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Abstract
Background  Although neuroimaging investigations have consistently demonstrated that “hyperresponsive” 
and “hyperconnected” visual cortices may represent the functional substrate of cortical spreading depolarization 
in patients with migraine with aura, the mechanisms which underpin the brain “tendency” to ignite the cortical 
spreading depolarization and, consequently, aura phenomenon are still matter of debate. Considering that triggers 
able to induce aura phenomenon constrain brain to increase global (such as physical activity, stressors and sleep 
abnormalities) or local (such as bright light visual stimulations) energy demand, a vascular supply unable to satisfy the 
increased energy requirement could be hypothesized in these patients.

Methods  Twenty-three patients with migraine with aura, 25 patients with migraine without aura and 20 healthy 
controls underwent a 3-Tesla MRI study. Cerebral blood flow and local functional connectivity (regional homogeneity) 
maps were obtained and registered to the MNI space where 100 cortical regions were derived using a functional 
local-global normative parcellation. A surrogate estimate of the regional neurovascular coupling for each subject was 
obtained at each parcel from the correlation coefficient between the z-scored ReHo map and the z-scored cerebral 
blood flow maps.

Results  A significantly higher regional cerebral blood flow across the visual cortex of both hemispheres (i.e. fusiform 
and lingual gyri) was detected in migraine with aura patients when compared to patients with migraine without 
aura (p < 0.05, corrected for multiple comparisons). Concomitantly, a significantly reduced neurovascular coupling 
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Background
Migraine is a disabling disorder of brain excitability fea-
turing episodes of headache along with sensory hyper-
sensitivity symptoms and neurovegetative manifestations 
[1]. About one-third of patients experience fully revers-
ible focal neurological symptoms encompassing the 
so-called migraine aura, a heterogeneous phenomenon 
with inter-individual and intra-individual variability [2]. 
In the last decades, converging advanced neuroimaging 
and neurophysiological evidence has strongly supported 
visual cortex functional changes in patients with migraine 
with aura (MwA) not only in the course of the aura phe-
nomenon, suggesting its critical role in the genesis of the 
cortical spreading depolarization (CSD), but also during 
both visual and painful stimuli [3–8]. Interestingly, visual 
cortices have exhibited increased functional connectivity 
during the interictal period, implying that a “hypercon-
nected” visual network could be more prone to be over-
whelmed by CSD [9, 10]. However, although the neural 
substrates of aura propagation have been rather clarified, 
several concerns remain regarding the neuronal mecha-
nisms underpinning the aura ignition. Considering that 
aura triggers are putatively associated with increased 
global (such as physical activity, psychological stress and 
sleep pattern abnormalities) or local (i.e., occipital cor-
tices) (such as bright light visual stimulations) cerebral 
energy demands [11, 12], it could be argued that a neuro-
vascular demand-supply mismatch, unable to satisfy the 
increased brain energy requirement, may underpin the 
onset of the aura phenomenon. More specifically, while, 
as expected, the hyperexcitable and hyperconnected 
visual network is characterized by increased regional 
cerebral blood flow (rCBF), it is unclear whether the 
magnitude of compensatory hyperperfusion is sufficient 
to meet the increased energy requirements in patients 
with MwA [13]. Both neural activity and blood flow fluc-
tuate over time during the resting-state or baseline state 
of the brain, (i.e., a state lacking overt sensory stimulation 
or a task). This baseline activity generates a tonic sup-
ply of vasodilatory signals, in the absence (or reduction) 
of which the nearby arteries constrict, proportionally 

reducing the blood flow [14]. In humans, a suitable MRI 
metric indexing the spatially varying coupling between 
local spontaneous neuronal activity and baseline rCBF 
would provide an operational surrogate of the regional 
neurovascular coupling (NVC) able to clarify the mecha-
nisms underlying certain chronic neurological conditions 
[15, 16].

Herein, we hypothesize that a neurovascular demand-
supply mismatch in terms of dysfunctional regional 
NVC of visual cortices could characterize patients with 
MwA, representing the substrate of brain proneness to 
aura ignition when functional demand increases (e.g., 
because of exposure to trigger factors). For this pur-
pose, we explored the NVC within the visual network in 
patients with MwA compared with healthy controls (HC) 
to selectively explore whether a neurovascular demand-
supply mismatch of visual cortices may characterize 
these patients.

