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Purpose: To investigate cerebral blood flow (CBF) characteristics in individuals with generalized tonic‒clonic seizures (GTCS) 
during the interictal phase using voxel-based analysis of 3D pseudocontinuous arterial spin labeling (PCASL).
Patients and Methods: Patients with GTCS (GTCS group) (during the interictal period) and healthy volunteers (control group) 
underwent head MR imaging with a 3.0T MR scanner with a 3D PCASL sequence. CBF was compared between the two groups. 
Spearman correlations of CBF in regions of interest (ROIs) in GTCS patients with the duration of disease and age of onset were 
analyzed and corrected using the false discovery rate (FDR).
Results: Twenty patients with GTCS (GTCS group) and twenty healthy volunteers (control group) were recruited for this study. On 
3D PCASL, (1) GTCS patients had lower CBF in the brainstem, right cerebellum, right inferior temporal gyrus, parahippocampal 
gyrus, superior frontal gyrus, middle frontal gyrus, triangular part of inferior frontal gyrus, left temporal pole of superior temporal 
gyrus and thalamus and had higher CBF in the bilateral superior parietal gyri, precuneus, precentral gyri, postcentral gyri, and left 
dorsolateral superior frontal gyrus than controls. (2) The CBF of the right temporal pole of the middle temporal gyrus was negatively 
correlated with the duration of disease (PFDRcorrected<0.05), with a correlation coefficient r of −0.7333 and a PFDRcorrected value of 
0.04.
Conclusion: Voxel-based analysis of 3D PCASL imaging can be used to sensitively detect brain perfusion differences in GTCS patients. 
The decrease in CBF in the right temporal pole of the middle temporal gyrus may be associated with disease onset. These findings may 
offer new perspectives on the pathogenesis of GTCS and the underlying pathophysiological changes associated with perfusion.
Keywords: arterial spin labeling imaging, generalized tonic‒clonic epilepsy, magnetic resonance imaging, voxel-based analysis, 
perfusion

Introduction
Generalized tonic‒clonic seizures (GTCS) are the most common type of genetic generalized epilepsies (GGE) and the 
most severe manifestation seen in patients with epilepsy. Altered cerebral blood flow (CBF) is one of the possible 
mechanisms of neurological dysfunction following seizures. Cerebral hemodynamic impairment before, during, and after 
a generalized epileptic seizure is a very complex process. It is necessary to study cerebral perfusion patterns during 
different periods of epilepsy to better understand their pathogenesis.1,2 Previous neuroimaging studies have shown that 
patients with GTCS have abnormalities in cerebral functional and structural architecture;3–6 nevertheless, the CBF 
changes in patients with GTCS are not well understood.
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In recent years, MRI techniques have rapidly evolved in their imaging and visualization abilities for assessing white 
matter tracts, oxygenation, perfusion, and metabolites, which helps in the noninvasive identification of epileptogenic foci 
and epileptic networks in patients with epilepsy.2,7 It is now generally accepted that the epileptic network consisting of 
the cortex, subcortical nuclei and cerebellum is the pathophysiological basis for the occurrence and propagation of 
epileptic activity and underlies brain impairments in GTCS patients.8–12

CBF changes in epilepsy are rather complex, and abnormal pathophysiological changes in the brain persist even 
during the interictal stage; hence, long-term pathological damage is often present in epileptogenic foci and distant 
brain regions.1 Changes in CBF in patients with generalized epilepsy have been studied using single photon emission 
computed tomography (SPECT).13 In one study, 21 patients with GGE (including 14 patients with generalized tonic‒ 
clonic seizures) were examined by brain interictal 99mTc-ethylcysteinate dimer SPECT.13 The results showed that the 
regional cerebral blood flow in the thalamus and brainstem of the GGE patients was significantly decreased.

