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Abstract
Background
The diffusion tensor imaging analysis along the perivascular space (DTI-ALPS) method has been used to evaluate glymphatic system function in patients with migraine. However, since the diffusion tensor model cannot accurately describe the diffusion coefficient of the nerve fibre crossing region, we proposed a diffusion kurtosis imaging ALPS (DKI-ALPS) method to evaluate glymphatic system function in patients with migraine.

Methods
The study included 29 healthy controls and 37 patients with migraine. We used diffusion imaging data from a 3T MRI scanner to calculate DTI-ALPS and DKI-ALPS indices of the two groups. We compared the DTI-ALPS and DKI-ALPS indices between the two groups using a two-sample t-test and performed correlation analyses with clinical variables.

Results
There was no significant difference in DTI-ALPS index between the two groups. Patients with migraine showed a significantly increased right DKI-ALPS index compared to healthy controls (1.6858 vs. 1.5729; p = 0.0301). There was no significant correlation between ALPS indices and clinical variables.

Conclusions
DKI-ALPS is a potential method to assess glymphatic system function and patients with migraine do not have impaired glymphatic system function.
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Introduction
Migraine is a common chronic disorder of the brain that has become a major public health problem worldwide. Migraine has a high incidence and a long disease course, ranking second in the burden of neurological diseases. Approximately 1.04 billion people worldwide suffer from migraine, with a lifetime prevalence of approximately 10% in men and 22% in women [1]. However, the pathological mechanism of migraine remains unclear.
Recent research has suggested that the glymphatic system, a “waste removal” system in the central nervous system, may be involved in the pathogenesis of migraine [2]. Mice in the migraine model showed decreased glymphatic influx with reduced aquaporin-4 expression and impaired polarisation, suggesting glymphatic dysfunction in the migraine mouse model [3]. Acupuncture-induced cortical spreading depression (CSD) in the cerebral cortex of mice resulted in delayed and slowed glymphatic flow [4]. This phenomenon also seemed to explain the delayed onset of pain in patients with migraine with aura [4].
In functional magnetic resonance imaging (fMRI) studies, diffusion tensor imaging analysis along the perivascular space (DTI-ALPS) method has been used to evaluate the function of the glymphatic system in patients with migraine [5, 6]. Zhang et al. found that the DTI-ALPS index in patients with chronic migraine (CM) was higher than that of healthy controls (HC) and patients with episodic migraine; they believed that in the process of migraine chronicity, the activity of the glymphatic system increases [5]. However, another study in patients with migraine found no difference in the DTI-ALPS index between patients with migraine and healthy controls [6].
Although DTI-ALPS has been a widely used method for describing glymphatic system function. However, due to the shortcomings of the diffusion tensor model in accurately describing the diffusion information of the nerve fibre crossing region, the DTI-ALPS index of glymphatic system function may be inaccurate. Methods based on high angle resolution diffusion imaging data and constrained spherical deconvolution have shown that 90% of the white matter of the brain has crossing fibres, including projection fibres and association fibres [7].
Diffusion kurtosis imaging (DKI) is a popular high-order diffusion imaging method that uses a fourth-order statistical model to describe the diffusion of water molecules to solve the problem of nerve fibre crossing, and has been widely used in the study of clinical white matter microstructure [8, 9]. In the current study, we proposed a diffusion kurtosis imaging ALPS (DKI-ALPS) method to evaluate the function of the glymphatic system in patients with migraine. We believe that the DKI-ALPS method could be used as a potential indicator of the glymphatic system.

