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Abstract 

This study aims to investigate whether intra-network dynamic functional connectivity and causal 

interactions of the salience network is altered in the interictal term of migraine. 32 healthy 

controls, 37 migraineurs without aura and 20 migraineurs with aura were recruited. Participants 

underwent a T1-weighted scan and resting-state fMRI protocol inside a 1.5T MR scanner. We 

obtained average spatial maps of resting-state networks using group independent component 

analysis, which yielded subject-specific time series via a dual regression approach. Salience 

network ROIs (bilateral insulae and prefrontal cortices, dorsal anterior cingulate cortex) were 

obtained from the group average map via cluster-based thresholding. To describe intra-network 

connectivity, average and dynamic conditional correlation was calculated. Causal interactions 
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between the default-mode, dorsal attention and salience network were characterised by spectral 

Granger’s causality. Time-averaged correlation was lower between the right insula and prefrontal 

cortex in migraine without aura vs. with aura and healthy controls (p<0.038, p<0.037). Variance 

of dynamic conditional correlation was higher in migraine with aura vs. healthy controls and 

migraine with aura vs. without aura between the right insula and dorsal anterior cingulate cortex 

(p<0.011, p<0.026), and in migraine with aura vs. healthy controls between the dorsal anterior 

cingulate and left prefrontal cortex (p<0.021). Causality was weaker in the <0.05 Hz frequency 

range between the salience and dorsal attention networks in migraine with aura (p<0.032). 

Overall, migraineurs with aura exhibit more fluctuating connections in the salience network, 

which also affect network interactions, and could be connected to altered cortical excitability and 

increased sensory gain. 

Keywords: migraine; functional MRI; dynamic functional connectivity; salience network 

 

Introduction 

Migraine is associated with alterations of cortical excitability [1], more commonly in the subtype 

where focal neurological symptoms precede the headache, migraine with aura [15]. The effects 

of altered cortical excitability on brain network function are not clearly understood in migraine. 

In other diseases that present with this feature, e.g. epilepsy, cortical hyperexcitability induces 

acute and lasting changes in large-scale brain networks, impacting intra- and internetwork 

connections [31]. Migraine patients also exhibit altered network connectivity during and between 

attacks, the background of which is unclear (for a review, see [12]), though areas belonging to 

the default-mode, dorsal attention, salience and visual networks (DMN, DAN, SN and VN, 
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respectively) consistently show altered interictal connections in several studies [18; 51]. These 

studies, however, often investigate mixed groups, disregarding evidence that migraine with and 

without aura could be separate entities [18; 41; 42]. Also, stationarity of coupling between brain 

regions is commonly assumed, which might be an oversimplification, since functional 

connectivity (FC) fluctuates on different time scales [8]. Migraineurs also exhibit altered 

thalamocortical network dynamics [45], which means that inconsistent migraine resting state FC 

study results could stem from differences in methodology, heterogeneity of samples or 

neglecting dynamic changes in FC. 

An emerging model of increased sensory gain in migraine suggests increased flexibility of 

network connections and altered response or adaptation to extrinsic stimuli [6], possibly more 

emphasized in migraine with aura due to mechanisms like cortical hyperexcitability, or cortical 

spreading depression [9]. Also, migraineurs show altered levels of excitatory and inhibitory 

neurotransmitters (e.g. glutamate and GABA, see [50] for a review). Such a neurochemical 

milieu would cause imbalance in network function, which might be captured by the temporal 

dynamics of network connections. In this model, the SN is a network of special interest: it serves 

as a “switch” between default-mode and task-positive networks [40; 52], flagging extrinsic 

stimuli as worthy or unworthy of further attentional resources. Extrinsic stimuli evoke 

disproportionate responses from hyperexcitable areas, making it harder to distinguish between 

their saliency. Accordingly, migraineurs perform less efficiently in visual tasks where relevant 

stimuli are to be selected from a noisy background e.g. motion detection paradigms [1]. In 

epilepsy - which shares pathophysiological features with migraine [29] -, cortical 

hyperexcitability induces lasting changes in the temporal dynamics of SN nodes [31]. 

