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Abstract
Background
Migraine-related perfusion changes are documented but inconsistent across studies due to limited sample size and insufficient phenotyping. The phasic and spatial dynamics across migraine subtypes remains poorly characterized. This study aimed to determine spatiotemporal dynamics of gray matter (GM) perfusion in migraine.

Methods
We prospectively recruited episodic (EM) and chronic migraine (CM) patients, diagnosed with the International Headache Society criteria and healthy controls (HCs) between 2021 and 2023 from the headache center in a tertiary medical center, and adjacent communities. Magnetic resonance (3-tesla) arterial spin labeling (ASL) was conducted for whole brain cerebral blood flow (CBF) in all participants. The voxel-wise and whole brain gray matter (GM) CBF were compared between subgroups. Spatial pattern analysis of CBF and its correlations with headache frequency were investigated regarding different migraine phases and subtypes. Sex- and age-adjusted voxel-wise and whole brain GM comparisons were performed between HCs and different EM and CM phases. Spatial pattern analysis was conducted by CBF clusters with phasic differences and spin permutation test. Correlations between headache frequency and CBF were investigated regarding different EM and CM phases.

Results
Totally 344 subjects (172 EM, 120 CM, and 52 HCs) were enrolled. Higher CBF in different anatomical locations was identified in ictal EM and CM. The combined panels of the specific locations with altered CBF in ictal EM on receiver operating characteristic curve analysis demonstrated areas under curve of 0.780 (vs. HCs) and 0.811 (vs. preictal EM). The spatial distribution of ictal-interictal CBF alteration of EM and CM were not correlated with each other (p = 0.665; r = − 0.018). Positive correlations between headache frequency and CBF were noted in ictal EM and CM regarding whole GM and specific anatomical locations.

Conclusions
Patients with migraine exhibited unique spatiotemporal CBF dynamics across different phases and distinct between subtypes. The findings provide neurobiological insights into how selected anatomical structures engage in a migraine attack and adapt to plastic change of repeated attacks along with chronicity.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s10194-024-01880-6.
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Background
Migraine is a primary headache disease that affects approximately 14–15% of the population globally [1] and leads to substantial socioeconomic burdens [2]. According to the International Classification of Headache Disorders, 3rd edition (ICHD-3), migraines are classified into episodic migraine (EM) and chronic migraine (CM) based on headache frequency [3]. EM and CM are considered distinct pathophysiological entities that vary in terms of the frequency of headache episodes as well as the risks of medication overuse, comorbidities and treatment failures [4, 5]. Some unique neurovascular characteristics of CM have been proposed, including neurovascular coupling dysfunction [6], glymphatic disturbance [5, 7] and vascular impairments [8]. Changes in cerebral blood flow (CBF) across different stages of migraine have been reported in previous studies that used various approaches, including magnetic resonance imaging (MRI) [9, 10], cerebral angiography [11, 12], and single photon emission computed tomography [13]. However, these data remained inconclusive and the perfusion investigations of the phase-specific variance were scarce [14], or with limited sample size [15]. 
Arterial spin labeling (ASL) is a noninvasive technique in which MRI is used to evaluate intracranial perfusion [16]. By taking the advantage of magnetically labeled blood flow, ASL yields comparable outcomes of perfusion with isotope-labeling imaging [17] while avoiding the administration of isotopes or MRI contrasts. This technique has been used to investigate perfusion changes in several neurological disorders, including Alzheimer’s disease [18], ischemic stroke [19], and cluster headache [20]. Some previous studies have used ASL to examine selected groups of migraine patients [21–25]; however, no consensus has been reached, and most of the studies had limited sample sizes [15, 21–23]. Therefore, there is a pressing need for comprehensive evaluations of the phasic and spatial perfusion dynamics in different subtypes and phases of migraine.
The primary outcome of this study was to examine the spatiotemporal dynamics of ASL perfusion in EM and CM patients. The secondary outcomes were to depict the differences of phase-specific dynamics of ASL perfusion between EM and CM, to delineate the potential clinical correlations of CBF with headache frequency, and to explore the potential values of CBF in specific anatomical locations in discriminating patients from controls. The ASL analysis in this study was conducted using a multifaceted approach, encompassing whole brain gray matter (GM) analysis, voxel-wise analysis, anatomical location analysis, and spatial similarity testing.