To examine the specificity of any putative NVC differ-
ences between patients with MwA and HC, a group of 
patients with migraine without aura (MwoA) was investi-
gated by serially acquiring multi-delay arterial spin label-
ing (ASL) and blood oxygen level dependent (BOLD) 
images at rest and combining them into a whole-cortex 
rCBF and regional NVC analysis, the latter obtained 
from the regional homogeneity (ReHo) of BOLD signals, 
a metric that indirectly reflects the functional integration 
of local spontaneous neuronal activity [17].

Patients and methods
Study population and study design
Twenty-three right-handed patients with exclusively sim-
ple visual MwA [ICHD-3 code: 1.2.1.1] according to the 
International Headache Society criteria (Headache Clas-
sification Subcommittee of the International Headache 
Society, 2018) [18], were recruited between June 2022 
and March 2023 from the migraine population refer-
ring to the Headache Centre of the Department of Neu-
rology at the University of Campania “Luigi Vanvitelli”. 
Demographic data were obtained as well as the following 
clinical features: age at migraine onset, disease duration, 

(p < 0.05, false discovery rate corrected) in the primary visual cortex parcel (VIS-4) of the large-scale visual network 
was observed in the left hemisphere of patients with migraine with aura (0.23±0.03), compared to both patients with 
migraine without aura (0.32±0.05) and healthy controls (0.29±0.05).

Conclusions  Visual cortex neurovascular “decoupling” might represent the “link” between the exposure to trigger 
factors and aura phenomenon ignition. While physiological vascular oversupply may compensate neurovascular 
demand-supply at rest, it becomes inadequate in case of increased energy demand (e.g. when patients face with 
trigger factors) paving the way to the aura phenomenon ignition in patients with migraine with aura. Whether 
preventive treatments may exert their therapeutic activity on migraine with aura restoring the energy demands and 
cerebral blood flow trade-off within the visual network should be further investigated.

Keywords  Migraine with aura, Arterial spin labeling, Neurovascular-coupling
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attacks frequency (day/month), aura duration, attacks 
pain intensity (assessed using numerical rating scale - 
NRS) and related disability (using Migraine Disability 
Assessment Scale -MIDAS and Headache Impact Test 
- HIT-6), depressive and anxious symptoms (using the 
Hamilton Depression Rating Scale - HDRS and Hamilton 
Anxiety Rating Scale -HARS). Patients with other neuro-
logical, psychiatric and internal disorders as well as preg-
nancy, claustrophobia and other chronic pain conditions 
were excluded. Twenty-five right-handed patients with 
episodic MwoA [ICHD-3 code: 1.1] were also recruited. 
Patients (and controls) were asked not to take caffeine 
or other stimulants on the day the scan was scheduled 
to be acquired. To avoid the confounding interference of 
migraine attack or pharmacologic intake with the fMRI 
findings, all patients were both headache and migraine-
free and were not taking rescue medications at least 3 
days before scanning. Patients were interviewed 3 days 
after scanning to ascertain if they were migraine-free also 
during the post-scan 3 days.

All patients were naïve for commonly prescribed 
migraine preventive medications at the time of the brain 
scan. Finally, twenty age- and sex-matched, right-handed 
subjects with less than a few spontaneous non-throbbing 
headaches per year, with no family history of migraine, 
pregnancy, claustrophobia, hypertension, diabetes mel-
litus, heart disease, other chronic systemic diseases, 
stroke, cognitive impairment, substance abuse, chronic 
pain, as well as other neurological or psychiatric dis-
orders were recruited as HC. The HC recruitment was 
conducted via advertisements placed in the hospital (e.g. 
posters and flyers), word-of-mouth referrals, and from a 
database of research volunteers maintained by the MRI 
Research Centre of the University of Campania “Luigi 
Vanvitelli”.

MRI image acquisition
MRI was performed on a 3 Tesla scanner (Discov-
ery MR750, GE Medical Systems, Milwaukee, WI, 
United States) equipped with a 32-channel receive-
only head–neck coil (Nova Medical, Wilmington MA, 
United States). For high resolution anatomical refer-
ence, the imaging protocol included a 3D T1-weighted 
inversion recovery fast spoiled gradient recalled echo 
(3D-IR-FSPGR) sequence with sagittal reconstruction 
(TR = 6,912 ms, IT = 650 ms, TE = 2.996 ms, flip angle = 9°, 
voxel size = 1 × 1 × 1  mm). For resting-state fMRI (rs-
fMRI), the imaging protocol included a hyperband simul-
taneous multi-slice (SMS) echo-planar imaging (EPI) 
T2*-weighted sequence with TR = 1000 ms, TE = 30 ms, 
spatial resolution = 2.5 × 2.5 × 2.5 mm3, hyperband fac-
tor = 4, acquisition matrix = 96 × 96, 600 dynamic vol-
umes (total duration: 10 m 50 s), and direction of phase 
encoding acquisition anterior-posterior (P-A). Two 

