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Abstract

Schizophrenia (Sz) is a chronic mental disorder characterized by disturbances in thought (such as 

delusions and confused thinking), perception (hearing voices), and behavior (lack of motivation) 

(American_Psychiatric_Association, 2013). The lifetime prevalence of Sz is between 0.3 to 0.7% 

(Perala et al., 2007), with late adolescence and early adulthood the peak period for the onset of 

psychotic symptoms (American_Psychiatric_Association, 2013). Causal factors in Sz include 

environmental and genetic factors and especially their interaction (Belbasis et al., 2018; Duncan & 

Keller, 2011; Guloksuz et al., 2019; Radua et al., 2018). About 50% of individuals with a 

diagnosis of Sz have lifelong impairment (American_Psychiatric_Association, 2013).
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Although radiologists have a large arsenal of imaging tools at their disposal (including x-ray, 

CT, MRI, ultrasound), these tools are not routinely used for clinical assessment of Sz. 

Indeed, although increased ventricular volume (Berger et al., 2017; Pantelis et al., 2005; van 

Erp et al., 2016) and reduced superior temporal gyrus gray matter (J. C. Edgar et al., 2014; 

Shenton, Dickey, Frumin, & McCarley, 2001; Smiley et al., 2009) in Sz are robust findings 

at the group level, brain imaging does not provide clinically usable information (diagnostic 

or prognostic) regarding Sz at the individual level due to insufficient sensitivity and 

specificity. As such, the relatively uncommon radiology clinical referral of someone having 

or suspected of having Sz is to rule out conditions such as a brain tumor or encephalitis.

MEG has been used for over 25 years in research studies examining neural activity in Sz. 

Although abnormalities in resting-state activity as well as basic sensory processing and 

cognitive processes are reliably reported in MEG studies (J. C. Edgar et al., 2018; Grent-’t-
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Jong et al., 2016; Huang et al., 2003; Popov et al., 2011; Rojas, Arciniegas, Teale, & Reite, 

1999; Silverstein et al., 2006; Teale, Reite, Rojas, Sheeder, & Arciniegas, 2000; Thune, 

Recasens, & Uhlhaas, 2016; Wilson et al., 2008; Zeev-Wolf et al., 2018), analogous to other 

brain imaging modalities, no MEG marker for Sz exists for use at the individual level. MEG 

provides the ability to investigate brain activity at specific brain regions as well as to create 

whole-brain 3D images from the MEG sensor data. As radiologists excel at interpreting 3D 

brain images, neuroradiologists are well placed to make good use of MEG brain images. 

However, as detailed throughout this chapter, the MEG brain images of interest for Sz will 

be different from the structural brain images neuroradiologists typically encounter. This is 

because MEG records brain neural activity, and thus MEG brain images are images of brain 

function rather than brain structure. Although functional MRI (fMRI) clinical studies are 

sometimes obtained by radiologists, MEG images differ from fMRI images, as MEG records 

neural activity directly, in ‘real time’, rather than time-delayed and time-blurred 

hemodynamic activity related to neural activity, and thus millisecond-by-millisecond images 

(or even movies) are potentially available with MEG.

This chapter on Sz considers the possible future use of MEG by radiologists via focusing on 

areas of active research: research studies examining whole-brain resting-state activity, 

studies examining auditory encoding processes, and studies examining functional 

connectivity. Rather than provide a comprehensive review, this chapter considers the types of 

MEG images that neuroradiologists might one day read as part of a clinical radiology Sz 

exam. Given significant heterogeneity in Sz due to individual differences in genetic risk 

(Consortium, 2014; Henriksen, Nordgaard, & Jansson, 2017), environmental risk (Dean & 

Murray, 2005; van Os, Kenis, & Rutten, 2010), and symptoms (Andreasen, 1997), the brain 

neural abnormalities observed across individuals with Sz are likely to differ considerably. 

Indeed, growing clinical research evidence indicates that traditionally diagnosed Sz is 

diverse in etiology and heterogeneous in clinical presentation. Attention is turning to specific 

symptoms and risk factors as potential clinical targets for detection, diagnosis, and 

preventive and ameliorative intervention (J. C. Edgar, Miller, G.A., In Press; G. A. Miller, 

Rockstroh, B., 2013, 2016; Yee, Javitt, & Miller, 2015). The clinical payoff in examining 

activity throughout the brain is identifying abnormalities specific to each patient (e.g., 

observing abnormalities in superior temporal gyrus or frontal lobes), with individual 

findings hopefully one day guiding diagnosis and treatment. In addition, given that it is 

unlikely that brain pathology in Sz will be easily observed, the use of normative whole-brain 

MEG databases to identify abnormality at the individual level is highlighted, a procedure 

that allows for a more quantitative assessment of neural activity.

