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Forewords

Dear reader,

We are once again delighted about the great number 
and high quality of magnetoencephalography (MEG) 
research published every year by MEGIN customers as 
well as by users of other MEG devices. 

While this is by no means a comprehensive bibliogra-
phy of magnetoencephalography research, this book 
presents you with a selection of abstracts we believe 
reflect some of the more exciting and influential clinical 
research using this technology. We have not included 
non-clinical research in this publication due to the 
sheer number of studies published in such topics.

When selecting abstracts for this book, we reviewed 
650 studies published from 2020 through early 2023 
(this book was compiled in March 2023). These papers 
involved thousands and thousands of patients, span-
ning diseases from epilepsy, dementias, and autism 
spectrum disorders to brain tumors, brain injuries as 
well as many other topics. The below chart indicates 

the number of studies into some of the most studied 
of these disorders and conditions during the years 
covered by this book.

The majority of the articles we reviewed were pub-
lished in prestigious peer-reviewed journals, which 
makes us believe that the overall quality of the research 
is outstanding and worth sharing with the user com-
munity as well as professionals aspring to become 
familiar with MEG.

While in no way complete, we hope this collection is 
useful to you who may want to learn about how MEG 
is currently used in clinical research or are perhaps 
interested in studies pertaining to a particular disorder. 
MEGIN does not, however, assume any responsibility 
for the content of the studies included in this book.

Number of studies from 2020 to early 2023
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Amyotrophic Lateral Sclerosis

Flexibility of Fast Brain Dynamics and Disease 
Severity in Amyotrophic Lateral Sclerosis (2022)
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BACKGROUND AND OBJECTIVES Amyotrophic lateral 
sclerosis (ALS) is a multisystem disorder, as supported 
by clinical, molecular, and neuroimaging evidence. As 
a consequence, predicting clinical features requires a 
description of large-scale neuronal dynamics. Nor-

mally, brain activity dynamically reconfigures over 
time, recruiting different brain areas. Brain pathologies 
induce stereotyped dynamics which, in turn, are linked 
to clinical impairment. Hence, based on recent evi-
dence showing that brain functional networks become 
hyperconnected as ALS progresses, we hypothesized 
that the loss of flexible dynamics in ALS would predict 
the symptoms severity.

METHODS To test this hypothesis, we quantified flex-
ibility using the "functional repertoire" (i.e., the number 
of configurations of active brain areas) as measured 
from source-reconstructed magnetoencephalography 
(MEG) in patients with ALS and healthy controls. The 
activity of brain areas was reconstructed in the classic 
frequency bands, and the functional repertoire was 
estimated to quantify spatiotemporal fluctuations of 
brain activity. Finally, we built a k-fold cross-validated 
multilinear model to predict the individual clinical im-
pairment from the size of the functional repertoire.

RESULTS Comparing 42 patients with ALS and 42 
healthy controls, we found a more stereotyped brain 
dynamics in patients with ALS (p < 0.05), as conveyed 
by the smaller functional repertoire. The relationship 
between the size of the functional repertoire and the 
clinical scores in the ALS group showed significant 
correlations in both the delta and the theta frequency 
bands. Furthermore, through a k-fold cross-validated 
multilinear regression model, we found that the 
functional repertoire predicted both clinical staging 
(p < 0.001 and p < 0.01, in the delta and theta bands, 
respectively) and symptoms severity (p < 0.001, in both 
the delta and theta bands).

DISCUSSION Our work shows that (1) ALS pathology 
reduces the flexibility of large-scale brain dynamics, (2) 
subcortical regions play a key role in determining brain 
dynamics, and (3) reduced brain flexibility predicts 
disease stage and symptoms severity. Our approach 
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provides a noninvasive tool to quantify alterations in 
brain dynamics in ALS (and, possibly, other neurode-
generative diseases), thus opening new opportunities 
in disease management and a framework to test, in the 
near future, the effects of disease-modifying interven-
tions at the whole-brain level.
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ABSTRACT Amyotrophic lateral sclerosis (ALS) is a 
neurodegenerative disease characterised by functional 
connectivity alterations in both motor and extra-
motor brain regions. Within the framework of network 
analysis, fingerprinting represents a reliable approach 
to assess subject-specific connectivity features within 
a given population (healthy or diseased). Here, we 
applied the Clinical Connectome Fingerprint (CCF) 
analysis to source-reconstructed magnetoencepha-
lography (MEG) signals in a cohort of seventy-eight 
subjects: thirty-nine ALS patients and thirty-nine 
healthy controls. We set out to develop an identifiabil-
ity matrix to assess the extent to which each patient 
was recognisable based on his/her connectome, as 
compared to healthy controls. The analysis was per-
formed in the five canonical frequency bands. Then, we 
built a multilinear regression model to test the ability of 
the "clinical fingerprint" to predict the clinical evolution 
of the disease, as assessed by the Amyotrophic Lateral 
Sclerosis Functional Rating Scale-Revised (ALSFRS-r), 
the King's disease staging system, and the Milano-To-
rino Staging (MiToS) disease staging system. We found 
a drop in the identifiability of patients in the alpha 
band compared to the healthy controls. Furthermore, 
the "clinical fingerprint" was predictive of the ALSFRS-r 
(p = 0.0397; β = 32.8), the King's (p = 0.0001; β = -7.40), 
and the MiToS (p = 0.0025; β = -4.9) scores. Accordingly, 
it negatively correlated with the King's (Spearman's 
rho = -0.6041, p = 0.0003) and MiToS scales (Spearman's 
rho = -0.4953, p = 0.0040). Our results demonstrated 
the ability of the CCF approach to predict the individual 
motor impairment in patients affected by ALS. Given 
the subject-specificity of our approach, we hope to 
further exploit it to improve disease management.

Keywords: Brain network identifiability, Clinical connec-
tome fingerprint, Functional connectome, Magnetoen-
cephalography, Phase Linearity Measurement, Motor 
neurons disease, Neurodegenerative diseases
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ABSTRACT The objective of this study was to examine 
if patterns of resting-state brain activity and functional 
connectivity in cortical and subcortical regions in 
patients with early symptomatic amyotrophic lateral 
sclerosis (ALS) resemble those of behavioural variant 
frontotemporal dementia (bvFTD). In a cross-sectional 
design, eyes-closed resting-state magnetoencephalog-
raphy (MEG) data of 34 ALS patients, 18 bvFTD patients 
and 18 age- and gender-matched healthy controls 
(HCs) were projected to source-space using an atlas-
based beamformer. Group differences in peak frequen-
cy, band-specific oscillatory activity and functional con-
nectivity (corrected amplitude envelope correlation) 
in 78 cortical regions and 12 subcortical regions were 
determined. False discovery rate was used to correct for 

multiple comparisons. BvFTD patients, as compared to 
ALS and HCs, showed lower relative beta power in pa-
rietal, occipital, temporal and nearly all subcortical re-
gions. Compared to HCs, patients with ALS and patients 
with bvFTD had a higher delta (0.5-4 Hz) and gamma 
(30-48 Hz) band resting-state functional connectivity 
in a high number of overlapping regions in the fron-
tal lobe and in limbic and subcortical regions. Higher 
delta band connectivity was widespread in the bvFTD 
patients compared to HCs. ALS showed a more wide-
spread higher gamma band functional connectivity 
compared to bvFTD. In conclusion, MEG in early symp-
tomatic ALS patients shows resting-state functional 
connectivity changes in frontal, limbic and subcortical 
regions that overlap considerably with bvFTD. The find-
ings show the potential of MEG to detect brain changes 
in early symptomatic phases of ALS and contribute to 
our understanding of the disease spectrum, with ALS 
and bvFTD at the two extreme ends.

Keywords: Amyotrophic lateral sclerosis, Behavioural 
variant frontotemporal dementia, Functional connectiv-
ity, Magnetoencephalography, Oscillatory brain activity, 
Resting-state
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ABSTRACT Aim: The present study aims at investigat-
ing the possible correlation between peripheral mark-
ers of inflammation and brain networks. Introduction: 
Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disease dominated by progressive motor impair-
ment. Among the complex mechanisms contributing 
to the pathogenesis of the disease, neuroinflammation, 
which is associated with altered circulating cytokine 
levels, is suggested to play a prominent role. Methods: 
Based on magnetoencephalography data, we esti-
mated topological properties of the brain networks in 
ALS patients and healthy controls. Subsequently, the 
blood levels of a subset of cytokines were assayed. 
Finally, we modeled the brain topological features in 
the function of the cytokine levels. Results: Significant 
differences were found in the levels of the cytokines 
interleukin (IL)-4, IL-1β, and interferon-gamma (IFN-γ) 
between patients and controls. In particular, IL-4 and 
IL-1β levels increased in ALS patients, while the IFN-γ 
level was higher in healthy controls. We also detected 
modifications in brain global topological parameters 
in terms of hyperconnectedness. Despite both blood 
cytokines and brain topology being altered in ALS 
patients, such changes do not appear to be in a direct 
relationship. Conclusion: Our results would be in 

line with the idea that topological changes relate to 
neurodegenerative processes. However, the absence of 
correlation between blood cytokines and topological 
parameters of brain networks does not preclude that 
inflammatory processes contribute to the alterations of 
the brain networks. Impact statement The progression 
of amyotrophic lateral sclerosis entails both neurode-
generative and inflammatory processes. Furthermore, 
disease progression induces global modifications of 
the brain networks, with advanced stages showing a 
more compact, hyperconnected network topology. The 
pathophysiological processes underlying topological 
changes are unknown. In this article, we hypothesized 
that the global inflammatory profile would relate to the 
topological alterations. Our results showed that this is 
not the case, as modeling the topological properties as 
a function of the inflammatory state did not yield good 
predictions. Hence, our results suggest that topologi-
cal changes might directly relate to neurodegenerative 
processes instead.

Keywords: amyotrophic lateral sclerosis, brain networks, 
connectivity, cytokines, magnetoencephalography, neu-
roinflammation
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Anxiety Disorders
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ABSTRACT Background: Cortico-striato-thalamo-
cortical (CSTC) network alterations are hypothesized 
to contribute to symptoms of obsessive-compulsive 
disorder (OCD). To date, very few studies have ex-
amined whether CSTC network alterations are pres-
ent in children with OCD, who are medication naive. 
Medication-naive pediatric imaging samples may be 

optimal to study neural correlates of illness and identify 
brain-based markers, given the proximity to illness 
onset. Methods: Magnetoencephalography (MEG) data 
were analyzed at rest, in 18 medication-naive children 
with OCD (M = 12.1 years ±2.0 standard deviation [SD]; 
10 M/8 F) and 13 typically developing children (M = 12.3 
years ±2.2 SD; 6 M/7 F). Whole-brain MEG-derived 
resting-state functional connectivity (rs-fc), for alpha- 
and gamma-band frequencies were compared be-
tween OCD and typically developing (control) groups. 
Results: Increased MEG-derived rs-fc across alpha- and 
gamma-band frequencies was found in the OCD group 
compared to the control group. Increased MEG-derived 
rs-fc at alpha-band frequencies was evident across 
a number of regions within the CSTC circuitry and 
beyond, including the cerebellum and limbic regions. 
Increased MEG-derived rs-fc at gamma-band frequen-
cies was restricted to the frontal and temporal cortices. 
Conclusions: This MEG study provides preliminary 
evidence of altered alpha and gamma networks, at rest, 
in medication-naive children with OCD. These results 
support prior findings pointing to the relevance of 
CSTC circuitry in pediatric OCD and further support ac-
cumulating evidence of altered connectivity between 
regions that extend beyond this network, including the 
cerebellum and limbic regions. Given the substantial 
portion of children and youth whose OCD symptoms 
do not respond to conventional treatments, our find-
ings have implications for future treatment innovation 
research aiming to target and track whether brain 
patterns associated with having OCD may change with 
treatment and/or predict treatment response.

Keywords: MEG, OCD, brain oscillations, frequency bands, 
magnetoencephalography, medication naive, obsessive-
compulsive disorder, pediatric, resting-state functional 
connectivity, rs-fc
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magnetoencephalography (2022)
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BACKGROUND Models of anxiety disorders and the ra-
tionale of exposure therapy (ET) are grounded on clas-
sical fear conditioning. Yet, it is unclear whether lower 
fear ratings of conditioned safety versus threat cues 
and corresponding neural markers of safety-learning 
and/or fear inhibition assessed before treatment would 
predict better outcomes of behavioral exposure.

METHODS Sixty-six patients with spider phobia com-
pleted pre-treatment clinical and experimental fear 
conditioning assessments, one session of virtual reality 
ET, a post-treatment clinical assessment, and a 6-month 
follow-up assessment. Tilted Gabor gratings served as 
conditioned stimuli (CS) that were either paired (CS+) 
or remained unpaired (CS-) with an aversive phobia-
related and phobia-unrelated unconditioned stimulus 
(UCS). CS+/CS- differences in fear ratings and magne-
toencephalographic event-related fields (ERFs) were 

related to percentual symptom reductions from pre- to 
post-treatment, as assessed via spider phobia question-
naire (SPQ), behavioral avoidance test (BAT), and remis-
sion status at 6-month follow-up.

RESULTS We observed no associations between pre-
treatment CS+/CS- differences in fear ratings and any 
treatment outcome. CS+/CS- differences in source 
estimations of ERFs revealed that higher CS- activity 
in bilateral dorsolateral prefrontal cortex (dlPFC) was 
related with SPQ- and BAT-reductions. Associations 
between CS+/CS- differences and treatment outcomes 
were also observed in left ventromedial prefrontal 
cortex (vmPFC) regions, which additionally revealed 
associations with the follow-up remission status.

CONCLUSIONS Results provide initial evidence that 
neural pre-treatment CS+/CS- differences may hold 
predictive information regarding outcomes of behav-
ioral exposure. Our findings highlight a key role of 
neural responses to safety cues with potentially inhibi-
tory effects on affect-generating structures during fear 
conditioning.

Keywords: Anxiety disorders, Exposure outcome, Fear 
conditioning, MEG/EEG, Specific phobia, Virtual reality 
exposure therapy
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BACKGROUND Because overgeneralization of fear is a 
pathogenic marker of anxiety disorders, we investigat-
ed whether pretreatment levels of fear generalization 
in spider-phobic patients are related to their response 
to exposure-based treatment to identify pretreatment 
moderators of treatment success.

METHODS A total of 90 patients with spider phobia 
completed pretreatment clinical and magnetoen-
cephalography assessments, one session of virtual 
reality exposure therapy, and a posttreatment clini-
cal assessment. Based on the primary outcome (30% 
symptom reduction in self-reported symptoms), they 
were categorized as responders or nonresponders. In 
a pretreatment magnetoencephalography fear gener-
alization paradigm involving fear conditioning with 2 
unconditioned stimuli (UCS), we obtained fear ratings, 
UCS expectancy ratings, and event-related fields to 
conditioned stimuli (CS: CS-, CS+) and 7 different gener-
alization stimuli on a perceptual continuum from CS- to 
CS+.

RESULTS Before treatment, nonresponders showed 
behavioral overgeneralization indicated by more linear 
generalization gradients in fear ratings. Analyses of 
magnetoencephalography source estimations revealed 

that nonresponders showed a decline of their (inhibi-
tory) frontal activations to safety-signaling CS- and gen-
eralization stimuli compared with CS+ over time, while 
responders maintained these activations at early (<300 
ms) and late processing stages.

CONCLUSIONS Results provide initial evidence that 
pretreatment differences of behavioral and neural 
markers of fear generalization may act as moderators 
of later responses to behavioral exposure. Stimulating 
further research on fear generalization as a potential 
predictive marker, our findings are an important first 
step in the attempt to identify patients who may not 
benefit from exposure therapy and to personalize 
and optimize treatment strategies for this vulnerable 
patient group.

Keywords: Anxiety disorders, Exposure outcome, Fear 
generalization, MEG/EEG, Specific phobia, Virtual reality 
exposure therapy
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ABSTRACT Previous studies have reported that 
patients with panic disorder (PD) exhibited an aber-
rant level of GABA concentration, an inhibitory neu-
rotransmitter in the human brain. However, it remains 
substantially unclear whether the inhibitory function 
regarding the neurophysiological characteristics is 
altered in this disease. Sensory gating (SG) is consid-
ered as an automatic inhibitory function in the sensory 
cortex. In addition, brain's gamma oscillation within 
the sensory cortex is another index to reflect inhibitory 
function. Here we aimed to investigate whether the 
patients with PD showed altered inhibitory function in 
the somatosensory system, including the primary (SI) 
and secondary (SII) somatosensory cortices. A total of 
20 healthy controls and 21 patients with PD underwent 
magnetoencephalographic recordings. Paired-pulse 
and single-pulse paradigms were used to study SG and 
gamma oscillations, respectively. There were no signifi-
cant between-group differences in the SG function in 
the SI and SII. However, patients with PD demonstrated 
a reduced gamma power in the SI. Among the healthy 
individuals, strong associations between SG ratios and 
gamma frequency values were observed in the SI. How-
ever, such a functional relationship disappeared among 
the patients with PD. We suggested the reduced cou-
pling of SG and gamma oscillation as one of the neural 
signatures in PD.

Keywords: Gamma oscillation, Inhibitory function, Magne-
toencephalography (MEG), Primary somatosensory cortex 
(SI), Sensory gating
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BACKGROUND Mismatch negativity (MMN) or its 
magnetic counterpart (MMNm) is a neurophysiological 
signal to reflect the automatic change-detection ability. 
However, MMN studies in patients with panic disorder 
(PD) showed contrasting results using electroencepha-
lographic (EEG) recordings. The present study attempt-
ed to overcome the limitations of EEG methodology 
by means of a whole-head magnetoencephalography 
(MEG) combined with the depth-weighted minimum 
norm estimate method to conduct an in-depth inves-
tigation on the MMNm at the cortical level in patients 
with PD.

METHODS We recruited 22 healthy controls (HC) 
and 20 patients with PD to perform auditory oddball 
paradigm during MEG recordings. The cortical MMNm 
amplitudes and latencies in the superior temporal 
gyrus, inferior parietal lobule, and inferior frontal gyrus 
(IFG) were compared between the HC and PD groups. 
The correlations between MMNm responses and clini-
cal measurement were also examined.

RESULTS Compared with the HC group, the PD group 
demonstrated significantly reduced MMNm amplitudes 
in the IFG. Furthermore, higher trait scores of the State-
Trait Anxiety Inventory were associated with lower 
MMNm amplitudes of the right IFG among patients 
with PD.

LIMITATIONS Generalization of the current results to 
other settings or samples should be made cautiously 
due to the use of different medication regimens and 
presence of comorbidities in our patients.
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CONCLUSIONS Our data suggest dysfunctional pre-
attentive change-detection ability in patients with PD, 
particularly in the IFG.

Keywords: Inferior frontal gyrus (IFG), Magnetoencepha-
lography (MEG), Mismatch negativity (MMN), Panic 
disorder (PD)
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ABSTRACT Background: Although the default mode 
network (DMN) is a core network essential for brain 
functioning, little is known about its developmental 
trajectory, particularly on factors associated with its 
coherence into a functional network. In light of adult 
studies indicating DMN's susceptibility to stress-related 
conditions, we examined links between variability on 
oxytocin-pathway genes and DMN connectivity in 
youth exposed to chronic war-related trauma Methods: 

Following a cohort of war-exposed children from early 
childhood, we imaged the brains of 74 preadolescents 
(age 11-13 years; 39 war-exposed) during rest using 
magnetoencephalography (MEG). A cumulative risk 
index on oxytocin-pathway genes was constructed by 
combining single nucleotide polymorphisms on five 
genes previously linked with social deficits and psycho-
pathology; OXTR rs1042778, OXTR rs2254298, OX-
TRrs53576, CD38 rs3796863, and AVPR1A RS3. Avoidant 
response to trauma reminders in early childhood and 
anxiety disorders in late childhood were assessed as 
predictors of disruptions to DMN theta connectivity. 
Results: Higher vulnerability on oxytocin-pathway 
genes predicted greater disruptions to DMN theta con-
nectivity. Avoidant symptoms in early childhood and 
generalized anxiety disorder in later childhood were 
related to impaired DMN connectivity. In combination, 
stress exposure, oxytocin-pathway genes, and stress-
related symptoms explained 24.6% of the variance in 
DMN connectivity, highlighting the significant effect 
of stress on the maturing brain. Conclusions: Findings 
are the first to link the oxytocin system and maturation 
of the DMN, a core system sustaining autobiographical 
memories, alteration of intrinsic and extrinsic attention, 
mentalization, and sense of self. Results suggest that 
oxytocin may buffer the effects of chronic early stress 
on the DMN, particularly theta rhythms that typify the 
developing brain.

Keywords: OXTR, anxiety disorders, genetics, longitudinal 
studies, magnetoencephalography, trauma exposure
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Attention-Deficit Hyperactivity Disorder
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Cognitive Improvement in a Pediatric Attention 
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Intelligence-Driven Intervention: Randomized 
Controlled Trial (2021)
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BACKGROUND Cognitive stimulation therapy appears 
to show promising results in the rehabilitation of im-
paired cognitive processes in attention deficit hyperac-
tivity disorder.

OBJECTIVE Encouraged by this evidence and the ever-
increasing use of technology and artificial intelligence 
for therapeutic purposes, we examined whether cogni-
tive stimulation therapy implemented on a mobile de-
vice and controlled by an artificial intelligence engine 
can be effective in the neurocognitive rehabilitation of 
these patients.

METHODS In this randomized study, 29 child partici-
pants (25 males) underwent training with a smart, 
digital, cognitive stimulation program (KAD_SCL_01) 
or with 3 commercial video games for 12 weeks, 3 days 
a week, 15 minutes a day. Participants completed a 
neuropsychological assessment and a preintervention 
and postintervention magnetoencephalography study 
in a resting state with their eyes closed. In addition, 

information on clinical symptoms was collected from 
the child´s legal guardians.

RESULTS In line with our main hypothesis, we found 
evidence that smart, digital, cognitive treatment results 
in improvements in inhibitory control performance. 
Improvements were also found in visuospatial work-
ing memory performance and in the cognitive flex-
ibility, working memory, and behavior and general 
executive functioning behavioral clinical indexes in 
this group of participants. Finally, the improvements 
found in inhibitory control were related to increases in 
alpha-band power in all participants in the posterior 
regions, including 2 default mode network regions of 
the interest: the bilateral precuneus and the bilateral 
posterior cingulate cortex. However, only the partici-
pants who underwent cognitive stimulation interven-
tion (KAD_SCL_01) showed a significant increase in this 
relationship.

CONCLUSIONS The results seem to indicate that smart, 
digital treatment can be effective in the inhibitory con-
trol and visuospatial working memory rehabilitation in 
patients with attention deficit hyperactivity disorder. 
Furthermore, the relation of the inhibitory control with 
alpha-band power changes could mean that these 
changes are a product of plasticity mechanisms or 
changes in the neuromodulatory dynamics.

TRIAL REGISTRATION ISRCTN Registry IS-
RCTN71041318; https://www.isrctn.com/IS-
RCTN71041318.

Keywords: ADHD, AI, Conners continuous performance 
test, KAD_SCL_01, artificial intelligence, attention deficit 
hyperactivity disorder, children, cognitive impairment, 

https://doi.org/10.2196/25466
https://doi.org/10.2196/25466
https://doi.org/10.2196/25466
https://doi.org/10.2196/25466
https://doi.org/10.2196/25466


12 Contents  Index

cognitive stimulation, magnetoencephalography, pediat-
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High-gamma oscillations as neurocorrelates of 
ADHD: A MEG crossover placebo-controlled study 
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ABSTRACT Attention Deficit Hyperactive Disorder 
(ADHD) is a common neurobehavioral disorder with 
a significant and pervasive impact on patients' lives. 
Identifying neurophysiological correlates of ADHD is 
important for understanding its underlying mecha-
nisms, as well as for improving clinical accuracy beyond 
cognitive and emotional factors. The present study 
focuses on finding a diagnostic stable neural corre-
late based on evaluating MEG resting state frequency 

bands. Twenty-two ADHD patients and 23 controls 
adults were blindly randomized to two methylpheni-
date/placebo evaluation days. On each evaluation day 
state anxiety was assessed, a 2N-back executive func-
tion task was performed, and resting state MEG brain 
activity was recorded at three timepoints. A frequency-
based cluster analysis yielded higher high-gamma 
power for ADHD over posterior sensors and lower 
high-gamma power for ADHD over frontal-central 
sensors. These results were shown to be stable over 
three measurements, unaffected by methylphenidate 
treatment, and linked to cognitive accuracy and state 
anxiety. Furthermore, the differential high-gamma ac-
tivity evidenced substantial ADHD diagnostic efficacy, 
comparable to the cognitive and emotional factors. 
These results indicate that resting state high-gamma 
activity is a promising, stable, valid and diagnostically-
relevant neurocorrelate of ADHD. Due to the evolving 
understanding both in the cellular and network level 
of high-gamma oscillations, focusing future studies 
on this frequency band bears the potential for a better 
understanding of ADHD, thus advancing the specificity 
of the evaluation of the disorder and developing new 
tools for therapy.

Keywords: ADHD, High gamma, Magnetoencephalogra-
phy, Methylphenidate, N-back, State anxiety
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ABSTRACT Examining the brain at rest is a powerful 
approach used to understand the intrinsic properties of 
typical and disordered human brain function, yet task-
free paradigms are associated with greater head mo-
tion, particularly in young and/or clinical populations 
such as autism spectrum disorder (ASD) and attention-
deficit/hyperactivity disorder (ADHD). Inscapes, a 
non-social and non-verbal movie paradigm, has been 
introduced to increase attention, thus mitigating head 
motion, while reducing the task-induced activations 
found during typical movie watching. Inscapes has not 

yet been validated for use in magnetoencephalography 
(MEG), and it has yet to be shown whether its effects 
are stable in clinical populations. Across typically devel-
oping (N = 32) children and adolescents and those with 
ASD (N = 46) and ADHD (N = 42), we demonstrate that 
head motion is reduced during Inscapes. Due to the 
task state evoked by movie paradigms, we also expect-
edly observed concomitant modulations in local neural 
activity (oscillatory power) and functional connectivity 
(phase and envelope coupling) in intrinsic resting-state 
networks and across the frequency spectra compared 
to a fixation cross resting-state. Increases in local activ-
ity were accompanied by decreases in low-frequency 
connectivity within and between resting-state net-
works, primarily the visual network, suggesting that 
task-state evoked by Inscapes moderates ongoing and 
spontaneous cortical inhibition that forms the idling 
intrinsic networks found during a fixation cross resting-
state. Importantly, these effects were similar in ASD and 
ADHD, making Inscapes a well-suited advancement for 
investigations of resting brain function in young and 
clinical populations.