Consequently, altered temporal dynamics of SN function in the interictal term might appear as a 
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network-level expression of altered cortical excitability, providing further grounds to 

differentiate between migraine subtypes. 

In this study, we investigate dynamic connections of the SN in healthy participants and migraine 

patients with and without aura. We hypothesised that intrinsic dynamics of the SN would prove 

to be more variable in migraineurs and especially so in those with aura, suggesting a measure of 

network instability, which might influence between-network interactions. Since the SN 

comprises higher-order transmodal cortical areas and deals with salient stimuli of all modalities 

[16], we assess its function in relation to other main networks involved in higher-order stimulus 

processing, namely the DMN and DAN [52]. 

 

Methods 

Participants 

For this study, we recruited 20 migraine patients with and 37 patients without aura, and 32 

healthy controls. Patients were recruited from the Headache Outpatient Clinic at the Department 

of Neurology, University of Szeged. Healthy controls were all recruited from the Szeged area 

and encompassed colleagues, their family members and students from the University of Szeged. 

Experienced neurologists (the authors JT and ZTK, both with over 10 years of experience) made 

the diagnosis of migraine based the diagnosis of migraine on the criteria outlined in the 3rd 

edition of the International Classification of Headache Disorders [14] and ruled out any 

neurological or psychiatric comorbidity during the evaluation process (further exclusion criteria 

included a Hamilton Depression Scale score of >8, clinical diagnosis of any anxiety disorder and 

abuse of alcohol or other psychoactive substances). Demographic data of the participants can be 

ACCEPTED

Copyright � 8 8 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2019



6 

 

found in Table 1. There were no differences in age, BMI or sex distribution between groups 

(one-way ANOVA for age and BMI: p<0.371, p>0.700 and Fisher’s exact test for sex: p<0.744). 

Healthy controls did not report any chronic conditions or medication use. Migraine patients had 

no neuropsychiatric conditions apart from migraine, and no chronic conditions apart from a few 

cases of hypertension, subclinical hypothyreosis and gastrooesophageal reflux, which were 

treated adequately and did not cause manifest symptoms. Some of the patients took interval 

therapy for migraine (migraine with aura group: 1 iprazochrome, migraine without aura group: 5 

iprazochrome, 1 amytriptillin, 1 topiramate). Migraineurs with aura had visual aura (symptoms 

included photopsia, blurry vision and scotomas), and two patients additionally had sensory aura 

symptoms (unilateral numbness). In the migraine with aura group, all patients predominantly had 

migraine attacks with preceding aura symptoms, while migraineurs without aura never 

experienced aura symptoms. All participants provided their written consent, as per the Helsinki 

declaration, and the local ethics committee approved the study (87/2009). 

MR image acquisition 

Participants were scanned on a 1.5T GE Signa Excite HDxt MR scanner (GE Healthcare, 

Milwaukee, Wisconsin, USA), at least one week after their last migraine attack, in the interictal 

period. We acquired 3D FSPGR (TE: 4.1 ms, TR: 10.28 ms, matrix: 256*256, flip angle: 15 

degrees, FOV: 25*25 cm providing whole brain coverage) and 10 minutes of resting BOLD EPI 

T2*-weighted images (TE: 40 ms, TR: 3000 ms, matrix: 64*64, flip angle: 90 degrees, FOV: 

30*30 cm, slice thickness: 6 mm, flip angle: 90°), resulting in 200 volumes for every participant. 

During the functional scan, participants were instructed to stay awake with their eyes closed. 
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Image pre-processing 

A schematic depiction of analysis steps can be found in Figure 1. We used FEAT 6.0 to pre-

process the acquired MR images, as contained in FMRIB Software Library (FSL, version 5.0.10, 

[39]). Steps of pre-processing included the removal of the first 2 volumes to avoid saturation 

effects, consequent removal of non-brain tissue via FSL’s Brain Extraction Tool [37], slice-

timing correction, grand mean intensity scaling and motion correction using a rigid body (6 

DOF) registration to the middle volume with MCFLIRT, followed by high pass filtering with a 

cutoff of 0.01 Hz and removal of linear trends. We normalised the resulting volumes to standard 

2 mm MNI space using a two-stage boundary-based registration process, as implemented in FSL. 

