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Abstract
Brian connectivity describes the networks of functional and anatomical connections across the brain. The functional network communications across the brain networks dependent on neuronal oscillations. Detection of the synchronous activation of neurons can be used to determine the wellbeing or integrity of the functional connectivity in the human brain networks. Well-connected highly synchronous functional activity can be measured by Electroencephalography (EEG) or Magnetoencephalography (MEG) and then analyzed with several types of mathematical algorithms. Coherence is one mathematical method that can be used to determine if two or more sensors, or brain regions, have similar neuronal oscillatory activity with each other. Since the 1960’s, coherence has generally been assessed on the similarity of the frequency content across EEG sensors. Recently coherence, after it has been imaged in the brain, has been used to assess how coherent or connected specific locations in the brain are networked together in several different neurological disorders. Statistical analysis can then be performed on the coherence results to verify evidence of normal or abnormal network activity in a patient. In this review we highlight how functional brain connectivity is assessed in Source space using coherence technique measured by MEG.
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Background
The human brain is a vast network of connected pathways that communicate through synchronized electric brain activity along fiber tracts. The synchronized activity within this neuronal network can be detected by MEG and EEG then imaged using network connectivity analysis. Connectivity analyses of the brain are performed to map out the communication networks needed for the brain to function. A large number of neuroimaging brain studies in the past have found that there are specific regions in the brain that are specialized for processing certain types of information. Over the past 10 years advances in brain imaging techniques have revealed that these regions are connected and communicate with other specialized regions across networks in the brain. Sometimes these activations are linear and yet at other times these activations can be simultaneous. Neurological disorders and tumors can disrupt brain functions. Treatments and remediation have also been shown to change how the brain functions. This illustrates a more complex picture of the brain as a dynamic interconnected network, capable of plasticity and adaptation [7, 41].
Neuroimaging connectivity techniques for quantifying the brain networks use signal processing techniques that have been around for many decades [8]. There are three connectivity network types that are used to investigate communication within and across the brain. These network connection types are categorized as Structural, Functional and Effective [15, 19, 40]. Within these categories several different imaging hardware equipment and software programs are used to detect, measure and quantify the integrity of the network. Structural connectivity is based on detection of the fiber tracts that physically connect the regions of the brain. These are the anatomical network maps that indicate possible pathways that the signals can travel on in the brain [32 , 49]. Functional connectivity identifies activity brain regions that have similar frequency, phase and/or amplitude of correlated activity. These areas may be involved in the resting state (i.e. task independent) or higher order information processing (i.e. task dependent) that is required for sensory responses, motor responses and intellectual or emotional processing. [45]. Effective connectivity uses the functional connectivity information and goes one step further and determines the direct or indirect influence that one neural system may have over another, more specifically the direction of the dynamic information flow in the brain [8, 28].
Effective and Functional Connectivity measurements can be analyzed in the Frequency Domain with methods such as Coherence and Phase synchrony or in the Time Domain with methods such as Correlation and Granger Causality. Coherence and Phase synchrony are common mathematical methods for quantifying frequency and phase dependent correlations of brain activity measured by two or more brain sensors. Functional connectivity does not determine the specific direction of information flow in the brain. It just shows that these regions have similar signal content and therefor are most likely connected. This type of connectivity analysis is based on brain signals recorded by Electroencephalography (EEG), Magnetoencephalography (MEG), Functional Magnetic Resonance imaging (fMRI) and Positron Emission Tomography (PET). Effective connectivity determines which of the brain location are sending and/or receiving information this can be calculated using mathematical techniques such as Granger causality, Hilbert transform, transfer entropy and correlation [22]. Brain signal information for effective connectivity can best be found in brain activity recorded by EEG or MEG as these techniques have high temporal resolution to resolve the dynamic flow of information.
Brain networks are made up of populations of neurons that function in unison to send signals to other parts of the brain. There are several properties of the neuron that play an important role in generating membrane potential oscillations that can be detected by neuroimaging devices. Neurons communicate with other neurons by releasing one of over 50 different types of neurotransmitters in the brain, some of which are excitatory (stimulate the brain) and some are inhibitory (calm the brain) [9]. Voltage-gated ion channels generate action potentials and periodic spiking membrane potentials which produces oscillatory activity and facilitates synchronous activity in neighboring neurons [34, 35]. Coherent neuronal communications are based on neurotransmission dynamics dictated by major neurotransmitters like the amino acids glutamate and GABA. Other important neurotransmitters include acetylcholine, dopamine, adrenaline, histamine, serotonin and melatonin [24, 44, 48]. These action potentials activate a neighboring population of neurons which in turn may affect other populations of neurons at a distance creating a network of connectivity. Coherence across a network is when these populations of neurons are active at the same time or in a time-related fashion with other populations, not a relationship of activity between individual neurons.
Synchronized activity of a significantly large population of neurons can give rise to large electric field oscillations with a concomitant magnetic field, which can be detected by EEG or MEG respectively [25]. MEG measures the ionic current flow inside of the neuron (primary currents) while EEG measure the return or volume currents outside of the neuron (secondary currents). Functional and effective connectivity techniques are dependent on calculating the communication of active neural signals that are oscillating over short and long periods of time. MEG and EEG techniques, with their excellent temporal resolution, are optimal for calculating connectivity. For a review of mathematical equations of connectivity measures used in EEG and MEG for neurologic disorders see [19, 40]. PET and FMRI measure the secondary or metabolic response from neuronal activation [38]. These are both indirect measures of neuronal activation with low temporal resolution on the order of seconds. Since they lack the temporal resolution these two techniques cannot assess the electrophysiological basis for functional or effective connectivity.
Coherence is a mathematical technique that quantifies the frequency and amplitude of the synchronicity of neuronal patterns of oscillating brain activity. This technique quantifies the neuronal patterns of synchronicity measured between spatially separated scalp electrodes (Electroencephalogram) or coils (Magnetoencephalogram) [14]. Coherence is an estimate of the consistency of relative amplitude and phase between signals detected in coils or electrodes within a set frequency band. In sensor space if signals are in phase then their amplitudes will add, if they are out of phase the signals will subtract possibly reducing the coherence value. In source space the amplitude of the underlying source can be used to determine the strength of the connectivity. See Table 1 for the comparison of coherence characteristics in sensor space and source space. The method for quantifying the oscillations is to first apply a time-frequency decomposition technique such as the Fast Fourier transform (FFT), on a contiguous or slightly overlapping sequence of short data segments. This generates a sequence of amplitude/phase components for each narrow frequency bin (i.e. 2–4 Hz) of the FFT that spans the frequency (i.e. 1–100 Hz) content of the data. After transformation to a time frequency representation, the strength of network interactions can be estimated by calculation of coherence, which measures the synchrony between signals from different electrodes or coils at each FFT frequency bin. Coherence is a linear math method in the frequency domain for calculating neuronal networks. The result is a symmetrical matrix that provides no information on directionality. Coherence is the most common measure used to determine if different areas of the brain are generating signals that are significantly correlated (coherent) or not significantly correlated (not coherent). Strictly speaking coherence is a statistic that is used to determine the relationship between two data sets (i.e. coils or electrodes). It is used to determine if the signal content of two inputs are the same or different. If the signals measured by two electrodes or coils are identical then they have a coherence value of 1; depending on how dissimilar they are the coherent value will approach 0.Table 1Comparison of coherence characteristics in sensor space and source space