ASL is an effective, sensitive, radiation-free tool to measure differences in CBF by magnetically labeling 
inflowing arterial blood, is the only non-invasive perfusion imaging technique currently. Arterial blood water was 
used as an endogenous reference. The label is created by inverting the bulk magnetization of the arterial blood water 
protons with a long series of radiofrequency (RF) pulses. A typical ASL test consists of a pair of images: the labeled 
image, in which the blood proton magnetization is inverted, and the “control” image, in which the blood proton 
magnetization is not inverted. The signal difference of these two images can reflect the amount of blood that entered 
the tissue. With this method, there are no side effects on patients with hepatic or renal insufficiency, including 
children and those who require multiple follow-ups. Perfusion can reflect spontaneous correlated fluctuations to 
identify the network, and ASL can capture these fluctuations, showing a similar functionally connected network to 
that seen in BOLD imaging, and it is worth noting that ASL also has amazing quantitative features. The great 
diversity of schemes used by different researchers was a major hurdle for adoption of ASL. The labeling of pseudo- 
continuous ASL (PCASL) is achieved by using a train of short RF pulses, which is designed to invert the inflowing 
arterial blood magnetization in a pseudo steady-state or adiabatic manner.14,15 3D PCASL has high reproducibility 
and repeatability and has been regarded as the preferred labeling method for obtaining clinical images.16–19 ASL can 
be used to identify pathological hippocampal tissue in patients with temporal lobe epilepsy and localize epileptogenic 
foci based on differences in interictal and ictal cerebral perfusion and is regarded as a routine examination for the 
preoperative evaluation of drug-resistant focal epilepsy patients. The perfusion data collected from ASL, positron 
emission tomography (PET) and SPECT exhibit good consistency; notably, ASL has greater application value based 
on its noninvasiveness and its ability to provide more information to help localize the epileptogenic focus.7,20–22

Aberrant CBF patterns detected using arterial spin labeling (ASL) perfusion MRI in epilepsy patients remain rarely 
explored. According to a study1 that applied ASL MRI to GGE patients with absence seizures, epileptic activity may be 
associated with cortical dysfunction of the fusiform gyrus and temporal lobe.

However, previous reports all focus on perfusion patterns of GGE and lack detailed discussion of GTCS. The brain 
regions involved in GTCS during the interictal phase have not been thoroughly investigated in humans. The character
istics of CBF in GTCS are not clear, and the relationship between CBF and seizures is not clear.

Thus, we conducted this study to detect cerebral perfusion differences in GTCS patients by using a voxel-based 
analysis method, including (1) investigating whether there were significant differences in CBF between GTCS patients 
and normal control subjects using voxel-based analysis and (2) assessing the correlation between these obtained 
neuroimaging results and the course of disease and age of onset.

Materials and Methods
This study was reviewed and approved by the Ethics Committee of North Sichuan Medical College (NSMC), based on 
the Declaration of Helsinki. All the participants signed informed consent. GTCS patients were enrolled in the Department 
of Neurology of the Affiliated Hospital of NSMC.

Patients were diagnosed with GTCS according to the classification scheme of the International League Against 
Epilepsy (ILAE),23 and EEG results showing a generalized ictal discharge at the onset, and normal background activity 
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interictally. The disease duration was defined as the interval between the first seizure and the time of enrollment of the 
patients.

The Inclusion Criteria for Patients in the GTCS Group Were as Follows
(1) they had a clear clinical diagnosis based on the ILAE classification scheme;23 (2) no obvious brain structural 
abnormalities were found on routine MRI examination; (3) they were right-handed; and (4) they had never taken 
antiepileptic drugs.

The Exclusion Criteria for the GTCS Group Were as Follows
(l) they had neurological dysfunction such as transient ischemic attack (TIA), migraine, or syncope; (2) they had 
secondary epilepsy (epilepsy due to infective, structural, metabolic, or immune cause);24 (3) they used antiepileptic 
drugs; and (4) they had severe diseases, cognitive dysfunction, or psychiatric disorders.

Control Group
The inclusion criteria included the following: (1) no systemic diseases and neurological symptoms or signs; (2) no 
abnormalities on electroencephalography (EEG) examination or significant structural abnormalities on routine cranial 
MRI imaging; and (3) no psychiatric disorders, including alcohol or drug dependence.

Enrollment flow chart is shown in Figure 1.