Resting-state Activity in Schizophrenia

Information related to collecting MEG data and obtaining source images is provided in 

Chapter 1, and Chapters 2 and 3 discuss resting-state recordings. Briefly, research studies 

examining resting-state (RS) brain activity in SZ typically collect spontaneous MEG in 

continuous 5-minute segments in an awake state. Given greater artifact in patients with Sz 

than in controls, multiple RS recordings are typically obtained in order to have a sufficient 

amount of artifact-free RS data (Lund, Sponheim, Iacono, & Clementz, 1995).
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Although MEG Sz research has focused on RS brain activity across different frequency 

ranges such as alpha (9 to 12 Hz) and gamma (30 to 50 Hz) (Canive et al., 1998; Canive et 

al., 1996; Grent-’t-Jong et al., 2018; Rutter et al., 2009; Zeev-Wolf et al., 2018), RS low-

frequency (delta and theta) oscillatory activity has received the most attention. Studies 

examining delta (1 to 4 Hz) and theta (4 to 8Hz) activity in Sz have built upon MEG and 

EEG studies observing more delta and theta RS activity in Sz than controls (Canive et al., 

1998; Fehr et al., 2001; Pascual-Marqui et al., 1999; B. Rockstroh et al., 1997; Sponheim, 

Clementz, Iacono, & Beiser, 1994; Weinberger, 1988; Wienbruch et al., 2003; Winterer et 

al., 2000), with a meta-analysis concluding that enhanced low-frequency activity in SZ is a 

robust finding (Galderisi, 2009). Given increased low-frequency activity during the waking 

state in Sz and given that individuals with Sz typically do not show frank pathology on 

structural MRIs, it has been suggested that portions of the brain in Sz tend to be in an 

inactive, ‘sleep-like state’ (Lisman, 2012; Llinas, Urbano, Leznik, Ramirez, & van Marle, 

2005) or that slowing in Sz reflects subtle brain pathology manifested in low-frequency 

MEG.

Rather than merely examining low-frequency activity at the sensor level (EEG or MEG), the 

brain areas associated with such slowing can be identified via source localization (typically 

co-registering MEG data with anatomical MRI data). Several MEG studies have examined 

RS low-frequency activity throughout the brain in Sz, using one of many source-localization 

methods that can be used to obtain a map of RS theta activity. Using L2-minimum norm 

estimate localization, Fehr et al. (Fehr et al., 2001) observed higher frontotemporal and 

posterior delta/theta activity in Sz than in adult controls. Using frequency-domain VEctor-

based Spatio-Temporal analysis using Ll-minimum norm (VESTAL, (Huang et al., 2012; 

Huang et al., 2009)), as shown in Figure 1, Chen et al. (Chen et al., 2016) observed 

abnormal low-frequency theta activity in frontal and temporo-parietal regions in adults with 

Sz.

A few general features of the whole-brain RS theta images in Figure 1 are of note. To obtain 

a RS theta 3D map for each subject, each subject’s RS eyes-closed data were filtered to 

examine theta activity (4–8 Hz). To this end, the MEG continuous raw data were divided 

into 2.5-s epochs, which provides 0.40 Hz resolution. Epochs were overlapped 50% to adjust 

for windowing of each epoch. For each epoch, a Fast Fourier Transform (FFT) provided a 

measure of theta activity (summed across 4 Hz to 8 Hz). The frequency-domain VESTAL 

source grid (5 mm isotropic resolution) was obtained by sampling gray-matter areas from 

the T1-weighted MRI of each subject. The sensor-space frequency-domain data were used 

by frequency-domain VESTAL to obtain the theta amplitude (root mean squared) at each 

source location. These values were then used to generate MEG theta source images for each 

subject. Additional details of frequency-domain VESTAL source imaging are provided in 