	Characteristics
	Coherence in Sensor space
	Coherence in Source Space

	Frequency components
	Yes
	Yes

	Inverse solution
	No
	Yes

	Localization
	Inferred by indicating which electrode is active and drawing lines
	Specific to the local brain region that is active and indicated by colored pixels

	Raw MEG/EEG recordings
	Yes
	No, Data is processed first

	Field spread effects on results
	Yes, the current flowing across the scalp is detected by many sensors simultaneously, which leads to uncertainty in the location of the brain activity.
	No, since the data is first imaged into the brain. Then the coherence is calculated, provides more accurate information on which brain regions are actual coherent.




                     
Phase synchrony is another math signal processing technique that estimates the synchrony of oscillations in EEG and MEG data. This is the process where two or more cyclic signals tend to have oscillator activity that are the same (in phase) or out of synchrony (out of phase) by a relative phase angle. Phase synchrony measures how stable the phase difference (small or large) varies over a short period of time. Phase relationships can be examined by testing the stability of the signals phase differences across trials (phase-locking) over a single electrode or between pairs of electrodes [30]. This approach can yield estimates of the precision of local and long-range synchrony. Importantly, measures of phase-locking provide estimates of synchrony independent of the amplitude of oscillations. This is in contrast to measures of coherence where phase and amplitude are intertwined [46]. Phase synchrony is better used for short duration events such as in an evoked event. Phase is used to determine how much the two locations (recording sites) are interacting within a very narrow time window (milliseconds). A great analogy for understanding the difference between when to use coherence or phase synchrony analysis is Soldiers marching in a parade: phase synchrony is used to determine how synchronized their feet are marching in unison in a few steps, while coherence is used to see how synchronous their feet were marching in unison over the entire parade route.
Coherence and Phase synchrony are the building blocks for understanding brain connectivity, how the populations of neurons communicate around a network. Traditionally to determine if different areas of the brain are connected using EEG or MEG, a frequency analysis was performed to convert the original EEG or MEG data into its frequency content, then coherence analysis was used to obtain information about the temporal relationships of frequency components of populations of neurons at different recording sites (electrode or coil). The results of the coherence analysis were typically displayed in sensor space using a template of the head with lines connecting the electrodes or coils that are coherent with each other (called sensor space; Fig. 1) would represent the areas of the brain that were connected. The analysis of coherence and phase locking analysis between EEG electrode site [10, 17, 33, 37] and MEG sensors [16] (in sensor space) has been around for a long time.[image: A40810_2015_15_Fig1_HTML.gif]
Fig. 1An illustration of Sensor space coherence mapping. Black dots represent the locations of the recording EEG electrode (or MEG coil). The lines connecting 2 dots indicated there was high coherence between these two sensors