Methods
Ethics
The study protocol was approved by the Institutional Review Board of Taipei Veterans General Hospital (TVGH) (code 2021-02-018 C and 2023-06-024CC). All the investigations were performed in accordance with the principles of the Declaration of Helsinki, and all the subjects provided written informed consent before enrollment.

Study subjects
We recruited patients with migraine from the Headache Clinic at TVGH, a tertiary referral medical center with 3135 beds. The patients were recruited between 2021 and 2023. All migraine patients completed detailed headache questionnaires and neurological examinations. Patients were separated into EM (headache frequency < 15 days/month) and CM (≥ 15 days/month) groups based on the ICHD-3 criteria [3]. To eliminate the potential confounding’s from medications, this study set a strict enrollment criterion to only recruit migraine subjects who were naïve to preventive medications. In addition, all participants were asked to refrain from painkillers for at least 2 days before the MR examinations. To further determine the disease phase of each subject, subjects completed telephone interviews 3 days after the MR exams to assess their headache status within these days. All the information was cross-checked with a prospectively recorded electronic headache diary. EM patients were further classified into preictal, ictal, postictal and interictal phases [26]. Detailed definitions of the EM and CM phases are listed in Supplementary Table 1. In patients with CM, those with no apparent distinction for ictal or interictal were classified as “unclassified” and were excluded from the phasic comparisons.
Healthy controls (HCs) were recruited from adjacent communities. Subjects with a known history of cancer, major neurological or psychiatric disorders, a history of intracranial operations, brain tumors, or a personal or family history (of second-degree relatives) of moderate or severe headache were not enrolled.

Imaging protocols
All brain images were acquired using a 3-Tesla (3T) MR machine (MR750, GE Healthcare, Milwaukee, WI) equipped with an eight-channel head coil. Initially, whole brain T1-weighted anatomical scans were obtained using a three-dimensional fluid-attenuated inversion-recovery fast spoiled gradient recalled echo pulse sequence with the following parameters: repetition time (TR)/echo time (TE)/inversion time (TI) = 9.4/4.0/450 milliseconds (ms), flip angle = 12°, field of view (FOV) = 256 × 256 mm, matrix size = 256 × 256, number of excitations (NEX) = 1, number of slices = 172, and slice thickness = 1.0 mm. Subsequently, ASL images were acquired using a pseudocontinuous ASL (pCASL) technique with a background-suppressed 3D fast spin echo sequence. The parameters for the pCASL technique were as follows: TR/TE/postlabel delay = 4632/10.5/1525 ms, FOV = 240 × 240 mm, matrix size = 128 × 128, NEX = 3, number of slices = 36, and slice thickness = 4.0 mm (ensuring whole brain coverage). For each participant, a CBF map was obtained based on both labeled (images taken shortly after the inflowing arterial spins were inverted) and unlabeled (images taken without inverting the arterial spins) ASL scans with the scanner console’s FuncTool 3DASL (GE Healthcare) package and was reported in mL− 1 100 gm min− 1 units. Additionally, 3D time-of-flight MR angiography (TOF-MRA; TR/TE = 25.00/2.90 ms; section thickness = 1 mm; multislab acquisitions) and T2-fluid-attenuated inversion-recovery (T2-FLAIR; TR/TE/TI = 6,000/128/1870 ms; slice thickness = 1 mm) images were obtained for each participant. Before image analysis, all images for each participant were visually evaluated by 2 experienced neuroradiologists (CHW and JFL) to exclude participants with intracranial space-occupying lesions, neurovascular disorders, gross brain abnormalities or insufficient image quality.