MRI Techniques
All subjects were scanned on a 3.0T GE DISCOVERY MR 750 scanner (GE Healthcare, Milwaukee, Wisconsin, USA) 
with a 32-channel cranial coil. The subjects were instructed to close their eyes in a relaxed state but remain awake; they 
also wore earplugs to reduce the noise and had their head immobilized with soft pads.20 First, a cranial MRI scan was 
performed, including AX-T1WI, AX-T2WI, AX-FLAIR, and diffusion-weighted imaging, to exclude subjects with 
structural brain abnormalities. The parameters of the conventional MRI sequence are shown in Supplementary Table S1.

Figure 1 Enrollment flow chart. 
Abbreviations: GTCS, generalized tonic‒clonic seizures; CBF, cerebral blood flow.
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The 3D PCASL sequence was performed with the following parameters: 3D fast spin‒echo acquisition, k-space spiral 
filling, presence of M0, background suppression, 3D stack of spiral fast spin echo readout, Arms=8, point=512, Effective 
resolution=3.75×3.75×4, TR=4632 ms, TE=10.5 ms, FOV=24 cm×24 cm, slice thickness=4.0 mm, bandwidth=62.5 kHz, 
NEX=3, post label delay=1525 ms, and axial slices=36. The total acquisition time for the 3D PCASL scan was 4 
min 29s. During 3D PCASL sequence scanning, we selected the CBF automatic generation option. The generated CBF 
data was then used for data preprocessing.

Image Preprocessing
(1) During image preprocessing, the DICOM format CBF image files were converted into NIFTI images using dcm2nii 
software (https://people.cas.sc.edu/rorden/mricron/index.html) and were preprocessed on the MATLAB 2012a (The 
MathWorks, Inc., Natick, MA, USA) platform with the SPM8 toolbox (https://www.fil.ion.ucl.ac.uk/spm) before the 
statistical analysis.

We excluded subjects whose head motion exceeded 2 mm or/and 1° as determined during the postprocessing process.
The preprocessing steps of the CBF data were as follows: First, CBF images were corrected for motion. Then, CBF 

images were normalized to the Montreal Neurological Institute (MNI) space, and the alignment parameters were applied 
to the corresponding perfusion maps and resampled to 2 mm×2 mm×2 mm. Each CBF map was divided by the subject’s 
global mean CBF value of the GM for standardization. Finally, we used a 6 mm×6 mm× 6 mm full-width at half- 
maximum (FWHM) Gaussian kernel for spatial smoothing to improve the signal-to-noise ratio of the image.25 The 
detailed preprocessing steps of the PCASL data are described in the Supplementary Material 1.

(2) During region of interest (ROI) selection, ten ROIs were selected on the ch2bet structural template images based 
on MRIcro software (Neuropsychology Lab, Columbia, SC), namely, the bilateral thalamus, bilateral inferior temporal 
gyri, bilateral parahippocampal gyri, and bilateral temporal poles (including the superior and middle temporal gyrus).

The mean CBF values within these ROIs were extracted from the preprocessed images based on drawn templates, and 
the correlation between CBF and disease duration and the age of onset in the GTCS group was investigated.

Statistical Analysis
SPSS for Windows version 19.0 SPSS (IBM Corp, Armonk, NY) was used to analyze all the demographic and clinical 
data of the participants. All continuous variables were reported as the mean ± standard deviation (SD) and medians with 
interquartile ranges according to the normality of the distribution. The normality of the variables was examined by the 
Kolmogorov‒Smirnov test. The two-sample t-test was used to assess normally distributed continuous variables, while the 
categorical variables were compared by the chi-squared test. Results with P values of < 0.05 were considered statistically 
significant, as shown in Table 1.