Keywords: Attention-deficit/hyperactivity disorder, Autism 
spectrum disorder, Inscapes, Magnetoencephalography, 
Neurodevelopmental disorders, Resting-state
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Autism Spectrum Disorders

Gamma oscillations point to the role of primary 
visual cortex in atypical motion processing in 
autism (2023)

        Orekhova, Elena V; Manyukhina, Viktoriya O; Galuta, Ilia 
A; Prokofyev, Andrey O; Goiaeva, Dzerassa E; Obukhova, 
Tatiana S; Fadeev, Kirill A; Schneiderman, Justin F; 
Stroganova, Tatiana A

Center for Neurocognitive Research (MEG Center), Moscow 

State University of Psychology and Education, Moscow, Rus-

sian Federation; National Research University Higher School 

of Economics, Moscow, Russian Federation; MedTech West 

and the Institute of Neuroscience and Physiology, Sahlgren-

ska Academy, The University of Gothenburg, Gothenburg, 

Sweden

ABSTRACT Neurophysiological studies suggest that 
abnormal neural inhibition may explain a range of 
sensory processing differences in autism spectrum 
disorders (ASD). In particular, the impaired ability 
of people with ASD to visually discriminate the mo-
tion direction of small-size objects and their reduced 
perceptual suppression of background-like visual 
motion may stem from deficient surround inhibition 
within the primary visual cortex (V1) and/or its atypical 
top-down modulation by higher-tier cortical areas. In 
this study, we estimate the contribution of abnormal 
surround inhibition to the motion-processing deficit 
in ASD. For this purpose, we used a putative correlate 
of surround inhibition-suppression of the magnetoen-
cephalographic (MEG) gamma response (GR) caused by 
an increase in the drift rate of a large annular high-
contrast grating. The motion direction discrimination 
thresholds for the gratings of different angular sizes (1° 
and 12°) were assessed in a separate psychophysical 
paradigm. The MEG data were collected in 42 boys with 
ASD and 37 typically developing (TD) boys aged 7-15 
years. Psychophysical data were available in 33 and 34 
of these participants, respectively. The results showed 

that the GR suppression in V1 was reduced in boys with 
ASD, while their ability to detect the direction of mo-
tion was compromised only in the case of small stimuli. 
In TD boys, the GR suppression directly correlated with 
perceptual suppression caused by increasing stimulus 
size, thus suggesting the role of the top-down modula-
tions of V1 in surround inhibition. In ASD, weaker GR 
suppression was associated with the poor directional 
sensitivity to small stimuli, but not with perceptual 
suppression. These results strongly suggest that a local 
inhibitory deficit in V1 plays an important role in the 
reduction of directional sensitivity in ASD and that 
this perceptual deficit cannot be explained exclusively 
by atypical top-down modulation of V1 by higher-tier 
cortical areas.
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ABSTRACT There are growing application of machine 
learning models to study the intricacies of non-linear 
and non-stationary characteristics of electroencepha-
lography (EEG) and magnetoencephalography (MEG) 
data in neurobiologically complex and heterogeneous 
conditions such as autism spectrum disorder (ASD). 
Such tools have potential diagnostic applications, and 
given the highly heterogeneous presentation of ASD, 
might prove fruitful in early detection and therefore 
could facilitate very early intervention. We conducted 
a systematic review (PROSPERO ID#CRD42021257438) 
by searching PubMed, EMBASE, and PsychINFO for ma-
chine learning approaches for EEG and MEG analyses 
in ASD. Thirty-nine studies were identified, of which 
the majority (18) used support vector machines for 
classification; other successful methods included deep 
learning. Thirty-seven studies were found to employ 
EEG and two were found to employ MEG. This system-
atic review indicate that machine learning methods 
can be used to classify ASD, predict ASD diagnosis in 
high-risk infants as early as 3 months of age, predict 
ASD symptom severity, and classify states of cognition 
in ASD with high accuracy. Replication studies testing 
validity, reproducibility and generalizability in tandem 
with randomized controlled trials in ASD populations 
will likely benefit the field.

Keywords: Autism, Electroencephalography, Machine 
learning, Magnetoencephalography, Neurophysiology, 
Review, Support vector machines, Systematic
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ABSTRACT Language impairment is comorbid in most 
children with Autism Spectrum Disorder (ASD), but its 
neural mechanisms are still poorly understood. Some 
studies hypothesize that the atypical low-level sensory 
perception in the auditory cortex accounts for the 
abnormal language development in these children. 
One of the potential non-invasive measures of such 
low-level perception can be the cortical gamma-band 
oscillations registered with magnetoencephalography 
(MEG), and 40 Hz Auditory Steady-State Response 
(40 Hz ASSR) is a reliable paradigm for eliciting auditory 
gamma response. Although there is research in chil-
dren with and without ASD using 40 Hz ASSR, nothing 
is known about the relationship between this audi-
tory response in children with ASD and their language 
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abilities measured directly in formal assessment. In 
the present study, we used MEG and individual brain 
models to investigate 40 Hz ASSR in primary-school-
aged children with and without ASD. It was also used 
to assess how the strength of the auditory response 
is related to language abilities of children with ASD, 
their non-verbal IQ, and social functioning. A total of 40 
children were included in the study. The results demon-
strated that 40 Hz ASSR was reduced in the right audi-
tory cortex in children with ASD when comparing them 
to typically developing controls. Importantly, our study 
provides the first evidence of the association between 
40 Hz ASSR in the language-dominant left auditory 
cortex and language comprehension in children with 
ASD. This link was domain-specific because the other 
brain-behavior correlations were non-significant.

Keywords: 40Hz Auditory Steady-State Response (40Hz 
ASSR), Amplitude-modulated tones, Auditory gamma 
oscillations, Autism Spectrum Disorder (ASD), Magnetoen-
cephalography (MEG)
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ABSTRACT Recent discoveries have highlighted the 
effects of oxytocin (OT) on social behavior and per-
ception among autistic individuals. However, a gap 
persists in the literature regarding the potential effects 
of OT and the neural temporal dynamics due to OT 
administration. We explored the effect of OT on autistic 
individuals using magnetoencephalography (MEG), fo-
cusing on M100, M170, and M250, social perception-re-
lated components that tend to show atypical patterns 

in autistic individuals. Twenty-five autistic adolescents 
participated in this randomized, double-blind MEG 
study. Autistic individuals arrived at the lab twice and 
received an acute dose of intranasal OT or placebo in 
each session. During the scans, participants were asked 
to identify pictures of social and non-social stimuli. 
Additionally, 23 typically developing (TD) adolescents 
performed the same task in the MEG as a benchmark 
that allowed us to better characterize neural regions 
of interest and behavioral results for this age group in 
this task. A source-model beamformer analysis revealed 
that OT enhanced neural activity for social stimuli in 
frontal regions during M170. Additionally, in each of 
the preselected time windows, OT increased activa-
tion in the left hemisphere, regardless of the content 
of the presented stimuli. We suggest that OT increased 
the processing of social stimuli through two separate 
mechanisms. First, OT increased neural activity in a 
nonspecific manner, allowing increased allocation of 
attention toward the stimuli. Second, OT enhanced 
M170 activity in frontal regions only in response to 
social stimuli. These results reveal the temporal dynam-
ics of the effects of OT on the early stages of social and 
non-social perception in autistic adolescents.Trial reg-
istration: This study was a part of a project registered 
as clinical trial October 27th, 2021. ClinicalTrials.gov 
Identifier: NCT05096676.
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BACKGROUND Altered neuronal excitation-inhibition 
(E-I) balance is strongly implicated in ASD. However, 
it is not known whether the direction and degree of 
changes in the E-I ratio in individuals with ASD corre-
lates with intellectual disability often associated with 
this developmental disorder. The spectral slope of the 
aperiodic 1/f activity reflects the E-I balance at the scale 
of large neuronal populations and may uncover its 
putative alternations in individuals with ASD with and 
without intellectual disability.

METHODS Herein, we used magnetoencephalography 
(MEG) to test whether the 1/f slope would differentiate 
ASD children with average and below-average (< 85) 
IQ. MEG was recorded at rest with eyes open/closed in 
49 boys with ASD aged 6-15 years with IQ ranging from 
54 to 128, and in 49 age-matched typically developing 
(TD) boys. The cortical source activity was estimated 
using the beamformer approach and individual brain 
models. We then extracted the 1/f slope by fitting a 
linear function to the log-log-scale power spectra in the 
high-frequency range.

RESULTS The global 1/f slope averaged over all corti-
cal sources demonstrated high rank-order stability 
between the two conditions. Consistent with previous 
research, it was steeper in the eyes-closed than in the 
eyes-open condition and flattened with age. Regardless 
of condition, children with ASD and below-average IQ 
had flatter slopes than either TD or ASD children with 
average or above-average IQ. These group differences 
could not be explained by differences in signal-to-noise 
ratio or periodic (alpha and beta) activity.

LIMITATIONS Further research is needed to find out 
whether the observed changes in E-I ratios are char-
acteristic of children with below-average IQ of other 
diagnostic groups.

CONCLUSIONS The atypically flattened spectral slope 
of aperiodic activity in children with ASD and below-
average IQ suggests a shift of the global E-I balance 
toward hyper-excitation. The spectral slope can provide 
an accessible noninvasive biomarker of the E-I ratio for 
making objective judgments about treatment effec-
tiveness in people with ASD and comorbid intellectual 
disability.

Keywords: 1/f power law, Autism spectrum disorders 
(ASDs), Biomarkers, Excitation–inhibition balance, Intel-
ligence, Magnetoencephalography, Power spectrum
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ABSTRACT Organizing sensory information into coher-
ent perceptual objects is fundamental to everyday 
perception and communication. In the visual domain, 
indirect evidence from cortical responses suggests that 
children with autism spectrum disorder (ASD) have 
anomalous figure-ground segregation. While auditory 
processing abnormalities are common in ASD, espe-
cially in environments with multiple sound sources, to 
date, the question of scene segregation in ASD has not 
been directly investigated in audition. Using magne-
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toencephalography, we measured cortical responses 
to unattended (passively experienced) auditory 
stimuli while parametrically manipulating the degree 
of temporal coherence that facilitates auditory figure-
ground segregation. Results from 21 children with ASD 
(aged 7-17 years) and 26 age- and IQ-matched typically 
developing children provide evidence that children 
with ASD show anomalous growth of cortical neural 
responses with increasing temporal coherence of the 
auditory figure. The documented neurophysiologi-
cal abnormalities did not depend on age, and were 
reflected both in the response evoked by changes in 
temporal coherence of the auditory scene and in the 
associated induced gamma rhythms. Furthermore, the 
individual neural measures were predictive of diagno-
sis (83% accuracy) and also correlated with behavioral 
measures of ASD severity and auditory processing 
abnormalities. These findings offer new insight into the 
neural mechanisms underlying auditory perceptual 
deficits and sensory overload in ASD, and suggest that 
temporal-coherence-based auditory scene analysis and 
suprathreshold processing of coherent auditory objects 
may be atypical in ASD.
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BACKGROUND Atypical sensory behavior disrupts 
behavioral adaptation in children with autism spectrum 
disorder (ASD); however, neural correlates of sensory 
dysfunction using magnetoencephalography (MEG) 
remain unclear.

METHOD We used MEG to measure the cortical activa-
tion elicited by visual (uni)/audiovisual (multisensory) 
movies in 46 children (7-14 years) were included in final 
analysis: 13 boys with atypical audiovisual behavior in 
ASD (AAV+), 10 without this condition, and 23 age-
matched typically developing boys.

RESULTS The AAV+ group demonstrated an increase in 
the cortical activation in the bilateral insula in response 
to unisensory movies and in the left occipital, right su-
perior temporal sulcus (rSTS), and temporal regions to 
multisensory movies. These increased responses were 
correlated with severity of the sensory impairment. 
Increased theta-low gamma oscillations were observed 
in the rSTS in AAV+.

CONCLUSION The findings suggest that AAV is attrib-
uted to atypical neural networks centered on the rSTS.

Keywords: Atypical audiovisual behavior, Audiovisual 
movies, Autism spectrum disorders, Magnetoencephalog-
raphy, Sensory processing
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ABSTRACT This paper reviews a candidate biomarker 
for ASD, the M50 auditory evoked response compo-
nent, detected by magnetoencephalography (MEG) 
and presents a position on the roles and opportunities 
for such a biomarker, as well as converging evidence 
from allied imaging techniques (magnetic resonance 
imaging, MRI and spectroscopy, MRS). Data is pre-
sented on prolonged M50 latencies in ASD as well as 
extension to include children with ASD with significant 
language and cognitive impairments in whom M50 
latency delays are exacerbated. Modeling of the M50 
latency by consideration of the properties of auditory 
pathway white matter is shown to be successful in typi-
cal development but challenged by heterogeneity in 
ASD; this, however, is capitalized upon to identify a dis-
tinct subpopulation of children with ASD whose M50 
latencies lie well outside the range of values predict-
able from the typically developing model. Interestingly, 
this subpopulation is characterized by low levels of 
the inhibitory neurotransmitter GABA. Following from 
this, we discuss a potential use of the M50 latency in 
indicating "target engagement" acutely with adminis-
tration of a GABA-B agonist, potentially distinguishing 
"responders" from "non-responders" with the implica-
tion of optimizing inclusion for clinical trials of such 
agents. Implications for future application, including 
potential evaluation of infants with genetic risk factors, 
are discussed. As such, the broad scope of potential of 
a representative candidate biological marker, the M50 
latency, is introduced along with potential future appli-
cations.This paper outlines a strategy for understand-
ing brain dysfunction in individuals with intellectual 
and developmental disabilities (IDD). It is proposed that 
a multimodal approach (collection of brain structure, 
chemistry, and neuronal functional data) will identify 

IDD subpopulations who share a common disease 
pathway, and thus identify individuals with IDD who 
might ultimately benefit from specific treatments. 
After briefly demonstrating the need and potential for 
scope, examples from studies examining brain func-
tion and structure in children with autism spectrum 
disorder (ASD) illustrate how measures of brain neuro-
nal function (from magnetoencephalography, MEG), 
brain structure (from magnetic resonance imaging, 
MRI, especially diffusion MRI), and brain chemistry 
(MR spectroscopy) can help us better understand the 
heterogeneity in ASD and form the basis of multivariate 
biological markers (biomarkers) useable to define clini-
cal subpopulations. Similar approaches can be applied 
to understand brain dysfunction in neurodevelopmen-
tal disorders (NDD) in general. In large part, this paper 
represents our endeavors as part of the CHOP/Penn 
NICHD-funded intellectual and developmental disabili-
ties research center (IDDRC) over the past decade.
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ABSTRACT Impairments in social functioning are hall-
marks of autism spectrum disorder (ASD) and atypical 
functional connectivity may underlie these difficul-
ties. Emotion processing networks typically undergo 
protracted maturational changes, however, those with 
ASD show either hyper- or hypo-connectivity with little 
consensus on the functional connectivity underpinning 
emotion processing. Magnetoencephalography was 
used to investigate age-related changes in whole-brain 
functional connectivity of eight regions of interest dur-
ing happy and angry face processing in 190 children, 
adolescents and adults (6-39 years) with and without 
ASD. Findings revealed age-related changes from child- 
through to mid-adulthood in functional connectivity 
in controls and in ASD in theta, as well as age-related 
between-group differences across emotions, with con-
nectivity decreasing in ASD, but increasing for controls, 
in gamma. Greater connectivity to angry faces was 
observed across groups in gamma. Emotion-specific 
age-related between-group differences in beta were 
also found, that showed opposite trends with age for 
happy and angry in ASD. Our results establish altered, 
frequency-specific developmental trajectories of func-
tional connectivity in ASD, across distributed networks 
and a broad age range, which may finally help explain 
the heterogeneity in the literature.

Keywords: ASD, Age-related changes, Development, Emo-
tional face processing, Functional connectivity, Magneto-
encephalography
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ABSTRACT Gamma oscillations are driven by local 
cortical excitatory (E)-inhibitory (I) loops and may help 
to characterize neural processing involving excitatory-
inhibitory interactions. In the visual cortex reliable 
gamma oscillations can be recorded with magneto-
encephalography (MEG) in the majority of individuals, 
which makes visual gamma an attractive candidate 
for biomarkers of brain disorders associated with E/I 
imbalance. Little is known, however, about if/how these 
oscillations reflect individual differences in neural excit-
ability and associated sensory/perceptual phenomena. 
The power of visual gamma response (GR) changes 
nonlinearly with increasing stimulation intensity: it 
increases with transition from static to slowly drift-
ing high-contrast grating and then attenuates with 
further increase in the drift rate. In a recent MEG study 
we found that the GR attenuation predicted sensitiv-
ity to sensory stimuli in everyday life in neurotypical 
adult men and in men with autism spectrum disorders. 
Here, we replicated these results in neurotypical female 
participants. The GR enhancement with transition from 
static to slowly drifting grating did not correlate sig-
nificantly with the sensory sensitivity measures. These 
findings suggest that weak velocity-related attenua-
tion of the GR is a reliable neural concomitant of visual 
hypersensitivity and that the degree of GR attenuation 
may provide useful information about E/I balance in 
the visual cortex.
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ABSTRACT Autism spectrum disorder (ASD) is associ-
ated with widespread receptive language impairments, 
yet the neural mechanisms underlying these deficits 
are poorly understood. Neuroimaging has shown 
that processing of socially-relevant sounds, including 
speech and non-speech, is atypical in ASD. However, it 
is unclear how the presence of lexical-semantic mean-
ing affects speech processing in ASD. Here, we recorded 
magnetoencephalography data from individuals with 
ASD (N = 22, ages 7-17, 4 females) and typically devel-
oping (TD) peers (N = 30, ages 7-17, 5 females) during 
unattended listening to meaningful auditory speech 
sentences and meaningless jabberwocky sentences. 
After adjusting for age, ASD individuals showed stron-
ger responses to meaningless jabberwocky sentences 
than to meaningful speech sentences in the same left 

temporal and parietal language regions where TD 
individuals exhibited stronger responses to meaningful 
speech. Maturational trajectories of meaningful speech 
responses were atypical in temporal, but not parietal, 
regions in ASD. Temporal responses were associated 
with ASD severity, while parietal responses were associ-
ated with aberrant involuntary attentional shifting in 
ASD. Our findings suggest a receptive speech process-
ing dysfunction in ASD, wherein unattended meaning-
ful speech elicits abnormal engagement of the lan-
guage system, while unattended meaningless speech, 
filtered out in TD individuals, engages the language 
system through involuntary attention capture.

Keywords: Auditory, Autism, Event-related fields, Lan-
guage, Magnetoencephalography, Speech
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ABSTRACT (1) Background: Atypical auditory percep-
tion has been reported in individuals with autism 
spectrum disorder (ASD). Altered auditory evoked brain 
responses are also associated with childhood ASD. They 
are likely to be associated with atypical brain matura-
tion. (2) Methods: This study examined children aged 
5-8 years old: 29 with ASD but no intellectual disability 
and 46 age-matched typically developed (TD) control 
participants. Using magnetoencephalography (MEG) 
data obtained while participants listened passively 
to sinusoidal pure tones, bilateral auditory cortical 
response (P1m) was examined. (3) Results: Significantly 
shorter P1m latency in the left hemisphere was found 
for children with ASD without intellectual disabili-
ties than for children with TD. Significant correlation 
between P1m latency and language conceptual ability 
was found in children with ASD, but not in children 
with TD. (4) Conclusions: These findings demonstrated 
atypical brain maturation in the auditory processing 
area in children with ASD without intellectual disability. 
Findings also suggest that ASD has a common neural 
basis for pure-tone sound processing and language de-
velopment. Development of brain networks involved in 
language concepts in early childhood ASD might differ 
from that in children with TD.

Keywords: P1m response, auditory cortex, autism spec-
trum disorder, magnetoencephalography
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ABSTRACT The processing of information conveyed 
by faces is a critical component of social communica-
tion. While the neurophysiology of processing upright 
faces has been studied extensively in autism spectrum 
disorder (ASD), less is known about the neurophysi-
ological abnormalities associated with processing 
inverted faces in ASD. We used magnetoencephalogra-
phy (MEG) to study both long-range and local func-
tional connectivity, with the latter assessed using local 
cross-frequency coupling, in response to inverted faces 
stimuli, in 7-18 years old individuals with ASD and age 
and IQ matched typically developing (TD) individuals. 
We found abnormally reduced coupling between the 
phase of the alpha rhythm and the amplitude of the 
gamma rhythm in the fusiform face area (FFA) in re-
sponse to inverted faces, as well as reduced long-range 
functional connectivity between the FFA and the infe-
rior frontal gyrus (IFG) in response to inverted faces in 
the ASD group. These group differences were absent in 
response to upright faces. The magnitude of functional 
connectivity between the FFA and the IFG was signifi-
cantly correlated with the severity of ASD, and FFA-IFG 
long-range functional connectivity increased with age 
in TD group, but not in the ASD group. Our findings 
suggest that both local and long-range functional con-
nectivity are abnormally reduced in children with ASD 
when processing inverted faces, and that the pattern 
of abnormalities associated with the processing of 
inverted faces differs from the pattern of upright faces 
in ASD, likely due to the presumed greater reliance on 
top-down regulations necessary for efficient process-
ing of inverted faces. LAY SUMMARY: We found altera-
tions in the neurophysiological responses to inverted 
faces in children with ASD, that were not reflected in 
the evoked responses, and were not observed in the 
responses to upright faces. These alterations included 
reduced local functional connectivity in the fusiform 
face area (FFA), and decreased long-range alpha-band 
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modulated functional connectivity between the FFA 
and the left IFG. The magnitude of long-range function-
al connectivity between the FFA and the inferior frontal 
gyrus was correlated with the severity of ASD.

Keywords: autism spectrum disorder, functional connec-
tivity, inverted faces, phase-amplitude coupling
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ABSTRACT Associations between age, resting-state 
(RS) peak-alpha-frequency (PAF = frequency showing 
largest amplitude alpha activity), and thalamic volume 
(thalamus thought to modulate alpha activity) were 
examined to understand differences in RS alpha activity 
between children with autism spectrum disorder (ASD) 

and typically-developing children (TDC) noted in prior 
studies. RS MEG and structural-MRI data were obtained 
from 51 ASD and 70 TDC 6- to 18-year-old males. PAF 
and thalamic volume maturation were observed in 
TDC but not ASD. Although PAF was associated with 
right thalamic volume in TDC (R[2] = 0.12, p = 0.01) but 
not ASD (R[2] = 0.01, p = 0.35), this group difference 
was not large enough to reach significance. Findings 
thus showed unusual maturation of brain function and 
structure in ASD as well as an across-group thalamic 
contribution to alpha rhythms.

Keywords: Alpha, Autism spectrum disorder, Magnetic 
resonance imaging, Magnetoencephalography, Matura-
tion, Resting-state, Thalamic volume
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ABSTRACT Autism spectrum disorder (ASD) is charac-
terized by social deficits and atypical facial processing 
of emotional expressions. The underlying neuropathol-
ogy of these abnormalities is still unclear. Recent stud-
ies implicate cerebellum in emotional processing; other 
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studies show cerebellar abnormalities in ASD. Here, we 
elucidate the spatiotemporal activation of cerebellar 
lobules in ASD during emotional processing of happy 
and angry faces in adolescents with ASD and typically 
developing (TD) controls. Using magnetoencephalog-
raphy, we calculated dynamic statistical parametric 
maps across a period of 500 ms after emotional stimuli 
onset and determined differences between group 
activity to happy and angry emotions. Following happy 
face presentation, adolescents with ASD exhibited 
only left-hemispheric cerebellar activation in a cluster 
extending from lobule VI to lobule V (compared to TD 
controls). Following angry face presentation, ado-
lescents with ASD exhibited only midline cerebellar 
activation (posterior IX vermis). Our findings indicate an 
early (125-175 ms) overactivation in cerebellar activ-
ity only for happy faces and a later overactivation for 
both happy (250-450 ms) and angry (250-350 ms) faces 
in adolescents with ASD. The prioritized hemispheric 
activity (happy faces) could reflect the promotion of a 
more flexible and adaptive social behavior, while the 
latter midline activity (angry faces) may guide conform-
ing behavior.

Keywords: adolescence, autism spectrum disorder, cer-
ebellum, emotions, face processing, magnetoencepha-
lography
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ABSTRACT Autism spectrum disorder (ASD) often in-
volves dysfunction in general motor control and motor 
coordination, in addition to core symptoms. However, 
the neural mechanisms underlying motor dysfunction 
in ASD are poorly understood. To elucidate this issue, 
we focused on brain oscillations and their coupling in 
the primary motor cortex (M1). We recorded magne-
toencephalography in 18 children with ASD, aged 5 to 
7 years, and 19 age- and IQ-matched typically-devel-
oping children while they pressed a button during a 
video-game-like motor task. The motor-related gamma 
(70 to 90 Hz) and pre-movement beta oscillations (15 to 
25 Hz) were analyzed in the primary motor cortex using 
an inverse method. To determine the coupling between 
beta and gamma oscillations, we applied phase-ampli-
tude coupling to calculate the statistical dependence 
between the amplitude of fast oscillations and the 
phase of slow oscillations. We observed a motor-related 
gamma increase and a pre-movement beta decrease 
in both groups. The ASD group exhibited a reduced 
motor-related gamma increase and enhanced pre-
movement beta decrease in the ipsilateral primary 
motor cortex. We found phase-amplitude coupling, in 
which high-gamma activity was modulated by the beta 
rhythm in the primary motor cortex. Phase-amplitude 
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coupling in the ipsilateral primary motor cortex was 
reduced in the ASD group compared with the control 
group. Using oscillatory changes and their couplings, 
linear discriminant analysis classified the ASD and con-
trol groups with high accuracy (area under the receiver 
operating characteristic curve: 97.1%). The current find-
ings revealed alterations in oscillations and oscillatory 
coupling, reflecting the dysregulation of motor gating 
mechanisms in ASD. These results may be helpful for 
elucidating the neural mechanisms underlying motor 
dysfunction in ASD, suggesting the possibility of devel-
oping a biomarker for ASD diagnosis.

Keywords: Autism spectrum disorder, Brain oscillations, 
Magnetoencephalography, Motor cortex, Phase-ampli-
tude coupling
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BACKGROUND Neuroimaging research on individuals 
who have autism spectrum disorder (ASD) has histori-
cally been limited primarily to those with age-appro-
priate cognitive and language performance. Children 
with limited abilities are frequently excluded from such 
neuroscience research given anticipated barriers like 
tolerating the loud sounds associated with magnetic 
resonance imaging and remaining still during data col-
lection. To better understand brain function across the 
full range of ASD there is a need to (1) include individu-

als with limited cognitive and language performance 
in neuroimaging research (non-sedated, awake) and 
(2) improve data quality across the performance range. 
The purpose of this study was to develop, implement, 
and test the feasibility of a clinical/behavioral and tech-
nical protocol for obtaining magnetoencephalography 
(MEG) data. Participants were 38 children with ASD 
(8-12 years) meeting the study definition of minimally 
verbal/nonverbal language. MEG data were obtained 
during a passive pure-tone auditory task.

RESULTS Based on stakeholder feedback, the MEG Pro-
tocol for Low-language/cognitive Ability Neuroimaging 
(MEG-PLAN) was developed, integrating clinical/behav-
ioral and technical components to be implemented by 
an interdisciplinary team (clinicians, behavior special-
ists, scientists, and technologists). Using MEG-PLAN, a 
74% success rate was achieved for acquiring MEG data, 
with a 71% success rate for evaluable and analyzable 
data. Exploratory analyses suggested nonverbal IQ and 
adaptive skills were related to reaching the point of 
acquirable data. No differences in group characteristics 
were observed between those with acquirable versus 
evaluable/analyzable data. Examination of data quality 
(evaluable trial count) was acceptable. Moreover, re-
sults were reproducible, with high intraclass correlation 
coefficients for pure-tone auditory latency.