For the multivariate analysis, volumes were resampled to 4 mm standard space resolution. 

Additionally, data underwent standardization after being orthogonalized to the 6 motion 

parameters from the MCFLIRT output to alleviate the correlation bias introduced by head 

motion [20]. The three groups did not differ in terms of mean absolute or relative displacement 

during the scan (Kruskal-Wallis test, p<0.425 and p<0.953). 

Group independent component analysis (ICA) 

To acquire group-level spatial maps of resting-state brain networks, we performed group 

probabilistic independent component analysis with FSL’s MELODIC (version 3.15, [3]), using 

temporal concatenation ICA. Data dimensionality was estimated automatically using the 

Laplace-approximation to the posterior evidence of the model order. Resulting independent 

components (ICs) were classified as signal or noise via visual inspection following recent 

guidelines [22]. 
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Statistical analysis 

In order to describe the activity of the salience network, we calculated different measures on the 

level of ROIs and large-scale networks. In the case of within network connectivity we calculated 

dynamic conditional correlation between ROIs, as a functional connectivity measure. On the 

network level, dynamics are more often characterized as fluid transitions between distinct 

patterns of node-to-node co-activations [46]. In our case, we chose an approach utilising 

Granger’s causality to measure information flow between network activities, which provides us 

with a single comparable measure without the need for an a priori model. 

Time series extraction 

Statistical analysis was conducted using FSL tools and MATLAB (version R2012, MathWorks, 

Inc.). We estimated network-level time series for each subject by regressing the group level 

spatial maps of ICs against the subjects’ fMRI data [32]. For the salience network, we 

investigated five major nodes: the bilateral insula, dorsal anterior cingulate cortex and bilateral 

anterior prefrontal cortices. ROI time series were extracted as the first temporal eigenvariate of 

each node in the group average salience network spatial map. Node ROIs were identified using 

FSL’s cluster tool, as described later on. 

Dynamic conditional correlation 

To describe the variability of intrinsic connections in the salience network, we calculated their 

dynamic conditional correlation [27], a parametric, model-based dynamic functional connectivity 

metric that has been shown to be more accurate and reliable than the traditional sliding window 

method [11; 27]. 

Dynamic conditional correlation is calculated in two stages. To begin with, a first-order 

univariate generalized autoregressive conditional heteroscedasticity (GARCH (1,1)) model [4] is 

ACCEPTED

Copyright � 8 8 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2019



9 

 

fitted for each time series, which describes the conditional variance at each time point as a 

function of previous time point residuals and their variance: 

σ
2
t = ω + αy2

t-1 + βσ2
t-1 

where σ represents the time-dependent variance, y is the BOLD-signal at time t, and ω, α, β are 

the model parameters estimated during the fitting process. This model is used to compute 

standardized residuals, which are then utilised to estimate framewise dynamic correlation values 

(see [17; 27] for the full details). This model has been evaluated for usage with fMRI data [27], 

and its summary measures have been subject to test-retest reliability assessment, showing fair 

reproducibility [11]. 

To get a measure similar to the static Pearson’s correlation coefficient, we calculated the average 

of dynamic framewise correlation values across time points. 

We compared this time-averaged correlation and the temporal variance of dynamic correlation 

coefficients between groups in a general linear model framework using a nonparametric 

permutation test for inference [48], similarly to the approach used in the FSLNets toolbox 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets). The designs we used were based on the GLM 

ANOVA design described in the FSL manual at https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/GLM. We 

set the significance threshold at p=0.05. We performed correction for multiple comparisons by 

controlling the family-wise error rate. To see whether the above-mentioned slight differences in 

medication and comorbidity between the two migraine groups had any effect on our results, we 

repeated the GLM analysis with dummy covariates coding for medication use and the 

aforementioned chronic conditions. 
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Granger’s causality 

To characterise causal interactions between the default-mode, dorsal attention and salience 

networks, we employed Granger’s causality [21], which has been used to describe the 

hierarchical organization of resting-state networks in neuropsychiatric disorders before [28]. 