Table 1 Participant Characteristics

Variables GTCS Patients Healthy Controls P value

Case numbers 20 20 /

Age (years) 20.31±5.57 18.01±7.20 0.401a

Sex (M/F) 9/11 10/10 0.752b

Education (years) 6.95±3.83 8.25±3.89 0.292a

Duration of disease (years) 1 (0.5–4.75) / /

Handedness 20R 20R /

Notes: Values are the mean ± SD or medians with interquartile ranges. aTwo independent sample t-test. 
bChi-square test. 
Abbreviations: GTCS, generalized tonic‒clonic seizures; M, male; F, female; R, right.
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A voxel-based analysis was performed using the MATLAB platform with statistical parametric mapping (SPM) 8 
software. The preprocessed CBF brain perfusion functional maps of the two groups were subjected to a two-sample t-test 
with sex and age as covariates and a significance level of p<0.05; familywise error (FWE) correction was performed, and 
an extent threshold of 20 voxels was used. The corrected statistical parametric brain atlases were then superimposed on 
the MNI coordinate system to yield CBF maps with significant differences between the two groups in the resting state. 
Effect sizes, using Cohen’s D, were calculated for significant group effects on G*Power v.3.1,26 as shown in Table 2. 
Spearman correlation analysis was performed to assess the correlation between the CBF in the ROIs obtained from 
GTCS patients and disease duration and onset age. A false discovery rate (FDR)-corrected P value of < 0.05 for the 
relevance analysis was considered statistically significant.

Results
Demographic and Other Variables
Twenty patients with a clinical diagnosis of GTCS (GTCS group) were prospectively enrolled, including 9 males and 11 
females, with a mean age ± SD of 20.31 ± 5.57 years (range: 13–31 years), and the duration of disease since onset ranged 
from 6 months to 17 years.

Twenty right-handed healthy volunteers matched with epilepsy patients in terms of sex and age were selected as the 
control group; the group included 10 males and 10 females with an age range of 16–33 years and a mean age ± SD of 
18.01±7.20 years.

Table 2 CBF Patterns in Patients with GTCS and Control Subjects

Cerebral region MNI coordinates No. of voxels Peak intensity Effect size  
(Cohen’s d)

X Y Z

GTCS patients<Healthy controls

Left brainstem −12 −34 −44 36 −7.6557 0.71

Right brainstem 12 −18 −34 23 −6.1444 0.68

Right cerebellum 18 −40 −50 261 −9.0434 0.73

Right inferior temporal gyrus 34 2 −38 49 −6.7592 0.68

Right parahippocampal 18 2 −32 41 −8.5487 0.69

Right superior/middle frontal gyrus 26 64 −8 252 −9.7819 1.01

Right triangular part of inferior frontal gyrus 38 22 18 69 −9.5126 0.78

Left temporal pole of superior temporal gyrus −52 20 −18 28 −6.8708 1.16

Left thalamus −20 −14 4 31 −7.1117 0.70

GTCS patients>Healthy controls

Right precentral gyrus 19 −18 72 46 8.4271 0.67

Right precuneus, Postcentral gyrus 14 −45 63 110 9.1221 1.24

Right superior parietal gyrus 30 −50 66 51 9.0401 1.18

Left superior parietal gyrus, left precuneus −14 −58 62 243 6.8902 0.61

Left precentral gyrus, left postcentral gyrus −40 −13 56 280 8.5367 0.69

Left dorsolateral superior frontal gyrus −24 −5 66 146 7.3321 0.65

Notes: Significance level of p<0.05, familywise error (FWE) correction, and cluster size =20 voxels. 
Abbreviations: CBF, cerebral blood flow; GTCS, generalized tonic‒clonic seizures.
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There were no significant differences in sex, age, or education between the GTCS group and the control group (P 
=0.752; 0.401; 0.292, respectively). The data are shown in Table 1.

Conventional cranial MRI showed no abnormalities in the heads of any GTCS patients or control subjects.

CBF Patterns on 3D PCASL for GTCS Patients
GTCS patients had lower CBF than normal controls in the brainstem, right cerebellum, right inferior temporal gyrus, 
right parahippocampal gyrus, right superior frontal gyrus, middle frontal gyrus, triangular part of inferior frontal gyrus, 
left temporal pole of superior temporal gyrus and thalamus. Areas of higher CBF in GTCS patients were seen in the 
bilateral superior parietal gyri, precuneus, precentral gyri, postcentral gyri, and left dorsolateral superior frontal gyrus. 
The results are shown in Figures 2 and 3, and Table 2.