additional hyperband EPI series with only 10 dynamic 
volumes were acquired with opposite polarity of the 
phase encoding direction (A-P, P-A) to be use for dis-
tortion correction of the hyperband EPI volumes of the 
main series. For volumetric perfusion imaging, the imag-
ing protocol included two repetitions of a multi-delay 3D 
pseudo-continous arterial spin labelling (3D-pc-ASL) 
prototype sequence [19] with a stack of spirals readout 
and the following parameters: TR = 8770 ms; TE = 60.72 
ms; slice thickness = 3  mm; NEX = 1; readout: 84 arms 
× 640 points; FOV = 220 × 220  mm, and reconstruction 
matrix = 128 × 128. To increase the power of the CBF 
estimates, while preserving an optimal compensation 
of arterial transit time (ATT) variability across subjects, 
each ASL scan encoded seven images with two differ-
ent sets of post-labeling delay (PLD) times and one ref-
erence (M0) image into a single series. In the first ASL 
scan, PLD times were spaced exponentially (700, 905, 
1138, 1411, 1737, 2145 and 2687 ms) resulting in variable 
effective label durations (205, 234, 272, 327, 407, 542 and 
813 ms). In the second ASL scan, PLD were space linearly 
(700, 1100, 1500, 1900, 2300, 2700, 3100 ms) resulting in 
constant effective LDs (400 ms). Each ASL scan lasted 
10  min and 52  s. During the entire acquisition, all sub-
jects wore headphones and were instructed to lie still in a 
supine position and to stay awake with their eyes closed.

ASL MRI data preprocessing
3D ASL time-series were preprocessed with BASIL [20], 
a tool from the FMRIB Software Library (FSL) (https://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/). The CBF maps were 
obtained by applying the kinetic model inversion with 
voxel-wise calibration using the M0 image and all the 
pairs of PLD/LD values specified in each ASL acquisition 
(with exponential and linear PLD/LD distribution). The 
correction for arterial transit time (ATT) was obtained by 
taking the mean of the estimated CBF across all PLD/LD 
pairs. To also mitigate the impact of the partial volume 
effect (PVE), the spatially regularized kinetic curve model 
was applied by providing the tissue probability maps for 
white and grey matter as resulting from the multi-class 
segmentation of the 3D-T1w images performed with 
SPM12 [21] (www.fil.ion.ucl.ac.uk/spm/). The calibrated 
(ATT- and PVE-corrected) CBF maps were finally nor-
malized to the Montreal Neurological Institute (MNI) 
standard template using the transformation resulting 
from the DARTEL workflow after co-registration of the 
M0 images to the 3D T1-weighted images.

fMRI image data preprocessing
Susceptibility distortion correction of rs-fMRI images 
was performed with FSL 6.0.4 [22]. The corrected vol-
umes were then entered into the fMRIPrep pipeline 
(v22.1.1) where the following steps were applied: skull 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
http://www.fil.ion.ucl.ac.uk/spm/
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stripping, motion correction, slice-time correction, co-
registration to the 3D-T1w scan, physiological confound 
estimation [23]. In order to reduce the residuals of head 
motion and physiological noise, 24 motion-related pre-
dictors (6 head motion parameter time-series, their first-
order derivatives, and the 12 corresponding squared 
parameter time-series) and the mean time-courses from 
the white matter mask and the cerebrospinal fluid mask 
(as obtained from fMRIPrep anatomical preprocessing) 
were regressed out from the data [24]. An additional 
spike-related regressor was created to account for resid-
ual motion-related spikes. This regressor was derived 
from the framewise displacement (FD) time-series, with 
a value of 1 at the time points of each detected spike (i.e., 
FD > 0.5 mm) and a value of 0 elsewhere. The image time-
series were finally band-pass filtered between 0.01  Hz 
and 0.1 Hz and regional homogeneity (ReHo) maps were 
calculated using the Kendall’s coefficient concordance 
(KCC) [25]. KCC measures the local synchronization 
between the time-course at each voxel and time-courses 
at its nearest 26 neighboring voxels. ReHo maps were 
computed in the native space of EPI series and spatially 
normalized with SPM12 to the MNI standard template 
using the DARTEL approach, after co-registration to the 
T1w images [26].