Huang et al. (Huang et al., 2012) and in Chapter 3. Figure 1 is thresholded to reveal areas 

with significant control versus patient group differences in RS theta activity, displayed as a 

color overlay on the anatomical MRI. Figure 1 illustrates the value of MEG in identifying 

region-specific functional abnormalities, with higher spatial fidelity than scalp EEG 

provides.
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Of note, Fehr et al. (2001) and Chen et al. (2016) showed control and patient low-frequency 

differences only at the group level. Fehr et al. and Chen et al. did not show that increased 

low-frequency activity was observed in each of the individuals with Sz included in their 

samples. Some low-frequency activity is normal and observed in most non-patient adults 

(see Chapter 3). As such, except in extreme cases (e.g., very significant slowing from cortex 

adjacent to a tumor (Lewine, 1995)), identification of significantly elevated low-frequency 

activity at the individual level is difficult and in our judgment generally not ready for routine 

clinical use. Thus, similar to identifying abnormal low-frequency activity in individuals with 

mTBI (Chapter 3), an objective method is needed to identify abnormal low-frequency 

activity at the individual level. Using whole-brain MEG source-space measures, Wienbruch 

et al. (Wienbruch et al., 2003) described a method to apply a Z-score-based analysis for 

single subjects (a similar procedure was described in Chapter 3). Once a normative database 

is established, comparison of individual data against scores from a demographically matched 

control group will allow fine distinctions and comparisons unattainable by clinical 

observation or traditional neuroimaging alone. Via this normative approach, Rockstroh et al. 

(B. S. Rockstroh, Wienbruch, Ray, & Elbert, 2007) reported that the spatial topography of 

low-frequency activity distinguishes individuals with Sz from individuals with neurotic/

affective diagnoses.

In our judgment the field is ready to begin producing data bases of this sort that will have 

routine clinical utility. However, before assessment of low-frequency activity in Sz can be of 

use in the clinic, research is needed to determine how often low-frequency abnormalities are 

observed at the individual level in Sz. Given changes in brain activity across the lifespan, 

research is also needed to determine whether different RS normative databases are needed 

for different age groups (J. C. Edgar et al., 2019; Miskovic et al., 2015; Somsen, van’t 

Klooster, van der Molen, van Leeuwen, & Licht, 1997; Szava et al., 1994; Valdes et al., 

1992). Research is also needed to determine whether analogous findings are observed across 

source localization methods (e.g., L1 and L2 source localization methods, see Chapter 1) 

and different MEG recording systems vs. whether particular methods are superior for this 

purpose. Finally, research is needed to determine whether abnormal low-frequency activity 

identified at the individual level provide sufficient sensitivity and specificity to be used to 

guide treatment (e.g., low-frequency abnormalities at a particular brain region indicating that 

patient would respond best to a specific therapy) as well as predict outcome (i.e., a 

prognostic marker).

Auditory Studies

In addition to examining RS activity in Sz, MEG is collected in paradigms where sensory 

stimuli are presented (e.g., auditory tones, visual images). In some instances, the subject is 

instructed to rest while stimuli are presented. In other instances, the subject is given a task 

and makes a response each time a stimulus is presented (e.g., a button press). MEG data are 

time-locked to the presentation of each stimulus and/or button press. Because the response to 

a single stimulus is small relative to ongoing oscillatory activity, an averaged response to 

repeated stimuli is often computed. Typically, over one hundred stimuli in each condition 

(e.g., 130 tones, 200 pictures of faces) are presented to obtain an average evoked response 

providing a signal-to-noise ratio sufficient for source localization.
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A very large EEG and MEG literature reports on auditory encoding abnormalities in 

individuals with Sz, typically using either pure tone stimuli (Chen et al., 2018; Greenwood 

et al., 2007; Kustermann, Rockstroh, Kienle, Miller, & Popov, 2016; Rosburg, Boutros, & 

Ford, 2008; Schubring, Popov, Miller, & Rockstroh, 2018; Smith et al., 2010; Turetsky et al., 

2008) or steady-state auditory stimuli (J. C. Edgar et al., 2018; Thune et al., 2016). As the 

primary generators of early auditory encoding processes are in left and right superior 

temporal gyrus (STG) (J. C. Edgar et al., 2003; Huang et al., 2003), MEG studies have used 

source localization to examine auditory encoding processes in left and right STG. Figure 2 

shows an auditory evoked response to tone stimuli in the left and right auditory cortex 

(activity measures obtained using single-dipole source localization). The x axis shows that 

auditory activity is revealed at the millisecond level, and the y axis shows that the strength of 

the response is measured in units of nano-amps per meter (nA-m). Figure 2 arrows show the 

typical adult auditory evoked responses at 50 ms and 100 ms.