The Correlations of the CBF Patterns on 3D PCASL with the Disease Duration and 
Age of Onset
In the twenty GTCS patients, the CBF values in the right temporal pole of the middle temporal gyrus were negatively 
correlated with the disease duration (PFDRcorrected<0.05), with a correlation coefficient r of −0.7333 and a PFDRcorrected 

value of 0.04; there was no correlation between CBF and duration of disease in the bilateral thalamus, bilateral inferior 
temporal gyri, bilateral parahippocampal gyri, bilateral temporal poles of the superior temporal gyrus or the left temporal 
pole of the middle temporal gyrus. There were no correlations between age of onset and CBF in the bilateral thalamus, 
bilateral inferior temporal gyri, bilateral parahippocampal gyri, bilateral temporal poles of superior temporal gyrus or 
temporal poles of middle temporal gyrus as shown in Table 3.

Figure 2 The cerebral regions with significantly different normalized CBF between the GTCS patients and healthy subjects in the axial sections. (FWE corrected p < 0.05). 
The normalized CBF was significantly decreased in the bilateral brainstem, right cerebellum, right inferior temporal gyrus, right parahippocampal gyrus, right superior frontal 
gyrus (orbital part), right superior frontal gyrus, frontal middle gyrus, inferior frontal gyrus (triangular part), left temporal pole and thalamus. The normalized CBF was 
increased in the bilateral superior parietal gyri, bilateral precuneus, bilateral precentral gyri, bilateral postcentral gyri, left superior frontal gyrus (dorsolateral part), and right 
superior parietal gyrus. 
Abbreviations: CBF, cerebral blood flow; GTCS, generalized tonic‒clonic seizures; FWE, familywise error.
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Discussion
We identified hypoperfusion in the brainstem, right cerebellum, right inferior temporal gyrus, right parahippocampal 
gyrus, right superior frontal gyrus, middle frontal gyrus, triangular part of the inferior frontal gyrus, left temporal pole of 
the superior temporal gyrus and thalamus; hyperperfusion in the bilateral superior parietal gyri, precuneus, precentral 
gyri, postcentral gyri, and left dorsolateral superior frontal gyrus in GTCS patients; and a correlation between CBF in the 
right temporal pole of the middle temporal gyrus and the onset of disease. Our study contributed novel imaging evidence 
obtained with a noninvasive method for understanding the cerebral hemodynamic differences in GTCS patients.

PCASL has superior efficiency and high signal to noise ratio, is the recommended method currently used to assess 
brain perfusion among the various ASL techniques.16 In this project, we combined k-space spiral filling and 3D stack of 
spiral fast spin echo readout with background suppression techniques to increase ASL temporal signal-to-noise ratio, 
reduce readout times and blurring.3D PCASL can be used to noninvasively detect cerebral hemodynamic changes that 
occur during the interictal period in GTCS patients, and the altered CBF in these regions may be correlated with their 
functional disruption and structural abnormalities; this approach imaging helps to further clarify the pathogenesis and 
pathophysiological characteristics of GTCS.

In this study, the regions exhibiting abnormal CBF in GTCS patients are widely distributed, included the bilateral 
brainstem, right cerebellum, thalamus, neocortex, and limbic system, which are involved in the cortico-striato-thalamo- 
cerebellar network pathway. There is currently a lack of reports using ASL in patients with GTCS. However, previous 
studies have demonstrated that the cortico-striato-thalamo-cerebellar network is the basis of the structural changes of 
GTCSs on a large time scale.5 The largest sample collaborative neuroimaging study at present indicated that epilepsy 
patients exhibited shared, diffuse structural differences in brain regions including the pallidum, precentral, paracentral, 
superior frontal cortices, and thalamus.27 Our finding supports the work of other studies about brain structures in this 
area. A possible explanation for this might be that abnormal regional CBF shown in the brains of GTCS patients are 
associated with structural abnormalities, due to the CBF is closely related to brain structure through the functional and 

Figure 3 The cerebral regions with significantly different normalized CBF between the GTCS patients and healthy subjects in the coronal sectional image. (FWE corrected 
p < 0.05). The locations of the brain regions are the same as those in Figure 2. 
Abbreviations: CBF, cerebral blood flow; GTCS, generalized tonic‒clonic seizures; FWE, familywise error.
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structural interdependence between vessels and neural cells in the neurovascular unit.28 Our study is consistent with 
electrophysiological or neuroimaging studies in rodents or baboons.29 These results provide a deeper insight into the 
neuropathological mechanisms of GTCS.