Image analysis
In this study, voxelwise comparisons of CBF between study groups were performed using Statistical Parametric Mapping software (SPM12, version 7771, Wellcome Institute of Neurology, University College London, UK, http://​www.​fil.​ion.​ucl.​ac.​uk/​spm/​) running in the MATLAB environment (version R2016a; MathWorks, Natick, MA). The analytical framework consisted of several steps. First, the unlabeled ASL scans were coregistered to the corresponding T1-weighted anatomical scans using the SPM Coregist function. The estimated transformation matrix obtained from this image registration process was subsequently applied to map the CBF maps into the T1-native space for each individual participant. Second, the T1-weighted anatomical scans were corrected for bias-field inhomogeneities, segmented into three distinct tissue types (GM, white matter (WM), and cerebrospinal fluid), and rigidly aligned to the standard Montreal Neurological Institute (MNI) space. Subsequently, the Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) toolbox was employed to construct study-specific tissue templates from all participants’ rigidly aligned GM and WM tissue segments [27]. The obtained flow fields were used to warp the individual CBF maps to the standard MNI space and reslice them to an isotropic voxel size of 1.5 mm. To account for the partial volume effect (PVE), the individual CBF maps were corrected for tissue volume based on the proportion of GM and WM concentration in each voxel obtained from the segmented T1-weighted images [28]. Additionally, to eliminate potential outliers in the CBF maps due to large blood vessels or image preprocessing, voxels with CBF values lower than zero or higher than two standard deviations (SDs) above the mean CBF value were masked for each participant [29]. Finally, these PVE-corrected CBF maps were spatially smoothed using a 6-mm full width at half-maximum Gaussian kernel and subsequently utilized for statistical analyses.

Statistical analysis
This study was composed of three major investigative bundles: (1) phase-specific CBF alterations in EM, (2) phase-specific CBF alterations in CM, and (3) anatomical location and spatial pattern analysis of CBF. Clinical analysis examining the correlations between headache frequency and CBF in different EM and CM phases regarding the whole GM and other anatomical locations with significance in Bundles 1 and 2 was also conducted. Sex- and age-adjusted partial Pearson correlations between headache frequency and CBF values were also examined in those with complete records. The differences in demographic characteristics between the EM, CM and HC groups were assessed using the Pearson chi-squared test or independent samples t test, as appropriate. Descriptive statistics were reported as percentages or means ± SDs. For Bundle 1 analysis, whole brain GM CBF values were extracted from unsmoothed PVE-corrected CBF maps for each study group. Analysis of covariance (ANCOVA) was used to evaluate the mean GM CBF changes among the three study groups after adjusting for age and sex. Subsequently, a voxelwise, single-factor, three-level (HC, EM, and CM) ANCOVA design within the SPM12 general linear model framework, with age and sex as nuisance variables, was employed to assess voxelwise CBF alterations among the three study groups. For all voxelwise results, nonstationary cluster-level familywise error (FWE) correction was used to account for multiple comparisons, resulting in a cluster-defining threshold of p < 0.005 and a corrected cluster significance of FWE-corrected p < 0.05. Additionally, all unthresholded statistical maps were uploaded to the NeuroVault website and are available through a permanent link (https://​neurovault.​org/​collections/​16749/​). To identify potential phase-specific CBF alterations in patients with EM, global and voxelwise single-factor five-level (HC, EM-preictal, EM-ictal, EM-postictal, and EM-interictal) ANCOVA designs with the same nuisance variables were applied. Anatomical regions with significant between-group main effects based on the voxel-wise F-test were identified. These regions were further extracted, averaged, and used as input features for subsequent clinical association (headache frequency) and diagnostic discriminative capacity analyses. Receiver operating characteristic (ROC) curves were constructed for each anatomical region with significant EM-based phase-specific CBF alterations (four anatomical locations with significant results in voxelwise results) to evaluate its potential diagnostic discriminative capacity. For the combined anatomical panels of CBF in these four brain regions, a logistic regression model was applied to generate risk scores, and the discriminative capacity was further evaluated using the ROC curve. In Bundle 2, to identify potential phase-specific CBF alterations in CM patients, a single-factor, three-level (HC, CM-ictal, and CM-interictal) ANCOVA design was employed, with age and sex as nuisance covariates. The Bundle 3 analysis focused on the anatomical location and spatial patterns of the CBF differences between the EM and CM groups. We examined the previously identified clusters in Bundles 1 and 2 with significant CBF differences via post hoc analysis. The anatomical locations were further considered significant in Bundle 3 if they overlapped these clusters by at least 50% of the volume. We also investigated the spatial similarity of the CBF alteration patterns during the ictal phase between the EM and CM groups. Since our analyses in Bundles 1 and 2 revealed significant CBF changes during the ictal phase in both the EM and CM groups, we employed a spin permutation test to examine the spatial similarity of these alterations. Pearson correlation coefficients were first computed between the unthresholded t-statistic maps of the contrasts between the EM-ictal and EM-interictal groups and between the CM-ictal and CM-interictal groups. The significance of spatial similarity was further determined using a spatial spin permutation test approach involving 1,000 permutations. This method established a null distribution by comparing a target unthresholded t-statistic map with a permutated map generated by randomly rotating the spherical projections of the cortical surface while preserving the spatial relationships within the data [30]. The relevant code for conducting the spin permutation test is available at https://​github.​com/​netneurolab/​neuromaps. All non-voxelwise statistical analyses were performed using the Statistical Product and Service Solutions (IBM Corporation, Armonk, NY) statistics software package, version 24.0.