Although prone to limitations [36], the method has been shown to be viable in the analysis of 

fMRI data, provided certain conditions are met [47]. In this case, the time series involved do not 

exhibit significant zero-lag correlation, and topological differences in the hemodynamic response 

are averaged out during network time course estimation. Also, we investigated differences 

between groups, which rather means a measure of change than actual baseline causality. Here we 

calculated Granger’s causality in the frequency domain, which can be intuitively described as the 

fraction of power at a certain frequency in time series X2 that is supplied by time series X1 [24]. 

In this case, the measure might be more accurate than time-domain Granger’s causality, as 

resting-state network nodes have been shown to integrate across multiple frequency bands, with 

main large-scale networks having the highest power in the slow-5 and slow-4 frequency bands 

[19]. This is also corroborated by the fact that larger neural networks tend to be recruited during 

slower oscillations [7] and also the low-pass filter effect the haemodynamic response exerts on 

underlying neural signals (e.g. [34]). 

Therefore, usually the 0.01-0.1 Hz range of network oscillations is investigated. In our case, we 

divided the 0.01-0.1 Hz range into two bands (0.01Hz<0.05Hz and 0.05Hz<0.1Hz), and 

calculated the pairwise Granger’s causality of each network-network relationship in these 

frequency bands using the MVGC toolbox [2]. We assessed the group effect via the same 

approach as described in the previous section. 
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Results 

Group ICA 

The temporal concatenation ICA decomposed the data into 30 independent group average 

components, from which we retained those 3 that resembled the default-mode, dorsal attention 

and salience networks in their spatiotemporal properties [38]. Spatial maps of the selected 

components are depicted in Figure 2. The MELODIC group ICA analysis reported 4.5%, 3.6% 

and 3.4% variance explained by the DMN, DAN and SN, respectively. 

Five regions usually considered as nodes of the salience network (bilateral anterior insula, dorsal 

anterior cingulate cortex, and bilateral anterior prefrontal cortex, similarly to [52]) were specified 

as regions of interest (ROI) via the following approach. The corresponding group average 

independent component probability map was thresholded at p=0.9, then we used FSL’s cluster 

tool to obtain separate ROI maps (see Figure 3A). These ROI maps served as masks, and we 

extracted the principal eigenvariate of underlying voxel time courses for each participant. 

Within-network connections 

The variance of dynamic conditional correlation was higher in migraine with aura vs. healthy 

controls and migraineurs with vs. without aura between the right anterior insula and the dorsal 

anterior cingulate cortex, and in migraine with aura vs. healthy controls between the dorsal 

anterior cingulate cortex and left anterior prefrontal cortex (p<0.011, p<0.026 and p<0.021, 

corrected for multiple comparisons; see Figure 3B). The time-averaged dynamic conditional 

correlation was lower between the right anterior insula and right anterior prefrontal cortex in 

migraine without aura vs. migraine with aura and healthy controls (p<0.038 and p<0.037, 

corrected for multiple comparisons). 
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Causal network interactions 

In the frequency domain, the sum of causal interaction power in the 0.01<0.05 Hz frequency 

range from the salience network to the dorsal attention network was significantly weaker in 

migraine with aura (p<0.032, corrected for multiple comparisons). A trend of weaker interaction 

from the DMN to the DAN could be observed in migraine with aura, which did not reach 

statistical significance (see Figure 4). No significant differences were observed in the 0.05<0.1 

Hz frequency range. 

The GLM analysis that contained medication use and chronic conditions as covariates yielded 

similar results in all comparisons. 

Relation to clinical variables 

Variance of dynamic conditional correlation: 

Spearman’s rank correlation was calculated between DCC variance and clinical parameters 

(attack frequency, disease duration). We found no interaction between DCC variance and clinical 

parameters in the aura group. In the non-aura group, variance of the bilateral PFC correlation and 

right anterior insula – rPFC correlation diminished moderately with increasing attack frequency 

(R= -0.516, p<0.003 and R= -0.456, p<0.012, p values corrected for multiple comparisons via 

Bonferroni). 