                     
Typically EEG Coherence in sensor space has been widely used in studying epileptiform activity to determine seizure onset zones. Brazier in 1972 [6] was the first to use coherence to detect the influence of one brain region over another during epileptic seizure. Later Gotman in 1981 [18] made the method more reliable by including more frequencies and validating the use of this method to detect inter hemispheric interactions. In the present day, Song et al. has shown that EEG coherence can be used to characterize a pattern of strong coherence centered on temporal lobe structures in several patients with epilepsy [43]. Coherence in sensor space has also been widely used to look at differences in patients with other brain disorders. Ozerdem et al. [39] found patients with a Bipolar disorder showed bilaterally diminished long-distance gamma coherence between frontal and temporal as well as between frontal and temporo-parietal regions compared with healthy controls. In patients with Alzheimer’s the most common finding is a decrease in the alpha and beta band coherences between distant structures during resting state [1, 36]. In the field of schizophrenia Yeragani et al. [50] found a decrease in sleep coherence in both beta and gamma frequency bands in first episode schizophrenia patients compared to normal controls. Uhlhaas et al. [47] Provided an in-depth review of abnormal neural oscillations and synchrony in this patient group. They review several studies that indicated that patients with schizophrenia have a reduced phase synchrony in the beta and gamma bands [47]. For a review of brain oscillations in several different brain disorders see [2].
One of the problems with this traditional way of mapping coherence in sensor space is the spread of the electric current over the surface of the head can be misleading. All electrodes or coils are the sum of the activity from several brain regions so it is hard to resolve the coherence to a specific brain location [42], since the coil or electrode will have electromagnetic signals from adjacent areas included in the sum of the signal.
Directionality of the network interaction cannot be determined from coherence alone and the exact amplitudes of the network interaction are not equal to region-to-region coherence amplitudes. Coherence does provide a global estimate of all important regions of network activity regardless of source amplitudes. Because of the need to minimize bias by increasing the number of data segments in calculations, coherence is not well suited for quantifying rapid temporal changes in synchronized activity. Rather it is best when used for long time series of data to identify sources of brain network activity that persist for long durations. Coherence analysis supplies information on the degree of synchrony of brain activity at different locations for each frequency, independent of power. However, individual time points with large amplitudes are more highly weighted in the FFT transform and subsequently in coherence calculations. This is in contrast to phase synchrony which utilizes instantaneous measurements of only the phase differences between signals.
In the past 10 years, developments in the computational analysis of the source localization for MEG have advanced the ability for connectivity to be imaged directly into the specific regions of the brain (called Source space; Fig. 2). This source space method provides better anatomical localization as well as the ability to perform group analysis, as the data can now be averaged across a standardized space. The high temporal resolution of MEG allows for investigations of function and effective connectivity with millisecond precision. It is possible now to study the mechanisms by which information is exchanged across brain regions, including oscillatory and synchronized neuronal activity. There have only been a handful of coherence studies performed in the past 10 years using different inverse methods (dipoles, minimum norm or beamformers) to perform source space coherence analysis across many different brain disorders. All of these diverse investigations show that coherence imaging in Source space provides a wealth of new information on the integrity and strength of the functional connectivity in a patient’s brain networks.[image: A40810_2015_15_Fig2_HTML.gif]
Fig. 2An illustration of Source space coherence mapping. MEG- CSI analysis of the locations of coherent activity in the brain of a patient with epilepsy. Top 15 axial slices are the view of the entire brain. The 3 MRI slices below indicate the top coherent location of brain activity in the Right supra marginal gyrus




