patients (patients 3, 6, 8, and 11). We thus excluded the patients who had inconclusive EZ due to the discordance of clinical, EEG, MRI, and PET/CT interpretation from the analysis of this study. When the lowest value of kinetic parameters was chosen and compared with the presumed EZ, we found that the net metabolic flux Ki and the rate constant k3 kinetic parameters provided high association with the suspected EZ in all patients. The lowest Ki values were concordance with the suspected EZ in all the remaining EZ identifiable 7 patients, while the lowest k3 values were found concordance in 5 out of 7 patients (71.7%).
TABLE 1 | Patient demographics data.
[image: Table 1]TABLE 2 | Summary of suspected epileptogenic zone by pre-surgical workups and associated kinetic parameter findings.
[image: Table 2]Figure 4 illustrates the box plots of the rate constants of Ki, K1, k2 and k3 in presumed EZ regions found in this study. The plots indicated that the values of Ki and k2 were significantly lower and higher, respectively, in the presumed EZ regions compared to other regions. The details of regional FDG kinetic parameters determined from 11 DRE patients are provided in Supplementary Material S1.
[image: Figure 4]FIGURE 4 | Box plot showing the rate constants in presumed EZ regions for (A) FDG net metabolic flux; Ki (B) FDG unidirectional blood-brain clearance; K1 (C) efflux; k2 and (D) phosphorylation; k3.
Figure 5 illustrates a comparison of the biokinetic in the presumed EZ and homologous regions in the contralateral hemisphere of a patient suspected to have presumed EZ in the left temporal region, showing hypometabolic areas at the left temporal lobe. The kinetic parameters were calculated from TAC generated from both the epileptogenic foci and counterpart homologous regions in the contralateral hemispheres. The lowest Ki values of 0.017 mL/min/cm3 and k3 of 0.034 min-1 were found in the left middle temporal pole region for this case, which were associated with the clinical diagnosis and EEG location.
[image: Figure 5]FIGURE 5 | Comparison of biokinetic of ipsilateral and contralateral in patient who has suspected epileptic foci at Lt temporal lobe (Pt.10/F). The arrows on PET images indicate the hypometabolic areas at Lt temporal lobe corresponds to the lowest Ki (0.017) and k3 (0.034) at Lt middle temporal pole. Time-activity curves of dynamic FDG PET were generated in both the epileptogenic foci and the counterpart homologous regions in the contralateral hemispheres for calculating the kinetic parameters.
4 DISCUSSION
Improving the localization of epileptic foci in DRE is of great interest, as visualization of hypometabolic areas on FDG-PET is non-specific to the EZ [29, 30]. In recent years, there have been huge efforts in using nuclear medicine techniques, both by visual and by quantitative analysis, for better localizing EZ [30]. Among these, the study of FDG biokinetic pattern in epilepsy is a method that has potential to benefit patients in clinical settings by avoiding invasive diagnoses [13]. To address this, we further investigated the kinetic parameters of regional FDG uptake using a 2TC-PK model of dFDG-PET in DRE patients for pre-surgical evaluation to see if a single kinetic parameter or a combination would benefit in EZ localization or not. Based on our results, we found that the lowest net metabolic flux (Ki) values were concordance with all of the presumed EZ. In addition, the rate constant of 18F-FDG phosphorylation (k3) was also lowest in 5 of 7 patients. Thus, both of these kinetic parameters can be used in isolation without comparison to any other brain reference regions (e.g., contralateral homologous brain region, cerebellum, pons, etc.). Of note is that although some patients showed that there were other structural abnormalities on their MRI (patients 4 and 9) or even if there was a lesion not related to epileptogenicity (patient 7), the lowest Ki and k3 were still located at the epileptogenic region. So, the utilization of dFDG-PET imaging combined with pharmacokinetic modeling has a potential to provide important information for the assessment and characterization of epileptic foci in DRE patients with discordant pre-surgical investigation data in addition to the use of FDG-PET visual analysis alone.
According to distribution of the kinetic values in representative brain regions illustrated in Figure 4, we observed that Ki and k3 showed decreasing trends, while k2 showed higher values in the presumed EZ. We also found that Ki was the lowest in all seven EZs, k3 was the lowest in 5 out of 7 patients, and k2 was the highest in 4 out of 7 patients. According to these results, we suggested that k3’s low value and high k2 might contribute to the low Ki. The high k2 values could be due to the accumulation of radiotracer in the extracellular compartment in the EZ, resulting in a high flux of the radiotracer back into the bloodstream.