Spectral causal interactions: 

Spearman’s rank correlation was calculated between causal interaction power and clinical 

parameters (attack frequency, disease duration). The DMN-DAN interaction diminished 

moderately with longer disease duration in the migraine with aura group (R= -0.5248, p<0.036, p 

values corrected for multiple comparisons via Bonferroni). These interactions were absent in the 

migraine without aura group. 
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Effect of intrinsic network stability on network interactions 

To investigate whether the increased volatility of node correlations in the salience network affect 

causal network interactions (seeing as degraded network stability might exert harmful influences 

on internetwork dynamics), we calculated Spearman’s rank correlation between causal 

interaction strength and node-to-node correlation variance. 

The SN-DMN interaction diminished moderately with increasing variance of the dACC – rPFC 

correlation in the migraine with aura group (R= -0.564, p<0.045, p values corrected for multiple 

comparisons via Bonferroni). 

 

Discussion 

In this study, we showed that (i) migraineurs with aura exhibit more fluctuating interregional 

connections within the salience network, (ii) effective connectivity between the salience and 

dorsal attention resting-state networks is reduced in migraine with aura, (iii) that are both a 

function of clinical parameters and the extent of connection instability within the salience 

network. We used dynamic conditional correlation, a fairly novel method that has been scarcely 

used to investigate pain disorders. One study used it to investigate links between the salience 

network and multiple sclerosis-associated pain; their results show that neuropathic pain features 

are associated with larger fluctuations of dynamic functional connectivity between lower-order 

sensory cortical seeds and salience network regions [5]. Another study demonstrated that the 

consistency of task performance during the administration of painful stimuli correlates with 

variability of DCC in the salience network [10]. We aimed to describe salience network 

instability by the hypothetically increased variance of interregional intrinsic dynamic correlations 
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and then proceeded to examine whether between-network interactions are affected by the 

salience network’s intrinsic instability. We discuss these points further below. 

The physiological basis of dynamic functional connectivity has been the target of a considerable 

body of research in recent years, which linked it to behavioural and cognitive measures [13], the 

power of the EEG signal in certain frequency bands [43], and showed that its parameters differ in 

certain disease conditions. It has been linked to cortical hyperexcitability in the case of temporal 

lobe epilepsy, where the variance of dynamic functional connectivity in networks related to 

seizure propagation (especially the midline cingulate areas) was shown to increase with longer 

disease duration [31]. Our study showed that the connection between the right anterior insula and 

dorsal anterior cingulate cortex (areas that constitute the core regions of the salience network 

[40]) is more variable in migraineurs with aura. We hypothesise that this instability might come 

from multiple origins. 

(i) Since this network deals with salient stimuli, more frequent inputs from hyperexcitable brain 

regions (such as the visual cortex in the case of migraine) might strengthen the structural 

connections between network nodes, providing a more defined link that allows a greater range of 

synchronization. This would be corroborated by our previous study, which showed increased 

fractional anisotropy, and lower mean and radial diffusivity in various white matter tracts 

(including the cingular white matter) in migraineurs with aura, compared to controls [41]. Such a 

constellation of diffusion parameters is usually interpreted as a sign of more compact and defined 

white matter microstructure, possibly a consequence of plastic changes in the brain [35]. Also, 

migraineurs without aura did not exhibit the same degree of variability in salience network 

integration, and in their case, a lower variance of insular connections was associated with higher 

attack frequency and longer disease duration. 
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(ii) The instability of the salience network’s core connections might stem from an increased 

amount of glutamate in the dACC present in migraineurs [50], which might allow less salient 

stimuli to elicit a stronger response, making distinction between noise and stimulus harder. 