CONCLUSIONS Children who have ASD who are mini-
mally verbal/nonverbal, and often have co-occurring 
cognitive impairments, can be effectively and com-
fortably supported to complete an electrophysiologi-
cal exam that yields valid and reproducible results. 
MEG-PLAN is a protocol that can be disseminated 
and implemented across research teams and adapted 
across technologies and neurodevelopmental disorders 
to collect electrophysiology and neuroimaging data in 
previously understudied groups of individuals.

Keywords: Applied behavior analysis, Autism spectrum 
disorder, Compliance, Imaging methodology, Intellectual 
disability, Magnetoencephalography, Minimally verbal, 
Nonverbal
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BACKGROUND Deficits in perception and produc-
tion of vocal pitch are often observed in people with 
autism spectrum disorder (ASD), but the neural basis of 
these deficits is unknown. In magnetoencephalogram 
(MEG), spectrally complex periodic sounds trigger two 
continuous neural responses-the auditory steady state 
response (ASSR) and the sustained field (SF). It has 
been shown that the SF in neurotypical individuals is 
associated with low-level analysis of pitch in the 'pitch 
processing center' of the Heschl's gyrus. Therefore, al-
ternations in this auditory response may reflect atypical 
processing of vocal pitch. The SF, however, has never 
been studied in people with ASD.

METHODS We used MEG and individual brain models 
to investigate the ASSR and SF evoked by monaural 
40 Hz click trains in boys with ASD (N = 35) and neuro-
typical (NT) boys (N = 35) aged 7-12-years.

RESULTS In agreement with the previous research in 
adults, the cortical sources of the SF in children were 
located in the left and right Heschl's gyri, anterolateral 
to those of the ASSR. In both groups, the SF and ASSR 
dominated in the right hemisphere and were higher in 
the hemisphere contralateral to the stimulated ear. The 
ASSR increased with age in both NT and ASD children 
and did not differ between the groups. The SF ampli-
tude did not significantly change between the ages of 
7 and 12 years. It was moderately attenuated in both 
hemispheres and was markedly delayed and displaced 

in the left hemisphere in boys with ASD. The SF delay in 
participants with ASD was present irrespective of their 
intelligence level and severity of autism symptoms.

LIMITATIONS We did not test the language abilities of 
our participants. Therefore, the link between SF and 
processing of vocal pitch in children with ASD remains 
speculative.

CONCLUSION Children with ASD demonstrate atypical 
processing of spectrally complex periodic sound at the 
level of the core auditory cortex of the left-hemisphere. 
The observed neural deficit may contribute to speech 
perception difficulties experienced by children with 
ASD, including their poor perception and production of 
linguistic prosody.

Keywords: 40 Hz clicks, Auditory steady state response 
(ASSR), Autism spectrum disorders (ASD), Children, Mag-
netoencephalogram (MEG), Pitch processing, Sustained 
field (SF)
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BACKGROUND Individuals with autism spectrum 
disorder (ASD) often report difficulties with inhibition 
in everyday life. During inhibition tasks, adults with 
ASD show reduced activation of and connectivity 
between brain areas implicated in inhibition, suggest-
ing impairments in inhibitory control at the neural 
level. Our study further investigated these differences 
by using magnetoencephalography (MEG) to examine 
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the frequency band(s) in which functional connectivity 
underlying response inhibition occurs, as brain func-
tions are frequency specific, and whether connectivity 
in certain frequency bands differs between adults with 
and without ASD.

METHODS We analysed MEG data from 40 adults with 
ASD (27 males; 26.94 ± 6.08 years old) and 39 control 
adults (27 males; 27.29 ± 5.94 years old) who performed 
a Go/No-go task. The task involved two blocks with 
different proportions of No-go trials: Inhibition (25% 
No-go) and Vigilance (75% No-go). We compared 
whole-brain connectivity in the two groups during 
correct No-go trials in the Inhibition vs. Vigilance blocks 
between 0 and 400 ms.

RESULTS Despite comparable performance on the Go/
No-go task, adults with ASD showed reduced connec-
tivity compared to controls in the alpha band (8-14 Hz) 
in a network with a main hub in the right inferior 
frontal gyrus. Decreased connectivity in this network 
predicted more self-reported difficulties on a measure 
of inhibition in everyday life.

LIMITATIONS Measures of everyday inhibitory control 
were not available for all participants, so this relation-
ship between reduced network connectivity and inhibi-
tory control abilities may not be necessarily representa-
tive of all adults with ASD or the larger ASD population. 
Further research with independent samples of adults 
with ASD, including those with a wider range of cogni-
tive abilities, would be valuable.

CONCLUSIONS Our findings demonstrate reduced 
functional brain connectivity during response inhibi-
tion in adults with ASD. As alpha-band synchrony has 
been linked to top-down control mechanisms, we 
propose that the lack of alpha synchrony observed in 
our ASD group may reflect difficulties in suppressing 
task-irrelevant information, interfering with inhibition 
in real-life situations.

Keywords: Alpha, Autism, Connectivity, Go/No-go, Inhibi-
tion, MEG
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ABSTRACT Children's sensitivity to regularities within 
the linguistic stream, such as the likelihood that syl-
lables co-occur, is foundational to speech segmenta-
tion and language acquisition. Yet, little is known about 
the neurocognitive mechanisms underlying speech 
segmentation in typical development and in neurode-
velopmental disorders that impact language acquisi-
tion such as autism spectrum disorder (ASD). Here, we 
investigate the neural signals of statistical learning in 
15 human participants (children ages 8-12) with a clini-
cal diagnosis of ASD and 14 age-matched and gender-
matched typically developing peers. We tracked the 
evoked neural responses to syllable sequences in a 
naturalistic statistical learning corpus using magneto-
encephalography (MEG) in the left primary auditory 
cortex, posterior superior temporal gyrus (pSTG), and 
inferior frontal gyrus (IFG), across three repetitions 
of the passage. In typically developing children, we 
observed a neural index of learning in all three regions 
of interest (ROIs), measured by the change in evoked 
response amplitude as a function of syllable surprisal 
across passage repetitions. As surprisal increased, the 
amplitude of the neural response increased; this sensi-
tivity emerged after repeated exposure to the corpus. 
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Children with ASD did not show this pattern of learning 
in all three regions. We discuss two possible hypotheses 
related to children's sensitivity to bottom-up sensory 
deficits and difficulty with top-down incremental pro-
cessing.

Keywords: ASD, MEG, development, language, statistical 
learning

eNeuro (2020), Vol. 7, No. 6 (33199412) (0 citations)

Characterizing Inscapes and resting-state in MEG: 
Effects in typical and atypical development (2021)

                      Vandewouw, Marlee M; Dunkley, Benjamin T; Lerch, 
Jason P; Anagnostou, Evdokia; Taylor, Margot J

Department of Diagnostic Imaging, Hospital for Sick 

Children, 555 University Ave, Toronto, ON M5G 1X8, Canada; 

Program in Neurosciences and Mental Health, Hospital for 

Sick Children, Toronto, Canada; Autism Research Centre, 

Bloorview Research Institute, Holland Bloorview Kids Reha-

bilitation Hospital, Toronto, ON, Canada; Institute of Biomedi-

cal Engineering, University of Toronto, Toronto, Canada. 

Electronic address: marlee.vandewouw@sickkids.ca; Depart-

ment of Diagnostic Imaging, Hospital for Sick Children, 555 

University Ave, Toronto, ON M5G 1X8, Canada; Program in 

Neurosciences and Mental Health, Hospital for Sick Children, 

Toronto, Canada; Department of Medical Imaging, University 

of Toronto, Toronto, Canada; Program in Neurosciences and 

Mental Health, Hospital for Sick Children, Toronto, Canada; 

Department of Medical Biophysics, University of Toronto, 

Toronto, Canada; Wellcome Centre for Integrative Neuroim-

aging, FMRIB, Nuffield Department of Clinical Neurosciences, 

University of Oxford, Oxford, United Kingdom; Department of 

Diagnostic Imaging, Hospital for Sick Children, 555 University 

Ave, Toronto, ON M5G 1X8, Canada; Program in Neurosci-

ences and Mental Health, Hospital for Sick Children, Toronto, 

Canada; Department of Medical Imaging, University of 

Toronto, Toronto, Canada; Department of Psychology, Uni-

versity of Toronto, Toronto, Canada

ABSTRACT Examining the brain at rest is a powerful 
approach used to understand the intrinsic properties of 
typical and disordered human brain function, yet task-

free paradigms are associated with greater head mo-
tion, particularly in young and/or clinical populations 
such as autism spectrum disorder (ASD) and attention-
deficit/hyperactivity disorder (ADHD). Inscapes, a 
non-social and non-verbal movie paradigm, has been 
introduced to increase attention, thus mitigating head 
motion, while reducing the task-induced activations 
found during typical movie watching. Inscapes has not 
yet been validated for use in magnetoencephalography 
(MEG), and it has yet to be shown whether its effects 
are stable in clinical populations. Across typically devel-
oping (N = 32) children and adolescents and those with 
ASD (N = 46) and ADHD (N = 42), we demonstrate that 
head motion is reduced during Inscapes. Due to the 
task state evoked by movie paradigms, we also expect-
edly observed concomitant modulations in local neural 
activity (oscillatory power) and functional connectivity 
(phase and envelope coupling) in intrinsic resting-state 
networks and across the frequency spectra compared 
to a fixation cross resting-state. Increases in local activ-
ity were accompanied by decreases in low-frequency 
connectivity within and between resting-state net-
works, primarily the visual network, suggesting that 
task-state evoked by Inscapes moderates ongoing and 
spontaneous cortical inhibition that forms the idling 
intrinsic networks found during a fixation cross resting-
state. Importantly, these effects were similar in ASD and 
ADHD, making Inscapes a well-suited advancement for 
investigations of resting brain function in young and 
clinical populations.
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ABSTRACT Neuroimaging studies have revealed atypi-
cal activation during language and executive tasks 
in individuals with autism spectrum disorders (ASD). 
However, the spatiotemporal stages of processing asso-
ciated with these dysfunctions remain poorly under-
stood. Using an anatomically constrained magnetoen-
cephalography approach, we examined event-related 
theta oscillations during a double-duty lexical decision 
task that combined demands on lexico-semantic pro-
cessing and executive functions. Relative to typically 
developing peers, high-functioning adolescents with 
ASD had lower performance accuracy on trials engag-
ing selective semantic retrieval and cognitive control. 
They showed an early overall theta increase in the left 
fusiform cortex followed by greater activity in the left-
lateralized temporal (starting at ~250 ms) and frontal 
cortical areas (after ~450 ms) known to contribute to 
language processing. During response preparation 
and execution, the ASD group exhibited elevated theta 
in the anterior cingulate cortex, indicative of greater 
engagement of cognitive control. Simultaneously 
increased activity in the ipsilateral motor cortex may 
reflect a less lateralized and suboptimally organized 
motor circuitry. Spanning early sensory-specific and 
late response selection stages, the higher event-related 
theta responsivity in ASD may indicate compensa-
tory recruitment to offset inefficient lexico-semantic 
retrieval under cognitively demanding conditions. 
Together, these findings provide further support for 
atypical language and executive functions in high-
functioning ASD.

Keywords: MEG, Theta oscillations, autism, cognitive 
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ABSTRACT It is estimated that nearly 90% of children 
on the autism spectrum exhibit sensory atypicalities. 
What aspects of sensory processing are affected in 
autism? Although sensory processing can be studied 
along multiple dimensions, two of the most basic ones 
involve examining instantaneous sensory responses 
and how the responses change over time. These cor-
respond to the dimensions of 'sensitivity' and 'habitu-
ation'. Results thus far have indicated that autistic 
individuals do not differ systematically from controls in 
sensory acuity/sensitivity. However, data from studies 
of habituation have been equivocal. We have studied 
habituation in autism using two measures: galvanic 
skin response (GSR) and magneto-encephalography 
(MEG). We report data from two independent studies. 
The first study, was conducted with 13 autistic and 13 
age-matched neurotypical young adults and used GSR 
to assess response to an extended metronomic se-
quence. The second study involved 24 participants (12 
with an ASD diagnosis), different from those in study 1, 
spanning the pre-adolescent to young adult age range, 
and used MEG. Both studies reveal consistent patterns 
of reduced habituation in autistic participants. These 
results suggest that autism, through mechanisms that 
are yet to be elucidated, compromises a fundamental 
aspect of sensory processing, at least in the auditory 
domain. We discuss the implications for understanding 
sensory hypersensitivities, a hallmark phenotypic fea-
ture of autism, recently proposed theoretical accounts, 
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and potential relevance for early detection of risk for 
autism.

Keywords: Autism, GSR, Habituation, Hypersensitivities, 
MEG
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ABSTRACT This multimodal imaging study used mag-
netoencephalography, diffusion magnetic resonance 
imaging (MRI), and gamma-aminobutyric acid (GABA) 
magnetic resonance spectroscopy (MRS) to identify 
and contrast the multiple physiological mechanisms 
associated with auditory processing efficiency in 
typically developing (TD) children and children with 
autism spectrum disorder (ASD). Efficient transmission 
of auditory input between the ear and auditory cortex 
is necessary for rapid encoding of auditory sensory 
information. It was hypothesized that the M50 audi-
tory evoked response latency would be modulated 
by white matter microstructure (indexed by diffusion 
MRI) and by tonic inhibition (indexed by GABA MRS). 
Participants were 77 children diagnosed with ASD and 
40 TD controls aged 7-17 years. A model of M50 latency 

with auditory radiation fractional anisotropy and age 
as independent variables was able to predict 52% of 
M50 latency variance in TD children, but only 12% 
of variance in ASD. The ASD group exhibited altered 
patterns of M50 latency modulation characterized by 
both higher variance and deviation from the expected 
structure-function relationship established with the TD 
group. The TD M50 latency model was used to identify 
a subpopulation of ASD who are significant "outliers" to 
the TD model. The ASD outlier group exhibited unex-
pectedly long M50 latencies in conjunction with signifi-
cantly lower GABA levels. These findings indicate the 
dependence of electrophysiologic sensory response 
latency on underlying microstructure (white matter) 
and neurochemistry (synaptic activity). This study 
demonstrates the use of biologically based measures 
to stratify ASD according to their brain-level "building 
blocks" as an alternative to their behavioral phenotype. 
LAY SUMMARY: Children with ASD often have a slower 
brain response when hearing sounds. This study used 
multiple brain imaging techniques to examine the 
structural and neurochemical factors which control 
the brain's response time to auditory tones in children 
with ASD and TD children. The relationship between 
brain imaging measures and brain response time was 
also used to identify ASD subgroups. Autism Res 2020, 
13: 1730-1745. © 2020 International Society for Autism 
Research and Wiley Periodicals LLC.
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ABSTRACT Impairment in verbal communication abili-
ties has been reported in autism spectrum disorder 
(ASD). Dysfunction of the serotonergic system has also 
been reported in ASD. However, it is still unknown how 
the brain serotonergic system relates to impairment 
in verbal communication abilities in individuals with 
ASD. In the present study, we investigated the correla-
tion between brain serotonergic condition and brain 
sensitivity to paralinguistic stimuli (i.e., amplitude in the 
human voice prosodic change-evoked mismatch field) 
measured by magnetoencephalography (MEG) or ver-
bal ability in 10 adults with ASD. To estimate the brain 
serotonergic condition, we measured the serotonin 
transporter nondisplaceable binding potential cere-
brum-wide using positron emission tomography with 
[11C]N,N-dimethyl-2-(2-amino-4-cyanophenylthio)
benzylamine ([11C] DASB). The results demonstrated a 
significant positive correlation between brain activity 
to paralinguistic stimuli and brain serotonin transporter 
binding potential in the left lingual gyrus, left fusiform 
gyrus and left calcarine cortex. In addition, there were 
significant positive correlations between verbal ability 
and serotonergic condition in the right anterior insula, 
right putamen and right central operculum. These re-
sults suggested that the occipital cortex is implicated in 
recognition of the prosodic change in ASD, whereas the 
right insula-involved serotonergic system is important 
in nurturing verbal function in ASD.Trial registration: 
UMIN000011077.
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BACKGROUND Deficits in social communication are 
one of the main features of autism spectrum disorder 
(ASD). Adults with ASD show atypical brain activity 
during false-belief understanding, an aspect of social 
communication involving the ability to infer that an in-
dividual can have an incorrect belief about a situation. 
Our study is the first to investigate whether adults with 
ASD exhibit differences in frequency-specific functional 
connectivity patterns during false-belief reasoning.

METHODS We used magnetoencephalography to 
contrast functional connectivity underlying false-
belief understanding between 40 adults with ASD and 
39 control adults. We examined whole-brain phase 
synchrony measures during a false-belief task in 3 fre-
quency bands: theta (4-7 Hz), alpha (8-14 Hz), and beta 
(15-30 Hz).

RESULTS Adults with ASD demonstrated reduced 
theta-band connectivity compared with control adults 
between several right-lateralized and midline regions 
such as the medial prefrontal cortex, right temporo-
parietal junction, right inferior frontal gyrus, and right 
superior temporal gyrus. During false-belief trials, they 
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also recruited a network in the beta band that included 
primary visual regions such as the bilateral inferior 
occipital gyri and the left anterior temporoparietal 
junction.

CONCLUSIONS Reduced theta-band synchrony be-
tween areas associated with mentalizing, inhibition, 
and visual processing implies some difficulty in com-
munication among these functions in ASD. This impair-
ment in top-down control in the theta band may be 
counterbalanced by their engagement of a beta-band 
network because both the left anterior temporoparietal 
junction and beta-band oscillations are associated with 
attentional processes. Thus, adults with ASD demon-
strate alternative neural mechanisms for successful 
false-belief reasoning.

Keywords: Autism, Beta, Connectivity, False belief, MEG, 
Theta
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ABSTRACT Magnetoencephalography (MEG) research 
indicates differences in neural brain measures in chil-
dren with autism spectrum disorder (ASD) compared 
to typically developing (TD) children. As reviewed here, 
resting-state MEG exams are of interest as well as MEG 
paradigms that assess neural function across domains 
(e.g., auditory, resting state). To date, MEG research has 
primarily focused on group-level differences. Research 
is needed to explore whether MEG measures can pre-
dict, at the individual level, ASD diagnosis, prognosis 
(future severity), and response to therapy.
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ABSTRACT In Autism Spectrum Disorders (ASD), 
impaired response inhibition and lack of adaptation 
are hypothesized to underlie core ASD symptoms, such 
as social communication and repetitive, stereotyped 
behavior. Thus, the aim of the present study was to 
compare neural correlates of inhibition, post-error 
adaptation, and reaction time variability in ASD and 
neuro-typical control (NTC) participants by investigat-
ing possible differences in error-related changes of 
oscillatory MEG activity. Twelve male NTC (mean age 
20.3 ± 3.7) and fourteen male patients with ASD (mean 
age 17.8 ± 2.9) were included in the analysis. Subjects 
with ASD showed increased error-related reaction time 
variability. MEG analysis revealed decreased beta power 
in the ASD group in comparison to the NTC group over 
the centro-parietal channels in both, the pre-stimulus 
and post-response interval. In the ASD group, mean 
centro-parietal beta power negatively correlated with 
dimensional autism symptoms. In both groups, false 
alarms were followed by an early increase in temporo-
frontal theta to alpha power; and by a later decrease in 
alpha to beta power at central and posterior sensors. 
Single trial correlations were additionally studied in 
the ASD group, who showed a positive correlation of 
pre-stimulus beta power with post-response theta, 
alpha, and beta power, particularly after hit trials. On 
a broader scale, the results deliver important insights 
into top-down control deficits that may relate to core 
symptoms observed in ASD.

Keywords: ASD, Beta-band oscillations, MEG, Motor re-
sponse inhibition
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AIM The early detection of autistic tendencies in 
children is essential for providing proper care and 
education. The auditory steady-state response (ASSR) 
provides a passive, non-invasive technique for assess-
ing neural synchrony at specific response frequencies 
in many mental disorders, including autism spectrum 
disorder (ASD), but few studies have investigated its 
use in young children. This study investigated the ASSR 
at 20 Hz and 40 Hz in typically developing (TD) children 
and children with ASD aged 5-7 years.

METHODS The participants were 23 children with ASD 
and 32 TD children aged 5-7 years. Using a custom-
made magnetoencephalography device, we measured 
ASSR at 20 Hz and 40 Hz, compared the results be-
tween groups, and evaluated the association with intel-
lectual function as measured by Kaufmann Assessment 
Battery for Children.

RESULTS Responses to 20 Hz and 40 Hz were clearly 
detected in both groups with no significant difference 
identified. Consistent with previous findings, right 
dominance of the 40-Hz ASSR was observed in both 
groups. In the TD children, the right-side 40-Hz ASSR 
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was correlated with age. The Kaufmann Assessment 
Battery for Children score was correlated with the left-
side 40-Hz ASSR in both groups.

CONCLUSION Right-dominant ASSR was success-
fully detected in young TD children and children with 
ASD. No difference in ASSR was observed between the 
children with ASD and the TD children, although the 
right-side 40-Hz ASSR increased with age only in the 
TD children. Left-side 40-Hz ASSR was associated with 
intelligence score in both groups.

Keywords: auditory steady-state response, autism spec-
trum disorder, development, magnetoencephalography
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ABSTRACT Autism spectrum disorder (ASD) is primarily 
characterized by impairments in social communica-
tion and the appearance of repetitive behaviors with 
restricted interests. Increasingly, evidence also points 
to a general deficit of motor tone and coordination in 

children and adults with ASD; yet the neural basis of 
motor functional impairment in ASD remains poorly 
characterized. In this study, we used magnetoen-
cephalography (MEG) to (1) assess potential group 
differences between typically developing (TD) and 
ASD participants in motor cortical oscillatory activity 
observed on a simple button-press task and (2) to do 
so over a sufficiently broad age-range so as to capture 
age-dependent changes associated with develop-
ment. Event-related desynchronization was evaluated 
in Mu (8-13 Hz) and Beta (15-30 Hz) frequency bands 
(Mu-ERD, Beta-ERD). In addition, post-movement Beta 
rebound (PMBR), and movement-related gamma (60-
90 Hz) synchrony (MRGS) were also assessed in a cohort 
of 123 participants (63 typically developing (TD) and 
59 with ASD) ranging in age from 8 to 24.9 years. We 
observed significant age-dependent linear trends in 
Beta-ERD and MRGS power with age for both TD and 
ASD groups; which did not differ significantly between 
groups. However, for PMBR, in addition to a significant 
effect of age, we also observed a significant reduction 
in PMBR power in the ASD group (p < 0.05). Post-hoc 
tests showed that this omnibus group difference was 
driven by the older cohort of children >13.2 years 
(p < 0.001) and this group difference was not observed 
when assessing PMBR activity for the younger PMBR 
groups (ages 8-13.2 years; p = 0.48). Moreover, for the 
older ASD cohort, hierarchical regression showed a 
significant relationship between PMBR activity and 
clinical scores of ASD severity (Social Responsiveness 
Scale (SRS T scores)), after regressing out the effect of 
age (p < 0.05). Our results show substantial age-depen-
dent changes in motor cortical oscillations (Beta-ERD 
and MRGS) occur for both TD and ASD children and 
diverge only for PMBR, and most significantly for older 
adolescents and adults with ASD. While the functional 
significance of PMBR and reduced PMBR signaling 
remains to be fully elucidated, these results underscore 
the importance of considering age as a factor when 
assessing motor cortical oscillations and group differ-
ences in children with ASD.

NeuroImage (2020), Vol. 207 (31726253) (10 citations)

https://pubmed.ncbi.nlm.nih.gov/32155301
https://pubmed.ncbi.nlm.nih.gov/32155301
https://doi.org/10.1016/j.neuroimage.2019.116349
https://doi.org/10.1016/j.neuroimage.2019.116349
https://pubmed.ncbi.nlm.nih.gov/31726253


35 Contents  Index

Cortical excitation-inhibition ratio mediates the 
effect of pre-attentive auditory processing deficits 
on interpersonal difficulties (2020)

                   Ford, Talitha C; Woods, Will; Enticott, Peter G; Crewther, 
David P

Cognitive Neuroscience Unit, School of Psychology, Deakin 

University, Geelong, Victoria, Australia; Centre for Human 

Psychopharmacology, Faculty of Heath, Arts and Design, 

Swinburne University of Technology, Melbourne, Victoria, 

Australia. Electronic address: talitha.ford@deakin.edu.au; 

Centre for Mental Health, Faculty of Heath, Arts and Design, 

Swinburne University of Technology, Melbourne, Victoria, 

Australia

ABSTRACT Several lines of evidence identify aberrant 
excitatory-inhibitory neural processes across autism 
and schizophrenia spectrum disorders, particularly 
within the psychosocial domain. Such neural processes 
include increased excitatory glutamate and reduced 
inhibitory GABA concentrations, which may affect 
auditory pre-attentive processing as indexed by the 
mismatch negativity (MMN); thus, an excitation-inhi-
bition imbalance might lead to aberrant MMN, which 
might in turn drive the relationship between the MMN 
and psychosocial difficulties. This research has the 
potential to enhance the neurochemical understand-
ing of the relationship between electrophysiology 
(MMN) and behavioural/clinical measures (psychosocial 
difficulties). Thirty-eight adults (18 male, 18-40 years) 
completed the Schizotypal Personality Questionnaire 
(SPQ) and Autism-Spectrum Quotient (AQ). Glutamate 
and GABA concentrations in bilateral superior temporal 
cortex (STC) were quantified using proton magnetic 
resonance spectroscopy (1H-MRS) while auditory MMN 
to a duration deviant was measured with magneto-
encephalography. Spearman correlations probed the 
relationships between STC glutamate/GABA ratios, 
MMN amplitude and latency, and AQ and SPQ dimen-
sions. Mediation effects of glutamate/GABA ratios on 
the relationship between MMN and AQ-SPQ dimen-
sions were probed using causal mediation analysis. 
Only SPQ-interpersonal and AQ-communication were 
significantly correlated with right hemisphere gluta-
mate/GABA ratios and MMN latency (ps < 0.05), which 

were themselves correlated (p = .035). Two mediation 
models were investigated, with right MMN latency as 
predictor and SPQ-interpersonal and AQ-communica-
tion as outcome variables. Right STC glutamate/GABA 
ratios significantly mediated the relationship between 
MMN latency and SPQ-interpersonal scores, but only 
partially mediated the relationship between MMN 
latency and AQ-communication scores. These findings 
support the growing body of literature pointing toward 
an excitation-inhibition imbalance that is central to 
psychosocial functioning across multi-dimensional 
spectrum disorders, such as autism and schizophrenia, 
and provides neurochemical indicators of the processes 
that underlie psychosocial dysfunction.
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ABSTRACT Impairments in social functioning are char-
acteristic of autism spectrum disorder (ASD). Differenc-
es in functional networks during face processing in ASD 
compared to controls have been reported; however, 
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the spatial-temporal dynamics of networks underlying 
affective processing are still not well understood. The 
current magnetoencephalography study examined 
whole-brain functional connectivity to implicit happy 
and angry faces in 104 adults with and without ASD. 
A network of reduced gamma band (30-55 Hz) phase 
synchrony occurring 80-308 ms following angry face 
presentation was found in adults with ASD compared 
to controls. The network involved widespread connec-
tions primarily anchored in frontal regions, including 
bilateral orbitofrontal areas, bilateral inferior frontal 
gyri, and left middle frontal gyrus extending to oc-
cipital, temporal, parietal, and subcortical regions. 