Results
Study subjects
A total of 297 migraine patients and 55 HCs were recruited (Supplementary Fig. 1). Two migraine patients were excluded due to incomplete clinical data. Since the CBF values in previous studies of migraine patients ranges from 52.7 ± 6.9 to 59.7 ± 10.6 [31] and those of HCs were approximately 50 [32], 6 subjects (1 EM patient + 2 CM patients + 3 HCs) with a CBF > 90 or < 30 were considered to be outliers and were thus excluded. Ultimately, 344 subjects (172 EM patients, 120 CM patients, and 52 HCs) were included for analysis.
The CBF values of the EM, CM and HC groups were analyzed. There were no differences in age or sex among the 3 groups (Table 1). No significant differences in whole brain GM CBF were detected between the EM, CM, and HC groups (Fig. 1). The voxelwise F test also did not reveal any significant differences in CBF between the EM, CM, and HC groups.
Table 1Demographic characteristics of the study subjects


	 	Healthy controls (HCs)
	Episodic migraine (EM) patients
	Chronic migraine (CM) patients
	p
	p (EM vs. CM)

	n
	52
	172
	120
	N/A
	N/A

	Age (yrs)
	39.4 ± 10.3
	36.0 ± 9.5
	37.8 ± 10.8
	0.077
	0.147

	Sex (M/F)
	19/33
	38/134
	25/95
	0.064
	0.797

	Aura (1/0)
	N/A
	30/141
	4/116
	N/A
	< 0.001

	Headache frequency (days/month)
	N/A
	3.5 ± 3.2
	21.3 ± 6.9
	N/A
	< 0.001

	Onset age
	N/A
	19.1 ± 6.9
	21.6 ± 9.6
	N/A
	0.013

	MIDASa scores
	N/A
	19.6 ± 19.9
	42.6 ± 51.5
	N/A
	< 0.001


aMIDAS = Migraine Disability Assessment
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Fig. 1No significant differences in CBF between episodic migraine (EM) patients, chronic migraine (CM) patients and healthy controls (HCs) were detected in the whole brain GM


Table 2Major results of bundles 1 and 2 (the phasic analysis in the EM and CM groups)


	Episodic migraine (EM) patients

	 	Preictal
	Ictal
	Postictal
	Interictal
	p

	n
	30
	35
	42
	65
	 
	Age (yrs)
	36.8 ± 9.4
	37.6 ± 10.2
	35.0 ± 9.1
	35.5 ± 9.5
	0.611

	Sex (M/F)
	6/24
	5/30
	10/32
	17/48
	0.570

	Aura (1/0)
	5/25
	3/32
	8/34
	14/50
	0.414

	Headache frequency (days/month)
	6.3 ± 3.3
	7.8 ± 3.3
	6.2 ± 3.3
	6.1 ± 3.1
	0.070