When there are brain areas of a priori interest, such as left and right STG auditory areas, 

other measures of neural activity are often obtained via computing what are often called 

time-frequency measures. Figure 3 shows auditory time-frequency plots from the right STG. 

The time-frequency measures for this figure were obtained via computing the continuous 

time course for a location within the right STG, and then computing from the single trials 

(i.e., each click or tone stimulus) the average strength of the response in terms of modulation 

of frequency (depicted in what is called a total power or an event-related spectral 

perturbation plot - Figure 3a) and the average phase of the response (depicted in what is 

called an inter-trial coherence or phase-locking plot - Figure 3b), with “phase” defined in 

trigonometric functions.

Total power plots show the pre- to post-stimulus change in neural activity in terms of 

frequency modulation. Inter-trial coherence plots show the trial-to-trial similarity in 

frequency-domain neural activity. Figure 3 illustrates some general features of time-

frequency plots. First, the x axis shows activity across time in milliseconds, and the y axis 

shows neural activity as a function of frequency. Color codes intensity of activity at a given 

time and frequency. As shown in Figure 3, around 50 to 100 ms after tone onset, increased 

pre- to post-stimulus neural activity (total power plot) and increased similarity in the trial-to-

trial response (inter-trial coherence plot) are observed across a wide range of frequencies. At 

later times, such increases are observed only in lower frequencies (4 to 20 Hz). The total 

power plot also shows at later times a decrease in pre- to post-stimulus neural activity in 

frequencies lower than 20 Hz, with such later deceases (event-related desynchronization) 

observed in most sensory systems. Depending on the research question of interest, in some 

cases the full time-frequency plot might be examined, and in some cases a particular time 

and frequency region of interest is examined (e.g., theta and alpha activity from 50 to 200 

ms).

Another example of MEG auditory measures are whole-brain images. Chen et al. (Chen et 

al., 2018) examined auditory encoding processes in controls and patients with Sz throughout 

the brain. As shown in Figure 4, Chen et al. observed weaker post-stimulus auditory 

encoding activity in controls than in patients with Sz in right frontal areas as well as STG 

regions. Chen et al. also recruited unaffected relatives of the patients with Sz. As shown in 
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Figure 4, auditory encoding abnormalities in the patients and the unaffected relatives of the 

patients with SZ were shared only in left STG, thus indicating that the identification of 

markers in Sz must consider specific brain regions. As noted above, MEG shows particular 

promise in providing region-specific activity with high temporal resolution.

A few aspects of the whole-brain auditory encoding image are of note. First, whereas whole-

brain images of RS activity generally provide a measure of the amount of activity within a 

specific frequency range across the RS recordings, whole-brain evoked response images 

focus on a particular time period. For example, Figure 4 shows activity averaged across 80 to 

130 ms. Other time periods could be examined to address specific research questions. With 

respect to translating research findings to the clinic, a major hurdle will be to identify, from a 

large amount of data, measures that are most clinically informative. Similar to the RS 

measures, this work will also involve determining whether analogous clinical findings are 

observed across MEG recording systems and across analysis methods.

Finally, radiologists interested in this area are likely to come across a very active line of 

research examining the hypothesis that sensory overload and attention dysfunction in 

patients with schizophrenia is due to inadequate inhibition of redundant information. In 

many research studies, this is experimentally demonstrated as a failure of individuals with 

Sz to habituate to repeated auditory stimuli(Adler et al., 1982; Braff, 1993; Yee, 

Nuechterlein, Morris, & White, 1998). As an example, using the ‘paired-click paradigm’ 

where subjects are presented two click separated by 500 milliseconds, MEG studies compare 

primary/secondary auditory cortex activity to the first and second clicks in controls and 

individuals with Sz. MEG studies have provided mixed findings for the ‘gating’ hypothesis, 

with some MEG studies showing the individuals with Sz fail to show gating/habituation to 

the second click (i.e., a similar or larger response to the second than first click)(Thoma et al., 

2003), while other studies find no gating/habituation abnormality in Sz(Bachmann et al., 

2010; Smith et al., 2010). Although most studies have examined the time-domain M50 and 

M100 paired-click responses, other studies employ time-frequency analyses to examine the 

frequencies associated with gating(J. C. Edgar et al., 2008; Popov et al., 2011) (refs). And 

although the auditory system has been the primary focus of this line of research, researchers 

have examined gating in the somatosensory system(J. C. Edgar et al., 2005). Finally, within 

this line of research, an interesting direction that will surely develop over the next decade is 

the use of therapy (e.g., cognitive training) to normalize auditory processes in Sz(Popov, 

Rockstroh, Weisz, Elbert, & Miller, 2012; Popova et al., 2018).