This finding suggests disrupted long-range neuronal 
communication to angry faces. Additionally, reduced 
gamma band-specific connectivity may reflect altered 
E/I balance in brain regions critical for emotional face 
processing in ASD.

Keywords: ASD, Adulthood, Emotional face processing, 
Functional connectivity, Gamma band, Magnetoencepha-
lography
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Bipolar Disorder

Gamma band VMPFC-PreCG.L connection variation 
after the onset of negative emotional stimuli can 
predict mania in depressive patients (2023)
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OBJECTIVE Because of the similar clinical symptoms, 
it is difficult to distinguish unipolar disorder (UD) from 
bipolar disorder (BD) in the depressive episode using 
the available clinical features, especially for those who 
meet the diagnostic criteria of UD, however, experience 
the manic episode during the follow-up (tBD).

METHODS Magnetoencephalography recordings 
during a sad expression recognition task were ob-
tained from 81 patients (27 BD, 24 tBD, 30 UD) and 26 
healthy controls (HCs). Source analysis was applied to 
localize 64 regions of interest in the low gamma band 
(30-50 Hz). Regional functional connections (FCs) were 
constructed respectively within three time periods 
(early: 0-200 ms, middle: 200-400 ms, and post: 400-
600 ms). The network-based statistic method was used 
to explore the abnormal connection patterns in tBD 

compared to UD and HC. BD was applied to explore 
whether such abnormality is still significant between 
every two groups of BD, tBD, UD, and HC.

RESULTS The VMPFC-PreCG.L connection was found 
to be a significantly different connection between tBD 
and UD in the early time period and between tBD and 
BD in the middle time period. Furthermore, the middle/
early time period ratio of FC value of VMPFC-PreCG.L 
connection was negatively correlated with the bipolar-
ity index in tBD.

CONCLUSIONS The VMPFC-PreCG.L connection in 
different time periods after the onset of sad facial 
stimuli may be a potential biomarker to distinguish the 
different states of BD. The FC ratio of VMPFC-PreCG.L 
connection may predict whether patients with depres-
sive episodes subsequently develop mania.

Keywords: Bipolar disorder, Magnetoencephalography, 
Network-based statistic, Unipolar disorder
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Convergent and divergent cognitive impairment 
of unipolar and bipolar depression: A 
magnetoencephalography resting-state study 
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BACKGROUND Unipolar depression (UD) and bipolar 
depression (BD) showed convergent and divergent 
cognitive impairments. Neural oscillations are linked 
to the foundational cognitive processes. We aimed to 
investigate the underpinning spectral neuronal power 
patterns by magnetoencephalography (MEG), which 
combinates high spatial and temporal resolution. We 
hypothesized that patients with UD and BD exhibit 
common and distinct patterns, which may contribute 
to their cognitive impairments.

METHODS Group cognitive tests were performed. Eyes 
closed resting-state MEG data were collected from 61 
UD, 55 BD, and 52 healthy controls (HC). Nonparamet-
ric cluster-based permutation tests were performed 
to deal with the multiple comparison problem on 
channel-frequency MEG data. Correlation analysis of 
cognitive dysfunction scores and MEG oscillation were 
conducted by Spearman or partial correlation analysis.

RESULTS Wisconsin Card Sorting Test showed similar 
cognitive impairment in patients with UD and BD. 
Moreover, patients with BD exhibited extensive cogni-
tive deficits in verbal executive functions and visuospa-
tial processing. Compare to HC, both patients with UD 
and BD showed increased frontal-central beta power 
while high gamma power was decreased in UD groups 
during the resting-state. The significant correlations 
between cognitive function and average beta power 
were observed.

CONCLUSIONS Patients with BD had more cognitive 
impairments on different dimensions than those with 
UD, involving disrupted beta power modulations. Our 

investigation provides a better understanding of the 
neuroelectrophysiological process underlying cognitive 
impairments in patients with UD and BD.

Keywords: Bipolar depression, Cognitive impairment, 
MEG, Magnetoencephalography, Resting-state, Unipolar 
depression
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MEG-based Classification and Grad-CAM 
Visualization for Major Depressive and Bipolar 
Disorders with Semi-CNN (2022)

      Huang, Chun-Chih; Low, Intan; Kao, Chia-Hsiang; Yu, 
Chuan-Yu; Su, Tung-Ping; Hsieh, Jen-Chuen; Chen, 
Yong-Sheng; Chen, Li-Fen

ABSTRACT Major depressive disorder (MDD) and bi-
polar disorder (BD) are two major mood disorders with 
partly overlapped symptoms but different treatments. 
However, their misdiagnosis and mistreatment are 
common based on the DSM-V criteria, lacking objective 
and quantitative indicators. This study aimed to de-
velop a novel approach that accurately classifies MDD 
and BD based on their resting-state magnetoencepha-
lography (MEG) signals during euthymic phases. A re-
visited 3D CNN model, Semi-CNN, that could automati-
cally detect brainwave patterns in spatial, temporal, 
and frequency domains was implemented to classify 
wavelet-transformed MEG signals of normal controls 
and MDD and BD patients. The model achieved a test 
accuracy of 96.05% and an average of 95.71% accuracy 
for 5-fold cross-validation. Furthermore, saliency maps 
of the model were estimated using Grad-CAM++ to vi-
sualize the proposed classification model and highlight 
disease-specific brain regions and frequencies. Clinical 
Relevance - Our model provides a stable pipeline that 
accurately classifies MDD, BD, and healthy individuals 
based on resting-state MEG signals during the euthy-
mic phases, opening the potential for quantitative and 

https://pubmed.ncbi.nlm.nih.gov/36181913
https://pubmed.ncbi.nlm.nih.gov/36181913
https://doi.org/10.1109/EMBC48229.2022.9871238
https://doi.org/10.1109/EMBC48229.2022.9871238
https://doi.org/10.1109/EMBC48229.2022.9871238


39 Contents  Index

accurate brain-based diagnosis for the highly misdiag-
nosed MDD/BD patients.
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OBJECTIVE Bipolar disorder is characterized by aber-
rant neurophysiological responses as measured with 
electroencephalography (EEG) and magnetoencepha-
lography (MEG), including the 40-Hz auditory steady-
state response (ASSR). 40-Hz ASSR deficits are also 
found in patients with schizophrenia and may repre-
sent a transdiagnostic biomarker of neuronal circuit 
dysfunction. In this systematic review and meta-analy-
sis, we summarize and evaluate the evidence for 40-Hz 
ASSR deficits in patients with bipolar disorder.

METHODS We identified studies from PubMed, 
EMBASE, and SCOPUS. We assessed the risk of bias, cal-
culated Hedges' g meta-level effect sizes, and investi-
gated small-study effects using funnel plots and Egger 
regression.

RESULTS Seven studies, comprising 396 patients 
with bipolar disorder and 404 healthy controls, were 
included in the meta-analysis. Studies displayed 

methodological heterogeneity and an overall high risk 
of bias. Patients with bipolar disorder showed consis-
tent reductions in 40-Hz ASSR evoked power (Hedges' 
g = -0.49; 95% confidence intervals [-0.67, -0.31]) and 
inter-trial phase coherence (ITPC) (Hedges' g = -0.43; 
95 %CI [-0.58, -0.29]) compared with healthy controls.

CONCLUSIONS Our meta-analysis provides evidence 
that 40-Hz ASSRs are reduced in patients with bipolar 
disorder compared with healthy controls.

SIGNIFICANCE Future large-scale studies are warrant-
ed to link 40-Hz ASSR deficits to clinical features and 
developmental trajectories.

Keywords: Bipolar disorder, Electroencephalography, 
Gamma rhythm, Magnetoencephalography, Meta-analy-
sis, Systematic review
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Differences in verbal and spatial working memory 
in patients with bipolar II and unipolar depression: 
an MSI study (2021)
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BACKGROUND Depressive symptoms could be simi-
larly expressed in bipolar and unipolar disorder. How-
ever, changes in cognition and brain networks might 
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be quite distinct. We aimed to find out the difference in 
the neural mechanism of impaired working memory in 
patients with bipolar and unipolar disorder.

METHOD According to diagnostic criteria of bipolar 
II disorder of the Diagnostic and Statistical Manual 
of Mental Disorders, Fifth Edition (DSM-5) and as-
sessments, 13 bipolar II depression (BP II), 8 unipolar 
depression (UD) patients and 15 healthy controls (HC) 
were recruited in the study. We used 2-back tasks 
and magnetic source imaging (MSI) to test working 
memory functions and get the brain reactions of the 
participants.

RESULTS Compared with HC, only spatial working 
memory tasks accuracy was significantly worse in both 
UD and BP II (p = 0.001). Pearson correlation showed 
that the stronger the FCs' strength of MFG-IPL and IPL-
preSMA, the higher accuracy of SWM task within left 
FPN in patients with UD (r = 0.860, p = 0.006; r = 0.752, 
p = 0.031). However, the FC strength of IFG-IPL was neg-
atively correlated with the accuracy of SWM task within 
left FPN in patients with BP II (r = - 0.591, p = 0.033).

CONCLUSIONS Our study showed that the spatial 
working memory of patients with whether UD or BP 
II was impaired. The patterns of FCs within these two 
groups of patients were different when performing 
working memory tasks.

Keywords: Depression, Frontoparietal network, Magneto-
encephalography, Working memory
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unipolar depression (2020)
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OBJECTIVES In clinical practice, bipolar depres-
sion (BD) and unipolar depression (UD) appear to 
have similar symptoms, causing BD being frequently 
misdiagnosed as UD, leading to improper treatment 
decision and outcome. Therefore, it is in urgent need 
of distinguishing BD from UD based on clinical objec-
tive biomarkers as early as possible. Here, we aimed to 
integrate brain neuroimaging data and an advanced 
machine learning technique to predict different types 
of mood disorder patients at the individual level.

METHODS Eyes closed resting-state magnetoencepha-
lography (MEG) data were collected from 23 BD, 30 UD, 
and 31 healthy controls (HC). Individual power spectra 
were estimated by Fourier transform, and statistic spec-
tral differences were assessed via a cluster permutation 
test. A support vector machine classifier was further 
applied to predict different mood disorder types based 
on discriminative oscillatory power.

RESULTS Both BD and UD showed decreased frontal-
central gamma/beta ratios comparing to HC, in which 
gamma power (30-75 Hz) was decreased in BD while 
beta power (14-30 Hz) was increased in UD vs HC. The 
support vector machine model obtained significant 
high classification accuracies distinguishing three 
groups based on mean gamma and beta power (BD: 
79.9%, UD: 81.1%, HC: 76.3%, P < .01).

CONCLUSIONS In combination with resting-state MEG 
data and machine learning technique, it is possible 
to make an individual and objective prediction for 
mode disorder types, which in turn has implications for 
diagnosis precision and treatment decision of mood 
disorder patients.

Keywords: MEG, bipolar depression, resting state, support 
vector machine, unipolar depression
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BACKGROUND Laser interstitial thermal therapy (LITT) 
is a minimally invasive ablative technique with specific 
indications for neuro-oncology, especially in the case 
of lesions in eloquent areas. Even being performed 
through a small catheter under stereotactic conditions, 
the risk of damaging vital structures such as white mat-
ter tracts or cortical eloquent areas is not negligible. 
The mechanism of damage can be related to catheter 
insertion or to excessive laser ablation. An accurate 
preoperative workup, aimed at locating the eloquent 
structures, can be combined with a real-time intraop-
erative neurophysiologic monitoring to reduce surgical 
morbidity while maximizing the efficacy of LITT.

METHODS We developed a synergistic approach for 
neurophysiology-guided LITT based on state-of-the-art 
technologies, namely, magnetoencephalography, dif-
fusion tensor imaging, and intraoperative neurophysi-
ologic monitoring.

RESULTS As a result, we improved the planning phase 
thanks to a more precise representation of functional 
structures that allows the simulation of different 
trajectories and the identification of the most suit-
able trajectory to treat the lesion while respecting the 
functional boundaries. Catheter insertion is conducted 
under continuous neurophysiologic feedback and the 
ablation phase is modeled on the functional boundar-
ies identified by stimulation, allowing it to be extremely 
accurate.

CONCLUSIONS An integrated approached guided by 
neurophysiology is able to reduce the surgical morbid-
ity even in a relatively accurate technique such as LITT. 
To the best of our knowledge, this represents the first 
report on this synergistic approach which could really 
impact the treatment of tumors in eloquent areas. 
Future studies are needed in the effort to implement 
this approach in functional or epilepsy neurosurgery as 
well.

Keywords: Imaging, LITT, MEG, Neuro-oncology, Neuro-
physiology, Rehearsal
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ABSTRACT It is unclear why exactly gliomas show 
preferential occurrence in certain brain areas. Increased 
spiking activity around gliomas leads to faster tumour 
growth in animal models, while higher non-invasively 
measured brain activity is related to shorter survival in 
patients. However, it is unknown how regional intrinsic 
brain activity, as measured in healthy controls, relates 
to glioma occurrence. We first investigated whether gli-
omas occur more frequently in regions with intrinsically 
higher brain activity. Second, we explored whether 
intrinsic cortical activity at individual patients' tumour 
locations relates to tumour and patient characteris-
tics. Across three cross-sectional cohorts, 413 patients 
were included. Individual tumour masks were created. 
Intrinsic regional brain activity was assessed through 
resting-state magnetoencephalography acquired in 
healthy controls and source-localized to 210 cortical 
brain regions. Brain activity was operationalized as: (i) 
broadband power; and (ii) offset of the aperiodic com-
ponent of the power spectrum, which both reflect neu-
ronal spiking of the underlying neuronal population. 
We additionally assessed (iii) the slope of the aperiodic 
component of the power spectrum, which is thought 
to reflect the neuronal excitation/inhibition ratio. 

First, correlation coefficients were calculated between 
group-level regional glioma occurrence, as obtained 
by concatenating tumour masks across patients, and 
group-averaged regional intrinsic brain activity. Sec-
ond, intrinsic brain activity at specific tumour locations 
was calculated by overlaying patients' individual tu-
mour masks with regional intrinsic brain activity of the 
controls and was associated with tumour and patient 
characteristics. As proposed, glioma preferentially oc-
curred in brain regions characterized by higher intrinsic 
brain activity in controls as reflected by higher offset. 
Second, intrinsic brain activity at patients' individual 
tumour locations differed according to glioma subtype 
and performance status: the most malignant isocitrate 
dehydrogenase-wild-type glioblastoma patients had 
the lowest excitation/inhibition ratio at their individual 
tumour locations as compared to isocitrate dehydroge-
nase-mutant, 1p/19q-codeleted glioma patients, while 
a lower excitation/inhibition ratio related to poorer 
Karnofsky Performance Status, particularly in codeleted 
glioma patients. In conclusion, gliomas more frequently 
occur in cortical brain regions with intrinsically higher 
activity levels, suggesting that more active regions are 
more vulnerable to glioma development. Moreover, 
indices of healthy, intrinsic excitation/inhibition ratio 
at patients' individual tumour locations may capture 
both tumour biology and patients' performance status. 
These findings contribute to our understanding of 
the complex and bidirectional relationship between 
normal brain functioning and glioma growth, which is 
at the core of the relatively new field of 'cancer neuro-
science'.
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ABSTRACT Non-invasively measured brain activity is 
related to progression-free survival in glioma patients, 
suggesting its potential as a marker of glioma progres-
sion. We therefore assessed the relationship between 
brain activity and increasing tumor volumes on routine 
clinical magnetic resonance imaging (MRI) in glioma 
patients. Postoperative magnetoencephalography 
(MEG) was recorded in 45 diffuse glioma patients. Brain 
activity was estimated using three measures (abso-
lute broadband power, offset and slope) calculated at 
three spatial levels: global average, averaged across 
the peritumoral areas, and averaged across the homo-
logues of these peritumoral areas in the contralateral 
hemisphere. Tumors were segmented on MRI. Changes 
in tumor volume between the two scans surrounding 
the MEG were calculated and correlated with brain 
activity. Brain activity was compared between patient 

groups classified into having increasing or stable tumor 
volume. Results show that brain activity was signifi-
cantly increased in the tumor hemisphere in general, 
and in peritumoral regions specifically. However, none 
of the measures and spatial levels of brain activity 
correlated with changes in tumor volume, nor did they 
differ between patients with increasing versus stable 
tumor volumes. Longitudinal studies in more homoge-
neous subgroups of glioma patients are necessary to 
further explore the clinical potential of non-invasively 
measured brain activity.
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ABSTRACT Introduction: Glioma patients show 
increased global brain network clustering related to 
poorer cognition and epilepsy. However, it is unclear 
whether this increase is spatially widespread, local-
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ized in the (peri)tumor region only, or decreases with 
distance from the tumor. Materials and Methods: 
Weighted global and local brain network clustering 
was determined in 71 glioma patients and 53 controls 
by using magnetoencephalography. Tumor cluster-
ing was determined by averaging local clustering of 
regions overlapping with the tumor, and vice versa for 
non-tumor regions. Euclidean distance was determined 
from the tumor centroid to the centroids of other 
regions. Results: Patients showed higher global cluster-
ing compared with controls. Clustering of tumor and 
non-tumor regions did not differ, and local clustering 
was not associated with distance from the tumor. Post 
hoc analyses revealed that in the patient group, tumors 
were located more often in regions with higher cluster-
ing in controls, but it seemed that tumors of patients 
with high global clustering were located more often in 
regions with lower clustering in controls. Conclusions: 
Glioma patients show non-local network disturbances. 
Tumors of patients with high global clustering may 
have a preferred localization, namely regions with 
lower clustering in controls, suggesting that tumor 
localization relates to the extent of network disruption. 
Impact statement This work uses the innovative frame-
work of network neuroscience to investigate functional 
connectivity patterns associated with brain tumors. 
Glioma (primary brain tumor) patients experience 
cognitive deficits and epileptic seizures, which have 
been related to brain network alterations. This study 
shows that glioma patients have a spatially widespread 
increase in global network clustering, which cannot 
be attributed to local effects of the tumor. Moreover, 
tumors occur more often in brain regions with higher 
network clustering in controls. This study emphasizes 
the global character of network alterations in glioma 
patients and suggests that preferred tumor locations 
are characterized by particular network profiles.

Keywords: functional connectivity, glioma, magnetoen-
cephalography, neuro-oncology, resting-state
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ABSTRACT Recent evidence suggests that damage to 
the language network triggers its functional reorga-
nization. Yet, the spectro-temporal fingerprints of this 
plastic rearrangement and its relation to anatomical 
changes is less well understood. Here, we combined 
magnetoencephalographic recordings with a proxy 
measure of white matter to investigate oscillatory 
activity supporting language plasticity and its relation 
to structural reshaping. First, cortical dynamics were 
acquired in a group of healthy controls during object 
and action naming. Results showed segregated beta 
(13-28 Hz) power decreases in left ventral and dorsal 
pathways, in a time-window associated to lexico-
semantic processing (~250-500 ms). Six patients with 
left tumors invading either ventral or dorsal regions 
performed the same naming task before and 3 months 
after surgery for tumor resection. When longitudinally 
comparing patients' responses we found beta com-
pensation mimicking the category-based segregation 
showed by controls, with ventral and dorsal damage 
leading to selective compensation for object and action 
naming, respectively. At the structural level, all patients 
showed preoperative changes in white matter tracts 
possibly linked to plasticity triggered by tumor growth. 
Furthermore, in some patients, structural changes were 
also evident after surgery and showed associations 
with longitudinal changes in beta power lateralization 
toward the contralesional hemisphere. Overall, our 
findings support the existence of anatomo-functional 
dependencies in language reorganization and high-
light the potential role of oscillatory markers in tracking 
longitudinal plasticity in brain tumor patients. By doing 
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so, they provide valuable information for mapping 
preoperative and postoperative neural reshaping and 
plan surgical strategies to preserve language function 
and patient's quality of life.

Keywords: brain rhythms, brain tumors, language, magne-
toencephalography, neuroplasticity
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ABSTRACT The goal of glioma surgery is maximal safe 
resection in order to provide optimal tumor control and 
survival benefit to the patient. There are multiple imag-
ing modalities beyond traditional contrast-enhanced 
magnetic resonance imaging (MRI) that have been 
incorporated into the preoperative workup of patients 
presenting with gliomas. The aim of these imaging 
modalities is to identify cortical and subcortical areas 
of eloquence, and their relationship to the lesion. In 
this article, multiple modalities are described with an 
emphasis on the underlying technology, clinical utiliza-
tion, advantages, and disadvantages of each. functional 
MRI and its role in identifying hemispheric dominance 
and areas of language and motor are discussed. The 
nuances of magnetoencephalography and transcranial 
magnetic stimulation in localization of eloquent cortex 
are examined, as well as the role of diffusion tensor im-
aging in defining normal white matter tracts in glioma 
surgery. Lastly, we highlight the role of stimulated 

Raman spectroscopy in intraoperative histopatho-
logical diagnosis of tissue to guide tumor resection. 
Tumors may shift the normal arrangement of func-
tional anatomy in the brain; thus, utilization of multiple 
modalities may be helpful in operative planning and 
patient counseling for successful surgery.

Keywords: Diffusion tensor imaging, Functional MRI, 
Glioma, Imaging, Low-grade glioma, Magnetoencepha-
lography, Stimulated Raman microscopy, Transcranial 
magnetic stimulation

Neurosurgery (2021), Vol. 88, No. 2 (33313852) (4 citations)

Visual Mapping With Magnetoencephalography: 
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ABSTRACT Using visual evoked fields (VEFs) to differ-
entiate healthy, normal brain function from dysfunc-
tional cortex has been demonstrated to be both valid 
and reliable. Currently, VEFs are widely implemented to 
guide intracranial surgeries for epilepsy and brain tu-
mors. There are several areas of possible future clinical 
use of VEFs, including early identification of disorders, 
such as multiple sclerosis, Parkinson's disease, stroke, 
and human immunodeficiency virus-associated neuro-
cognitive disorders. These studies have suggested that 
VEFs could be used to study disease pathophysiology 
or as a biomarker for early identification of a disorder. 
The current clinical practice guidelines of the American 
Clinical Magnetoencephalography Society for VEFs are 
sufficient. At this time, VEFs should be used clinically 
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to identify visual cortex and potentially tailor surgical 
resections.

Journal of clinical neurophysiology: official publication 
of the American Electroencephalographic Society (2020), 
Vol. 37, No. 6 (33165231) (4 citations)
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ABSTRACT Functional magnetic resonance imaging 
(fMRI) has been mainly utilized for the preoperative 
localization of eloquent cortical areas. However, lesion-
induced impairment of neurovascular coupling (NVC) 
in the lesion border zone may lead to false-negative 
fMRI results. The purpose of this study was to deter-
mine physiological factors impacting the NVC. Twenty 
patients suffering from brain lesions were preopera-
tively examined using multimodal neuroimaging in-
cluding fMRI, magnetoencephalography (MEG) during 
language or sensorimotor tasks (depending on lesion 
location), and a novel physiologic MRI approach for the 
combined quantification of oxygen metabolism, perfu-
sion state, and microvascular architecture. Congruence 
of brain activity patterns between fMRI and MEG were 
found in 13 patients. In contrast, we observed missing 
fMRI activity in perilesional cortex that demonstrated 
MEG activity in seven patients, which was interpreted 

as lesion-induced impairment of NVC. In these brain 
regions with impaired NVC, physiologic MRI revealed 
significant brain tissue hypoxia, as well as significantly 
decreased macro- and microvascular perfusion and 
microvascular architecture. We demonstrated that 
perilesional hypoxia with reduced vascular perfusion 
and architecture is associated with lesion-induced 
impairment of NVC. Our physiologic MRI approach is 
a clinically applicable method for preoperative risk as-
sessment for the presence of false-negative fMRI results 
and may prevent severe postoperative functional 
deficits.

Keywords: Blood-oxygen-level-dependent contrast, func-
tional magnetic resonance imaging, hypoxia, magnetoen-
cephalography, neurovascular coupling
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OBJECTIVE To assess the efficacy of aerobic exercise 
training to improve controlled attention, information 
processing speed and neural communication during 
increasing task load and rest in pediatric brain tumor 
survivors (PBTS) treated with cranial radiation.

METHODS Participants completed visual-motor Go 
and Go/No-Go tasks during magnetoencephalography 
recording prior to and following the completion of 
12-weeks of exercise training. Exercise-related changes 
in response accuracy and visual-motor latency were 
evaluated with Linear Mixed models. The Phase Lag 
Index (PLI) was used to estimate functional connectivity 
during task performance and rest. Changes in PLI val-
ues after exercise training were assessed using Partial 
Least Squares analysis.

RESULTS Exercise training predicted sustained 
(12-weeks) improvement in response accuracy (p<0.05) 
during No-Go trials. Altered functional connectivity 
was detected in theta (4-7Hz) alpha (8-12Hz) and high 
gamma (60-100Hz) frequency bands (p<0.001) during 
Go and Go/No-Go trials. Significant changes in re-
sponse latency and resting state connectivity were not 
detected.

CONCLUSION These findings support the efficacy of 
aerobic exercise to improve controlled attention and 
enhance functional mechanisms under increasing task 
load in participants.

SIGNIFICANCE It may be possible to harness the ben-
eficial effects of exercise as therapy to promote cogni-
tive recovery and enhance brain function in PBTS.

Keywords: Cognitive control, Exercise, Functional connec-
tivity, Magnetoencephalography, Pediatric brain tumors
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ABSTRACT Noninvasive functional brain imaging with 
magnetoencephalography (MEG) is regularly used to 
map the eloquent cortex associated with somatosen-
sory, motor, auditory, visual, and language processing 
before a surgical resection to determine if the func-
tional areas have been reorganized. Most tasks can also 
be performed in the pediatric population. To acquire 
an optimal MEG study for any of these modalities, the 
patient needs to be well rested and attending to the 
stimulation.