Methods
Participants
39 patients with migraine and 29 age- and sex-matched healthy controls were enrolled in the study, which took place at a tertiary headache center, between March 2023 and June 2024 (Fig. 1). Two neurologists who specialize in headache disorders assessed MRI and neuropsychological findings and made a definitive migraine diagnosis following the criteria of the International Headache Association (International Classification Committee for Headache and Headache, 2018) [10]. The following criteria must be met by patients: (a) they must be right-handed; (b) they must be at least eighteen years old; (c) they must have had migraine symptoms for more than six months; (d) they must have at least two headache attacks per month (as attested to by the patient’s pre-study self-report); and (e) they must not have experienced a headache attack or take acute migraine medication for at least three days before the fMRI scan. Headache attacks that occurred three days before, on the day of, or following the scan; a history of substance abuse or preventative drug use; mental health conditions; MRI scanning contraindications; and female subjects who are menstruating or pregnant were among the exclusion criteria. The local community was used to find control subjects, who had no prior history of neurological conditions. They do not take any medication and do not experience headaches or migraines. The Institutional Review Board of our university approved this study. Before surgery, all participants provided written, informed consent.
[image: ]
Fig. 1Flowchart of participant enrollment



Neurophysiological assessment
Demographic data included age, sex, and the following clinical characteristics obtained from patients with migraine: disease duration, attack frequency, and relevant psychological tests. The Headache Impact Test-6 (HIT-6) and the Migraine Disability Assessment (MIDAS) were used to assess the impact of migraine [11, 12]. The Patient Health Questionnaire-9 (PHQ-9) and the Generalised Anxiety Disorder-7 (GAD-7) were used to assess depression and anxiety, respectively [13, 14].

MRI scan
Images were acquired on a 3.0 Tesla magnetic resonance imaging scanner (Ingenia Elition, Philips Medical, Best, the Netherlands). The MRI protocol included coronal T2-weighted imaging, 3D T1-weighted imaging, and diffusion MRI. T2-weighed imaging was used to evaluate the structural abnormalities of the brain. Diffusion MRI data were acquired using a single-shot EPI sequence with a multishell scheme using the following parameters: repetition time = 3109 ms, echo time = 89 ms, acquisition matrix = 112 × 112, field of view = 224 × 224 mm2, slice thickness = 2 mm, flip angle = 90°, diffusion sensitivity coefficient (b) = 1000, 2000 s/mm2 with 56 encoding diffusion directions per each b-shell, and one b = 0 s/mm2 scan (b0), multiband factor = 3; parallel imaging factor = 1.3. The acquisition time was 6 min. We instructed patients to remain still and close their eyes during image acquisition.

Data processing
Diffusion MRI data were pre-processed using FSL6.0.6 (https://​fsl.​fmrib.​ox.​ac.​uk/​fsl/​) and mrtrix3 (https://​www.​mrtrix.​org/​). The preprocessing steps include skull stripping, eddy current and head motion correction, PCA denoising and Gibbs ringing artefact removal. Based on the pre-processed diffusion MRI data, we used the Diffusional Kurtosis Estimator (DKE) to estimate both the diffusion tensor and kurtosis tensor [15].