Reference [18] described a mathematical model based on blood sampling to determine a local cerebral metabolic rate of glucose in 13 healthy subjects. The average kinetic parameters of FDG (Ki, K1, k2 and k3) in gray matter were 0.0334 ± 0.0058, 0.102 ± 0.028, 0.130 ± 0.066, and 0.062 ± 0.019 min-1 respectively, while in white matter were 0.0154 ± 0.0035, 0.054 ± 0.014, 0.109 ± 0.044, and 0.045 ± 0.019 min-1 respectively. Although the kinetic parameters Ki, K1, k2 and k3 in the suspected EZ of our study, as depicted in Figure 4, closely matched those reported by Huang et al, there were notable exceptions in the hippocampus areas for both EZ and non-EZ regions. It is important to note that Huang et al. reported their kinetic parameters in gray matter and white matter regions. Consequently, direct comparisons between their findings and those of our study may not be comparable, as we have reported the kinetic parameters specific to each local region derived from the AAL atlas.
In comparison to our study, Ref. [13] assessed the use of asymmetry indexes (ASYM) derived from dFDG-PET and from static FDG PET to identify the pathophysiology of metabolism in intractable epilepsy. They found that hypometabolism within epileptic foci may be related to reduced glucose phosphorylation (k3) compared to capillary influx (K1). This is in line with our study, in which k3 was usually lowest in the presumed EZ. This was also proven in a study of patients with temporal lobe epilepsy, in which the oxidative metabolism of glucose was reduced in the area of epileptogenicity, not the decrease of neuronal density [31]. The lowest net flux (Ki) in our study may be the result of low k3 as it is frequently the lowest parameter in the EZ. This finding corresponds with the previous genetic and pathological studies mentioned earlier in the introduction that the affecting pathology in epilepsy focused on phosphorylation, aka hexokinase activity or k3 in kinetic modeling. However, there might also be other factors causing low Ki because some of the presumed EZ did not show lowest k3 value.
The study by Ref. [12] utilized the parametric quantification from dFDG-PET imaging to locate hypometabolic foci in patients with no MRI evidence of focal epilepsy. The lowest negative z-scores were identified as hypometabolic. Their study found that dFDG-PET was able to detect focal regions of altered metabolism in all cases where standard clinical FDG-PET found no abnormalities. However, the authors suggest that further study is warranted to evaluate the specificity and sensitivity of dFDG-PET in larger cohorts to determine whether glucose dynamics can improve clinical utility for localization of epileptic foci over standard static PET techniques.
The reduced interictal uptake of 18F-FDG in the temporal lobe ipsilateral to the seizure focus in temporal lobe epilepsy (TLE) patients was studied by Ref. [32]. They attributed this reduction to regional differences in the lumped constant (lambda), indicative of altered glucose metabolism. Our study aligns with this finding by demonstrating altered glucose metabolism in DRE patients, emphasizing the importance of accurate metabolic assessments for epilepsy evaluation. The study by Ref. [33] focused on the coupling between regional cerebral glucose metabolism (rCMRGlc) and blood flow (rCBF) in TLE patients. They found a mismatch between metabolism and blood flow in the temporomesial structures, indicating that alterations in glucose metabolism might not always correspond to changes in blood flow. Their study resonnates with our findings, as we observed a specific kinetic parameter, the Ki and k3 to be a more reliable indicator of EZ compared to traditional static measures.
The use of PET templates instead of T1-weighted MRI in the MNI space for generating the transformation matrix allowed the results of automated AAL segmentation comparable to the T1-weighted MRI templates. In this study, we opted for an alternative approach for invasive arterial blood sampling in patients by extracting the IDIF from the ICA instead. This non-invasive method has demonstrated its robustness through a number of studies [13, 23, 24, 27, 34, 35]. Furthermore, it can offer relative simplicity and appropriateness for clinical implementation especially for patients with DRE. Unfortunately, this study did not correct the partial volume effect (PVE) for the IDIF, as outlined in previously mentioned literature. Consequently, the measured activity concentration employed to generate the IDIF may potentially be underestimated due to this effect, especially in smaller vessels. This underestimation could influence the peak of the IDIF TAC and the fitting of the kinetic model, potentially leading to an overestimation of the kinetic parameters. We acknowledge this limitation in our study. Another limitation is the number of studied subjects was relatively small. Since only one patient proceeded with epilepsy surgery, the localization of epileptic foci was not uniformly confirmed through the standard outcome of seizure remission following the resection of the identified regions. Therefore, further studies with larger cohorts and follow-up data after epilepsy surgery are merited to validate the findings.
5 CONCLUSION
This study investigated whether kinetic modeling approach has a potential to improve FDG-PET localization of epileptic foci in DRE patients. The findings from this study demonstrated that the net metabolic flux (Ki) and phosphorylation (k3) of 18F-FDG, as investigated using 2-tissue irreversible compartment model in dFDG-PET, were concordance with suspected epileptogenic regions with Ki as the most reliable parameter for identifying EZ. The presumed kinetic parameters obtained from this study provide non-invasive indicators and complement clinical setting to define the potential epileptic foci in addition to the other clinical information. This approach could contribute to more effective treatment options for DRE patients.
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Tem, temporal; TLE, temporal lobe epilepsy; Hippo, hippocampus; Sup, superior; Mid, middle; In, inferior; n/a, unable to associate kinetic parameter with the epileptogenic zone due to
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