Keywords: Auditory evoked magnetic fields, Language 
evoked magnetic fields, Magnetoencephalography, Map-
ping, Motor evoked magnetic fields, Presurgical, Somato-
sensory evoked magnetic fields, Visual evoked magnetic 
fields
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ABSTRACT Little is known about language impairment 
in brain tumor patients, especially in the presurgical 
phase. Impairment in this population may be missed 
because standardized tests fail to capture mild deficits. 
Additionally, neuroplasticity may also contribute to 
minimizing language impairments. We examined 14 
presurgical patients with brain tumors in the language-
dominant hemisphere using magnetoencephalogra-
phy (MEG) while they performed a demanding picture-
word interference task, that is, participants name 
pictures while ignoring distractor words. Brain tumor 
patients had behavioral picture-naming effects typi-
cally observed in healthy controls. The MEG responses 
also showed the expected pattern in its timing and 
amplitude modulation typical of controls, but with an 
altered spatial distribution of right hemisphere sources, 
in contrast to the classic left hemisphere source found 
in healthy individuals. This finding supports tumor-
induced neural reorganization of language before 
surgery. Crucially, the use of electrophysiology allowed 
us to show the "same" neuronal response in terms of its 
timing and amplitude modulation in the right hemi-
sphere, supporting the hypothesis that the processes 
performed by the right hemisphere following reorga-
nization are similar in nature to those (previously) per-
formed by the left hemisphere. We also identified one 
participant with a fast-growing tumor affecting large 
parts of critical language areas and underlying ventral 
and dorsal white matter tracts who showed a deviant 
pattern in behavior and in the MEG event-related re-
sponses. In conclusion, our results attest to the validity 
of using a demanding picture-naming task in presurgi-
cal patients and provide evidence for neuroplasticity, 

with the right hemisphere performing similar computa-
tions as the left hemisphere typically performs.
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OBJECTIVE Gliomas are intrinsic brain tumors with the 
hallmark of diffuse white matter infiltration, resulting 
in short- and long-range network dysfunction. Preop-
erative magnetoencephalography (MEG) can assist in 
maximizing the extent of resection while minimizing 
morbidity. While MEG has been validated in motor 
mapping, its role in speech mapping remains less well 
studied. The authors assessed how the resection of 
intraoperative electrical stimulation (IES)-negative, high 
functional connectivity (HFC) network sites, as identi-
fied by MEG, impacts language performance.

METHODS Resting-state, whole-brain MEG recordings 
were obtained from 26 patients who underwent peri-
operative language evaluation and glioma resection 
that was guided by awake language and IES mapping. 
The functional connectivity of an individual voxel was 
determined by the imaginary coherence between the 
index voxel and the rest of the brain, referenced to its 
contralesional pair. The percentage of resected HFC 
voxels was correlated with postoperative language out-
comes in tasks of increasing complexity: text reading, 
4-syllable repetition, picture naming, syntax (SYN), and 
auditory stimulus naming (AN).
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RESULTS Overall, 70% of patients (14/20) in whom any 
HFC tissue was resected developed an early postopera-
tive language deficit (mean 2.3 days, range 1-8 days), 
compared to 33% of patients (2/6) in whom no HFC 
tissue was resected (p = 0.16). When bifurcated by the 
amount of HFC tissue that was resected, 100% of pa-
tients (3/3) with an HFC resection > 25% displayed defi-
cits in AN, compared to 30% of patients (6/20) with an 
HFC resection < 25% (p = 0.04). Furthermore, there was 
a linear correlation between the severity of AN and SYN 
decline with percentage of HFC sites resected (p = 0.02 
and p = 0.04, respectively). By 2.2 months postopera-
tively (range 1-6 months), the correlation between HFC 
resection and both AN and SYN decline had resolved 
(p = 0.94 and p = 1.00, respectively) in all patients (9/9) 
except two who experienced early postoperative tumor 
progression or stroke involving inferior frontooccipital 
fasciculus.

CONCLUSIONS Imaginary coherence measures of func-
tional connectivity using MEG are able to identify HFC 
network sites within and around low- and high-grade 
gliomas. Removal of IES-negative HFC sites results in 
early transient postoperative decline in AN and SYN, 
which resolved by 3 months in all patients without 
stroke or early tumor progression. Measures of func-
tional connectivity may therefore be a useful means of 
counseling patients about postoperative risk and assist 
with preoperative surgical planning.

Keywords: functional connectivity, glioblastoma, high-
grade glioma, language, low-grade glioma, magnetoen-
cephalography, oncology, speech
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OBJECTIVE By looking at how the accuracy of pre-
operative brain mapping methods vary according to 
differences in the distance from the activation clusters 
used for the analysis, the present study aimed to eluci-
date how preoperative functional neuroimaging may 
be used in such a way that maximizes the mapping 
accuracy.

METHODS The eloquent function of 19 patients with a 
brain tumor or cavernoma was mapped prior to resec-
tion with both functional MRI (fMRI) and magnetoen-
cephalography (MEG). The mapping results were then 
validated using direct cortical stimulation mapping 
performed immediately after craniotomy and prior 
to resection. The subset of patients with equivalent 
MEG and fMRI tasks performed for motor (n = 14) and 
language (n = 12) were evaluated as both individual 
and combined predictions. Furthermore, the distance 
resulting in the maximum accuracy, as evaluated by the 
J statistic, was determined by plotting the sensitivities 
and specificities against a linearly increasing distance 
threshold.

RESULTS fMRI showed a maximum mapping accuracy 
at 5 mm for both motor and language mapping. MEG 
showed a maximum mapping accuracy at 40 mm 
for motor and 15 mm for language mapping. At the 
standard 10-mm distance used in the literature, MEG 
showed a greater specificity than fMRI for both mo-
tor and language mapping but a lower sensitivity for 
motor mapping. Combining MEG and fMRI showed 
a maximum accuracy at 15 mm and 5 mm-MEG and 
fMRI distances, respectively-for motor mapping and at 
a 10-mm distance for both MEG and fMRI for language 
mapping. For motor mapping, combining MEG and 
fMRI at the optimal distances resulted in a greater ac-
curacy than the maximum accuracy of the individual 
predictions.

CONCLUSIONS This study demonstrates that the accu-
racy of language and motor mapping for both fMRI and 
MEG is heavily dependent on the distance threshold 
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used in the analysis. Furthermore, combining MEG and 
fMRI showed the potential for increased motor map-
ping accuracy compared to when using the modalities 
separately.Clinical trial registration no.: NCT01535430 
(clinicaltrials.gov).

Keywords: BVS = blood vessel segmentation, DCS = direct 
cortical stimulation, MEG, MEG = magnetoencephalog-
raphy, T1W = T1-weighted, brain mapping, brain tumor, 
eloquent, fMRI, fMRI = functional MRI
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INTRODUCTION Progression-free survival (PFS) in 
glioma patients varies widely, even when stratifying for 
known predictors (i.e. age, molecular tumor subtype, 
presence of epilepsy, tumor grade and Karnofsky per-
formance status). Neuronal activity has been shown to 
accelerate tumor growth in an animal model, suggest-
ing that brain activity may be valuable as a PFS predic-
tor. We investigated whether postoperative oscillatory 
brain activity, assessed by resting-state magnetoen-
cephalography is of additional value when predicting 
PFS in glioma patients.

METHODS We included 27 patients with grade II-IV 
gliomas. Each patient's oscillatory brain activity was 
estimated by calculating broadband power (0.5-48 Hz) 
in 56 epochs of 3.27 s and averaged over 78 cortical 
regions of the Automated Anatomical Labeling atlas. 
Cox proportional hazard analysis was performed to test 
the predictive value of broadband power towards PFS, 
adjusting for known predictors by backward elimina-
tion.

RESULTS Higher broadband power predicted shorter 
PFS after adjusting for known prognostic factors 
(n = 27; HR 2.56 (95% confidence interval (CI) 1.15-
5.70); p = 0.022). Post-hoc univariate analysis showed 
that higher broadband power also predicted shorter 
overall survival (OS; n = 38; HR 1.88 (95% CI 1.00-3.54); 
p = 0.038).

CONCLUSIONS Our findings suggest that postopera-
tive broadband power is of additional value in predict-
ing PFS beyond already known predictors.

Keywords: Beamforming, Glioma, Magnetoencephalogra-
phy (MEG), Overall survival, Progression-free survival

Journal of neuro-oncology (2020), Vol. 147, No. 1 
(31953611) (6 citations)

https://pubmed.ncbi.nlm.nih.gov/32006951
https://pubmed.ncbi.nlm.nih.gov/32006951
https://doi.org/10.1007/s11060-019-03386-7
https://doi.org/10.1007/s11060-019-03386-7
https://pubmed.ncbi.nlm.nih.gov/31953611
https://pubmed.ncbi.nlm.nih.gov/31953611


51 Contents  Index

Spatiotemporal dynamics of postoperative 
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ABSTRACT Postoperative functional neuroimaging 
provides a unique opportunity to investigate the neural 
mechanisms that facilitate language network reorga-
nization. Previous studies in patients with low grade 
gliomas (LGGs) in language areas suggest that postop-
erative recovery is likely due to functional neuroplasti-
city in peritumoral and contra-tumoral healthy regions, 
but have attributed varying degrees of importance 
to specific regions. In this study, we used Magnetoen-
cephalography (MEG) to investigate functional con-
nectivity changes in peritumoral and contra-tumoral 
regions after brain tumor resection. MEG recordings 
of cortical activity during resting-state were obtained 
from 12 patients with LGGs in left-hemisphere lan-
guage brain areas. MEG data were recorded before (Pre 
session), and 3 (Post_1 session) and 6 (Post_2 session) 
months after awake craniotomy. For each MEG session, 
we measured the functional connectivity of the peri-
tumoral and contra-tumoral regions to the rest of the 
brain across the 1-100 Hz frequency band. We found 
that functional connectivity in the Post_1 and Post_2 
sessions was higher than in the Pre session only in peri-
tumoral regions and within the alpha frequency band. 
Functional connectivity in peritumoral regions did not 
differ between the Post_1 and Post_2 sessions. Alpha 
connectivity enhancement in peritumoral regions was 
observed in all patients regardless of the LGG location. 

Together, these results suggest that postoperative lan-
guage functional reorganization occurs in peritumoral 
regions regardless of the location of the tumor and 
mostly develops within 3 months after surgery.

Keywords: Functional connectivity, Functional reorganiza-
tion, Language networks, Low-grade glioma, Magnetoen-
cephalography
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BACKGROUND Neurosurgical decisions regarding in-
terventions close to brain areas with language-related 
functions remain highly challenging because of the 
risk of postoperative dysfunction. To minimize these 
risks, improvements in the preoperative mapping of 
language-related regions are required, especially as 
space-occupying lesions often lead to altered cortical 
topography and language area reorganization.

METHODS The degree of deviation and language 
area reorganization were investigated in 26 functional 
magnetic resonance imaging- and magnetoenceph-
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alography-dissociable cortical sub-areas displaying 
language-related activations in each of 18 patients with 
brain lesions and 3 healthy volunteers (during visual 
language tasks).

RESULTS Both modalities showed good congruency 
of the language areas. The mean spatial distance of 
the centroids and maxima was 9.06 mm and 10.58 
mm, respectively, allowing us to define more specific 
anatomical positions. Postoperatively, language abili-
ties increased in 11% (2 of 18) of the patients, remained 
unchanged in 83% (15 of 18) of the patients, and 
decreased in 6% (1 of 18) of the patients, respectively. 
Signs of language function reorganization detected on 
both functional magnetic resonance imaging and mag-
netoencephalography were present in 29% (5 of 17) 

of the patients. Attenuation of neurovascular coupling 
was found postoperatively in 17% (3 of 18) of the pa-
tients. Monohemispheric language processing cannot 
be assumed always in patients with brain lesions.

CONCLUSIONS The more detailed subdivision of 
language-relevant brain areas shown in this study can 
help to achieve more radical tumor resection without 
postoperative language deficits.

Keywords: Brain tumor, Broca, Language, MEG, Reorgani-
zation, Wernicke, fMRI
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Dementia

Early visual alterations in individuals at-risk of 
Alzheimer's disease: a multidisciplinary approach 
(2023)
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BACKGROUND The earliest pathological features of 
Alzheimer's disease (AD) appear decades before the 
clinical symptoms. The pathology affects the brain 
and the eye, leading to retinal structural changes and 
functional visual alterations. Healthy individuals at 
high risk of developing AD present alterations in these 

ophthalmological measures, as well as in resting-state 
electrophysiological activity. However, it is unknown 
whether the ophthalmological alterations are related to 
the visual-related electrophysiological activity. Elucidat-
ing this relationship is paramount to understand the 
mechanisms underlying the early deterioration of the 
system and an important step in assessing the suitabil-
ity of these measures as early biomarkers of disease.

METHODS In total, 144 healthy subjects: 105 with 
family history of AD and 39 without, underwent 
ophthalmologic analysis, magnetoencephalography 
recording, and genotyping. A subdivision was made to 
compare groups with less demographic and more risk 
differences: 28 high-risk subjects (relatives/APOE∼4 +) 
and 16 low-risk (non-relatives/APOE∼4 -). Differences in 
visual acuity, contrast sensitivity, and macular thickness 
were evaluated. Correlations between each variable 
and visual-related electrophysiological measures (M100 
latency and time-frequency power) were calculated for 
each group.

RESULTS High-risk groups showed increased visual 
acuity. Visual acuity was also related to a lower M100 
latency and a greater power time-frequency cluster in 
the high-risk group. Low-risk groups did not show this 
relationship. High-risk groups presented trends towards 
a greater contrast sensitivity that did not remain sig-
nificant after correction for multiple comparisons. The 
highest-risk group showed trends towards the thinning 
of the inner plexiform and inner nuclear layers that did 
not remain significant after correction. The correlation 
between contrast sensitivity and macular thickness, 
and the electrophysiological measures were not signifi-
cant after correction. The difference between the high- 
and low- risk groups correlations was no significant.

CONCLUSIONS To our knowledge, this paper is the first 
of its kind, assessing the relationship between ophthal-
mological and electrophysiological measures in healthy 
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subjects at distinct levels of risk of AD. The results are 
novel and unexpected, showing an increase in visual 
acuity among high-risk subjects, who also exhibit a 
relationship between this measure and visual-related 
electrophysiological activity. These results have not 
been previously explored and could constitute a useful 
object of research as biomarkers for early detection and 
the evaluation of potential interventions' effectiveness.

Keywords: Alzheimer’s disease, At risk for AD, Magneto-
encephalography, Optical coherence tomography, Visual 
function
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ABSTRACT People with HIV (PWH) frequently experi-
ence mild cognitive decline, which is typically attribut-
ed to HIV-associated neurocognitive disorder (HAND). 
However, such declines could also be a sign of early 
Alzheimer's disease (AD) in older PWH. Distinguishing 
these two pathologies in PWH is exceedingly difficult, 
as there is a major knowledge gap regarding their neu-

ral and neuropsychological bases. In the current study, 
we begin to address this knowledge gap by recording 
magnetoencephalography (MEG) during a flanker inter-
ference task in 31 biomarker-confirmed patients on the 
AD spectrum (ADS), 25 older participants with HAND, 
and 31 cognitively-normal controls. MEG data was 
examined in the time-frequency domain using a data-
driven approach. Our results indicated that the clinical 
groups (ADS/HAND) performed significantly worse 
than controls on the task and exhibited aberrations in 
interference-related theta and alpha oscillations, some 
of which were disease-specific. Specifically, patients 
(ADS/HAND) exhibited weaker interference activity 
in frontoparietal and cingulate cortices compared to 
controls, while the ADS group exhibited stronger theta 
interference than those with HAND in frontoparietal, 
occipital, and temporal cortices. These results reveal 
overlapping and distinct patterns of neurophysiological 
alterations among those with ADS and HAND in atten-
tional processing centers and suggest the existence of 
unique oscillatory markers of each condition.

Keywords: MEG, magnetoencephalography, neuroHIV, 
oscillations, top-down
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INTRODUCTION With the pressing need to develop 
treatments that slow or stop the progression of 
Alzheimer's disease, new tools are needed to reduce 
clinical trial duration and validate new targets for hu-
man therapeutics. Such tools could be derived from 
neurophysiological measurements of disease.

METHODS AND ANALYSIS The New Therapeutics in 
Alzheimer's Disease study (NTAD) aims to identify a 
biomarker set from magneto/electroencephalography 
that is sensitive to disease and progression over 1 year. 
The study will recruit 100 people with amyloid-positive 
mild cognitive impairment or early-stage Alzheimer's 
disease and 30 healthy controls aged between 50 and 
85 years. Measurements of the clinical, cognitive and 
imaging data (magnetoencephalography, electroen-
cephalography and MRI) of all participants will be taken 
at baseline. These measurements will be repeated after 
approximately 1 year on participants with Alzheimer's 
disease or mild cognitive impairment, and clinical 
and cognitive assessment of these participants will 
be repeated again after approximately 2 years. To as-
sess reliability of magneto/electroencephalographic 
changes, a subset of 30 participants with mild cogni-
tive impairment or early-stage Alzheimer's disease will 
also undergo repeat magneto/electroencephalogra-
phy 2 weeks after baseline. Baseline and longitudinal 
changes in neurophysiology are the primary analyses 
of interest. Additional outputs will include atrophy and 
cognitive change and estimated numbers needed to 
treat each arm of simulated clinical trials of a future 
disease-modifying therapy.

ETHICS AND DATA STATEMENT The study has re-
ceived a favourable opinion from the East of England 
Cambridge Central Research Ethics Committee (REC 
reference 18/EE/0042). Results will be disseminated 
through internal reports, peer-reviewed scientific jour-
nals, conference presentations, website publication, 

submission to regulatory authorities and other publica-
tions. Data will be made available via the Dementias 
Platform UK Data Portal on completion of initial analy-
ses by the NTAD study group.

Keywords: Dementia, NEUROLOGY, NEUROPHYSIOLOGY, 
Neurophysiology, Protocols & guidelines, RADIOLOGY & 
IMAGING
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ABSTRACT There is a pressing need to accelerate 
therapeutic strategies against the syndromes caused by 
frontotemporal lobar degeneration, including symp-
tomatic treatments. One approach is for experimental 
medicine, coupling neurophysiological studies of the 
mechanisms of disease with pharmacological interven-
tions aimed at restoring neurochemical deficits. Here 
we consider the role of glutamatergic deficits and their 
potential as targets for treatment. We performed a 
double-blind placebo-controlled crossover pharmaco-
magnetoencephalography study in 20 people with 
symptomatic frontotemporal lobar degeneration (10 
behavioural variant frontotemporal dementia, 10 
progressive supranuclear palsy) and 19 healthy age- 
and gender-matched controls. Both magnetoencepha-
lography sessions recorded a roving auditory oddball 
paradigm: on placebo or following 10 mg memantine, 
an uncompetitive NMDA-receptor antagonist. Ultra-

https://pubmed.ncbi.nlm.nih.gov/36521898
https://doi.org/10.1038/s41398-022-02114-6
https://doi.org/10.1038/s41398-022-02114-6
https://doi.org/10.1038/s41398-022-02114-6
https://doi.org/10.1038/s41398-022-02114-6


56 Contents  Index

high-field magnetic resonance spectroscopy confirmed 
lower concentrations of GABA in the right inferior 
frontal gyrus of people with frontotemporal lobar 
degeneration. While memantine showed a subtle effect 
on early-auditory processing in patients, there was no 
significant main effect of memantine on the magnitude 
of the mismatch negativity (MMN) response in the right 
frontotemporal cortex in patients or controls. However, 
the change in the right auditory cortex MMN response 
to memantine (vs. placebo) in patients correlated with 
individuals' prefrontal GABA concentration. There 
was no moderating effect of glutamate concentra-
tion or cortical atrophy. This proof-of-concept study 
demonstrates the potential for baseline dependency 
in the pharmacological restoration of neurotransmit-
ter deficits to influence cognitive neurophysiology in 
neurodegenerative disease. With changes to multiple 
neurotransmitters in frontotemporal lobar degenera-
tion, we suggest that individuals' balance of excita-
tion and inhibition may determine drug efficacy, with 
implications for drug selection and patient stratification 
in future clinical trials.
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BACKGROUND Neuronal hyperexcitability and inhibi-
tory interneuron dysfunction are frequently observed 
in preclinical animal models of Alzheimer's disease 
(AD). This study investigates whether these microscale 
abnormalities explain characteristic large-scale mag-

netoencephalography (MEG) activity in human early-
stage AD patients.

METHODS To simulate spontaneous electrophysi-
ological activity, we used a whole-brain computational 
network model comprised of 78 neural masses coupled 
according to human structural brain topology. We 
modified relevant model parameters to simulate six 
literature-based cellular scenarios of AD and compare 
them to one healthy and six contrast (non-AD-like) 
scenarios. The parameters include excitability, postsyn-
aptic potentials, and coupling strength of excitatory 
and inhibitory neuronal populations. Whole-brain spike 
density and spectral power analyses of the simulated 
data reveal mechanisms of neuronal hyperactivity that 
lead to oscillatory changes similar to those observed 
in MEG data of 18 human prodromal AD patients 
compared to 18 age-matched subjects with subjective 
cognitive decline.

RESULTS All but one of the AD-like scenarios showed 
higher spike density levels, and all but one of these 
scenarios had a lower peak frequency, higher spectral 
power in slower (theta, 4-8Hz) frequencies, and greater 
total power. Non-AD-like scenarios showed opposite 
patterns mainly, including reduced spike density and 
faster oscillatory activity. Human AD patients showed 
oscillatory slowing (i.e., higher relative power in the 
theta band mainly), a trend for lower peak frequency 
and higher total power compared to controls. Combin-
ing model and human data, the findings indicate that 
neuronal hyperactivity can lead to oscillatory slowing, 
likely due to hyperexcitation (by hyperexcitability of 
pyramidal neurons or greater long-range excitatory 
coupling) and/or disinhibition (by reduced excitability 
of inhibitory interneurons or weaker local inhibitory 
coupling strength) in early AD.

CONCLUSIONS Using a computational brain network 
model, we link findings from different scales and mod-
els and support the hypothesis of early-stage neuronal 
hyperactivity underlying E/I imbalance and whole-
brain network dysfunction in prodromal AD.
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ABSTRACT A growing body of evidence indicates that 
several characteristics of electroencephalography (EEG) 
and magnetoencephalography (MEG) play a functional 
role in cognition and could be linked to the progres-
sion of cognitive decline in some neurological diseases 
such as dementia. The present paper reviews previ-
ous studies investigating changes in brain oscillations 
associated to the most common types of dementia, 
namely Alzheimer's disease (AD), frontotemporal 
degeneration (FTD), and vascular dementia (VaD), with 
the aim of identifying pathology-specific patterns of 
alterations and supporting differential diagnosis in 
clinical practice. The included studies analysed changes 
in frequency power, functional connectivity, and event-
related potentials, as well as the relationship between 
electrophysiological changes and cognitive deficits. 
Current evidence suggests that an increase in slow 
wave activity (i.e., theta and delta) as well as a gen-
eral reduction in the power of faster frequency bands 
(i.e., alpha and beta) characterizes AD, VaD, and FTD. 
Additionally, compared to healthy controls, AD exhibits 
alteration in latencies and amplitudes of the most com-
mon event related potentials. In the reviewed studies, 
these changes generally correlate with performances in 
many cognitive tests. In conclusion, particularly in AD, 

neurophysiological changes can be reliable early mark-
ers of dementia.

Keywords: Alzheimer disease, ERP, brain oscillations, fron-
totemporal dementia, vascular dementia
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ABSTRACT Early detection of Alzheimer's Disease (AD) 
is vital to reduce the burden of dementia and for devel-
oping effective treatments. Neuroimaging can detect 
early brain changes, such as hippocampal atrophy in 
Mild Cognitive Impairment (MCI), a prodromal state of 
AD. However, selecting the most informative imaging 
features by machine-learning requires many cases. 
While large publically-available datasets of people 
with dementia or prodromal disease exist for Magnetic 
Resonance Imaging (MRI), comparable datasets are 
missing for Magnetoencephalography (MEG). MEG of-
fers advantages in its millisecond resolution, revealing 
physiological changes in brain oscillations or connec-
tivity before structural changes are evident with MRI. 
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We introduce a MEG dataset with 324 individuals: pa-
tients with MCI and healthy controls. Their brain activity 
was recorded while resting with eyes closed, using a 
306-channel MEG scanner at one of two sites (Madrid 
or Cambridge), enabling tests of generalization across 
sites. A T1-weighted MRI is provided to assist source 
localisation. The MEG and MRI data are formatted ac-
cording to international BIDS standards and analysed 
freely on the DPUK platform (https://portal.dementias-
platform.uk/Apply). Here, we describe this dataset in 
detail, report some example (benchmark) analyses, and 
consider its limitations and future directions.

NeuroImage (2022), Vol. 258 (35660461) (1 citation)

Altered excitatory and inhibitory neuronal 
subpopulation parameters are distinctly associated 
with tau and amyloid in Alzheimer's disease (2022)
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BACKGROUND Neuronal- and circuit-level abnor-
malities of excitation and inhibition are shown to be 
associated with tau and amyloid-beta (Aβ) in preclinical 
models of Alzheimer's disease (AD). These relationships 
remain poorly understood in patients with AD.

METHODS Using empirical spectra from magnetoen-
cephalography and computational modeling (neural 

mass model), we examined excitatory and inhibitory 
parameters of neuronal subpopulations and investi-
gated their specific associations to regional tau and 
Aβ, measured by positron emission tomography, in 
patients with AD.

RESULTS Patients with AD showed abnormal excitatory 
and inhibitory time-constants and neural gains com-
pared to age-matched controls. Increased excitatory 
time-constants distinctly correlated with higher tau 
depositions while increased inhibitory time-constants 
distinctly correlated with higher Aβ depositions.

CONCLUSIONS Our results provide critical insights 
about potential mechanistic links between abnormal 
neural oscillations and cellular correlates of impaired 
excitatory and inhibitory synaptic functions associated 
with tau and Aβ in patients with AD.

FUNDING This study was supported by the National 
Institutes of Health grants: K08AG058749 (KGR), 
F32AG050434-01A1 (KGR), K23 AG038357 (KAV), P50 
AG023501, P01 AG19724 (BLM), P50-AG023501 (BLM 
and GDR), R01 AG045611 (GDR); AG034570, AG062542 
(WJ); NS100440 (SSN), DC176960 (SSN), DC017091 
(SSN), AG062196 (SSN); a grant from John Douglas 
French Alzheimer's Foundation (KAV); grants from Larry 
L. Hillblom Foundation: 2015-A-034-FEL (KGR), 2019-A-
013-SUP (KGR); grants from the Alzheimer's Association: 
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INTRODUCTION Alzheimer's disease (AD) affects 
multiple neural pathways and regions, resulting in 
various visual impairments such as motion perception. 
Generally, gamma-band activities during visual motion 
perception have been thought to reflect ongoing cog-
nitive processes. Nevertheless, few studies have specifi-
cally examined induced gamma band activity during vi-
sual motion perception in AD patients. Therefore, after 
performing magnetoencephalography (MEG) recording 
during apparent motion (AM) stimulation for the left 
hemi-visual field in patients diagnosed as having AD in 
the early stage, we compared the results with findings 
of cognitive performance.

METHODS Seventeen AD patients in the early stage 
and 17 controls matched for age, sex, and educa-
tional attainment participated in this study. For each 
participant, memory performance was assessed with 
the Mini-Mental State Examination (MMSE) and the 
Wechsler Memory Scale-Revised (WMS-R). For MEG 
analysis, we examined power changes induced in a 
higher frequency range (20-100 Hz) after AM stimuli.