Diffusion kurtosis image analysis along with the perivascular index calculation
The DTI-ALPS and DKI-ALPS indices were calculated with a shared bash script (https://​github.​com/​gbarisano/​alps), which exhibited a high degree of reliability and repeatability (test-retest repeatability: ICC = 0.89 to 0.95, P < 0.001) [16]. We extracted the diffusion diffusivities of the diffusion tensor and kurtosis tensors along the x, y, and z axes. The diffusion tensor diffusivities are labelled Dxx, Dyy and Dzz respectively. The diffusivities of the kurtosis tensor are labelled Kxxxx, Kyyyy and Kzzzz, respectively. Using the transformation matrix that registers the FA image to standard space, we registered the diffusivity maps (Dxx, Dyy, Dzz, Kxxxx, Kyyyy, Kzzzz) to standard space. Four 5 mm diameter spherical regions of interest (ROI) were manually outlined on the JHU-ICBM-FA template. Two ROIs were located in the projection fibre region (proj), where the main fibre extends along the z-axis, and two ROIs were located in the association fibre region (asso), where the main fibre extends along the y-axis. Finally, we extracted the diffusion diffusivities and kurtosis diffusivities of the 4 ROIs to calculate the DTI-ALPS and DKI-ALPS indices, respectively (Fig. 2).
[image: $$\begin{gathered} DTI - ALPS = mean\left( {Dxxproj,Dxxassoc} \right)/ \hfill \\\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,mean\left( {Dyyproj,Dzzassoc} \right) \hfill \\ \end{gathered}$$]
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Where Dxxproj and Kxxxxproj are the diffusivities along the x-axis in the projection fibre, Dxxxxassoci and Kxxxxassoci are the diffusivities along the x-axis in the association fibre, Dyyproj and Kyyyyproj are the diffusivities along the y-axis in the projection fibre, and Dzzassoc and Kzzzzassoc are the diffusivities along the z-axis in the association fibre. We calculated the DTI-ALPS and DKI-ALPS indices for the left brain, the right brain and the whole brain.
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Fig. 2DTI-ALPS and DKI-ALPS indices calculation flowchart. Using the transformation matrix that registers the FA image to the standard space, we registered the diffusivities maps (Dxx, Dyy, Dzz, Kxxxx, Kyyyy, Kzzzz) to the standard space. Two ROIs were located on the projection fibre region (proj), where the main fibre extends along the z-axis, and two ROIs were located on the association fibre region (asso), where the main fibre extends along the y-axis. Finally, we extracted the diffusion diffusivities and kurtosis diffusivities of the 4 ROIs to calculate DTI-ALPS and DKI-ALPS, respectively. DTI-ALPS: diffusion tensor image analyses along with the perivascular; DKI-ALPS: diffusion kurtosis image analyses along with the perivascular



Statistical analysis
The Mann-Whitney U-test was used to compare the demographics of the two groups to determine whether or not there were significant differences. Chi-square was used to compare the gender composition of the two groups.
The ALPS index was tested with the Lilliefors test to see if it belonged to a normal distribution. A two-sample t-test was then used to compare the DTI-ALPS and DKI-ALPS indices of the two groups. We examined the correlation between the DTI-ALPS and DKI-ALPS indices and clinical variables. The statistical threshold was set at p < 0.05.


Results
Neuropsychological results
There were no significant differences in age (z = -4.777, P = 0.1774), gender distribution (χ2 = 2, P = 0.1573), or years of education (z = 5.427, P = 0.1573) between the two groups. Details of the demographic data and associated tests are shown in Table 1.
Table 1Demographics and neuropsychological data


	 	Patients with migraine
	HC
	 z/χ2
	p

	Gender, n (M/F)
	39(11/27)
	29(17/12)
	2
	0.1573

	Age, years
	34.4 ± 9.7
	25.6 ± 6.7
	-4.777
	0.1774

	Education(years)
	17 ± 3
	13 ± 4
	5.427
	0.1573

	Duration(years)
	10.5 ± 9.5
	-
	-
	-

	Frequency(d/m)
	3.0 ± 4.5
	-
	-
	-

	PHQ-6
	1.59 ± 1.48
	-
	-
	-

	GAD-7
	1.43 ± 1.71
	-
	-
	-

	MIDAS
	13.4 ± 20.1
	-
	-
	-

	HIT-6
	53.6 ± 15.9
	-
	--
	-


Data represent mean ± SD. HC: Healthy controls; d/m: day per month; HIT-6: Headache Impact Test-6; MIDAS: Migraine Disability Assessment; PHQ-9: Patient Health Questionnaire-9; GAD-7: General Anxiety Disorder-7.