                     
In 2004 Hoechstetteret al. [28] originally introduced source coherence using dipoles. Brain electrical source analysis (BESA) was applied to create a discrete multiple source model. This model used a source montage to transform the recorded data from sensor level into brain source space. The source waveforms are transformed into time-frequency space using complex demodulation. Magnitude-squared coherence between the brain sources revealed oscillatory coupling between sources. Since sensor spaces uses the MEG/EEG waveforms this will include the signals from adjacent areas in the brain, but using source space a localizations is first performed using an inverse solutions which removes the current that may have spread in to the MEG or EEG coil/electrode, providing a specific regions that the coherent frequencies maybe coming from. This coherence method at the source level overcomes problems of localization and interpretation that are fundamental problems for coherence analysis at the sensor level [27].
In 2001 Gross et al. [20] used Dynamic imaging of coherent sources (DICS) to study neural interactions in the human brain. DICS uses a spatial filter to localize coherent brain regions and provides the time courses of their activity. Reference points for the computation of neural coupling may be based on brain areas of maximum power or other physiologically meaningful information, or they may be estimated starting from sensor coherences. The performance of DICS was evaluated with simulated data and illustrated with recordings of spontaneous activity in a healthy subject and a parkinsonian patient. Methods for estimating functional connectivity between brain areas can facilitate characterization of cortical networks involved in sensory, motor, or cognitive tasks and can help investigate pathological connectivity in neurological disorders. Gross et al. [21] found frontal, parietal and temporal beta coherence was relevant for the processing of stimuli in working memory.
Using MEG and a beamformer, Guggisberg et al. in 2007, investigated the functional connectivity in the alpha frequency in patients with brain lesions [23]. Neural activity in the brain was estimated using an adaptive spatial filtering technique where an index of functional connectivity was created using the mean imaginary coherence between brain voxels. In healthy subjects the somatosensory and language cortices had the highest alpha coherence. Patients with lesions had decreased alpha coherence that was diffuse and scattered across the brain. These patients also had decreased connectivity in the lesioned part of the brain compared with intact contralateral regions. In tumor patients without preoperative neurological deficits, brain areas showing decreased coherence could be surgically resected without the occurrence of postoperative deficits.
In 2007, Belardinelli et al. [3] investigated the cerebral networks involved in motor control in four young hemi-paretic patients with pre- and perinatally acquired brain lesions by means of MEG source coherence analysis. Previous TMS and fMRI studies on the same patients had investigated their residual ability to move the paretic hand by means of a reorganized primary motor cortex (M1) representation in the contralesional hemisphere. The purpose of this study was to identify the effects of a cerebral reorganization and the related dynamic aspects which allowed the patients to move their paretic arm. MEG signals were recorded simultaneously with EMG which was used a reference for coherence calculations. Coherence mapping in the beta frequency range (14–30 Hz) confirmed the relocation of motor functions from the lesioned (left) to the contralesional (right) hemisphere. Coupling direction analysis demonstrated that throughout pinch grip the coupling direction goes from M1 to cerebellum. This study verified the assumption that the intact hemisphere takes over motor control from the paretic (ipsilateral) hand in the presence of early unilateral brain lesion [3].
In 2010 dePasquale et al. [11] described MEG signatures of two well-characterized resting state networks: the dorsal attention and the default mode networks. Seed-based correlation mapping was performed using time-dependent MEG power reconstructed at each voxel within the brain. The analysis was performed on a 5 min resting state scan and was found to be similar to that observed with fMRI but confined to the same hemisphere as the seed region. Analyses taking into account the MEG activity is not stationary, showed transient formation of more complete resting state networks, including nodes in the contralateral hemisphere.
In 2011 Elisevich et al. showed that MEG Coherence source imaging (MEG-CSI) in source space can provide targets for successful surgical resections in patients with Epilepsy [12]. MEG-CSI used a current distribution technique, MR-FOCUSS to image the underlying sources based on a 10 min resting state scans. They found a positive predictive value for an Engel’s class Ia outcome in 70 % of the patients who had high coherence in the area of the later resection. More recently [13] looked at the regional and global functional connectivity of MEG coherence in patients with Epilepsy, based on a 1 min resting state scan. This study used a beamforming technique to image the underlying sources. They found that seizure freedom was seen in 87.5 % of patients where increased connectivity was found in the region of the later resection.
Hinkley et al. used source space MEG to detect decreased and increased connectivity differences between patients with schizophrenia and control subjects, that may prove to be important target areas for treatment [26]. Two more recent MEG studies by [29, 5], have shown that neuronal patterns in the default mode network (DMN) during rest can be used to identify patients with schizophrenia compared to controls [29] used MEG to identify the DMN regions and found that the spatial distribution of DMN activity in the alpha band was similar to that found in previous fMRI studies [29]. The DMN and resting activities of the posterior cingulate cortex (PCC) were increased in schizophrenia patients, predominantly in the theta and alpha bands. They also showed that both the resting and DMN activities were augmented in the PCC in schizophrenia patients. Furthermore, schizophrenia patients exhibited decreased coherence between the PCC and medial pre frontal cortex (MPFC) in the gamma band at rest. A year later Bowyer et al. [5] used MEG-CSI, which had been applied successfully for detecting coherent areas in the cortical networks of patients with epilepsy [12], to investigate brain imaging Biomarkers of schizophrenia [5]. MEG-CSI analysis found increased regions of coherence across a large frequency range (3–50Hz) in schizophrenia patients compared to controls in the medial and ventrolateral PFC and anterior cingulate cortex. These areas are involved in language, memory, decision making, empathy, executive and, higher cognitive functioning. They concluded that MEG-CSI can detect imaging biomarkers from resting state brain activity in schizophrenia patients that deviates from normal control subjects in several behaviorally salient brain regions. This technique can look at the strength and location of the connections that a specific activated location makes (Fig. 3). These techniques for imaging connectivity can be used to probe the pathophysiology of schizophrenia and possibly detect subtypes.[image: A40810_2015_15_Fig3_HTML.gif]
Fig. 3
                                    a MRI with MEG - CSI results imbedded. Color scale indicates Coherence level. Black circle indicates further analysis on the direction and locations of information flow. b Circle in center of diagram indicates location of black circle on MRI. The four strongest regions that are coherent with this location are displayed in the boxes; the numbers indicate the strength of the connection