RESULTS The power of induced gamma band activities 
was significantly higher in AD patients. The power of 
induced gamma band activities was associated with 
higher performance on both MMSE and WMS-R tests 
for attention and concentration in AD patients.

CONCLUSIONS Given that neuronal dysfunction in AD 
is associated with excitotoxic neurodegeneration, and 
given that subsequent development of compensatory 
inhibitory mechanisms also contributes to pathol-
ogy in AD patients, elevated gamma band oscillations 
might reflect an imbalance of inhibitory and excitatory 

activity in AD patients. Moreover, positive correlation 
between induced gamma activity and cognitive perfor-
mance might signify a compensating mechanism of in-
hibitory neurons which preserve the pyramidal neuron 
from excitotoxicity in a posterior association area.

PloS one (2022), Vol. 17, No. 4 (35436287) (0 citations)
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BACKGROUND In Alzheimer's disease (AD), oscillatory 
activity of the human brain slows down. However, oscil-
latory slowing varies between individuals, particularly 
in prodromal AD. Cortical oscillatory changes have 
shown suboptimal accuracy as diagnostic markers. We 
speculated that focusing on the hippocampus might 
prove more successful, particularly using magnetoen-
cephalography (MEG) for capturing subcortical oscilla-
tory activity.

OBJECTIVE We explored MEG-based detection of hip-
pocampal oscillatory abnormalities in prodromal AD 
patients.

METHODS We acquired resting-state MEG data of 18 
AD dementia patients, 18 amyloid-β-positive amnes-
tic mild cognitive impairment (MCI, prodromal AD) 
patients, and 18 amyloid-β-negative persons with 
subjective cognitive decline (SCD). Oscillatory activ-
ity in 78 cortical regions and both hippocampi was 
reconstructed using beamforming. Between-group 
and hippocampal-cortical differences in spectral power 
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were assessed. Classification accuracy was explored 
using ROC curves.

RESULTS The MCI group showed intermediate power 
values between SCD and AD, except for the alpha 
range, where it was higher than both (p < 0.05 and 
p < 0.001). The largest differences between MCI and 
SCD were in the theta band, with higher power in MCI 
(p < 0.01). The hippocampi showed several unique 
group differences, such as higher power in the higher 
alpha band in MCI compared to SCD (p < 0.05). Clas-
sification accuracy (MCI versus SCD) was best for 
absolute theta band power in the right hippocampus 
(AUC = 0.87).

CONCLUSION In this MEG study, we detected oscilla-
tory abnormalities of the hippocampi in prodromal AD 
patients. Moreover, hippocampus-based classification 
performed better than cortex-based classification. We 
conclude that a focus on hippocampal MEG may im-
prove early detection of AD-related neuronal dysfunc-
tion.

Keywords: Alzheimer’s disease, dementia, hippocampus, 
magnetoencephalography, mild cognitive impairment, 
spectral analysis
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ABSTRACT The multiple demand (MD) system is a 
network of fronto-parietal brain regions active dur-
ing the organization and control of diverse cognitive 
operations. It has been argued that this activation 
may be a nonspecific signal of task difficulty. However, 
here we provide convergent evidence for a causal role 
for the MD network in the "simple task" of automatic 
auditory change detection, through the impairment 
of top-down control mechanisms. We employ inde-
pendent structure-function mapping, dynamic causal 
modeling (DCM), and frequency-resolved functional 
connectivity analyses of MRI and magnetoencepha-
lography (MEG) from 75 mixed-sex human patients 
across four neurodegenerative syndromes [behavioral 
variant fronto-temporal dementia (bvFTD), nonfluent 
variant primary progressive aphasia (nfvPPA), posterior 
cortical atrophy (PCA), and Alzheimer's disease mild 
cognitive impairment with positive amyloid imaging 
(ADMCI)] and 48 age-matched controls. We show that 
atrophy of any MD node is sufficient to impair auditory 
neurophysiological response to change in frequency, 
location, intensity, continuity, or duration. There was no 
similar association with atrophy of the cingulo-oper-
cular, salience or language networks, or with global 
atrophy. MD regions displayed increased functional 
but decreased effective connectivity as a function 
of neurodegeneration, suggesting partially effective 
compensation. Overall, we show that damage to any 
of the nodes of the MD network is sufficient to impair 
top-down control of sensation, providing a common 
mechanism for impaired change detection across de-
mentia syndromes.SIGNIFICANCE STATEMENT Previous 
evidence for fronto-parietal networks controlling per-
ception is largely associative and may be confounded 
by task difficulty. Here, we use a preattentive measure 
of automatic auditory change detection [mismatch 
negativity (MMN) magnetoencephalography (MEG)] to 
show that neurodegeneration in any frontal or parietal 
multiple demand (MD) node impairs primary auditory 
cortex (A1) neurophysiological response to change 
through top-down mechanisms. This explains why the 
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impaired ability to respond to change is a core feature 
across dementias, and other conditions driven by brain 
network dysfunction, such as schizophrenia. It validates 
theoretical frameworks in which neurodegenerating 
networks upregulate connectivity as partially effec-
tive compensation. The significance extends beyond 
network science and dementia, in its construct valida-
tion of dynamic causal modeling (DCM), and human 
confirmation of frequency-resolved analyses of animal 
neurodegeneration models.

Keywords: Alzheimer's disease, bvFTD, dementia, dynamic 
causal modeling, mismatch negativity, multiple demand
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ABSTRACT Early detection of Alzheimer's disease (AD) 
is essential for developing effective treatments. Neuro-
imaging techniques like Magnetic Resonance Imaging 
(MRI) have the potential to detect brain changes before 
symptoms emerge. Structural MRI can detect atrophy 
related to AD, but it is possible that functional changes 
are observed even earlier. We therefore examined the 
potential of Magnetoencephalography (MEG) to detect 
differences in functional brain activity in people with 
Mild Cognitive Impairment (MCI) - a state at risk of 
early AD. We introduce a framework for multimodal 
combination to ask whether MEG data from a resting-
state provides complementary information beyond 
structural MRI data in the classification of MCI ver-
sus controls. More specifically, we used multi-kernel 

learning of support vector machines to classify 163 
MCI cases versus 144 healthy elderly controls from the 
BioFIND dataset. When using the covariance of planar 
gradiometer data in the low Gamma range (30-48 Hz), 
we found that adding a MEG kernel improved classi-
fication accuracy above kernels that captured several 
potential confounds (e.g., age, education, time-of-day, 
head motion). However, accuracy using MEG alone 
(68%) was worse than MRI alone (71%). When simply 
concatenating (normalized) features from MEG and MRI 
into one kernel (Early combination), there was no ad-
vantage of combining MEG with MRI versus MRI alone. 
When combining kernels of modality-specific features 
(Intermediate combination), there was an improve-
ment in multimodal classification to 74%. The biggest 
multimodal improvement however occurred when we 
combined kernels from the predictions of modality-
specific classifiers (Late combination), which achieved 
77% accuracy (a reliable improvement in terms of 
permutation testing). We also explored other MEG 
features, such as the variance versus covariance of mag-
netometer versus planar gradiometer data within each 
of 6 frequency bands (delta, theta, alpha, beta, low 
gamma, or high gamma), and found that they generally 
provided complementary information for classification 
above MRI. We conclude that MEG can improve on the 
MRI-based classification of MCI.

Keywords: Alzheimer's disease, MEG, Machine learn-
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Structural MRI
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BACKGROUND Analysis of functional brain networks in 
Alzheimer's disease (AD) has been hampered by a lack 
of reproducible, yet valid metrics of functional connec-
tivity (FC). This study aimed to assess both the sensi-
tivity and reproducibility of the corrected amplitude 
envelope correlation (AEC-c) and phase lag index (PLI), 
two metrics of FC that are insensitive to the effects of 
volume conduction and field spread, in two separate 
cohorts of patients with dementia due to AD versus 
healthy elderly controls.

METHODS Subjects with a clinical diagnosis of AD 
dementia with biomarker proof, and a control group 
of subjective cognitive decline (SCD), underwent two 
5-min resting-state MEG recordings. Data consisted of 
a test (AD = 28; SCD = 29) and validation (AD = 29; SCD 
= 27) cohort. Time-series were estimated for 90 regions 
of interest (ROIs) in the automated anatomical labelling 
(AAL) atlas. For each of five canonical frequency bands, 
the AEC-c and PLI were calculated between all 90 ROIs, 
and connections were averaged per ROI. General linear 
models were constructed to compare the global FC dif-
ferences between the groups, assess the reproducibil-
ity, and evaluate the effects of age and relative power. 
Reproducibility of the regional FC differences was as-
sessed using the Mann-Whitney U tests, with correction 
for multiple testing using the false discovery rate (FDR).

RESULTS The AEC-c showed significantly and repro-
ducibly lower global FC for the AD group compared to 
SCD, in the alpha (8-13 Hz) and beta (13-30 Hz) bands, 
while the PLI revealed reproducibly lower FC for the AD 
group in the delta (0.5-4 Hz) band and higher FC for the 
theta (4-8 Hz) band. Regionally, the beta band AEC-c 
showed reproducibility for almost all ROIs (except for 
13 ROIs in the frontal and temporal lobes). For the other 
bands, the AEC-c and PLI did not show regional repro-
ducibility after FDR correction. The theta band PLI was 
susceptible to the effect of relative power.

CONCLUSION For MEG, the AEC-c is a sensitive and 
reproducible metric, able to distinguish FC differences 

between patients with AD dementia and cognitively 
healthy controls. These two measures likely reflect dif-
ferent aspects of neural activity and show differential 
sensitivity to changes in neural dynamics.
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ABSTRACT The objective of this study was to examine 
if patterns of resting-state brain activity and functional 
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connectivity in cortical and subcortical regions in 
patients with early symptomatic amyotrophic lateral 
sclerosis (ALS) resemble those of behavioural variant 
frontotemporal dementia (bvFTD). In a cross-sectional 
design, eyes-closed resting-state magnetoencephalog-
raphy (MEG) data of 34 ALS patients, 18 bvFTD patients 
and 18 age- and gender-matched healthy controls 
(HCs) were projected to source-space using an atlas-
based beamformer. Group differences in peak frequen-
cy, band-specific oscillatory activity and functional con-
nectivity (corrected amplitude envelope correlation) 
in 78 cortical regions and 12 subcortical regions were 
determined. False discovery rate was used to correct for 
multiple comparisons. BvFTD patients, as compared to 
ALS and HCs, showed lower relative beta power in pa-
rietal, occipital, temporal and nearly all subcortical re-
gions. Compared to HCs, patients with ALS and patients 
with bvFTD had a higher delta (0.5-4 Hz) and gamma 
(30-48 Hz) band resting-state functional connectivity 
in a high number of overlapping regions in the fron-
tal lobe and in limbic and subcortical regions. Higher 
delta band connectivity was widespread in the bvFTD 
patients compared to HCs. ALS showed a more wide-
spread higher gamma band functional connectivity 
compared to bvFTD. In conclusion, MEG in early symp-
tomatic ALS patients shows resting-state functional 
connectivity changes in frontal, limbic and subcortical 
regions that overlap considerably with bvFTD. The find-
ings show the potential of MEG to detect brain changes 
in early symptomatic phases of ALS and contribute to 
our understanding of the disease spectrum, with ALS 
and bvFTD at the two extreme ends.

Keywords: Amyotrophic lateral sclerosis, Behavioural 
variant frontotemporal dementia, Functional connectiv-
ity, Magnetoencephalography, Oscillatory brain activity, 
Resting-state

NeuroImage. Clinical (2022), Vol. 34 (35217500) (1 citation)

MEG Oscillatory Slowing in Cognitive Impairment 
is Associated with the Presence of Subjective 
Cognitive Decline (2023)

       Bruña, Ricardo; López-Sanz, David; Maestú, Fernando; 
Cohen, Ann D; Bagic, Anto; Huppert, Ted; Kim, Tae; 
Roush, Rebecca E; Snitz, Betz; Becker, James T

Centro de Tecnología Biomédica, Universidad Politécnica de 

Madrid, Pozuelo de Alarcón, Madrid, Spain; Psicobiología y 

Metodología en Ciencias del Comportamiento, Universidad 

Complutense de Madrid, Madrid, Madrid, Spain; Center for 

Biomedical Technology, Universidad Politécnica de Madrid, 

Pozuelo de Alarcón, Madrid, Spain; Neurosurgery, University 

of Pittsburgh, Pittsburgh, Pennsylvania, USA; Neurology, 

University of Pittsburgh Medical Center Health System, Pitts-

burgh, Pennsylvania, USA; Electrical Engineering, University 

of Pittsburgh, Pittsburgh, Pennsylvania, USA; Radiology, Uni-

versity of Pittsburgh, Pittsburgh, Pennsylvania, USA; Psychia-

try, University of Pittsburgh, Pittsburgh, Pennsylvania, USA; 

Psychology, University of Pittsburgh, Pittsburgh, Pennsylvania, 

USA

ABSTRACT The mechanisms behind Alzheimer's 
disease are not yet fully described, and changes in the 
electrophysiology of patients across the continuum 
of the disease could help to understand them. In this 
work, we study the power spectral distribution of a 
set of 129 individuals from the Connectomics of Brian 
Aging and Dementia project.From this sample, we ac-
quired task-free data, with eyes closed, and estimated 
the power spectral distribution in source space. We 
compared the spectral profiles of three groups of indi-
viduals: 70 healthy controls, 27 patients with amnestic 
MCI, and 32 individuals showing cognitive impairment 
without subjective complaints (IWOC).The results 
showed a slowing of the brain activity in the aMCI 
patients, when compared to both the healthy controls 
and the IWOC individuals. These differences appeared 
both as a decrease in power for high frequency oscil-
lations and an increase in power in alpha oscillations. 
The slowing of the spectrum was significant mainly in 
parietal and medial frontal areas.We were able to vali-
date the slowing of the brain activity in individuals with 
aMCI, appearing in our sample in areas related to the 
default mode network. However, this pattern did not 
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appear in the IWOC individuals, suggesting that their 
condition is not part of the AD continuum. This work 
raises interesting questions about this group of indi-
viduals, and the underlying brain mechanisms behind 
their cognitive impairment.

Keywords: Cluster-based permutation test, Mild cogni-
tive impairment, Source reconstruction, Spectral power 
analysis, magnetoencephalography
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BACKGROUND Recent studies demonstrated that 
brain hypersynchrony is an early sign of dysfunction in 
Alzheimer's disease (AD) that can represent a proxy for 
clinical progression. Conversely, non-pharmacological 
interventions, such as cognitive training (COGTR), are 
associated with cognitive gains that may be under-
pinned by a neuroprotective effect on brain synchrony.

OBJECTIVE To study the potential of COGTR to modu-
late brain synchrony and to eventually revert the hyper-
synchrony phenomenon that characterizes preclinical 
AD.

METHODS The effect of COGTR was examined in a 
sample of healthy controls (HC, n = 41, 22 trained) and 
individuals with subjective cognitive decline (SCD, 
n = 49, 24 trained). Magnetoencephalographic activity 

and neuropsychological scores were acquired before 
and after a ten-week COGTR intervention aimed at 
improving cognitive function and daily living perfor-
mance. Functional connectivity (FC) was analyzed using 
the phase-locking value. A mixed-effects ANOVA model 
with factors time (pre-intervention/post-intervention), 
training (trained/non-trained), and diagnosis (HC/SCD) 
was used to investigate significant changes in FC.

RESULTS We found an average increase in alpha-band 
FC over time, but the effect was different in each group 
(trained and non-trained). In the trained group (HC and 
SCD), we report a reduction in the increase in FC within 
temporo-parietal and temporo-occipital connections. 
In the trained SCD group, this reduction was stronger 
and showed a tentative correlation with improved 
performance in different cognitive tests.

CONCLUSION COGTR interventions could mitigate ab-
errant increases in FC in preclinical AD, promoting brain 
synchrony normalization in groups at a higher risk of 
developing dementia.

Keywords: Cognitive decline, functional neuroimaging, 
intervention study, longitudinal studies, magnetoen-
cephalography
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ABSTRACT An extensive electrophysiological literature 
has proposed a pathological 'slowing' of neuronal ac-
tivity in patients on the Alzheimer's disease spectrum. 
Supported by numerous studies reporting increases in 
low-frequency and decreases in high-frequency neural 
oscillations, this pattern has been suggested as a stable 
biomarker with potential clinical utility. However, no 
spatially resolved metric of such slowing exists, stymie-
ing efforts to understand its relation to proteinopathy 
and clinical outcomes. Further, the assumption that this 
slowing is occurring in spatially overlapping popula-
tions of neurons has not been empirically validated. In 
the current study, we collected cross-sectional resting 
state measures of neuronal activity using magnetoen-
cephalography from 38 biomarker-confirmed patients 
on the Alzheimer's disease spectrum and 20 cognitively 
normal biomarker-negative older adults. From these 
data, we compute and validate a new metric of spatially 
resolved oscillatory deviations from healthy ageing 
for each patient on the Alzheimer's disease spectrum. 
Using this Pathological Oscillatory Slowing Index, we 
show that patients on the Alzheimer's disease spec-
trum exhibit robust neuronal slowing across a network 
of temporal, parietal, cerebellar and prefrontal cortices. 
This slowing effect is shown to be directly relevant 
to clinical outcomes, as oscillatory slowing in tempo-
ral and parietal cortices significantly predicted both 
general (i.e. Montreal Cognitive Assessment scores) 
and domain-specific (i.e. attention, language and 
processing speed) cognitive function. Further, regional 
amyloid-β accumulation, as measured by quantitative 
18F florbetapir PET, robustly predicted the magnitude 
of this pathological neural slowing effect, and the 
strength of this relationship between amyloid-β burden 
and neural slowing also predicted attentional impair-
ments across patients. These findings provide empirical 
support for a spatially overlapping effect of oscillatory 
neural slowing in biomarker-confirmed patients on the 
Alzheimer's disease spectrum, and link this effect to 
both regional proteinopathy and cognitive outcomes in 
a spatially resolved manner. The Pathological Oscilla-
tory Slowing Index also represents a novel metric that 
is of potentially high utility across a number of clinical 

neuroimaging applications, as oscillatory slowing has 
also been extensively documented in other patient 
populations, most notably Parkinson's disease, with 
divergent spectral and spatial features.

Keywords: magnetoencephalography, mild cognitive 
impairment, neural oscillations, spontaneous activity
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ABSTRACT Since the first demonstrations of network 
hyperexcitability in scientific models of Alzheimer's 
disease, a growing body of clinical studies have identi-
fied subclinical epileptiform activity and associated 
cognitive decline in patients with Alzheimer's disease. 
An obvious problem presented in these studies is lack 
of sensitive measures to detect and quantify network 
hyperexcitability in human subjects. In this study we 
examined whether altered neuronal synchrony can 
be a surrogate marker to quantify network hyperex-
citability in patients with Alzheimer's disease. Using 
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magnetoencephalography (MEG) at rest, we studied 
30 Alzheimer's disease patients without subclinical epi-
leptiform activity, 20 Alzheimer's disease patients with 
subclinical epileptiform activity and 35 age-matched 
controls. Presence of subclinical epileptiform activ-
ity was assessed in patients with Alzheimer's disease 
by long-term video-EEG and a 1-h resting MEG with 
simultaneous EEG. Using the resting-state source-space 
reconstructed MEG signal, in patients and controls we 
computed the global imaginary coherence in alpha 
(8-12 Hz) and delta-theta (2-8 Hz) oscillatory frequen-
cies. We found that Alzheimer's disease patients with 
subclinical epileptiform activity have greater reductions 
in alpha imaginary coherence and greater enhance-
ments in delta-theta imaginary coherence than Al-
zheimer's disease patients without subclinical epilep-
tiform activity, and that these changes can distinguish 
between Alzheimer's disease patients with subclinical 
epileptiform activity and Alzheimer's disease patients 
without subclinical epileptiform activity with high 
accuracy. Finally, a principal component regression 
analysis showed that the variance of frequency-specific 
neuronal synchrony predicts longitudinal changes in 
Mini-Mental State Examination in patients and controls. 
Our results demonstrate that quantitative neurophysi-
ological measures are sensitive biomarkers of network 
hyperexcitability and can be used to improve diagnosis 
and to select appropriate patients for the right therapy 
in the next-generation clinical trials. The current results 
provide an integrative framework for investigating 
network hyperexcitability and network dysfunction to-
gether with cognitive and clinical correlates in patients 
with Alzheimer's disease.

Keywords: epileptiform activity in Alzheimer’s disease, 
imaginary coherence, magnetoencephalography, net-
work hyperexcitability, neuronal synchrony
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ABSTRACT Accurate identification of the underlying 
cause(s) of cognitive decline and dementia is challeng-
ing due to significant symptomatic overlap between 
subtypes. This study presents a multi-class classification 
framework for subjects with subjective cognitive de-
cline, mild cognitive impairment, Alzheimer's disease, 
dementia with Lewy bodies, fronto-temporal dementia 
and cognitive decline due to psychiatric illness, trained 
on source-localized resting-state magnetoencephalog-
raphy data. Diagnostic profiles, describing probability 
estimates for each of the 6 diagnoses, were assigned 
to individual subjects. A balanced accuracy rate of 41% 
and multi-class area under the curve value of 0.75 were 
obtained for 6-class classification. Classification primar-
ily depended on posterior relative delta, theta and beta 
power and amplitude-based functional connectivity in 
the beta and gamma frequency band. Dementia with 
Lewy bodies (sensitivity: 100%, precision: 20%) and 
Alzheimer's disease subjects (sensitivity: 51%, preci-
sion: 90%) could be classified most accurately. Fronto-
temporal dementia subjects (sensitivity: 11%, precision: 
3%) were most frequently misclassified. Magnetoen-
cephalography biomarkers hold promise to increase 
diagnostic accuracy in a noninvasive manner. Diagnos-
tic profiles could provide an intuitive tool to clinicians 
and may facilitate implementation of the classifier in 
the memory clinic.
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ABSTRACT Backround and Objectives: Alternative, 
non-invasive, and non-pharmaceutical options are 
gaining place in the battle of Alzheimer's Disease 
treatment control. Lately, the magnetic stimulation of 
the brain is the most prevalent technique with encour-
aging results. The aim of this study is to establish any 
possible change on the Primary Dominant Frequencies 
(PDF) (range 2-7 Hz) of the affected brain regions in Al-
zheimer Disease (AD) patients after applying extremely 
weak Transcranial Magnetic Stimulation. Materials 
and Methods: For this purpose, all AD patients were 
scanned with the use of MagnetoEncephaloGraphy 
(MEG) recordings through a whole-head 122-channel 
MEG system. Results: Our results exerted statistically 
significant PDF changes due to weak TMS accompanied 
by rabid attenuation of clinical symptoms. Conclusion: 
Thus, this is the first time that a positive therapeutic 
effect is being demonstrated even at pico-Tesla range 
magnetic fields in a small clinical group of studies for 
AD.

Keywords: Alzheimer Disease, magnetoengephalography, 
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ABSTRACT Dorsal stream, which has a neuronal con-
nection with dorsolateral prefrontal cortex (DLPFC), is 
known to be responsible for detection of motion in-
cluding optic flow perception. Using magnetoencepha-
lography (MEG), this study aimed to examine neural 
responses to optic flow stimuli with looming motion in 
the DLPFC in patients with mild cognitive impairment 
due to Alzheimer's disease (AD-MCI) compared with 
cognitively unimpaired participants (CU). We analyzed 
the neural responses by evaluating maximum source-
localized power for the AD-MCI group (n = 11) and CU 
(n = 20), focusing on six regions of interest (ROIs) that 
form the DLPFC: right and left dorsal Brodmann area 
9/46 (A9/46d), Brodmann area 46 (A46) and ventral 
Brodmann area 9/46 (A9/46v). We found significant dif-
ferences in the maximum power between the groups 
in the left A46 and A9/46v. Moreover, in the left A9/46v, 
the maximum power significantly correlated with the 
Wechsler Memory Scale-Revised general memory score 
and delayed recall score. The maximum power in the 
left A9/46v also revealed high performance in AD-MCI 
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versus CU classification with the area under the ROC 
curve of 0.90. This study demonstrated that MEG during 
the optic flow task can be useful in discriminating AD-
MCI from CU.
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ABSTRACT Introduction: The human brain shows mod-
est traits of sexual dimorphism, with the female brain, 
on average, 10% smaller than the male brain. These 
differences do not imply a lowered cognitive perfor-
mance, but suggest a more optimal brain organization 
in women. Here we evaluate the patterns of functional 
connectivity (FC) in women and men from the Connec-
tomics of Brain Aging and Dementia sample. Methods: 
We used phase locking values to calculate FC from the 
magnetoencephalography time series in a sample of 
138 old adults (87 females and 51 males). We compared 
the FC patterns between sexes, with the intention of 
detecting regions with different levels of connectivity. 

Results: We found a frontal cluster, involving anterior 
cingulate and the medial frontal lobe, where women 
showed higher FC values than men. Involved connec-
tions included the following: (1) medial parietal areas, 
such as posterior cingulate cortices and precunei; (2) 
right insula; and (3) medium cingulate and paracin-
gulate cortices. Moreover, these differences persisted 
when considering only cognitively intact individuals, 
but not when considering only cognitively impaired 
individuals. Discussion: Increased anteroposterior FC 
has been identified as a biomarker for increased risk of 
developing cognitive impairment or dementia. In our 
study, cognitively intact women showed higher levels 
of FC than their male counterparts. This result suggests 
that neurodegenerative processes could be taking 
place in these women, but the changes are undetected 
by current diagnosis tools. FC, as measured here, might 
be valuable for early identification of this neurodegen-
eration.

Keywords: functional connectivity, magnetoencephalog-
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BACKGROUND Alzheimer's disease (AD) is generally 
thought to spare primary sensory function; however, 
such interpretations have drawn from a literature that 
has rarely taken into account the variable cognitive 
declines seen in patients with AD. As these cognitive 
domains are now known to modulate cortical somato-
sensory processing, it remains possible that abnormali-
ties in somatosensory function in patients with AD 
have been suppressed by neuropsychological variabil-
ity in previous research.

METHODS In this study, we combine magnetoenceph-
alographic (MEG) brain imaging during a paired-pulse 
somatosensory gating task with an extensive battery 
of neuropsychological tests to investigate the influence 
of cognitive variability on estimated differences in so-
matosensory function between biomarker-confirmed 
patients on the AD spectrum and cognitively-normal 
older adults.

FINDINGS We show that patients on the AD spectrum 
exhibit largely non-significant differences in somato-
sensory function when cognitive variability is not 
considered (p-value range: .020-.842). However, once 
attention and processing speed abilities are considered, 
robust differences in gamma-frequency somatosensory 
response amplitude (p < .001) and gating (p = .004) 
emerge, accompanied by significant statistical suppres-
sion effects.

INTERPRETATION These findings suggest that patients 
with AD exhibit insults to functional somatosensory 
processing in primary sensory cortices, but these 
effects are masked by variability in cognitive decline 
across individuals.

FUNDING National Institutes of Health, USA; Fremont 
Area Alzheimer's Fund, USA.