ASL MRI image data preprocessing
For each subject and each scan, the mean CBF across 
all gray matter voxels was calculated thus providing an 
estimate for the global CBF (gCBF). The two indepen-
dent CBF estimates resulting from the two ASL scans 
(with exponential and linear PLDs) were treated as two 
repeated observations for gCBF as well as the CBF at 
each voxel. The (MNI-normalized) CBF maps were also 
transformed to Z-score maps by subtracting the global 
mean (gCBF) and dividing by the standard deviation 
across all voxels. The Z-scored rCBF maps were then 
spatially smoothed with an isotropic gaussian kernel 
(FWHM 6 mm) and the two repetitions averaged at each 
voxel.

MRI image data analysis
Voxel-based between-group comparisons of rCBF and 
ReHo maps were performed over the whole cerebral cor-
tex. For these comparisons, a general linear model (GLM) 
was set-up using the GLM design builder of the FMRIB 
Software Library (FSL) (https://fsl.fmrib.ox.ac.uk/fsl/
docs/#/). The design matrix included three columns for 
group membership specification (MwoA, MwA, HC) 
and three more columns for confounding effects (age, 
sex, frequency of migraine attacks). For non-parametric 
inference, the FSL tool “randomize” [27] was used to 
compute t-statistics maps for the following differential 
contrasts: “MwA vs. MwoA”, “MwA vs. HC” and “MwoA 

vs. HC”. Threshold-free cluster enhancement (TFCE) 
was used to detect clusters with statistically significant 
effects (p < 0.05) with correction for multiple voxel-level 
comparisons. For image display purposes, the resulting 
volumetric contrast maps were imported to the software 
package BrainVoyager (www.brainvoyager.com) and here 
projected from the volume to the surface mesh recon-
struction of the two cortical hemispheres as obtained 
from the segmentation of a high resolution version of the 
MNI T1-weighted template.

Neurovascular-coupling (NVC) data analysis
As both CBF and ReHo maps were ultimately registered 
to the MNI space, one hundred bilateral cortical regions 
were derived on the MNI template using the functional 
local-global parcellation introduced by Schaefer et al. 
[28]. This parcellation reflects the maximal ReHo of rs-
fMRI signals across the cerebral cortex in a large norma-
tive population and besides it allows linking any of its 
cortical parcels to one of the 7 canonical large-scale rest-
ing-state functional networks [29]. Thus, we applied this 
cortical parcellation to both rCBF and ReHo normalized 
maps. In this way, a surrogate estimate for the NVC for 
each subject could be obtained by calculating the correla-
tion coefficient between the z-scored ReHo map and the 
z-scored CBF maps, both across all gray matter voxels, 
thus resulting in an estimate for the global NVC (gNVC), 
and across all voxels of any selected cortical parcel, thus 
resulting in an estimate for the regional NVC (rNVC) 
[30]. As we are interested in obtaining the rNVC estimate 
within cortical regions of the visual network, we obtained 
an estimate for both the (absolute) rCBF and the rNVC 
in each experimental group, after correcting individual 
values for age, sex and global values (gCBF, gNVC) using 
linear regression. For all such parcels (VIS-X), to avoid 
biases because of the small sample size, we performed 
group statistical comparisons on the adjusted NVC esti-
mates using the Kruskal-Wallis test (for all three groups) 
and the rank-sum test (for two groups). The resulting 
p-values were corrected for the number of performed 
comparisons via the False Discovery Rate (FDR) [31].

Statistical analysis
The sample size was calculated by means of G*Power 
software developed by the University of Dusseldorf (ver-
sion 3.1.9.7), setting a conventional level for the type I 
error probability (alpha = 5%) for the estimation of effects 
sought (by both as differences between the mean of the 
measurements in patients and controls and as a cor-
relation between individual measures and intensity of 
migraine attacks in patients), assuming independent sam-
ples and a normal distribution of the statistical param-
eter in the populations studied. From these analyses, it 
emerged that a whole sample of 48 patients with MwA 