Our results show that CBF decreased in the thalamus, brainstem and cerebellum. Previous research suggested that the 
decreased CBF in the epileptic network consisting of cortex-subcortical nuclei-cerebellum connections, especially in the 
thalamus, brainstem, and cerebellum, may be a potential cause or consequence of repetitive epileptic discharge in GTCS. 
Selective neuronal loss after prolonged epileptic activity may be due to excitotoxicity related to glutamate,30,31 eventually 
resulting in decreased CBF. Clinical, anatomical, and electrophysiological studies have shown that the cerebellum can 
play a part in the epileptic network, and may be a possible driver of seizure activity and potential target to suppress 
seizures.32 Epilepsy patients at high risk of sudden unexpected death had structural changes of cerebellum.33 Optogenetic 
work on animal models provides strong evidence that cerebellar modulation can suppress the onset of epilepsy.34 The 
thalamus is the principal subcortical structure involved in epilepsy and plays a considerable role in generalized seizures 
of reciprocal cortico-thalamic networks.35 We speculate that decreased CBF in the thalamus, brainstem and cerebellum 
may be involved in the dysfunction associated with and development of generalized epilepsy.

Currently, there are many studies showing frontal and temporal lobes abnormalities in GTCS patients. Xu et al 
showed that gray matter volume and covariances involving frontal, motor and somatosensory cortices were notably 
changed in the GTCS group.5 Others have found epileptiform discharges are restricted in a cortical network, including 
parts of the frontal and temporal cortices, during propagation.36 Chen et al showed that cortical morphologic changes in 
the temporal and frontal lobe have been observed in patients with GTCS.1 These results may help explain the decrease in 
CBF in the frontal and temporal lobes that was observed in our study. Our results also showed a decreased CBF in the 
right parahippocampal gyrus. In theory, the parahippocampal gyrus plays a vital role in memory storage. There are 
memory and cognitive impairments in patients with GGE according to previous work.37 Other studies have indicated that 
morphometric abnormalities in the hippocampus are associated with frontotemporal lobe activation during the process of 

Table 3 Correlation of CBF with Disease Duration and Onset Age in GTCS Patients

Cerebral Region Disease Duration Onset Age

r p value p value  
(FDR-Corrected)

r p value p value  
(FDR-Corrected)

Left thalamus 0.145 0.636 0.636 −0.174 0.571 0.865

Right thalamus −0.171 0.576 0.636 −0.122 0.692 0.865

Left inferior temporal gyrus −0.455 0.118 0.169 0.143 0.642 0.865

Right inferior temporal gyrus −0.390 0.187 0.234 0.035 0.910 0.910

Left parahippocampal gyrus −0.534 0.060 0.117 0.048 0.878 0.910

Right parahippocampal gyrus −0.517 0.070 0.117 0.146 0.635 0.865

Left temporal pole of superior temporal 
gyrus

−0.570 0.042 0.117 0.457 0.116 0.387

Right temporal pole of superior 
temporal gyrus

−0.661 0.014 0.070 0.459 0.115 0.387

Left temporal pole of middle temporal 

gyrus

−0.558 0.048 0.117 0.503 0.080 0.387

Right temporal pole of middle temporal 

gyrus

−0.733 0.004 0.040* 0.332 0.268 0.670

Notes: Spearman correlation analysis was performed; n=20; *P < 0.05, FDR corrected. 
Abbreviations: CBF, cerebral blood flow; GTCS, generalized tonic‒clonic seizures; FDR, false discovery rate.
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episodic memory.38 As mentioned above, we observed abnormal CBF in the parahippocampal gyrus and parts of frontal 
and temporal cortices, it is reasonable to believe that parahippocampal gyrus, frontal and temporal lobes are affected by 
generalized tonic‒clonic seizures.