Whole-brain Functional Connectivity Maps

Recruitment and management of neural networks, consisting of spatially separate yet 

functionally related brain regions, is critical to diverse perceptual and higher-order 

processes. Accordingly, interest is increasing in elucidating the abnormal functional 

connectivity of such networks in Sz. MEG is particularly well equipped to address 

coordinated activity of neural networks due to its ability to measure neural oscillatory 

processes, its insensitivity to distortion by inhomogeneous conductivity in the head, and its 

excellent spatial resolution given advanced source-reconstruction algorithms and the large 

number of sensors now commonly used (Brookes et al., 2011; Cohen, 1972; Schoffelen & 
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Gross, 2009; Zumer, Attias, Sekihara, & Nagarajan, 2007). Additionally, co-registering 

MEG data with high-resolution structural MRI improves the ability to estimate the neural 

generators of MEG signals by incorporating anatomical information. Findings of both hypo- 

and hyper-connectivity in Sz have been found across various studies using task-based and 

RS data, but particular patterns of connectivity may reflect specific symptoms that vary 

across samples.

Because disrupted information processing is a hallmark of Sz and related to a variety of 

symptoms, whole-brain connectivity assessed during various cognitive tasks may be 

clinically relevant (Ioannides, Poghosyan, Dammers, & Streit, 2004). As an example, 

Hirvonen et al. (Hirvonen et al., 2017) found that both local and cross-region gamma-band 

(30–120 Hz) synchronization (a mechanism of connectivity) was lower in Sz patients than in 

controls during a task requiring perceptual integration. The functional connectivity measures 

were of clinical interest, with reduced gamma-band synchronization associated with more 

severe disorganization symptoms. The Figure 5 functional connectivity map is from 

Hirvonen et al. Although this image might look to some degree like a diffusion image (e.g., 

a fractional anisotropy brain diffusion map familiar to neuroradiologists), several features of 

this gamma-band functional connectivity image are of note. First, the functional connectivity 

information (colored lines) is superimposed on an inflated and flattened cortical surface. 

This facilitates visualization of the connections between brain areas. Second, measures of 

functional connectivity were computed for regions of a priori interest. This was done to 

reduce the number of calculations (from many, many thousands to tens or hundreds). Third, 

the functional connectivity data were scaled to show only connections with the greatest 

group difference (in this figure, showing the 200 most significant connections).

Research investigating RS MEG connectivity also shows abnormal network connectivity in 

adults with Sz (Cetin et al., 2016; Hinkley et al., 2011; Robinson & Mandell, 2015; Rutter et 

al., 2013). As an example, using pairwise correlations in ICA-derived RS networks across all 

frequency bands, Houck et al. (Houck et al., 2017) observed enhanced functional 

connectivity in frontal networks during RS in Sz patients. Figure 6 from Houck et al. shows 

a common way of plotting functional connectivity maps. Figure 6 show connectivity results 

for controls (left), patients (center), and the group difference (right). The x and y axes list 

brain regions, with the color scale showing the significance of the connection for each pair 

of brain regions.

Functional connectivity methods add another layer of complexity to be considered, as the 

functional connectivity measures that can be computed are nearly infinite, and the clinical 

research literature has not settled on a standard set of measures. Studies to date primarily 

examine functional connectivity (amplitude or phase) within a specific frequency band (e.g., 

connectivity between the strength of occipital gamma and frontal gamma activity). Other 

connectivity measures are of interest, such as phase-amplitude coupling (PAC) measures that 

assess how the phase of low-frequency activity in one brain region modulates the strength of 

high-frequency activity in another brain region (Berman et al., 2012; Canolty et al., 2006; 

Osipova, Hermes, & Jensen, 2008). The principle is that higher-frequency activity facilitates 

and reflects the operation of local brain networks and that lower-frequency activity 

facilitates and reflects control of one region by another (Canolty & Knight, 2010). For 
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example, it has been hypothesized that a failure in theta and alpha activity modulation of 

gamma activity is a mechanism that fosters poor cognitive interference control in Sz. In 

support of this proposal, Popov et al. (Popov, Wienbruch, Meissner, Miller, & Rockstroh, 

2015) reported weaker coupling of the phase of theta-band activity in anterior cingulate 

cortex to the amplitude of gamma-band activity in middle frontal gyrus in individuals with 

Sz than in healthy comparison participants.