Furthermore, functional connectivity of the dACC has been described to strengthen with 

increasing glutamate levels, suggesting a higher level of synaptic efficiency in dACC 

connections [26]. This might, in part, represent a functional adaptation to the higher ratio of 

extrinsic stimuli entering the processing stream, which might be connected to the altered 

temporal patterns in the stimulus-processing stream migraineurs exhibit compared to healthy 

controls [45]. Behavioural results show that migraineurs navigate stimuli mixtures of competing 

features with less ease: Antal et al. showed that their judgment of motion direction in the case of 

coherently moving dots against an incoherent background lags behind that of healthy participants 

[1], which was confirmed by other studies as well (e.g. [44]). Another interesting phenomenon is 

that when confronted with perceptual rivalry (e.g. the Necker-cube illusion, where extended 

viewing of a dot within a schematic drawing of a cube will introduce two alternating visual 

percepts), migraineurs show increased intervals between perceptual switches in the interictal 

term as a function of their headache frequency [30]. Seeing as cortical spreading depression is 

thought to underlie the migraine aura, and arises more readily in case of a cortical 

excitatory/inhibitory imbalance [33], this might also show that the ability to differentiate 

between competing stimuli may be dependent on the extent of altered cortical excitability. 

(iii) The core regions of the salience network are also involved in pain processing [25], which 

might imply that the network’s intrinsic instability is the consequence of an increased allostatic 

load that migraine attacks present. This would be contradicted by our result, which shows that 

the intrinsic instability of the salience network differs between the two migraine groups, although 
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migraineurs without aura showed significantly greater attack frequency in the studied population 

(two-tailed Student’s t-test, p<0.01). Considering this, still, network variability relates differently 

to attack frequency and disease duration in the two groups. Further investigations are required to 

establish the pathophysiological basis of the more variable insula-dACC connection in migraine. 

The salience network has been suggested to play a role in the transition between default mode 

and active brain function [40; 52]. It is one of the hierarchically organized, anticorrelated 

networks that has been suggested to be important for cognitive functioning [23]. In migraine, the 

functional and effective connectivity of the salience network to other large-scale networks are 

altered [51]. Our study found similar differences in the information flow between the default-

mode network and two networks associated with different aspects of saliency detection. We also 

showed that this might be explained in part by the intrinsic instability of the salience network. 

More variable connections in the network might lead to a larger extent of node-to-node 

synchronization. This might allow the generation of more frequent signals from the anterior 

insula, which could make further processing of attended stimuli inefficient, and result in 

dysfunctional large-scale network dynamics. Although it did not reach statistical significance, a 

tendency of diminished information flow from the DMN to the SN might suggest that the 

switching function of the SN is harder to evoke in migraine patients. This might be due to plastic 

changes in network function, which might constitute an adaptation to a lower threshold for 

stimulus saliency. Our results, that higher attack frequency and longer disease duration come 

with more hampered network interactions, may provide some basis for this hypothesis. However, 

more targeted studies are needed to address these possibilities, which employ paradigms that 

recruit saliency detection networks in a consistent and more discernible way. 

ACCEPTED

Copyright � 8 8 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2019



17 

 

Our study has several limitations. First of all, the physiological basis and methodology of 

dynamic functional connectivity is still an active research area, and there is a plethora of metrics 

in the literature, with no best one that suits every research question in the topic. Here we chose a 

metric that has been evaluated to be fairly accurate and reproducible, but future research might 

develop more prompt ways to characterize time-varying functional connections. 

The temporal resolution of fMRI provides smaller space for interpreting dynamic changes, 

restricting observation to the scale of several seconds. Future research might aim to employ 

combined modalities to gain more information about the temporal reorganization of brain 

networks that might illuminate their functional changes in pathology more accurately.  

Lastly, studying dynamic changes in the resting-state might be less informative in the case of 

saliency detection than targeted paradigms. 