Differences between the diffusion kurtosis image analyses along with the perivascular indices of the patients with migraine and healthy controls
Compared to healthy controls, migraine patients showed increased DTI-ALPS and DKI-ALPS indices. However, only the right DKI-ALPS index was significantly increased (1.6858 vs. 1.5729; p = 0.0301) (Fig. 3; Table 2).
Table 2DTI-ALPS and DKI-ALPS indices in the patients with migraine group compared with the healthy control group


	 	Left DTI-ALPS
	Right DTI-ALPS
	DTI-ALPS
	Left DKI-ALPS
	Right DKI-ALPS*
	DKI-ALPS

	Patients with migraine
	1.48 ± 0.14
	1.44 ± 0.12
	1.46 ± 0.12
	1.64 ± 0.26
	1.69 ± 0.20
	1.66 ± 0.20

	HC
	1.44 ± 0.15
	1.38 ± 0.13
	1.41 ± 0.13
	1.65 ± 0.22
	1.57 ± 0.21
	1.62 ± 0.18


*P < 0.05. DTI-ALPS: diffusion tensor image analyses along with the perivascular; DKI-ALPS: diffusion kurtosis image analyses along with the perivascular; HC: healthy controls.
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Fig. 3Statistical comparison of ALPS indices between migraine patients and healthy control groups. The right DKI-ALPS index in migraine patients was significantly higher than that in healthy controls (1.6858 vs. 1.5729; p = 0.0301). DKI-ALPS: diffusion kurtosis image analyses along with the perivascular



Correlation analysis
There was no significant correlation between DTI-ALPS and DKI-ALPS indices and clinical variables.


Discussion
In the current study, we proposed to use DKI to calculate the ALPS index. The right DKI-ALPS index of patients with migraine was significantly higher than that of healthy controls.
The DKI model was developed to solve the problem of nerve fibre crossing. As mentioned above, there are crossing fibres in 90% of the white matter of the brain [7, 17], so the diffusivity based on the diffusion tensor model is often biased. When it comes to describing the complex water diffusion processes in vivo, DKI provides a more comprehensive approach than DTI [18]. By estimating diffusivity and kurtosis, it can provide improved sensitivity and specificity in MR diffusion characterisation of neural tissue [18]. It is generally accepted that voxels with multiple fibre populations become less common as spatial resolution increases [19]. However, as spatial resolution increases, so does the frequency of crossing fibres. Rather than being a technical problem that can be solved by advances such as higher fields and stronger gradients, the crossing fibre problem appears to be a fundamental limitation of diffusion MRI related to the complexity of brain tissue [19]. Therefore, there is always a potential bias in the evaluation of glymphatic system function with the DTI-ALPS index, and the DKI-ALPS index should be used in the evaluation of glymphatic system function at the same time as the DTI-ALPS index.
Our study found no significant correlation between ALPS indices and clinical variables. Flow within the glymphatic system can be influenced by many factors, such as changes in arteriovenous hydrostatic pressure gradients, vasodilation or vasoconstriction, and intracranial pressure [2]. The influx of cerebrospinal fluid in the glymphatic system is inversely proportional to the heart rate, i.e., the faster the heart rate, the lower the glymphatic system function [20]. Hypertension can also inhibit the arterial pulses in the glymphatic system and reduce glymphatic system function [21]. In addition, the ALPS index is typically calculated on slices of the lateral ventricle body, representing only a portion of the total glymphatic system function as a marker of activity [2].
Patients with migraine showed increased DKI-ALPS index compared to healthy controls. Zhang et al. found that the right DTI-ALPS index in patients with CM was higher than that in healthy controls [5]. They hypothesized that the increased function of the glymphatic system in CM patients may be related to downstream vascular responses induced by CGRP release. However, DTI-ALPS results are inconsistent for glymphatic system function in patients with headaches. A study based on 92 healthy controls and 82 patients with migraine did not find a significant difference in the DTI-ALPS index between the two groups [6]. In addition, Kim et al.‘s study found that the DTI-ALPS index in patients with cluster headaches was lower than those in healthy controls [22]. The pathophysiology of cluster headache is somewhat similar to that of migraine, often associated with abnormal activity in the hypothalamus, trigeminal nerve, and autonomic nervous system [23]. Further studies should be conducted to confirm the underlying mechanisms of glymphatic system function in migraine patients by combining CGRP, inflammatory cytokines, or CSD exciting [2].
Our results showed that the right DKI-ALPS index in migraine patients was greater than in healthy controls. Studies using fMRI have also found a laterality of brain function in migraine patients [2, 24–26]. During acute painful stimulation, activation of the pain matrix is either confined to the right hemisphere or strongly biased to the right [24]. The visual stimulation study of fMRI revealed that healthy subjects showed activation of bilateral visual functional networks, while migraine patients showed activation of right-sided visual functional networks [25]. Functional MR imaging studies hypothesized that the predominance of right hemisphere dysfunction in migraine may arise from abnormal connections between the right thalamus and some ipsilateral cortical regions involved in pain regulation (primary somatosensory cortex and premotor cortex) [2, 26]. The validity of this hypothesis needs to be further investigated.
Several limitations should be considered when interpreting the current results. First, the DKI-ALPS method is an experimentally invalidated method and multi-site and large sample data are needed to validate the reliability and efficacy of this method. Secondly, this was a retrospective study. The study confirmed that changes in glymphatic system function were found in patients with migraine; however, it is not clear whether this change is the result or the cause of migraine. Thirdly, we only looked at glymphatic function in migraine patients, and migraine patients have different subtypes, such as migraine with aura, migraine with chronic migraine. The function of these subtypes of glymphatic system needs to be studied further.