https://fsl.fmrib.ox.ac.uk/fsl/docs/#/
https://fsl.fmrib.ox.ac.uk/fsl/docs/#/
http://www.brainvoyager.com
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and MwoA ensures a statistical power of 95% taking as 
reference the possible alterations of the resting-state 
fMRI activity of the visual network as reported in our 
previous study in terms of z-scores of the visual compo-
nent (patients with MwA: 2.31 ± 0.4; patients with MwoA: 
0.91 ± 0.2; HC: 0.92 ± 0.2) [9]. For the analysis of differ-
ences among groups on demographic and clinical vari-
ables we used nonparametric tests (Kruskal-Wallis H test 
to compare 3 samples and the Mann-Whitney U test to 
compare 2 samples) to avoid biases because of the small 
sample size. Hypothesis testing was 2-tailed and results 
have been considered statistically significant if p < 0.05. 
Within the sample of patients with MwA, the correlation 
analysis between the imaging and clinical parameters of 
disease severity was carried out by means of Spearman’s 
rank correlation coefficient. Although a p value < 0.05 was 
considered statistically significant, the Bonferroni correc-
tion for multiple comparisons was applied.

Finally, a logistic regression analysis has been con-
ducted to ascertain whether rCBF and NVC changes in 
visual areas (considered as continuous variables) were 

able to discriminate patients with MwA from patients 
with MwoA. The ROC curve has been calculated using 
the “lroc” command of STATA (ROC curve after logis-
tic regression) which, regardless of how many predictors 
are in the logistic model, calculates the ROC curve using 
the predicted probability generated by the model as the 
varying parameter. All statistics were performed using 
STATA version 16 and Statistical Package for Social Sci-
ence version 20 (SPSS, Chicago, IL).

Results
Clinical findings
The three experimental groups (i.e., MwA, MwoA and 
HC) did not differ in age and male/female ratio. Simi-
larly, no differences were observed in clinical param-
eters of migraine severity (disease duration, average of 
pain intensity of migraine attacks, MIDAS, HIT-6) and 
comorbid anxious and depressive symptoms (HARS 
and HDRS) except for the frequency of attacks (attacks/
year) which, as expected [32–34], was significantly lower 
in patients with MwA compared to patients with MwoA 
(See Table 1).

Multi delay-3D-pc-ASL
CBF and ReHo analysis
The voxel-based CBF analysis over the entire cerebral 
cortex revealed four clusters with statistically signifi-
cant differences encompassing different cortical parcels 
between experimental groups (Fig.  1). When compared 
to patients with MwoA, patients with MwA showed a 
higher CBF (p < 0.05, TFCE corrected) in the occipital 
cortex, along the lingual and fusiform gyri of both hemi-
spheres, encompassing the fourth (VIS-4) and fifth (VIS-
5) cortical parcels of the visual network. When compared 
with HC, patients with MwoA showed an increased rCBF 
(P < 0.05, TFCE corrected) in the right pre-supplementary 
motor area, encompassing the second cortical parcel of 
the salience ventro-medial attention network (R-SVAN-
M2), and in the right middle frontal gyrus, encompassing 

Table 1  Demographic and clinical features of patients with 
MwA, patients with MwoA and HC
Parameter Group Median ± IQ p 

value
Gender MwA 6 M; 17 F -

MwoA 10 M; 15 F
HC 7 M; 13 F

Age (years) MwA 29 ± 12 0.901
MwoA 28 ± 10
HC 28 ± 4.17

Frequency (attacks/month) MwA 2 ± 3.5 0.012
MwoA 6 ± 6

Duration of attacks (hours) MwA 5 ± 7 0.093
MwoA 12 ± 22

Duration of aura (minutes) MwA 20 ± 15 -
Time since last headache attack 
to the scan (days)

MwA 11.7 ± 5.6 < 0.01

MwoA 6.4 ± 2.3
NRS MwA 8 ± 1 0.298

MwoA 8 ± 1
MIDAS MwA 10 ± 20 0.624

MwoA 10 ± 21
HIT-6 MwA 60 ± 13 0.120

MwoA 62 ± 10
HARS MwA 6 ± 9 0.553

MwoA 6 ± 9
HC 6 ± 6

HDRS MwA 7 ± 9 0.118
MwoA 9 ± 7
HC 5 ± 4.5

MwA: migraine with aura; MwoA: migraine without aura; HC: healthy controls; 
IQ: interquartile range; M: male; F: female; NRS: numerical rating scale; MIDAS: 
migraine disability assessment scale; HIT-6: headache impact test-6; HARS: 
Hamilton anxiety rating scale; HDRS: Hamilton depression rating scale