In a previous study, 21 primary generalized epilepsy patients (including 16 GTCS patients) showed significantly 
reduced CBF in regions of the thalamus, brainstem, cerebellum, and cingulate gyrus during the interictal period on 
SPECT imaging, but no brain regions with significantly increased CBF were found.13 This differs from the findings 
presented here, we found CBF increases in some parietal and frontal regions. There are several potential reasons for this 
result. On one hand, this discrepancy may be caused by different perfusion imaging modalities or calculation methods of 
CBF. On the other hand, the reason may be related to neuropathological mechanisms of GTCS. Some researchers believe 
that not all generalized spike-and-wave discharges (GSWD) are produced by similar mechanisms because partial brain 
areas become more hyperactive and others less so.39 Others have shown that brain structure changes occur in patients with 
GTCS: seizures accompanied by severe hypoxia may be related to brain volume loss,4 and cortical thinning is observed 
in GTCS patients. However, GTCS patients have also been demonstrated to exhibit thicker cortices than controls in some 
of the brain regions,6 which possibly reflects structural changes caused by neuroglial, neuronal, or synaptic 
reorganization40 and may help explain the findings of increased perfusion in some parietal and frontal regions in the 
present study.

In our work, the CBF values in the right temporal pole of the middle temporal gyrus in the GTCS group had 
a negative correlation with the disease duration. These data indicated that the CBF in the right temporal pole of the 
middle temporal gyrus decreased as the disease duration increased. The temporal pole is a part of the paralimbic system41 

and a multi-modal cortical convergence area, with widespread connectivity to the basal ganglia, the paralimbic system, 
other cortical regions, and cerebellum.42 A PET-based imaging study showed reduced right temporal polar metabolism in 
patients presenting widespread postictal EEG suppression and relatively high frequency of GTCS. Their result could 
suggest that possible interictal metabolic disruption in the temporal pole within a right-sided cortico-subcortical 
network.43 We speculate that the reduced CBF or less metabolically active in right temporal pole may reflect the most 
notable feature of interictal brain metabolic changes.

Past studies have indicated that GTCS patients showed a negative correlation between epilepsy duration and the 
average gray matter volume (GMV) in cortical structures, subcortical nuclei, and the cerebellum.5 Previous researchers 
used graph theory to investigate the topological organization of functional networks in GTCS children.44 They found the 
nodal local efficiency and the clustering coefficient in the bilateral temporal pole of the middle temporal gyrus (MTG) 
significant negatively correlated with the epilepsy duration, and suggested that the bilateral temporal pole serves 
a vital role in reflecting the impact of chronic epilepsy on the topological properties in GTCS. In summary, we infer 
that the longer the duration of GTCS disease, the greater the extent of GMV loss or the lower CBF in the corresponding 
brain regions. It can be assumed that long-term recurrent seizures tend to progressively increase damage to the 
corresponding brain regions, leading to progressive damage to brain function and structure.

Our work has some limitations. First, the sample size was small and may reflect only some of the cerebral perfusion 
characteristics of these patients. Second, our study lacked follow-up data for longitudinal analysis, which may limit our 
ability to verify the impact of disease duration. Third, we did not use an EEG-fMRI platform and the slices we used in 
the MRI protocol are too thick to detect small lesions. Last, the study is aiming to evaluate interictal blood flow 
abnormalities, the relationship between CBF and the last seizure has not been studied. We will continue to expand the 
sample size and improve the scan protocol in the future research, further analyze the association between CBF and 
clinical characteristics, and continue to conduct studies involving patient follow-up and monitoring of treatment effects 
using this technique.

Conclusion
In summary, our study innovatively used a voxel-based 3D PCASL analysis with a noninvasive method and contributed 
novel imaging evidence for understanding the cerebral hemodynamic differences in GTCS, provides a reference for 
clinical application and related research.
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