Conclusions
We proposed to use the DKI-ALPS index to evaluate glymphatic system function. There was a significant correlation between DKI-ALPS and DTI-ALPS indices. The right DKI-ALPS index in migraine patients was significantly higher than that in healthy controls. DKI-ALPS index is a potential indicator of glymphatic system function.

Acknowledgements
The authors would like to express their sincere gratitude to all subjects for their time and efforts.

Author contributions
Conceptualization: X.Z.L and Y.L; data curation: M.H, J.M.C, K.Y.C, and F.W.F; drawing figures: Y.G.C, K.L and K.Y.C; writing original draft: Y.G.C, Y.L and X.Z.L; funding acquisition: J.M.C; validation: M.H, X.Z.L and Y.G.C; revision: Y.G.C and X.Z.L; all authors reviewed the whole work and approved the final version of the manuscript.

Funding
The Key Project of Medical Science Research of Hebei Province (20200002) (to JM Cheng).

Data availability
No datasets were generated or analysed during the current study.

Declarations
Institutional review board statement
This study was conducted following the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration. All participants gave their informed, written consent.

Conflict of interest
We declare that we have no conflict of interest.

Competing interests
The authors declare no competing interests.


References
	1.
Amiri P, Kazeminasab S, Nejadghaderi SA et al (2022) Migraine: a review on its history, Global Epidemiology, risk factors, and comorbidities. Front Neurol 12:800605CrossrefPubMedPubMedCentral


	2.
Vittorini MG, Sahin A, Trojan A, Yusifli S, Alashvili T, Bonifácio GV, Paposhvili K, Tischler V, Lampl C, Sacco S (2024) School of Advanced studies of the European Headache Federation (EHF-SAS). The glymphatic system in migraine and other headaches. J Headache Pain 25(1):34CrossrefPubMedPubMedCentral


	3.
Huang W, Zhang Y, Zhou Y, Zong J, Qiu T, Hu L, Pan S, Xiao Z (2023) Glymphatic dysfunction in Migraine mice Model. Neuroscience 528:64–74CrossrefPubMed


	4.
Li W, Chen D, Liu N, Luan Y, Zhu S, Wang H (2022) Modulation of lymphatic transport in the central nervous system. Theranostics 12(3):1117–1131CrossrefPubMedPubMedCentral


	5.
Zhang X, Wang W, Bai X, Zhang X, Yuan Z, Jiao B, Zhang Y, Li Z, Zhang P, Tang H, Zhang Y, Yu X, Bai R, Wang Y, Sui B (2023) Increased glymphatic system activity in migraine chronification by diffusion tensor image analysis along the perivascular space. J Headache Pain 24(1):147CrossrefPubMedPubMedCentral