Table 2  Logistic regression analyses assessing capability of 
CBF changes and neurovascular-coupling abnormalities to 
discriminate between patients with MwA and patients with 
MwoA
Variable Beta [CI 95%] p-value SE
Simple Regression
Left fusiform gyrus rCBF − 0.03 [− 0.19, 0.13] 0.716 0.08
Left lingual gyrus rCBF 0.10 [− 0.05, 0.26] 0.183 0.08
Right fusiform gyrus rCBF 0.18 [− 0.00, 0.36] 0.049 0.09
Right lingual gyrus rCBF − 0.06 [− 0.23, 0.12] 0.529 0.09
Left VIS-4 neurovascular coupling − 9.55 [-18.65, -0.45] 0.040 4.64
Left VIS-5 neurovascular coupling -4.03 [-10.84, 2.79] 0.247 3.48
Model LR χ2 (2) = 23.08; p-value = 0.0008; pseudo R2 = 0.26 (Nagelkerke)

SE: Standard Error; rCBF: regional cerebral blood flow;
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the fourth cortical parcel of the dorso-lateral executive 
control network (R-CONT-4). There were no clusters 
with significant rCBF differences between patients with 
MwA and HC at the same statistical threshold.

The voxel-based ReHo analysis over the entire cerebral 
cortex revealed no clusters with significant ReHo differ-
ences between the experimental groups.

NVC analysis
When applying the cortical parcellation to both CBF 
and ReHo normalized maps, and assessing NVC across 
all parcels of the visual network, we found a significantly 
reduced (p < 0.05, FDR = 0.049) NVC for the VIS-4 parcel 
of the left occipital cortex in patients with MwA, com-
pared to both patients with MwoA (p = 0.001) and HC 

(p = 0.016) but not in patients with MwoA compared to 
HC (p = 0.52) (Fig. 2). Similar tendencies were noted for 
the VIS-5 parcel (MwA vs. MwoA: p = 0.027, MwA vs. 
HC: p = 0.008) but these effects did not reach the level for 
FDR correction (FDR = 0.11) (Fig. 2).

Correlation analysis and logistic regression analysis
We found no correlations between rCBF or NVC and 
both demographic data and clinical parameters of disease 
severity (disease duration, migraine attacks frequency, 
duration, and pain intensity, MIDAS and HIT-6 scores). 
The logistic regression analysis showed that a model con-
sidering the rCBF from right and left lingual and fusiform 
giri and NVC for VIS-4 and VIS-5 parcels (from Schaefer 
atlas) significantly and acceptably discriminates patients 

Fig. 1  Significant differences in voxel-based CBF maps (p < 0.05 – TFCE corrected) between MwA and MwoA patients (up) and MwoA and HC (down). 
Clusters with significant effects are displayed and labelled on cortical parcels (according to Schaefer atlas) of the cortical surface mesh reconstructed from 
the MNI template brain. CBF: cerebral blood flow; TFCE: threshold-free cluster-enhancement; MwA: migraine with aura; MwoA: migraine without aura; 
HC: healthy controls; VIS-4, VIS-5: parcels from the visual network; CONT-4: parcel from the executive control network; SVAN-M: parcel from the salience 
ventral medial attention network
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with MwA from patients with MwoA (See Table  2). 
Specifically, the logistic regression model was statisti-
cally significant, likelihood ratio χ2(2) = 23.08, p = 0.0008. 
The model explained 34.7% (Nagelkerke R2) of the vari-
ance and correctly classified 87% of patients (i.e. patients 
with MwA and patients with MwoA). Analysis of coeffi-
cients demonstrated that right fusiform gyrus rCBF and 
L-VIS-4 parcel NVC were associated with an increased 
likelihood of exhibiting MwA (respectively beta coeffi-
cient 0.18 p = 0.049 and beta coefficient: -9.55, p = 0.040) 
(Table 2). ROC curves showed AUC = 0.87 for the full 
model (See Figure 3).

Discussion
In the present study, we demonstrate a reduced NVC of 
the visual network in patients with MwA, (explored dur-
ing the interictal period) when compared to patients with 
MwoA and HC.