Keywords: Amyloid-β, Gamma oscillations, Magnetoen-
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ABSTRACT Studies on developing effective neuro-
markers based on magnetoencephalographic (MEG) 
signals have been drawing increasing attention in the 
neuroscience community. This study explores the idea 
of using source-based magnitude-squared spectral 
coherence as a spatial indicator for effective regions of 
interest (ROIs) localization, subsequently discriminating 
the participants with mild cognitive impairment (MCI) 
from a group of age-matched healthy control (HC) 
elderly participants. We found that the cortical regions 
could be divided into two distinctive groups based 
on their coherence indices. Compared to HC, some 
ROIs showed increased connectivity (hyper-connected 
ROIs) for MCI participants, whereas the remaining ROIs 
demonstrated reduced connectivity (hypo-connected 
ROIs). Based on these findings, a series of wavelet-
based source-level neuromarkers for MCI detection are 
proposed and explored, with respect to the two distinc-
tive ROI groups. It was found that the neuromarkers 
extracted from the hyper-connected ROIs performed 
significantly better for MCI detection than those from 
the hypo-connected ROIs. The neuromarkers were clas-
sified using support vector machine (SVM) and k-NN 
classifiers and evaluated through Monte Carlo cross-
validation. An average recognition rate of 93.83% was 
obtained using source-reconstructed signals from the 
hyper-connected ROI group. To better conform to clini-
cal practice settings, a leave-one-out cross-validation 
(LOOCV) approach was also employed to ensure that 
the data for testing was from a participant that the clas-
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sifier has never seen. Using LOOCV, we found the best 
average classification accuracy was reduced to 83.80% 
using the same set of neuromarkers obtained from the 
ROI group with functional hyper-connections. This per-
formance surpassed the results reported using wavelet-
based features by approximately 15%. Overall, our work 
suggests that (1) certain ROIs are particularly effective 
for MCI detection, especially when multi-resolution 
wavelet biomarkers are employed for such diagnosis; 
(2) there exists a significant performance difference in 
system evaluation between research-based experimen-
tal design and clinically accepted evaluation standards.

Keywords: MCI detection, MEG, connectivity coherence, 
hyperconnectivity, hypoconnectivity, wavelet-based 
neuromarker
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BACKGROUND Entrainment of neural oscillations in 
occipital cortices by external rhythmic visual stimuli 
has been proposed as a novel therapy for patients with 
Alzheimer's disease (AD). Despite this increased interest 
in visual neural oscillations in AD, little is known regard-
ing their role in AD-related cognitive impairment and in 
particular during visuospatial processing.

METHODS We used source-imaged magnetoencepha-
lography (MEG) and an established visuospatial pro-
cessing task to elicit multi-spectral neuronal responses 
in 35 biomarker-confirmed patients on the AD spec-
trum and 20 biomarker-negative older adults. Neuronal 
oscillatory responses were imaged to the level of the 
cortex, and group classifications and neurocognitive 
relationships were modeled using logistic and linear 
regression, respectively.

RESULTS Visuospatial neuronal oscillations in the 
theta, alpha, and gamma ranges significantly predicted 
the classification of patients on the AD spectrum. 
Importantly, the direction of these effects differed by 
response frequency, such that patients on the AD spec-
trum exhibited weaker alpha-frequency responses in 
lateral occipital regions, and stronger gamma-frequen-
cy responses in the primary visual cortex, as compared 
to biomarker-negative older adults. In addition, alpha 
and gamma, but not theta, oscillations robustly predict-
ed cognitive status (i.e., MoCA and MMSE scores), such 
that patients with neural responses that deviated more 
from those of healthy older adults exhibited poorer 
cognitive performance.

CONCLUSIONS We find that the multi-spectral neural 
dynamics supporting visuospatial processing differ-
entiate patients on the AD spectrum from cognitively 
normal, biomarker-negative older adults. Oscillations 
in the alpha and gamma bands also relate to cognitive 
status in ways that are informative for emerging clinical 
interventions.
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ABSTRACT Semantic representations are processed 
along a posterior-to-anterior gradient reflecting a shift 
from perceptual (e.g., it has eight legs) to conceptual 
(e.g., venomous spiders are rare) information. One criti-
cal region is the anterior temporal lobe (ATL): patients 
with semantic variant primary progressive aphasia 
(svPPA), a clinical syndrome associated with ATL 
neurodegeneration, manifest a deep loss of semantic 
knowledge. We test the hypothesis that svPPA patients 
perform semantic tasks by over-recruiting areas impli-
cated in perceptual processing. We compared MEG re-
cordings of svPPA patients and healthy controls during 
a categorization task. While behavioral performance 
did not differ, svPPA patients showed indications of 
greater activation over bilateral occipital cortices and 
superior temporal gyrus, and inconsistent engagement 
of frontal regions. These findings suggest a pervasive 
reorganization of brain networks in response to ATL 
neurodegeneration: the loss of this critical hub leads to 
a dysregulated (semantic) control system, and defective 
semantic representations are seemingly compensated 
via enhanced perceptual processing.

Keywords: anterior temporal lobe, human, magnetoen-
cephalography, neuroscience, primary progressive apha-
sia, semantic categorization, semantic dementia, semantic 
variant ppa
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INTRODUCTION Neurophysiological manifestations 
selectively associated with amyloid beta and tau depo-
sitions in Alzheimer's disease (AD) are useful network 
biomarkers to identify peptide specific pathological 
processes. The objective of this study was to validate 
the associations between reduced neuronal synchrony 
within alpha oscillations and neurofibrillary tangle 
(NFT) density in autopsy examination, in patients with 
AD.

METHODS In a well-characterized clinicopathological 
cohort of AD patients (n = 13), we quantified neuro-
nal synchrony within alpha (8-12 Hz) and delta-theta 
(2-8 Hz) oscillations, using magnetoencephalography 
during the disease course, within six selected neocorti-
cal and hippocampal regions, including angular gyrus, 
superior temporal gurus, middle frontal gyrus, primary 
motor cortex, CA1, and subiculum, and correlated these 
with regional NFT density quantified at histopathologi-
cal examination.
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RESULTS Abnormal synchrony in alpha, but not in 
delta-theta, significantly predicted the NFT density at 
post mortem neuropathological examination.

DISCUSSION Reduced alpha synchrony is a sensitive 
neurophysiological index associated with pathological 
tau, and a potential network biomarker for clinical tri-
als, to gauge the extent of network dysfunction and the 
degree of rescue in treatments targeting tau pathways 
in AD.

Keywords: Alzheimer's disease, alpha oscillations, mag-
netoencephalography, neurofibrillary tangle density, 
neuropathology, neurophysiology
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ABSTRACT Introduction: The majority of individuals 
with Down syndrome (DS) show signs of Alzheimer's 

disease (AD) neuropathology in their fourth decade. 
However, there is a lack of specific markers for charac-
terizing the disease stages while considering this popu-
lation's differential features. Methods: Forty-one DS 
individuals participated in the study, and were classi-
fied into three groups according to their clinical status: 
Alzheimer's disease (AD-DS), mild cognitive impairment 
(MCI-DS), and controls (CN-DS). We performed an ex-
haustive neuropsychological evaluation and assessed 
brain functional connectivity (FC) from magnetoen-
cephalographic recordings. Results: Compared with 
CN-DS, both MCI-DS and AD-DS showed a pattern of 
increased FC within the high alpha band. The neuropsy-
chological assessment showed a generalized cognitive 
impairment, especially affecting mnestic functions, in 
MCI-DS and, more pronouncedly, in AD-DS. Discussion: 
These findings might help to characterize the AD-con-
tinuum in DS. In addition, they support the role of the 
excitatory/inhibitory imbalance as a key pathophysi-
ological factor in AD. Impact statement The pattern 
of functional connectivity (FC) hypersynchronization 
found in this study resembles the largely reported Al-
zheimer's disease (AD) FC evolution pattern in popula-
tion with typical development. This study supports the 
hypothesis of the excitatory/inhibitory imbalance as a 
key pathophysiological factor in AD, and its conclusions 
could help in the characterization and prediction of 
Down syndrome individuals with a greater likelihood of 
converting to dementia.

Keywords: Alzheimer's disease, Down syndrome, func-
tional connectivity, hypersynchronization, magnetoen-
cephalography, mild cognitive impairment
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ABSTRACT The cross-sectional identification of sub-
jective cognitive decline (SCD) in cognitively normal 
adults is particularly important for the early effective 
prevention or intervention of the future development 
of mild cognitive impairments (MCI) or Alzheimer's 
disease (AD). A pre-attentive neurophysiological signal 
that reflects the brain's ability to detect the changes 
of the environment is called mismatch negativity 
(MMN) or its magnetic counterpart (MMNm). It has 
been shown that patients with MCI or AD demonstrate 
reduced MMN/MMNm responses, while the exact pro-
file of MMN/MMNm in SCD is substantially unknown. 
We applied magnetoencephalographic recordings to 
interrogate MMNm activities in healthy controls (HC, 
n = 29) and individuals with SCD (n = 26). Furthermore, 
we analyzed gray matter (GM) volumes in the MMNm-
related regions through voxel-based morphometry and 
performed apolipoprotein E4 (APOE4) genotyping for 
all the participants. Our results showed that there were 
no significant differences in GM volume and propor-
tions of APOE4 carriers between HC and SCD groups. 
However, individuals with SCD exhibited weakened 
z-corrected MMNm responses in the left inferior 
parietal lobule and right inferior frontal gyrus (IFG) as 
compared to HC. Based on the regions showing signifi-
cant between-group differences, z-corrected MMNm 
amplitudes of the right IFG significantly correlated with 
the memory performance among the SCD participants. 
Our data suggest that neurophysiological changes of 
the brain, as indexed by MMNm, precede structural 
atrophy in the individuals with SCD compared to those 
without SCD.

Keywords: APOE4, MEG, MRI, mismatch negativity, subjec-
tive memory complaint
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ABSTRACT Subjective memory complaint (SMC), a self-
perceived worsening in memory capacity concurrent 
with normal performance on standardized cognitive 
assessments, is considered a risk factor for the devel-
opment of Alzheimer's disease (AD). Deficient sensory 
gating (SG), referring to the lack of automatic inhibition 
of neural responses to the second identical stimulus, 
has been documented in prodromal and incident AD 
patients. However, it remains unknown whether the 
cognitively normal elderly with SMC demonstrate al-
terations of SG function compared with those without 
SMC. A total of 19 healthy controls (HC) and 16 SMC 
subjects were included in the present study. Neural 
responses to the auditory paired-stimulus paradigm 
were recorded by the magnetoencephalography and 
analyzed by the distributed source imaging method 
of minimum norm estimate. The SG of M50 and M100 
components were measured using the amplitude 
ratio of the second response over the first response at 
the cortical level. Compared to HC, subjects with SMC 
showed significantly increased M50 SG ratios in the 
inferior parietal lobule (IPL). Furthermore, M50 SG ratios 
in the right IPL yielded an acceptable discriminative 
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ability to distinguish SMC from HC. However, we did 
not find a significant association between SG ratios and 
cognitive function requiring inhibitory control either 
in the HC or SMC group. In conclusion, although SMC 
subjects have intact cognitive functioning revealed by 
objective neuropsychological tests, their deficits in au-
tomatic inhibitory function could be detected through 
neurophysiological recordings. Our results suggest that 
altered brain function occurs in SMC prior to the obvi-
ous decline of cognitive performance.

Keywords: Alzheimer's disease, inferior parietal lobule, 
magnetoencephalography, sensory gating, subjective 
cognitive decline, subjective memory complaint
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ABSTRACT The clinical syndromes caused by fron-
totemporal lobar degeneration are heterogeneous, 
including the behavioural variant frontotemporal 
dementia (bvFTD) and progressive supranuclear palsy. 
Although pathologically distinct, they share many 
behavioural, cognitive and physiological features, 
which may in part arise from common deficits of 
major neurotransmitters such as γ-aminobutyric acid 
(GABA). Here, we quantify the GABAergic impairment 
and its restoration with dynamic causal modelling of a 
double-blind placebo-controlled crossover pharmaco-

magnetoencephalography study. We analysed 17 
patients with bvFTD, 15 patients with progressive 
supranuclear palsy, and 20 healthy age- and gender-
matched controls. In addition to neuropsychological 
assessment and structural MRI, participants undertook 
two magnetoencephalography sessions using a rov-
ing auditory oddball paradigm: once on placebo and 
once on 10 mg of the oral GABA reuptake inhibitor 
tiagabine. A subgroup underwent ultrahigh-field mag-
netic resonance spectroscopy measurement of GABA 
concentration, which was reduced among patients. 
We identified deficits in frontotemporal processing 
using conductance-based biophysical models of local 
and global neuronal networks. The clinical relevance 
of this physiological deficit is indicated by the correla-
tion between top-down connectivity from frontal to 
temporal cortex and clinical measures of cognitive and 
behavioural change. A critical validation of the biophys-
ical modelling approach was evidence from parametric 
empirical Bayes analysis that GABA levels in patients, 
measured by spectroscopy, were related to posterior 
estimates of patients' GABAergic synaptic connectivity. 
Further evidence for the role of GABA in frontotempo-
ral lobar degeneration came from confirmation that the 
effects of tiagabine on local circuits depended not only 
on participant group, but also on individual baseline 
GABA levels. Specifically, the phasic inhibition of deep 
cortico-cortical pyramidal neurons following tiagabine, 
but not placebo, was a function of GABA concentration. 
The study provides proof-of-concept for the potential 
of dynamic causal modelling to elucidate mechanisms 
of human neurodegenerative disease, and explains the 
variation in response to candidate therapies among 
patients. The laminar- and neurotransmitter-specific 
features of the modelling framework, can be used to 
study other treatment approaches and disorders. In 
the context of frontotemporal lobar degeneration, we 
suggest that neurophysiological restoration in selected 
patients, by targeting neurotransmitter deficits, could 
be used to bridge between clinical and preclinical mod-
els of disease, and inform the personalized selection 
of drugs and stratification of patients for future clinical 
trials.
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ABSTRACT Advances in neuroimaging are ideally 
placed to facilitate the translation from progress made 
in cellular genetics and molecular biology of neurode-
generation into improved diagnosis, prevention and 
treatment of dementia. New positron emission tomog-
raphy (PET) ligands allow one to quantify neuropathol-
ogy, inflammation and metabolism in vivo safely and 
reliably, to examine mechanisms of human disease 
and support clinical trials. Developments in MRI-based 
imaging and neurophysiology provide complementary 
quantitative assays of brain function and connectivity, 
for the direct testing of hypotheses of human patho-
physiology. Advances in MRI are also improving the 
quantitative imaging of vascular risk and comorbidi-
ties. In combination with large datasets, open data and 
artificial intelligence analysis methods, new infor-
matics-based approaches are set to enable accurate 
single-subject inferences for diagnosis, prediction and 
treatment that have the potential to deliver precision 
medicine for dementia. Here, we show, through the use 
of critically appraised worked examples, how neuroim-
aging can bridge the gaps between molecular biology, 
neural circuits and the dynamics of the core systems 
that underpin complex behaviours. We look beyond 

traditional structural imaging used routinely in clinical 
care, to include ultrahigh field MRI (7T MRI), magne-
toencephalography and PET with novel ligands. We 
illustrate their potential as safe, robust and sufficiently 
scalable to be viable for experimental medicine studies 
and clinical trials. They are especially informative when 
combined in multimodal studies, with model-based 
analyses to test precisely defined hypotheses.
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BACKGROUND The mechanism of synaptic loss in 
Alzheimer's disease is poorly understood and may be 
associated with tau pathology. In this combined posi-
tron emission tomography (PET) and magnetoenceph-
alography (MEG) study, we aimed to investigate spatial 
associations between regional tau pathology ([[18]
F]flortaucipir PET), synaptic density (synaptic vesicle 
2A [[11]C]UCB-J PET) and synaptic function (MEG) in 
Alzheimer's disease.

METHODS Seven amyloid-positive Alzheimer's disease 
subjects from the Amsterdam Dementia Cohort under-
went dynamic 130-min [[18]F]flortaucipir PET, dynamic 
60-min [[11]C]UCB-J PET with arterial sampling and 
2 × 5-min resting-state MEG measurement. [[18]F]
flortaucipir- and [[11]C]UCB-J-specific binding (binding 
potential, BPND) and MEG spectral measures (relative 
delta, theta and alpha power; broadband power; and 
peak frequency) were assessed in cortical brain re-
gions of interest. Associations between regional [[18]F]
flortaucipir BPND, [[11]C]UCB-J BPND and MEG spectral 
measures were assessed using Spearman correlations 
and generalized estimating equation models.

RESULTS Across subjects, higher regional [[18]F]flor-
taucipir uptake was associated with lower [[11]C]UCB-J 
uptake. Within subjects, the association between [[11]
C]UCB-J and [[18]F]flortaucipir depended on within-
subject neocortical tau load; negative associations were 
observed when neocortical tau load was high, gradu-
ally changing into opposite patterns with decreasing 
neocortical tau burden. Both higher [[18]F]flortaucipir 
and lower [[11]C]UCB-J uptake were associated with 
altered synaptic function, indicative of slowing of oscil-
latory activity, most pronounced in the occipital lobe.

CONCLUSIONS These results indicate that in Alzheim-
er's disease, tau pathology is closely associated with 
reduced synaptic density and synaptic dysfunction.

Keywords: Alzheimer, MEG, PET, Synaptic density, Synaptic 
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ABSTRACT Parkinson's disease dementia (PDD) and 
dementia with Lewy bodies (DLB) are related condi-
tions that are associated with cholinergic system dys-
function. Dysfunction of the nucleus basalis of Meynert 
(NBM), a basal forebrain structure that provides the 
dominant source of cortical cholinergic innervation, 
has been implicated in the pathogenesis of both PDD 
and DLB. Here we leverage the temporal resolution 
of magnetoencephalography with the spatial resolu-
tion of MRI tractography to explore the intersection of 
functional and structural connectivity of the NBM in a 
unique cohort of PDD and DLB patients undergoing 
deep brain stimulation of this structure. We observe 
that NBM-cortical structural and functional connectiv-
ity correlate within spatially and spectrally segregated 
networks including: (i) a beta band network to supple-
mentary motor area, where activity in this region was 
found to drive activity in the NBM; (ii) a delta/theta 
band network to medial temporal lobe structures 
encompassing the parahippocampal gyrus; and (iii) 
a delta/theta band network to visual areas including 
lingual gyrus. These findings reveal functional net-
works of the NBM that are likely to subserve important 
roles in motor control, memory and visual function, 
respectively. Furthermore, they motivate future studies 
aimed at disentangling network contribution to disease 
phenotype.
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ABSTRACT Human brain activity is intrinsically orga-
nized into resting-state networks (RSNs) that transiently 
activate or deactivate at the sub-second timescale. Few 
neuroimaging studies have addressed how Alzheimer's 
disease (AD) affects these fast temporal brain dynam-
ics, and how they relate to the cognitive, structural and 
metabolic abnormalities characterizing AD. We aimed 
at closing this gap by investigating both brain structure 
and function using magnetoencephalography (MEG) 
and hybrid positron emission tomography-magnetic 
resonance (PET/MR) in 10 healthy elders, 10 patients 
with subjective cognitive decline (SCD), 10 patients 
with amnestic mild cognitive impairment (aMCI) and 10 
patients with typical Alzheimer's disease with dementia 
(AD). The fast activation/deactivation state dynamics 
of RSNs were assessed using hidden Markov modeling 
(HMM) of power envelope fluctuations at rest mea-

sured with MEG. Correlations were sought between 
temporal properties of HMM states and participants' 
cognitive test scores, whole hippocampal grey matter 
volume and regional brain glucose metabolism. The 
posterior default-mode network (DMN) was less often 
activated and for shorter durations in AD patients than 
matched healthy elders. No significant difference was 
found in patients with SCD or aMCI. The time spent by 
participants in the activated posterior DMN state did 
not correlate significantly with cognitive scores, nor 
with the whole hippocampal volume. However, it corre-
lated positively with the regional glucose consumption 
in the right dorsolateral prefrontal cortex (DLPFC). AD 
patients present alterations of posterior DMN power 
activation dynamics at rest that identify an additional 
electrophysiological correlate of AD-related synaptic 
and neural dysfunction. The right DLPFC may play 
a causal role in the activation of the posterior DMN, 
possibly linked to the occurrence of mind wandering 
episodes. As such, these data might suggest a neural 
correlate of the decrease in mind wandering episodes 
reported in pathological aging.
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ABSTRACT Dementia is a progressive cognitive syn-
drome, with few effective pharmacological treatments 
that can slow its progress. Hence, non-pharmacological 
treatments (NPTs) play an important role in improving 
patient symptoms and quality of life. Designing the 
optimal personalised NPT strategy relies on objectively 
and quantitatively predicting the treatment outcome. 
Magnetoencephalography (MEG) findings can reflect 
the cognitive status of patients with dementia, and 
thus potentially predict NPT outcome. In the pres-
ent study, 16 participants with cognitive impairment 
underwent NPT for several months. Their cognitive 
performance was evaluated based on the Mini-Mental 
State Examination and the Alzheimer's Disease As-
sessment Scale - Cognitive at the beginning and end 
of the NPT period, while resting-state brain activity 
was evaluated using MEG during the NPT period. Our 
results showed that the spectral properties of MEG 
signals predicted the changes in cognitive performance 
scores. High frequency oscillatory intensity at the right 
superior frontal gyrus medial segment, opercular part 
of the inferior frontal gyrus, triangular part of the infe-
rior frontal gyrus, post central gyrus, and angular gyrus 
predicted the changes in cognitive performance scores. 
Thus, resting-state brain activity may be a powerful tool 
in designing personalised NPT.

Keywords: dementia, mild cognitive impairment, non-
pharmacological treatment, power spectrum, spectral 
parameters
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ABSTRACT Alzheimer's disease (AD) studies on animal 
models, and humans showed a tendency of the brain 
tissue to become hyperexcitable and hypersynchro-
nized, causing neurodegeneration. However, we know 
little about either the onset of this phenomenon 
or its early effects on functional brain networks. We 
studied functional connectivity (FC) on 127 partici-
pants (92 middle-age relatives of AD patients and 35 
age-matched nonrelatives) using magnetoencepha-
lography. FC was estimated in the alpha band in 
areas known both for early amyloid accumulation 
and disrupted FC in MCI converters to AD. We found 
a frontoparietal network (anterior cingulate cortex, 
dorsal frontal, and precuneus) where relatives of AD 
patients showed hypersynchronization in high alpha 
(not modulated by APOE-ε4 genotype) in comparison 
to age-matched nonrelatives. These results represent 
the first evidence of neurophysiological events causing 
early network disruption in humans, opening a new 
perspective for intervention on the excitation/inhibi-
tion unbalance.

Keywords: early detection, excitation/inhibition unbal-
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ABSTRACT We performed a systematic review of stud-
ies focusing on the automatic prediction of the pro-
gression of mild cognitive impairment to Alzheimer's 
disease (AD) dementia, and a quantitative analysis of 
the methodological choices impacting performance. 
This review included 172 articles, from which 234 
experiments were extracted. For each of them, we 
reported the used data set, the feature types, the 
algorithm type, performance and potential method-
ological issues. The impact of these characteristics on 
the performance was evaluated using a multivariate 
mixed effect linear regressions. We found that us-
ing cognitive, fluorodeoxyglucose-positron emission 
tomography or potentially electroencephalography 
and magnetoencephalography variables significantly 
improved predictive performance compared to not 
including them, whereas including other modalities, 
in particular T1 magnetic resonance imaging, did not 
show a significant effect. The good performance of 
cognitive assessments questions the wide use of imag-
ing for predicting the progression to AD and advocates 
for exploring further fine domain-specific cognitive 
assessments. We also identified several methodological 
issues, including the absence of a test set, or its use for 
feature selection or parameter tuning in nearly a fourth 
of the papers. Other issues, found in 15% of the studies, 
cast doubts on the relevance of the method to clinical 
practice. We also highlight that short-term predictions 
are likely not to be better than predicting that sub-
jects stay stable over time. These issues highlight the 
importance of adhering to good practices for the use of 
machine learning as a decision support system for the 
clinical practice.

Keywords: Alzheimer’s disease, Automatic prediction, 
Cognition, Mild cognitive impairment, Progression, Quan-
titative review
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ABSTRACT Mild Cognitive Impairment (MCI) is a border 
or precursor state of dementia. To optimize implement-
ed interventions for MCI, it is essential to clarify the 
underlying neural mechanisms. However, knowledge 
regarding the brain regions responsible for MCI is still 
limited. Here, we implemented the Montreal Cognitive 
Assessment (MoCA) test, a screening tool for MCI, in 20 
healthy elderly participants (mean age, 67.5 years), and 
then recorded magnetoencephalograms (MEG) while 
they performed a visual sequential memory task. In the 
task, each participant memorized the four possible di-
rections of seven sequentially presented arrow images. 
Recall accuracy for beginning items of the memory se-
quence was significantly positively related with MoCA 
score. Meanwhile, MEG revealed stronger alpha-band 
(8-13 Hz) rhythm desynchronization bilaterally in the 
precuneus (PCu) for higher MoCA (normal) participants. 
Most importantly, this PCu desynchronization response 
weakened in correspondence with lower MoCA score 
during the beginning of sequential memory encoding, 
a time period that should rely on working memory and 
be affected by declined cognitive function. Our results 
suggest that deactivation of the PCu is associated with 
early MCI, and corroborate pathophysiological findings 
based on post-mortem tissue which have implicated 
hypoperfusion of the PCu in early stages of Alzheimer 
disease. Our results indicate the possibility that cogni-
tive decline can be detected early and non-invasively 
by monitoring PCu activity with electrophysiological 
methods.
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BACKGROUND Electrophysiological studies show that 
reductions in power within the alpha band are associat-
ed with the Alzheimer's disease (AD) continuum. Physi-
cal activity (PA) is a protective factor that has proved to 
reduce AD risk and pathological brain burden. Previous 
research has confirmed that exercise increases power 
in the alpha range. However, little is known regarding 
whether other non-modifiable risk factors for AD, such 
as increased age or APOE ε4 carriage, alter the associa-
tion between PA and power in the alpha band.

METHODS The relationship between PA and alpha 
band power was examined in a sample of 113 healthy 
adults using magnetoencephalography. Additionally, 
we explored whether ε4 carriage and age modulate 
this association. The correlations between alpha power 
and gray matter volumes and cognition were also 
investigated.

RESULTS We detected a parieto-occipital cluster in 
which PA positively correlated with alpha power. The 
association between PA and alpha power remained 
following stratification of the cohort by genotype. 
Younger and older adults were investigated separately, 
and only younger adults exhibited a positive relation-
ship between PA and alpha power. Interestingly, when 
four groups were created based on age (younger-older 
adult) and APOE (E3/E3-E3/E4), only younger E3/E3 
(least predicted risk) and older E3/E4 (greatest predict-
ed risk) had associations between greater alpha power 
and higher PA. Among older E3/E4, greater alpha power 
in these regions was associated with improved memory 
and preserved brain structure.

CONCLUSION PA could protect against the slowing 
of brain activity that characterizes the AD continuum, 
where it is of benefit for all individuals, especially E3/E4 
older adults.