	Onset age
	21.5 ± 8.8
	19.1 ± 6.8
	17.3 ± 4.8
	19.2 ± 7.1
	0.095

	MIDASa scores
	23.3 ± 20.4
	23.1 ± 23.6
	19.0 ± 24.1
	16.5 ± 13.3
	0.316

	Chronic migraine (CM) patients

	 	Ictal
	Interictal
	Unclassified
	p

	n
	67
	31
	22
	 
	Age (yrs)
	37.8 ± 11.3
	36.8 ± 9.8
	38.9 ± 10.9
	0.786

	Sex (M/F)
	9/58
	10/21
	6/16
	0.073

	Aura (1/0)
	2/65
	2/29
	0/22
	0.423

	Headache frequency (days/month)
	22.3 ± 6.7
	19.6 ± 7.1
	20.6 ± 7.2
	0.178

	Onset age
	22.1 ± 9.2
	21.2 ± 9.3
	20.5 ± 11.5
	0.793

	MIDASa scores
	42.3 ± 54.3
	36.6 ± 30.9
	50.2 ± 65.1
	0.556





Bundle 1: phase-specific analysis in EM
EM patients (n = 172) were further classified into preictal (n = 30), ictal (n = 35), postictal (n = 42) and interictal (n = 65) phases. The age (p = 0.611), sex (p = 0.570), aura presence (p = 0.414), headache frequency (p = 0.070) and MIDAS scores (p = 0.316) were not different between EM subgroups (Table 2).
We investigated the CBF changes between different EM phases. The whole GM CBF in the ictal phase was significantly higher than that in the other EM phases and in HCs after adjusting for sex and age (p = 0.038; Fig. 2A). Voxelwise analysis further revealed that there were higher CBF values in the right planum temporale, left cerebellum crus II, right inferior temporal gyrus and left precuneus cortex in the ictal phase than in the other phases and in HCs (Fig. 2B). We further analyzed whether the CBF values of these four distinct anatomical locations could have diagnostic value. The combined anatomical panels of the CBF at these 4 locations had an area under the curve (AUC) of 0.780 (90% confidence interval; CI = 0.674–0.886; p < 0.001) for differentiating ictal EM patients from HCs and an AUC of 0.811 (90% CI = 0.703–0.920; p < 0.001) for differentiating ictal EM patients from preictal EM patients (Fig. 3).
[image: ]
Fig. 2Major results for Bundles 1 and 2. In Bundle 1 (episodic migraine; EM), (A) the whole gray matter (GM) cerebral blood flow (CBF) was higher in the ictal stage than in the other stages and in healthy controls (HCs). (B) Voxelwise analysis revealed that CBF was higher in the ictal stage than in the other stages at 4 anatomical locations (left cerebellum crus II, right inferior temporal gyrus, right planum temporale and left precuneus cortex). In Bundle 2 (chronic migraine; CM), (C) there were no significant differences in CBF between the ictal CM, interictal CM, unclassified CM and HC groups. (D) Voxelwise analysis revealed that CBF was higher in the ictal CM group than in the interictal CM group in the right cerebellar crus II


[image: ]
Fig. 3Receiver operating characteristic (ROC) curves for the combined panels and 4 individual anatomical locations with higher cerebral blood flow (CBF) in ictal episodic migraine (EM) patients in Bundle 1. ROC curves for differentiating (A) ictal EM patients from HCs and (B) ictal EM patients from preictal EM patients were generated by analyzing the voxelwise CBF data in 4 anatomical locations (right planum temporale, left cerebellum crus II, right inferior temporal gyrus and left precuneus cortex) with higher CBF values among the ictal EM patients in Bundle 1



Bundle 2: phase-specific analysis in CM
CM patients (n = 120) were further classified into ictal (n = 67), interictal (n = 31) phases and unclassified (n = 22). The age (p = 0.786), sex (p = 0.073), aura presence (p = 0.423), headache frequency (p = 0.178) and MIDAS scores (p = 0.556) were not different between CM subgroups (Table 2).
We further analyzed whether CM patients also exhibited phasic changes in CBF. As some CM patients with nearly daily or daily attacks did not have obvious preictal, interictal or postictal phases, we compared only the whole GM and voxelwise CBF of patients with distinguishable interictal phases with patients during the ictal phase and HCs. Voxelwise analysis further revealed that CBF was higher in the right cerebellar crus II in the ictal phase than in the interictal phase and in the HCs after adjusting for sex and age (Fig. 2D). In contrast, no significant differences in the whole GM CBF were observed between the ictal subjects, interictal subjects and HCs (Fig. 2C).