Conclusion 

In this study, we found that the salience network exhibits more variability in its intrinsic 

connections in migraineurs with aura compared to healthy controls and migraineurs without aura, 

which also impacts between-network interactions. This furthers the need for distinction between 

the two migraine types, and adds to the current body of knowledge pertaining functional brain 

architecture that underlies disease phenomena in migraine with aura. 
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Figure legends 

Figure 1.: Analysis flow chart. (A) The fMRI scans underwent preprocessing including brain 

extraction, motion correction, spatial smoothing, nuisance regression and temporal filtering. (B) 

Preprocessed volumes were fed into temporal concatenation ICA with FSL’s MELODIC. (C) To 

characterize dynamic connections between regions of interest (ROIs) in the salience network, 

first we used FSL’s cluster tool to segment thresholded group average component maps to obtain 

node spatial maps. We extracted time series from said ROIs and calculated their dynamic 

conditional correlation (for details see Methods). Then we compared the temporal variance and 

average of dynamic conditional correlation values between groups. (D) We characterized 

network interactions by calculating the spectral Granger’s causality between pairs of subject-

specific network time series, obtained via a dual regression approach. We compared the sum of 

causal interactions in the 0.01<0.5 Hz and 0.05<0.1 Hz range between groups. 

Figure 2.: Spatial maps of group-level independent components. Spatial maps of the salience, 

default mode and dorsal attention networks, overlaid on a standard MNI brain template volume. 

We created three-dimensional maps using BrainNet Viewer [49]. Color bars represent Z-values 
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describing how a given voxel conforms to network activity as estimated by the independent 

component analysis. Two-dimensional maps show slices that contain the voxel with maximal Z-

value. MNI-coordinates of these voxels are as follows (x, y, z): 

• Salience network: 46 -2 4 

• Default mode network: 10 -58 28 

• Dorsal attention network: 46 -38 48 

Figure 3.: Time-varying properties of intrinsic salience network connections. (A) Spatial 

maps of regions of interest in the salience network, overlaid on a glass brain. The correlation 

matrix represents the temporal average of pairwise dynamic conditional correlation between 

regions of interest. Abbreviations: r/lAI – right/left anterior insula, r/lPFC – right/left prefrontal 

cortex, dACC – dorsal anterior cingulate cortex. (B) Boxplots representing significant group 

wise differences in the temporal variance of dynamic conditional correlation between salience 

network regions of interest. Migraineurs with aura exhibit greater variability of correlation 

between right anterior insula, dorsal anterior cingulate and left prefrontal cortex activity, as 

demonstrated via representative subjects on (C). 

Figure 4.: Information flow between resting state networks. (A) We calculated spectral 

Granger’s causality between the salience, default mode and dorsal attention networks (SN, DMN 

and DAN, respectively). (B) Boxplots showing group wise differences in sub-0.5 Hz causal 

interactions. Migraineurs with aura show significantly decreased information flow from the 

salience network to the dorsal attention network, and show a tendency of decreased information 

flow from the DMN to the DAN. (C) depicts the full array of pairwise causal interaction strength 

between the three investigated networks.  
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Tables 

 Healthy controls Migraine without 

aura 

Migraine with aura 

N 32 37 20 

Age (years, mean +/- 

SD) 

35.4 +/- 11.3 35.9 +/- 9.1 32.2 +/- 7.8 

Sex (male/female) 3/29 3/34 3/17 

Disease duration 

(years, mean +/- SD) 

- 15.4 +/- 11.2 15.4 +/- 8.4 

Attack frequency 

(total attacks/year, 

mean +/- SD) 

- 54.3 +/- 43.9 28.3 +/- 24.8 

Attack duration 

(hours, mean +/- SD) 

- 31.4 +/- 26.4 19.9 +/- 18.3 

Allodynia score 

(mean +/- SD) 

- 3.6 +/- 3.7 1.6 +/- 1.7 

Pain intensity during 

headache (VAS, 

mean +/- SD) 

- 8.6 +/- 1.4 7.5 +/- 1.5 

Table 1.: Demographic data of the participants. Abbreviations: SD – standard deviation, VAS – 

visual analog scale 

ACCEPTED

Copyright � 8 8 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2019



 

                                  

                   

        

             

   

                          

 

 

  

ACCEPTED

Copyright � 8 8 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2019



 

ACCEPTED

Copyright � 8 8 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2019



 

    

    

   

    
   

  

 

                   

   

   

    

    

       

   

   

   

   

 

ACCEPTED

Copyright � 8 8 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2019



 
     

     

 

ACCEPTED

Copyright � 8 8 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2019