In the last decades, advanced neuroimaging and neu-
rophysiological investigations have consistently demon-
strated functional abnormalities within the extrastriate 
cortex, both during ictal and interictal periods, a strategic 

hub within the visual network, widely considered to be 
involved in the genesis of the “CSD”, the neurophysiologi-
cal process underpinning migraine aura [3–10, 35–37]. 
While increased resting functional connectivity and 
responsiveness could make visual areas more prone to be 
overwhelmed by the CSD propagation [10], the mecha-
nisms underpinning the proneness to CSD ignition are 
still matter of debate [9]. Therefore, it could be arguable 
that also an increased rCBF at rest could characterize 
visual areas of patients with MwA [13]. Indeed, according 
to the physiological concept of “functional hyperemia”, 
increased neural activity is accompanied by the local dila-
tion of arterioles and micro-vessels to supply local blood 
flow and volume, and oxygenation [38]. More in depth, 
“functional hyperemia” is part of a more complex biologi-
cal process – the so-called NVC - aimed to govern the 
mutual relationship between neuronal activity demand 
and perfusion supply [39]. The neuronal energy demands 
at rest are physiologically oversupplied so that further 
increase of rCBF is not always required to support an 
increased neuronal activity.

Fig. 2  Significant differences in visual areas voxel-based CBF maps and VIS-4 parcel neurovascular-coupling according to Schaefer atlas (TFCE corrected) 
showed on inflated brains; Box-plots of in patients with MwA, patients with MwoA and HC. * p < 0.05 TFCE corrected. CBF: cerebral blood flow; VIS-4: 
parcel from the visual network; TFCE: threshold free cluster enhancement; MwA: migraine with aura; MwoA: migraine without aura; HC: healthy controls
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The rCBF physiological oversupply is the reason why, 
despite the observed NVC reduction in patients with 
MwA, it remains sufficient to support the hyperrespon-
sive and hyperconnected visual cortices in these patients 
[40]. However, we speculate that when patients with 
MwA face with experience associated with an increased 
energy demand (as putatively happens when they come 
across trigger factors, such as bright or flickering lights, 
sleep deprivation, or physical exercise) the physiological 
rCBF oversupply may become inadequate [12].

In other words, the reduced NVC characterizing the 
visual network in patients with MwA might represent the 
link between the ignition of the aura phenomenon and 
the exposure to the trigger factors. It is important to note 
that while regional NVC is estimated by correlating ReHo 
and CBF maps within the same region, the regional CBF 
is obtained from the average of CBF across all voxels of 
the region. In other words, when calculating the NVC, 
both ReHo and CBF maps are converted to regional 
z-scores, thereby any possible bias of the regional CBF 
(as well as the regional ReHo) is removed as NVC should 
only quantify whether (and to what extent) the spatial 
change in two measures is more (or less) coupled within 
the region.

This is in line also with recent findings from provoca-
tive studies showing that in about 40% of patients with 
migraine with aura intravenous infusion of CGRP is able 
to induce migraine aura although, due to its size, CGRP 

is unable to pass through the blood-brain barrier [41]. 
Indeed, it has been suggested that CGRP-induced vaso-
dilation may mechanically stimulate perivascular pri-
mary afferents, leading to the transmission of nociceptive 
information to the brain cortex through second-order 
and third-order neurons [42] able to provide sufficient 
excitatory stimuli to brain areas such as the visual cor-
tex, lowering, in turn, the threshold for CSD initiation in 
“predisposed” patients [8, 43]. Our present arterial spin 
labeling findings suggest that a reduced NVC may prop-
erly represent the evoked MwA “predisposition”.

The present findings are in agreement also with obser-
vations showing that hypoxia, a trigger factor capable of 
ignite aura phenomenon in patients with MwA, is able 
to induce, despite the hypoxia-related increase in rCBF, 
an abnormal increase in the lactate concentration of the 
visual cortex, suggesting a metabolic uncoupling in terms 
of an increment of blood flow not adequate to support 
the escalating energy demand in these patients [44].

Intriguingly, although further observations are war-
ranted, also the patent foramen ovale, frequently found 
as a MwA comorbidity, could affect NVC, likely due to 
microembolism-related occipital cortex hyperexcitability 
[45].

Moreover, in support to the suggested pathophysiologi-
cal model, interventions capable of suppressing primary 
visual cortex hyperresponsiveness to specific visual stim-
uli (i.e. shielding light lenses) [37] as well as preventive 

Fig. 3  ROC curve analysis of logistic regression model to classify MwA and MwoA patients considering the rCBF of primary and secondary visual cortices 
and neurovascular-coupling of L-VIS-4 and L-VIS-5 parcel from Schaefer atlas. MwA: migraine with aura; MwoA: migraine without aura; rCBF: regional 
cerebral blood flow; VIS-4 and VIS-5: parcels from the visual network
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pharmacological therapies such as lamotrigine and topi-
ramate (by inhibiting the occipital cortical hyperexcit-
ability to visual stimuli probably enhancing GABA and 
reducing glutamate levels) [6, 46, 47] result in a reduced 
frequency of migraine attacks. More in depth, it could be 
argued that the effects of such antiepileptic drugs in the 
prevention of MwA attacks can be achieved by restor-
ing the demand-supply mismatch between brain energy 
demands and rCBF (that is nothing other than “NVC”) 
within the visual network [48].