Bundle 3: anatomical location and spatial analysis of voxelwise CBF
In Bundle 3, the anatomical location analysis was conducted by examining the clusters with significant CBF differences in the post hoc analysis for both Bundles 1 and 2. No significant differences in CBF were observed between the EM, CM and HC groups in terms of anatomical locations with ≥ 50% overlapping volume of each cluster (Supplementary Table 2). In EM subjects, higher CBF values occupying ≥ 50% of the volume of each cluster were observed in the ictal phase than in the interictal phase in the following regions: right cerebellum VIIIa, VIIIb, IX, and crus II; bilateral frontal pole; bilateral temporal pole; left superior frontal gyrus; left paracingulate gyrus; left postcentral gyrus; and right superior parietal lobule. In CM subjects during the ictal phase, the CBF was higher than that in the subjects with interictal phase at right cerebellum crus II. Remarkably, the CBF in the right cerebellum crus II was even lower among the interictal CM patients than among the HCs.
Since the CBF was higher in both the EM and CM patients in the ictal phase in Bundles 1 and 2, we further examined the potential spatial differences in the CBF alteration patterns between the EM and CM subjects in the ictal phase by performing a spin permutation test. The spatial distributions of ictal-interictal CBF alterations in the EM and CM were not correlated with each other (p = 0.665; r = − 0.018; Supplementary Fig. 2).

Clinical analysis
To delineate the potential clinical impacts of CBF in migraine patients, we evaluated the correlations between CBF and headache frequency in all phases in terms of the whole GM and anatomical locations with significant differences in CBF between Bundles 1 and 2. CBF values were positively correlated with headache frequency after adjusting for age and sex in patients with ictal EM (p = 0.044; r = 0.353) and interictal CM (p = 0.045; r = 0.375) in the right inferior temporal gyrus as well as among patients with interictal CM in the left precuneus cortex (p = 0.022; r = 0.423) and the whole GM (p = 0.010; r = 0.470). No significant correlations were observed in the other phases regarding these anatomical locations (Supplementary Table 3).