Although relationships between disruptions in neural network dynamics and pathological 

symptoms in Sz are observed in many studies utilizing MEG recordings (as well as those 

employing EEG and fMRI), findings vary across studies. This variability may correspond to 

methodological differences in collection and processing of MEG data as well as nosographic 

variability (Alamian et al., 2017) in line with the growing consensus that traditional 

psychiatric diagnostic categories are etiologically and mechanistically diverse (e.g., (Yee et 

al., 2015)). It may be preferable to utilize MEG connectivity measures to assess specific 

functional and symptom domains and constructs relevant to Sz, as highlighted by the 

Research Domain Criteria Framework (Kozak & Cuthbert, 2016; Lake, 2017; G. A. Miller, 

in press).

Despite the diversity of findings in the literature, analysis of MEG connectivity can provide 

important information regarding neural network dysfunction that disrupts information 

processing in Sz, resulting in a variety of clinical symptoms and cognitive performance 

deficits. Although use of MEG connectivity measures in Sz is in its infancy, it is a promising 

tool for elucidating the unique functional architecture of Sz, including aberrant neural 

integration and/or segregation, related to clinical presentation. Finally, and analogous to the 

RS and auditory Sz studies, functional connectivity in Sz has not yet demonstrated the 

degree of sensitivity and specificity that would be needed for routine clinical use.

General Comments and Future Directions

MEG systems are much less common in and outside of radiology departments than are EEG 

and MRI systems and thus less available for both clinical and research use. This scarcity is a 

primary factor holding back clinical application of MEG, with the resulting corollary that 

the expert user community is small as well. As such, there is not the large established base 

of EEG users nor the growth of fMRI users pursuing the translational research needed to 

move MEG technology into the clinic.

Aside from the need to develop a larger user base, as detailed in this Chapter and also 

Chapter 3, the future of clinical MEG likely depends on increased standardization and a 

gradual move from a qualitative to a quantitative/actuarial framework. At present, clinical 

MEG assessment relies primarily on careful and intensive examination of each subject’s 

MEG data. This qualitative tradition likely reflects the development of clinical use of MEG 

to date principally as a tool to localize epileptiform activity (see Chapter 2). In such an 

application, individual aspects of each clinical case (including seizure source, trade-offs of 

extent of surgical recision vs. risk of functional loss) are critical and not yet sufficiently 

subject to quantitative standardization. Clinical-theoretical and actuarial approaches can be 

thought of as extremes on a continuum of quantification (Lezak, 1995). At the qualitative 
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end are assessment approaches built on detailed observations of MEG activity, with 

particular weight given to human judgment about the manner in which MEG activity is 

abnormal, but which lack objective standardization. In contrast, actuarial systems rely on 

statistical evaluations of scores, derived from a standard set of protocols and analysis 

methods. Whereas at present much more emphasis on quantitative approaches is needed, 

Lezak (Lezak, 1995) notes that “... to do justice to a field of inquiry as complex as brain-

behavior relationships in adult human beings requires an adaptable assessment methodology 

that incorporates the strengths of both quantitative and qualitative approaches” (pg. 4). 

Because clinical judgment can be used as an input to such quantitative methods, the field is 

well positioned for such an integration.

For routine clinical practice, more fundamental than standardization of data-integration 

methods is standardization of data-acquisition methods. At present, there are no MEG 

clinical protocols that are standardized beyond individual centers. MEG research exam 

protocols vary widely as well. In addition, MEG recording systems and associated analysis 

algorithms vary across labs. For example, for auditory tasks, some labs use insert 

headphones, whereas other labs use freefield speakers. Even for spontaneous resting data, 

labs differ in how resting data are obtained. Similar variability is observed in data analysis 

procedures. Whereas some labs use single dipole strategies to localize auditory cortex 

activity, the use of whole-brain distributed source localization techniques to obtain whole-

brain images is of interest and is growing, with different laboratories using different source 

localization routines (e.g., beamforming, L1, or L2).

Development of new clinical indications for MEG requires a multi-pronged approach. This 

will include standardization of protocols, data collection, and data analysis procedures. 