                     
This same technique, MEG-CSI, has been used to look at the connectivity in patients with Panic disorder [4]; where they found coherence imaging values were significantly higher in panic patients compared to controls during a 10 min, eyes open, resting state scan. They propose that additional research examining coherence values in Panic patients could inform the choice of medication in this patient population, with increased coherence (i.e. increased excitability) being a promising biomarker for favorable responses to medications that limit excitatory transmission, such as benzodiazepines or antiseizure drugs. They have also used this technique to study the neural synchrony during eye gaze in patients with Autism Spectrum Disorder (ASD) [31]. Significantly higher coherence and synchronization in posterior brain regions (temporo-parietal-occipital) across all frequencies was evident in ASD patients, particularly within the low 0 to 15 Hz frequency range. Higher coherence in fronto-temporo-parietal regions was noted in controls. Significantly higher low frequency coherent activity in bilateral temporo-parieto-occipital cortical regions and higher gamma band coherence in right temporo-parieto-occipital brain regions during averted gaze was related to more severe symptomology as reported on the Autism Diagnostic Interview-Revised (ADI-R). This study suggests a pattern of aberrant connectivity that includes higher low frequency synchronization in posterior cortical regions, lack of long-range right hemispheric beta and gamma coherence, and decreased coherence in fronto-temporo-parietal regions necessary for orienting to shifts in eye gaze in ASD; a critical behavior essential for social communication. More research on imaging Biomarkers for ASD can provide a novel approach for bettering the lives of those with autism. Especially given that ASD is becoming more widespread, it is imperative that methods for diagnosis and prognosis are found.

Conclusion
The basis of functional networks in the brain is the neuronal oscillations. In this paper we reviewed the most common method used to measure and quantify the brain’s synchronous oscillations which make up the network of brain connectivity (coherence). Coherence imaging has evolved from displaying the results in sensor space to the more advanced imaging techniques of displaying the results in sources space. There are several different software programs based on different source analysis signal processing techniques for converting the recorded MEG signals into their corresponding source locations in the brain. These techniques are currently being used to expand clinical knowledge in the field of neurology and neuropsychiatry.
We have highlighted some of the types of information that can be derived from imaging the connectivity of the brain networks across different pathologies. Detection of the synchronous activation of neurons can be used to determine the wellbeing or integrity of the functional connectivity in the human brain. In the future a combined anatomical, functional and effective connectivity mapping will become the mainstay of the clinicians for assessing and diagnosing normal and abnormal brain networks. Using a combined approach to understanding the brain networks will provide a more enduring multimodal biomarker than using one type of connectivity or network analysis alone. Overlaying the functional connectivity maps onto the structural connectivity images and then using direction of information flow derived from effective connectivity will provide an all-inclusive understanding of how the brain functions. These techniques will not only provide promising multimodal biomarkers of diseases but also help to provide individualized treatment therapies based on pre and post treatment brain connectivity imaging. With the ever evolving field of signal processing, computers and mathematics, we expect to see more sophisticated and powerful analytical neuroimaging methods developed and applied to functional neuroimaging data.
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