Discussion
In this large-scale, prospective investigation, we examined the phasic dynamics of CBF in both EM and CM subjects. During the ictal phase, the CBF was significantly higher than that in the interictal phase in both EM and CM, with distinct involvement of specific anatomical locations. The composite model of CBF based on four anatomical locations was developed to distinguish the ictal phase from the preictal phase among patients with EM, and the discriminative capacity of the model exceeded 80%. Furthermore, while the CBF in the cerebellar crus II was significantly higher in the ictal phase in both the EM and CM patients, the spatial patterns of the changes in the ictal-interictal CBF differed between EM and CM patients. The unique CBF dynamics observed herein may help to elucidate the pathophysiology of migraines and help to differentiate different phases and subtypes of migraine.
The finding of higher ictal CBF in both EM and CM patients was parallel to the results of previous case series, which demonstrated regional hyperfusion in migraine patients during headache attacks [10, 33]; however, the CBF alteration pattern observed herein was not identical to that described in previous reports. Interestingly, increased CBF was detected in the cerebellum in both EM and CM patients in the ictal stage regardless of whether voxelwise or anatomical location analysis was performed, suggesting that this could be a disease signature across different phenotypes. Previous studies have indicated the potential role of the cerebellum in the pathophysiology of migraines [34] and revealed the impacts of structural [35, 36] and functional changes [37–39] in the cerebellum. Cerebellar volume was smaller in patients with migraine [36], and exacerbated atrophy was observed in CM patients [35]. The cerebellum also plays a significant role in brain functions in trigeminal nociception [38, 39]. Remarkably, the right cerebellar crus II, which presented as the only region with increased CBF in the CM in Bundle 2, has been shown to have increased GM volume in migraine patients [37]. Furthermore, this specific anatomical location was associated with higher levels of neural activity, which are strongly correlated with cerebral perfusion (especially CBF) [40, 41], during nociception in the ictal phase among migraine patients [37]. Our previous study also revealed that the outcomes of patients with high-frequency migraine were associated with increased GM volume in the cerebellum [42]. Additionally, dysfunction of the cerebellar crus II is potentially associated with a decreased response to the limbic system, which is often impaired in migraine patients [43]. Taken together, these data indicated that cerebellar crus II may play a significant role in pathophysiology of migraines and even the chronification migraines. Repetitive ictal hyperperfusion may contribute to long-term structural or connectivity alterations, although the causal links have yet to be fully elucidated.
The combined panels of the CBF from four distinct anatomical locations identified from voxelwise analysis demonstrated good discriminative capacity for differentiating ictal EM from preictal EM and HCs. These results not only indicated that CBF could be a reliable imaging biomarker for differentiating the ictal phase from other phases but also had pathophysiological implications. The significant increase in CBF from the preictal phase to the ictal phase suggests that these four anatomical locations actively participate in the pathogenic processes of migraine and potentially reflect how the brain responds to or engages in the activation of the trigeminovascular system. In addition to the abovementioned cerebellar crus II, previous studies have reported increased levels of functional activity in the planum temporale [44], right temporal gyrus [45], and left precuneus cortex [46] among patients with migraine or its subtypes [45]. These phenomena may indicate a potential correlation between regional hyperperfusion and increased functional connectivity. The CBF was also higher in CM patients during the ictal phase than in CM patients during the interictal phase; however, the CBF in CM patients in the interictal phase was lower than that among controls. We hypothesized that during the process of migraine chronification, each individual attack could lead to plastic changes in the brain. Although ictal hyperperfusion persists in CM patients, the interictal brain may require less CBF owing to chronic dysfunction of neural circuitry or reactive gliosis. In fact, regarding the whole brain GM, the interictal CM was the only phase with a positive correlation between headache frequency and CBF. This phenomenon further supported the potentially unique plastic changes along with migraine chronification. Moreover, recent studies in humans [5] and mice [7] revealed potential glymphatic dysfunctions in CM and indicated a potential relationship between CBF and glymphatic functions [47]. Therefore, we speculated that CM subjects may have long-term CBF dysregulation, and future research should examine the potential contributions of CBF to the known glymphatic dysfunctions among CM patients [5, 7]. 
Further delineation of perfusion dynamics differences between CM patients and EM patients is important for identifying pathophysiological differences in patients with different headache frequencies. Although the CBF values were similar between CM and EM as a group in Bundle 1, our data indicated that these 2 different patient groups (EM and CM patients) may exhibit differences in terms of the ictal-interictal transformation of perfusion dynamics. Furthermore, the positive correlation between interictal CM and CBF regarding the whole brain GM and other anatomical locations revealed the fundamental differences in brain perfusion between the EM and CM groups. Previous studies revealed the characteristic interictal functional status in frontal [48] and fronto-occipital [49] areas of the brain. Our previous study also revealed differences in GM functional connectivity between EM and CM patients [50]. Although further research is necessary to elucidate the potential effects of whole GM perfusion pattern alterations during chronification, our findings suggest that fundamental perfusion differences between EM and CM patients exist in the ictal-interictal CBF spatial distribution.
Strengths and limitations
This study had several strengths. First, this was a large-scale (n = 344) prospective study. All the subjects, including the migraine patients and HCs, underwent a standardized imaging protocol on the same 3T MRI machine. Detailed subgroups of migraine patients by disease phases and sex- and age-adjusted evaluations between the migraine subgroups and HCs provided substantial evidence of the perfusion dynamics in the disease. All the diagnoses and phenotyping of migraine patients were conducted by experienced headache specialists. Finally, all migraine subjects were naïve to preventive medications and refrained from analgesics 2 days before the MRI; therefore, the potential confounders of brain perfusion by medications were minimized.
However, there were some limitations in this study. We did not strictly control blood pressure in the study subjects. Although a previous study revealed that blood pressure changes did not contribute to CBF alterations in selected patients [51], and the correlations between migraine and hypertension remain controversial [52], potentially minimal effects of blood pressure changes on brain perfusion may exist. However, most of our patients were otherwise healthy without hypertension or other cardiovascular risk factors. In addition, since there were no significant changes in blood pressure upon MR examination compared to baseline, we believe that the effects were minimal. Finally, we did not perform additional dynamic contrast-enhanced MRI (DCE-MRI) to evaluate brain perfusion in this study to avoid unnecessary administration of gadolinium-based contrast agents in patients, especially HCs [53]. With the similar diagnostic accuracy of ASL and DCE-MRI in brain perfusion [54], we believe that the perfusion evaluations by ASL in this study were evident. Finally, some clinical characteristics, including headache frequency, may be confounding factors for phasic investigations. However, through clinical investigations, we demonstrated that whole brain GM CBF was not correlated with headache frequency in any phase. Although further studies may be needed to determine the potential effects of all clinical characteristics in different migraine phases, the potential effects of frequency on CBF may be limited in this study.


Conclusions
Higher CBF in the ictal stages of EM and CM and the distinct spatial distributions of whole GM CBF dynamics between EM and CM patients were observed herein. The findings revealed the role of CBF as an imaging marker for differentiating the ictal stage of migraines from other stages, especially among subjects with ictal EM. Furthermore, the results revealed potential pathogenic mechanisms of migraine.
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