	6.
Lee DA, Lee HJ, Park KM (2022) Normal glymphatic system function in patients with migraine: a pilot study. Headache 62(6):718–725CrossrefPubMed


	7.
Jeurissen B, Leemans A, Tournier JD, Jones DK, Sijbers J (2013) Investigating the prevalence of complex fiber configurations in white matter tissue with diffusion magnetic resonance imaging. Hum Brain Mapp 34(11):2747–2766CrossrefPubMed


	8.
[Jensen JH, Helpern JA, Ramani A, Lu H, Kaczynski K (2005) Diffusional kurtosis imaging: the quantification of non-gaussian water diffusion by means of magnetic resonance imaging. Magn Reson Med 53(6):1432–1440CrossrefPubMed


	9.
Jensen JH, Helpern JA (2010) MRI quantification of non-gaussian water diffusion by kurtosis analysis. NMR Biomed 23(7):698–710CrossrefPubMedPubMedCentral


	10.
Headache Classification Committee of the International Headache Society (IHS) (2018) The International classification of Headache disorders, 3rd edition. Cephalalgia: Int J Headache 38(1):1–211Crossref


	11.
Yang M, Rendas-Baum R, Varon SF, Kosinski M (2011) Validation of the Headache Impact Test (HIT-6™) across episodic and chronic migraine. Cephalalgia 31:357–367CrossrefPubMedPubMedCentral


	12.
Gedikoglu U, Coskun O, Inan LE, Ucler S, Tunc T, Emre U (2005) Validity and reliability of Turkish translation of Migraine Disability Assessment (MIDAS) questionnaire in patients with migraine. Cephalalgia 25:452–456CrossrefPubMed


	13.
Teymoori A, Real R, Gorbunova A et al (2020) Measurement invariance of assessments of depression (PHQ-9) and anxiety (GAD-7) across sex, strata and linguistic backgrounds in a european-wide sample of patients after traumatic brain Injury. J Affect Disord 262:278–285CrossrefPubMed


	14.
Galenkamp H, Stronks K, Snijder MB, Derks EM (2017) Measurement invariance testing of the PHQ-9 in a multi-ethnic population in Europe: the HELIUS study. BMC Psychiatry 17(1):349CrossrefPubMedPubMedCentral


	15.
Tabesh A, Jensen JH, Ardekani BA, Helpern JA (2011) Estimation of tensors and tensor-derived measures in diffusional kurtosis imaging. Magn Reson Med 65(3):823–836CrossrefPubMed


	16.
Liu X, Barisano G, Shao X, Jann K, Ringman JM, Lu H, Arfanakis K, Caprihan A, DeCarli C, Gold BT, Maillard P, Satizabal CL, Fadaee E, Habes M, Stables L, Singh H, Fischl B, Kouwe AV, Schwab K, Helmer KG, Greenberg SM, Wang DJJ (2023) MarkVCID Consortium. Cross-vendor Test-Retest Validation of Diffusion Tensor Image Analysis along the Perivascular Space (DTI-ALPS) for evaluating glymphatic system function. Aging Dis. May 26


	17.
Ye Z, Gary SE, Sun P, Mustafi SM, Glenn GR, Yeh FC, Merisaari H, Song C, Yang R, Huang GS, Kao HW, Lin CY, Wu YC, Jensen JH, Song SK (2021) The impact of edema and fiber crossing on diffusion MRI metrics assessed in an ex vivo nerve phantom: multi-tensor model vs. diffusion orientation distribution function. NMR Biomed 34(1):e4414CrossrefPubMed


	18.
Wu EX, Cheung MM (2010) MR diffusion kurtosis imaging for neural tissue characterization. NMR Biomed 23(7):836–848CrossrefPubMed