It is noteworthy that logistic regression analysis has 
shown that the full model, considering rCBF in VIS-4 
and VIS-5 and NVC in the VIS-4 parcel from the Schae-
fer atlas, can discriminate MwA patients from MwoA 
(AUC = 0.87). Moreover, as demonstrated by the analy-
sis of the coefficient, the VIS-5 rCBF and, above all, the 
VIS-4 NVC were associated with a significantly increased 
likelihood of experiencing an aura phenomenon.

It is important to remark that higher CBF values in 
visual cortical areas were here found only in MwA com-
pared to MwoA patients, whereas the same differences 
were not identically found between MwA patients and 
controls. Therefore, future ASL MRI studies are needed 
to accurately reproduce more general CBF findings con-
cerning MwA and MwoA patients in comparison to 
HC. Nonetheless, although the aim of the study was to 
investigate putative NVC abnormalities in the visual net-
work in patients with MwA, rCBF abnormalities were 
also detected in patients with MwoA across two differ-
ent large-scale brain networks, in comparison to HC. 
Particularly, the increased rCBF within the salience and 
executive networks in patients with MwoA compared 
with HC, might indicate the involvement of these large-
scale networks in the detection and integration of emo-
tional and sensory stimuli, as well as in the control of 
externally directed attention [49]. Interictal dysfunction 
of these networks may contribute to the dysregulation of 
emotional and cognitive functions sometimes observed 
in migraine as well as to the different susceptibility to 
migraine attacks along with the transition from interictal 
to ictal states [50].

The present study is not exempt from limitations. First, 
although calculating the local spatial correlation between 
rCBF and ReHo maps represents a straightforward 
approach to capture the relationship between local neu-
ral activity and blood flow [51–53], further exploration 
is mandatory as happens with all current MRI methods 
estimating NVC, to date. Second, in the present study we 
used ReHo for the NVC estimate, which primarily index 
the local input and processing of neuronal information 
within functional parcels. Thereby, assuming that higher 
or lower similarities of one voxel with the surrounding 
voxels are also affected by the amount of neurovascular 
coupling around that voxel itself, the resulting spatial 

correlation between ReHo and CBF distributions should 
provide a suitable metric for the region-specific neuro-
vascular coupling.

Third, both signal-to-noise and spatio-temporal resolu-
tion are higher for fMRI, compared to ASL images and 
this is the reason why we did not derive voxel-based esti-
mates for NVC (e.g., as a CBF/ReHo ratio). However, the 
registration of the images to a common brain space at a 
higher (isotropic) spatial resolution (2  mm), together 
with the partial volume correction and the region-spe-
cific estimation based on a functionally stable parcella-
tion, provides a reasonable technical solution to address 
the issue, mitigating the impact of the spatial mismatch 
between two modalities.

Fourth, our interpretations assume that neurovascu-
lar “decoupling”, underlying aura phenomenon ignition, 
is triggered by experience able to increase brain energy 
demand, such as intense light stimulation, physical activ-
ity, or alterations in the sleep-wake rhythm. Although 
these trigger factors are extensively reported by a signifi-
cant percentage of patients [12] they are not consistently 
confirmed in provocative studies [11], suggesting either a 
putative recall bias in patients’ reports or, more likely, the 
difference between experimental settings and ecological 
systems being the “brain predisposition to migraine/aura” 
ignition due to maladaptive changes of brain function 
closely related to incremental allostatic load [54] where 
the relative contribution of each ‘‘effector’’ is unknown 
but seems to be additive or cumulative over time [55].

On the other hand, homogeneity of the patients’ sam-
ple still represents a strength of the present study, also 
considering the rarity of patients experiencing exclusively 
migraine with visual aura.

Conclusion
Reduced NVC in the visual network centered on the 
VIS-4 parcel may represent the link between the igni-
tion of the aura phenomenon and exposure to trigger 
factors characterizing patients with MwA. Future longi-
tudinal investigations are needed to confirm the present 
findings in a larger sample of patients with MwA and to 
clarify whether the effectiveness of preventive treatment 
on MwA attack frequency implies a remodulation (and 
normalization) of NVC within the visual areas in these 
patients.
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