Whereas such procedural standardization is possible and surely inevitable, some variability 

will remain as MEG hardware, software, and other site-specific factors (e.g., environmental 

electromagnetic noise levels) differ across sites. It is hoped that the gradual establishment 

and validation of standard presentation and analysis protocols will allow merging of data 

across sites and the development of normative databases. Development of normative 

databases in turn will foster a quantitative and generalizable approach to clinical 

interpretation.
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Key Points

• This chapter on schizophrenia considers the possible future clinical use of 

MEG by radiologists via focusing on areas of active research: research studies 

examining whole-brain resting-state activity, studies examining auditory 

encoding processes, and studies examining functional connectivity.

• Rather than provide a comprehensive review, this chapter considers the types 

of MEG images that neuroradiologists might one day read as part of a clinical 

radiology schizophrenia exam.

• The use of normative whole-brain MEG databases to identify abnormality at 

the individual level is highlighted, a procedure that allows for a more 

quantitative assessment of neural activity.

• The clinical payoff in examining activity throughout the brain is identifying 

abnormalities specific to each patient (e.g., observing abnormalities in 

superior temporal gyrus or frontal lobes), with individual findings hopefully 

one day guiding diagnosis and treatment.
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Figure 1. 
Between-group VEctor-based Spatio-Temporal analysis using L1-minimum norm 

(VESTAL) analyses for theta (4 Hz to 8 Hz). Clusters in yellow/red show more right-

hemisphere slow-wave activity in the schizophrenia group than in the control group (P<0.05, 

family-wise corrected). Adapted from YH Chen, B Stone-Howell, Edgar, J. C., et al. Frontal 

slow-wave activity as a predictor of negative symptoms, cognition and functional capacity in 

schizophrenia. Br J Psychiatry. 2016 Feb; 208(2), 160–167. doi:10.1192/bjp.bp.114.156075
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Figure 2. 
Left (green) and right (purple) superior temporal gyrus (primary/secondary auditory cortex) 

evoked source waveforms to tone stimuli. Arrows show typical adult auditory evoked 

responses at 50 ms and 100 ms.
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Figure 3. 
Total power (a) and inter-trial coherence (b) activity in response to pure tone stimuli. The x 

axis shows time and the y axis the percent change in activity from baseline. The tone is 

presented at 0 ms.
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Figure 4. 
Analysis of variance (ANOVA) group differences and associated bar charts showing results 

of 100 ms (M100) simple-effects analyses at the 4 identified regions of interest (ROIs) (*p 

< .05, **p < .001). From YH Chen, B Howell, JC Edgar. Associations and Heritability of 

Auditory Encoding, Gray Matter, and Attention in Schizophrenia. Schizophr Bull. 2018 

doi:10.1093/schbul/sby111
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Figure 5. 
Low gamma (30–40 Hz) band cortical networks stronger for controls than Sz for upright 

faces (top) and inverted faces (bottom). Graphs display the 200 strongest connections on a 

flattened, inflated cortical surface. Red = visual network (Vis); Green = sensorimotor 

network (SM); Purple = dorsal attention network (DAN); Yellow = ventral attention network 

(VAN); Blue = Frontoparietal network. AG = angular gyrus; iFS/G = inferior frontal sulcus/

gyrus; MI = primary motor cortex; mOG = middle occipital gyrus, mTG = middle temporal 

gyrus; Fus = fusiform gyrus; POS = parieto-occipital sulcus; prCN = precuneus; SI = 
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primary somatosensory cortex; sTG = superior temporal gyrus. From J Hirvonen, M Wibral, 

JM Palva. Whole-Brain Source-Reconstructed MEG-Data Reveal Reduced Long-Range 

Synchronization in Chronic Schizophrenia. eNeuro, 2017 4(5).

Edgar et al. Page 21

Neuroimaging Clin N Am. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Functional network connectivity (FNC) for MEG, for healthy controls (left column), patients 

with schizophrenia (center column), and false discovery rate corrected group differences 

(right column). Color scale describes the p-value after FDR correction. From JM Houck, MS 

Cetin, AR Mayer. Magnetoencephalographic and functional MRI connectomics in 

schizophrenia via intra- and inter-network connectivity. Neuroimage. 2017 Jan 15;145(Pt A), 

96–106. doi:10.1016/j.neuroimage.2016.10.011
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