	19.
Schilling K, Gao Y, Janve V, Stepniewska I, Landman BA, Anderson AW (2017) Can increased spatial resolution solve the crossing fiber problem for diffusion MRI? NMR Biomed 30(12). https://​doi.​org/​10.​1002/​nbm.​3787


	20.
Hablitz LM, Vinitsky HS, Sun Q, Stæger FF, Sigurdsson B, Mortensen KN, Lilius TO, Nedergaard M (2019) Increased glymphatic influx is correlated with high EEG delta power and low heart rate in mice under anesthesia. Sci Adv 5(2):eaav5447CrossrefPubMedPubMedCentral


	21.
Mestre H, Tithof J, Du T, Song W, Peng W, Sweeney AM, Olveda G, Thomas JH, Nedergaard M, Kelley DH (2018) Flow of cerebrospinal fluid is driven by arterial pulsations and is reduced in hypertension. Nat Commun 9(1):4878CrossrefPubMedPubMedCentral


	22.
Kim J, Lee DA, Lee HJ, Park BS, Ko J, Park SH, Lee YJ, Kim IH, Park JH, Park KM (2022) Glymphatic system dysfunction in patients with cluster headache. Brain Behav 12(6):e2631CrossrefPubMedPubMedCentral


	23.
Silvestro M, Tessitore A, Orologio I, Battista G, Siciliano M, Tedeschi G, Russo A (2022) Cluster headache pathophysiology: what we have learned from advanced neuroimaging. Headache 62(4):436–452CrossrefPubMedPubMedCentral


	24.
Symonds LL, Gordon NS, Bixby JC, Mande MM (2006) Right-lateralized pain processing in the human cortex: an FMRI study. J Neurophysiol 95(6):3823–3830CrossrefPubMed


	25.
Huang J, Wilkins A (2021) The Functional Network of the visual cortex is altered in Migraine. Vis (Basel) 5(4):57


	26.
Amin FM, Hougaard A, Magon S, Sprenger T, Wolfram F, Rostrup E et al (2018) Altered thalamic connectivity during spontaneous attacks of migraine without aura: a resting-state fMRI study. Cephalalgia 38(7):1237–1244CrossrefPubMed




Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/10194_2024_1825_Article_TeX_Equ2.png
DTI — ALPS = mean (Dxxproj, Dxxassoc) /

mean (Dyyproj, Dzzassoc)





OEBPS/images/10194_2024_1825_Fig2_HTML.png
DIl

DKI

Registered to the JHU-ICBM-FA template

JHU-ICBM-81-WM atlas

ALPS

Association

fiber
Subcortical

fiber

Perivascular
space

Projection
fiber





OEBPS/navigation.xhtml

    
      Contents


      
        		Abnormally glymphatic system functional in patients with migraine: a diffusion kurtosis imaging study


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/10194_2024_1825_Fig1_HTML.png
Participants enrolled from March
2023 toJune 2024

Patients with migraine (n=39)

Two cases excluded due to:
— * Incomplete MRI data (n=1)
* Poorimaging quality (n=1)

Healthy controls (n=29)

Finally enrolled patients with migraine (n=37)






OEBPS/images/10194_2024_1825_Article_TeX_Equ21.png
DKI — ALPS = mean (Kzzzzproj, Krrrrassoc) /
mean (Kyyyyproj, Kzzzzassoc)





OEBPS/images/10194_2024_1825_Fig3_HTML.png
Left ALPS index

T 22 T T
22
+ 2.1
2.1 L
2 H
- 2
1.9
_qc>§ 19
218 . § 18
o - —
- o 17 £ 7
- - z . | g 7 |
| | S ; | Z 16
: i [ H :
g 15 H 15
: - l;| " -
— - 13 : i 13 < o
* . 12 = 12
NC(dti) PAT(dti) NC(dki) PAT(dki) NC(dti) PAT(dti) NC(dki) PAT(dki) NC(dti) PAT(dti) NC(dki) PAT(dKi)
Groups Groups Groups





OEBPS/css/sidebar.gif