Keywords: APOE ε4, Alpha power, Alzheimer’s disease, 
Magnetoencephalography, Physical activity
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ABSTRACT The early detection of Alzheimer's disease 
can potentially make eventual treatments more ef-
fective. This work presents a deep learning model to 
detect early symptoms of Alzheimer's disease using 
synchronization measures obtained with magneto-
encephalography. The proposed model is a novel 
deep learning architecture based on an ensemble of 
randomized blocks formed by a sequence of 2D-con-
volutional, batch-normalization and pooling layers. An 
important challenge is to avoid overfitting, as the num-
ber of features is very high (25755) compared to the 
number of samples (132 patients). To address this issue 
the model uses an ensemble of identical sub-models 
all sharing weights, with a final stage that performs an 
average across sub-models. To facilitate the explora-
tion of the feature space, each sub-model receives a 
random permutation of features. The features corre-
spond to magnetic signals reflecting neural activity and 
are arranged in a matrix structure interpreted as a 2D 
image that is processed by 2D convolutional networks. 
The proposed detection model is a binary classifier 
(disease/non-disease), which compared to other deep 
learning architectures and classic machine learning 
classifiers, such as random forest and support vector 
machine, obtains the best classification performance 
results with an average F1-score of 0.92. To perform the 
comparison a strict validation procedure is proposed, 
and a thorough study of results is provided.
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ABSTRACT Reading aloud requires mapping an or-
thographic form to a phonological one. The mapping 
process relies on sublexical statistical regularities (e.g. 
'oo' to |u∼|) or on learned lexical associations between 
a specific visual form and a series of sounds (e.g. yacht 
to/j∼t/). Computational, neuroimaging, and neuropsy-
chological evidence suggest that sublexical, phono-
logical and lexico-semantic processes rely on partially 
distinct neural substrates: a dorsal (occipito-parietal) 
and a ventral (occipito-temporal) route, respectively. 
Here, we investigated the spatiotemporal features of 
orthography-to-phonology mapping, capitalizing on 
the time resolution of magnetoencephalography and 
the unique clinical model offered by patients with se-
mantic variant of primary progressive aphasia (svPPA). 

Behaviourally, patients with svPPA manifest marked 
lexico-semantic impairments including difficulties in 
reading words with exceptional orthographic to pho-
nological correspondence (irregular words). Moreover, 
they present with focal neurodegeneration in the 
anterior temporal lobe, affecting primarily the ventral, 
occipito-temporal, lexical route. Therefore, this clinical 
population allows for testing of specific hypotheses on 
the neural implementation of the dual-route model for 
reading, such as whether damage to one route can be 
compensated by over-reliance on the other. To this end, 
we reconstructed and analysed time-resolved whole-
brain activity in 12 svPPA patients and 12 healthy age-
matched control subjects while reading irregular words 
(e.g. yacht) and pseudowords (e.g. pook). Consistent 
with previous findings that the dorsal route is involved 
in sublexical, phonological processes, in control par-
ticipants we observed enhanced neural activity over 
dorsal occipito-parietal cortices for pseudowords, when 
compared to irregular words. This activation was mani-
fested in the beta-band (12-30 Hz), ramping up slowly 
over 500 ms after stimulus onset and peaking at ∼800 
ms, around response selection and production. Consis-
tent with our prediction, svPPA patients did not exhibit 
this temporal pattern of neural activity observed in 
controls this contrast. Furthermore, a direct comparison 
of neural activity between patients and controls re-
vealed a dorsal spatiotemporal cluster during irregular 
word reading. These findings suggest that the sublexi-
cal/phonological route is involved in processing both 
irregular and pseudowords in svPPA. Together these re-
sults provide further evidence supporting a dual-route 
model for reading aloud mediated by the interplay 
between lexico-semantic and sublexical/phonological 
neurocognitive systems. When the ventral route is dam-
aged, as in the case of neurodegeneration affecting the 
anterior temporal lobe, partial compensation appears 
to be possible by over-recruitment of the slower, serial 
attention-dependent, dorsal one.
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ABSTRACT Parkinson's disease dementia (PDD) and 
dementia with Lewy bodies (DLB) are two related 
diseases which can be difficult to distinguish. There is 
no objective biomarker which can reliably differenti-
ate between them. The synergistic combination of 
electrophysiological and neuroimaging approaches 
is a powerful method for interrogation of functional 
brain networks in vivo. We recorded bilateral local field 
potentials (LFPs) from the nucleus basalis of Meynert 
(NBM) and the internal globus pallidus (GPi) with 
simultaneous cortical magnetoencephalography (MEG) 
in six PDD and five DLB patients undergoing surgery 
for deep brain stimulation (DBS) to look for differences 
in underlying resting-state network pathophysiology. 
In both patient groups we observed spectral peaks in 
the theta (2-8 Hz) band in both the NBM and the GPi. 
Furthermore, both the NBM and the GPi exhibited simi-
lar spatial and spectral patterns of coupling with the 
cortex in the two disease states. Specifically, we report 
two distinct coherent networks between the NBM/GPi 
and cortical regions: (1) a theta band (2-8 Hz) network 
linking the NBM/GPi to temporal cortical regions, and 
(2) a beta band (13-22 Hz) network coupling the NBM/

GPi to sensorimotor areas. We also found differences 
between the two disease groups: oscillatory power in 
the low beta (13-22Hz) band was significantly higher 
in the globus pallidus in PDD patients compared to 
DLB, and coherence in the high beta (22-35Hz) band 
between the globus pallidus and lateral sensorimotor 
cortex was significantly higher in DLB patients com-
pared to PDD. Overall, our findings reveal coherent 
networks of the NBM/GPi region that are common to 
both DLB and PDD. Although the neurophysiological 
differences between the two conditions in this study 
are confounded by systematic differences in DBS lead 
trajectories and motor symptom severity, they lend 
support to the hypothesis that DLB and PDD, though 
closely related, are distinguishable from a neurophysi-
ological perspective.

Keywords: Basal forebrain, Basal ganglia, Human, Network, 
Pallidum
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ABSTRACT This study aimed to examine whether mag-
netoencephalography (MEG) is useful to detect early 
stage Alzheimer's disease (AD). We analyzed MEG data 
from the early stage AD group (n = 20; 6 with mild cog-
nitive impairment due to AD and 14 with AD dementia) 
and cognitively normal control group (NC, n = 27). MEG 
was recorded during resting eyes closed (EC) and eyes 
open (EO), and the following 6 values for each of 5 
bands (θ1: 4-6, θ2: 6-8, α1: 8-10, α2: 10-13, β: 13-20 Hz) 
in the cerebral 68 regions were compared between 
the groups: (1) absolute power during EC and (2) EO, 
(3) whole cerebral normalization (WCN) power during 
EC and (4) EO, (5) difference of the absolute powers 
between the EC and EO conditions (the EC-EO differ-
ence), and (6) WCN value of the EC-EO difference. We 
found significant differences between the groups in the 
WCN powers during the EO condition, and the EC-EO 
differences. Using a Support Vector Machine classifier, 
a discrimination accuracy of 83% was obtained and an 
AUC in an ROC analysis was 0.91. This study demon-
strates that MEG during resting EC and EO is useful in 
discriminating between early stage AD and NC.
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citations)
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ABSTRACT As synaptic dysfunction is an early mani-
festation of Alzheimer disease (AD) pathology, mag-
netoencephalography (MEG) is capable of detecting 
disruptions by assessing the synchronized oscilla-
tory activity of thousands of neurons that rely on the 

integrity of neural connections. MEG findings include 
slowness of the oscillatory activity, accompanied by a 
reduction of the alpha band power, and dysfunction of 
the functional networks. These findings are associated 
with the neuropathology of the disease and cognitive 
impairment. These neurophysiological biomarkers pre-
dict which patients with mild cognitive impairment will 
develop dementia. MEG has demonstrated its utility as 
a noninvasive biomarker for early detection of AD.

Keywords: Alzheimer disease, Functional connectivity, 
Magnetoencephalography, Mild cognitive impairment, 
Power, Preclinical stages, Prodromal stages
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BACKGROUND Neuronal hyperexcitability and hy-
persynchrony have been described as key features of 
neurophysiological dysfunctions in the Alzheimer's 
disease (AD) continuum. Conversely, physical activity 
(PA) has been associated with improved brain health 
and reduced AD risk. However, there is controversy 
regarding whether AD genetic risk (in terms of APOE ε4 
carriage) modulates these relationships. The utilization 
of multiple outcome measures within one sample may 
strengthen our understanding of this complex phe-
nomenon.

METHOD The relationship between PA and functional 
connectivity (FC) was examined in a sample of 107 
healthy older adults using magnetoencephalography. 
Additionally, we explored whether ε4 carriage modu-
lates this association. The correlation between FC and 
brain structural integrity, cognition, and mood was also 
investigated.

RESULTS A relationship between higher PA and de-
creased FC (hyposynchrony) in the left temporal lobe 
was observed among all individuals (across the whole 
sample, in ε4 carriers, and in ε4 non-carriers), but its 
effects manifest differently according to genetic risk. 
In ε4 carriers, we report an association between this 
region-specific FC profile and preserved brain structure 
(greater gray matter volumes and higher integrity of 
white matter tracts). In this group, decreased FC also 
correlated with reduced anxiety levels. In ε4 non-carri-

ers, this profile is associated with improved cognition 
(working and episodic memory).

CONCLUSIONS PA could mitigate the increase in FC 
(hypersynchronization) that characterizes preclinical 
AD, being beneficial for all individuals, especially ε4 
carriers.

Keywords: APOE, Alzheimer’s disease, MEG, Physical activ-
ity, Synaptic function, Temporal lobe
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ABSTRACT Non-pharmacological treatment (NPT) 
improves cognitive functions and behavioural distur-
bances in patients with dementia, but the underlying 
neural mechanisms are unclear. In this observational 
study, 21 patients with dementia received NPTs for sev-
eral months. Patients were scanned using magnetoen-
cephalography twice during the NPT period to evaluate 
NPT effects on resting-state brain activity. Additionally, 
cognitive functions and behavioural disturbances were 
measured using the Mini-Mental State Examination 
(MMSE-J) and a short version of the Dementia Behav-
iour Disturbance Scale (DBD-13) at the beginning and 
the end of the NPT period. In contrast to the average 
DBD-13 score, the average MMSE-J score improved 
after the NPT period. Magnetoencephalography data 
revealed a reduced alpha activity in the right tempo-
ral lobe and fusiform gyrus, as well as an increased 
low-gamma activity in the right angular gyrus. DBD-13 
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score changes were correlated with beta activity in the 
sensorimotor area. These findings corroborate previ-
ous studies confirming NPT effects on brain activity in 
healthy participants and people at risk of dementia. 
Our results provide additional evidence that brains of 
patients with dementia have the capacity for plasticity, 
which may be responsible for the observed NPT effects. 
In dementia, NPT might lead to improvements in the 
quality of life.

Scientific reports (2020), Vol. 10, No. 1 (32317774) (16 
citations)
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ABSTRACT Understanding the role of Tau protein ag-
gregation in the pathogenesis of Alzheimer's disease 
is critical for the development of new Tau-based 
therapeutic strategies to slow or prevent dementia. 
We tested the hypothesis that Tau pathology is as-
sociated with functional organization of widespread 
neurophysiological networks. We used electro-magne-

toencephalography with [[18]F]AV-1451 PET scanning 
to quantify Tau-dependent network changes. Using a 
graph theoretical approach to brain connectivity, we 
quantified nodal measures of functional segregation, 
centrality, and the efficiency of information transfer and 
tested them against levels of [[18]F]AV-1451. Higher 
Tau burden in early Alzheimer's disease was associated 
with a shift away from the optimal small-world organi-
zation and a more fragmented network in the beta and 
gamma bands, whereby parieto-occipital areas were 
disconnected from the anterior parts of the network. 
Similarly, higher Tau burden was associated with de-
creases in both local and global efficiency, especially in 
the gamma band. The results support the translational 
development of neurophysiological "signatures" of 
Alzheimer's disease, to understand disease mecha-
nisms in humans and facilitate experimental medicine 
studies.

Keywords: Alzheimer's disease, Connectivity, Graph 
theory, MEG, PET, Tau
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OBJECTIVE To analyse magnetoencephalogram (MEG) 
signals with Lempel-Ziv Complexity (LZC) to identify 
the regions of the brain showing changes related to 
cognitive decline and Alzheimeŕs Disease (AD).

METHODS LZC was used to study MEG signals in the 
source space from 99 participants (36 male, 63 female, 
average age: 71.82 ± 4.06) in three groups (33 subjects 
per group): healthy (control) older adults, older adults 
with subjective cognitive decline (SCD), and adults 
with mild cognitive impairment (MCI). Analyses were 
performed in broadband (2-45 Hz) and in classic narrow 
bands (theta (4-8 Hz), alpha (8-12 Hz), low beta (12-
20 Hz), high beta (20-30 Hz), and, gamma (30-45 Hz)).

RESULTS LZC was significantly lower in subjects with 
MCI than in those with SCD. Moreover, subjects with 
MCI had significantly lower MEG complexity than 
controls and SCD subjects in the beta frequency band. 
Lower complexity was correlated with smaller hippo-
campal volumes.

CONCLUSIONS Brain complexity - measured with LZC 
- decreases in MCI patients when compared to SCD 
and healthy controls. This decrease is associated with a 
decrease in hippocampal volume, a key feature in AD 
progression.

SIGNIFICANCE This is the first study to date character-
ising the changes of brain activity complexity showing 
the specific spatial pattern of the alterations as well as 
the morphological correlations throughout preclinical 
stages of AD.

Keywords: Alzheimer’s disease, Lempel-Ziv complexity, 
Magnetoencephalogram, Mild cognitive impairment, 
Source space, Subjective cognitive decline
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ABSTRACT Electrophysiology provides a real-time 
readout of neural functions and network capability in 
different brain states, on temporal (fractions of mil-
liseconds) and spatial (micro, meso, and macro) scales 
unmet by other methodologies. However, current 
international guidelines do not endorse the use of 
electroencephalographic (EEG)/magnetoencephalo-
graphic (MEG) biomarkers in clinical trials performed in 
patients with Alzheimer's disease (AD), despite a surge 
in recent validated evidence. This position paper of the 
ISTAART Electrophysiology Professional Interest Area 
endorses consolidated and translational electrophysio-
logical techniques applied to both experimental animal 
models of AD and patients, to probe the effects of AD 
neuropathology (i.e., brain amyloidosis, tauopathy, and 
neurodegeneration) on neurophysiological mecha-
nisms underpinning neural excitation/inhibition and 
neurotransmission as well as brain network dynamics, 
synchronization, and functional connectivity, reflecting 
thalamocortical and corticocortical residual capacity. 
Converging evidence shows relationships between ab-
normalities in EEG/MEG markers and cognitive deficits 
in groups of AD patients at different disease stages. The 
supporting evidence for the application of electrophys-
iology in AD clinical research as well as drug discovery 
pathways warrants an international initiative to include 
the use of EEG/MEG biomarkers in the main multi-
centric projects planned in AD patients, to produce 
conclusive findings challenging the present regulatory 
requirements and guidelines for AD studies.

Keywords: Alzheimer's disease (AD), Electroencephalog-
raphy and magnetoencephalography (EEG and MEG), 
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ABSTRACT The analysis of neural circuits can provide 
crucial insights into the mechanisms of neurodegen-
eration and dementias, and offer potential quantita-

tive biological tools to assess novel therapeutics. Here 
we use behavioral variant frontotemporal dementia 
(bvFTD) as a model disease. We demonstrate that 
inversion of canonical microcircuit models to non-
invasive human magnetoencephalography, using 
dynamic causal modeling, can identify the regional- 
and laminar-specificity of bvFTD pathophysiology, and 
their parameters can accurately differentiate patients 
from matched healthy controls. Using such models, we 
show that changes in local coupling in frontotemporal 
dementia underlie the failure to adequately establish 
sensory predictions, leading to altered prediction 
error responses in a cortical information-processing 
hierarchy. Using machine learning, this model-based 
approach provided greater case-control classification 
accuracy than conventional evoked cortical responses. 
We suggest that this approach provides an in vivo plat-
form for testing mechanistic hypotheses about disease 
progression and pharmacotherapeutics.

Keywords: DCM, MEG, dementia, machine learning, micro-
circuitry
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Gamma band VMPFC-PreCG.L connection variation 
after the onset of negative emotional stimuli can 
predict mania in depressive patients (2023)
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OBJECTIVE Because of the similar clinical symptoms, 
it is difficult to distinguish unipolar disorder (UD) from 
bipolar disorder (BD) in the depressive episode using 
the available clinical features, especially for those who 
meet the diagnostic criteria of UD, however, experience 
the manic episode during the follow-up (tBD).

METHODS Magnetoencephalography recordings 
during a sad expression recognition task were ob-
tained from 81 patients (27 BD, 24 tBD, 30 UD) and 26 
healthy controls (HCs). Source analysis was applied to 
localize 64 regions of interest in the low gamma band 
(30-50 Hz). Regional functional connections (FCs) were 
constructed respectively within three time periods 
(early: 0-200 ms, middle: 200-400 ms, and post: 400-
600 ms). The network-based statistic method was used 
to explore the abnormal connection patterns in tBD 

compared to UD and HC. BD was applied to explore 
whether such abnormality is still significant between 
every two groups of BD, tBD, UD, and HC.

RESULTS The VMPFC-PreCG.L connection was found 
to be a significantly different connection between tBD 
and UD in the early time period and between tBD and 
BD in the middle time period. Furthermore, the middle/
early time period ratio of FC value of VMPFC-PreCG.L 
connection was negatively correlated with the bipolar-
ity index in tBD.

CONCLUSIONS The VMPFC-PreCG.L connection in 
different time periods after the onset of sad facial 
stimuli may be a potential biomarker to distinguish the 
different states of BD. The FC ratio of VMPFC-PreCG.L 
connection may predict whether patients with depres-
sive episodes subsequently develop mania.

Keywords: Bipolar disorder, Magnetoencephalography, 
Network-based statistic, Unipolar disorder
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AIM Major depressive disorder (MDD) is associated 
with high suicidality, especially for those with suicide 
attempt (SA). Although impaired oscillatory activity has 
been previously reported in patients with SA, little is 
known about precise temporal-spatial variability of its 
neural dynamics. To solve this, the current study probed 
the spectral power and network interactions underly-
ing SA in MDD.

METHODS The present study recruited 104 subjects 
including 56 subjects with MDD (30 with SA and 26 
without SA) and 48 healthy controls, who performed 
sad expressions recognition task during magneto-
encephalography (MEG) recording. By investigating 
source-reconstructed MEG-data, brain states represent-
ing different task stages were estimated from a Hidden 
Markov model. Spectrum power and network connec-
tivity were compared via Gaussian Mixture Models, and 
fractional occupancy (FO) of states were compared via 
an independent F-test.

RESULTS Brain states were corresponding to various 
frequencies (theta/beta/low gamma/ high gamma). 
In low gamma band (35-45 Hz), the early visual state 
exhibited increased activation and hyper inter-network 
connectivity between visual regions and the limbic 
system, while the middle fronto-parietal state exhibited 
attenuated activation and decreased intra-network 
connectivity within fronto-parietal regions in SA group. 
Crucially, FO values of these two states were significant-
ly correlated with the suicide risks.

CONCLUSIONS Suicide behavior of patients with MDD 
was significantly associated with aberrant oscillations 
in low gamma band. Elevated oscillations in occipital 
cortices and attenuated oscillations in fronto-parietal 
cortices were significantly associated with SA. Manifest-
ing sadness indulging and reckless decision-making, 
the hampered temporal characteristics could help 
explain the neural-electric basis of SA.

Keywords: brain dynamics, gamma oscillations, major 
depressive disorders, negative emotional bias, suicide 
attempt
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and aberrant dynamism of overlapping brain 
sub-networks in unmedicated major depressive 
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OBJECTIVE Little is known about the pathogenesis 
underlying cognitive impairment in major depressive 
disorder (MDD). We aimed to explore the mechanisms 
of cognitive impairments among patients with MDD by 
investigating the dynamics of overlapping brain sub-
networks.

METHODS Forty unmedicated patients with MDD and 
28 healthy controls (HC) were enrolled in this study. 
Cognitive function was measured using the Chinese 
versions of MATRICS Consensus Cognitive Battery 
(MCCB). All participants were scanned using a whole-
head resting-state magnetoencephalography (MEG) 
machine. The dynamism of neural sub-networks was 
analyzed based on the detection of overlapping com-
munities in five frequency bands of oscillatory brain 
signals.
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RESULTS MDD demonstrated poorer cognitive perfor-
mance in six domains compared to HC. The difference 
in community detection (functional integration mode) 
in MDD was frequency-dependent. MDD showed 
significantly decreased community dynamics in all 
frequency bands compared to HC. Specifically, differ-
ences in the visual network (VN) and default mode 
network (DMN) were detected in all frequency bands, 
differences in the cognitive control network (CCN) were 
detected in the alpha2 and beta frequency bands, and 
differences in the bilateral limbic network (BLN) were 
only detected in the beta frequency band. Moreover, 
community dynamics in the alpha2 frequency band 
were positively correlated with verbal learning and 
reasoning problem solving abilities in MDD.

CONCLUSIONS Our study found that decreasing in 
the dynamics of overlapping sub-networks may differ 
by frequency bands. The aberrant dynamics of over-
lapping neural sub-networks revealed by frequency-
specific MEG signals may provide new information on 
the mechanism of cognitive impairments that result 
from MDD.

Keywords: Cognitive function, Dynamic functional con-
nectivity, Magnetoencephalography, Major depressive 
disorder, Overlapping sub-network

Journal of affective disorders (2023), Vol. 320 (36179776) 
(0 citations)

MEG-based Classification and Grad-CAM 
Visualization for Major Depressive and Bipolar 
Disorders with Semi-CNN (2022)
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ABSTRACT Major depressive disorder (MDD) and bi-
polar disorder (BD) are two major mood disorders with 
partly overlapped symptoms but different treatments. 
However, their misdiagnosis and mistreatment are 
common based on the DSM-V criteria, lacking objective 
and quantitative indicators. This study aimed to de-

velop a novel approach that accurately classifies MDD 
and BD based on their resting-state magnetoencepha-
lography (MEG) signals during euthymic phases. A re-
visited 3D CNN model, Semi-CNN, that could automati-
cally detect brainwave patterns in spatial, temporal, 
and frequency domains was implemented to classify 
wavelet-transformed MEG signals of normal controls 
and MDD and BD patients. The model achieved a test 
accuracy of 96.05% and an average of 95.71% accuracy 
for 5-fold cross-validation. Furthermore, saliency maps 
of the model were estimated using Grad-CAM++ to vi-
sualize the proposed classification model and highlight 
disease-specific brain regions and frequencies. Clinical 
Relevance - Our model provides a stable pipeline that 
accurately classifies MDD, BD, and healthy individuals 
based on resting-state MEG signals during the euthy-
mic phases, opening the potential for quantitative and 
accurate brain-based diagnosis for the highly misdiag-
nosed MDD/BD patients.
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ABSTRACT The pathogenesis of depression is complex, 
and the current means of medical diagnosis is single. 
Patients with severe depression may even have great 
physical pain and suicidal tendencies. Magnetoen-
cephalography (MEG) has the characteristics of ultra-
high spatiotemporal resolution and safety. It is a good 
medical means for the diagnosis of depression. In this 
paper, multivariate transfer entropy algorithm is used 
to study MEG of depression. In this paper, the subjects 
are divided into the same brain region and the multi-
channel combination between different brain regions, 
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and the multivariate transfer entropy of patients with 
depression and healthy controls under different EEG 
signal frequency bands is calculated. Finally, the signifi-
cant difference between the two groups of experimen-
tal samples is verified by the results of independent 
sample t-test. The experimental results show that for 
the same combination of brain channels, the multivari-
ate transfer entropy in the depression group is gener-
ally lower than that in the healthy control group, and 
the difference is the best in γ frequency band and the 
largest in the frontal region.

Computational intelligence and neuroscience (2022), Vol. 
2022 (35909866) (0 citations)
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BACKGROUND One devastating outcome of major 
depressive disorder (MDD) is high suicidality, espe-

cially for patients with suicide attempt (SA). Evidence 
indicated that SA may be strongly associated with 
inhibitory control deficits. We hypothesized that the 
inhibition function deficits of patient with SA might be 
underpinned by abnormal neuronal oscillations.

METHODS Our study recruited 111 subjects includ-
ing 74 patients and 37 controls, who performed a GO/
NOGO task during magnetoencephalography record-
ing. Time-frequency-representations and phase-am-
plitude-coupling were measured for the brain circuits 
involved in the inhibitory function. Phase-slope-index-
es were calculated between regions to determine the 
direction of power flow.

RESULTS Significant increased reaction time and de-
creased judgment accuracy were observed in SA group. 
During the perception stage of GO task (approximately 
125 ms), SA group manifested elevated alpha power in 
ventral prefrontal cortex (VPFC) and attenuated beta 
power in dorsal anterior cingulate (dACC) compared 
with other groups (p < 0.01). In the processing stage of 
NOGO task (approximately 300 ms), they showed de-
creased beta power in VPFC and increased alpha power 
in dACC (p < 0.01). Alpha-beta decoupling during both 
tasks was observed in SA group. Furthermore, the 
decoupling from VPFC to dACC under NOGO tasks was 
significantly correlated with suicide risk level.

LIMITATIONS The number of participants was relatively 
small, and psychological elements were not involved in 
current study.

CONCLUSION Dysregulated oscillatory activities of 
dACC and VPFC suggested deficits in execution and 
inhibition functions triggering high suicide risks. The 
alpha-beta decoupling from VPFC to dACC could be 
served as a neuro-electrophysiological biomarker for 
identifying potential suicide risk.

Keywords: Alpha-beta coupling, GO/NOGO task, Inhibi-
tory function, Suicide attempt
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BACKGROUND This study examined magnetoencepha-
lographic (MEG) correlates of suicidal ideation (SI) and 
suicide attempt history in patients with treatment-resis-
tant major depression (TRD) at baseline and following 
subanesthetic-dose ketamine infusion.

METHODS Twenty-nine drug-free TRD patients (12 sui-
cide attempters/17 non-attempters) participated in a 
crossover randomized trial of ketamine. MEG data were 
collected during an attentional dot probe task with 
emotional face stimuli at baseline and several hours 
post-ketamine infusion. Synthetic aperture magne-
tometry was used to project source power in the theta, 
alpha, beta, and gamma frequencies for angry-neutral, 
happy-neutral, and neutral-neutral face pairings during 
a one-second peristimulus period. Mixed models were 
used to test for clinical, behavioral, and electrophysi-
ological effects of group, emotion, session, and SI score.

RESULTS Ketamine significantly reduced SI and depres-
sion across the sample. Post-ketamine, attempters had 
improved accuracy and non-attempters had reduced 
accuracy on the task. SI was positively associated with 
gamma power in regions of the frontal and parietal 
cortices across groups. In an extended amygdala-hip-
pocampal region, attempters differed significantly in 
their emotional reactivity to angry versus happy faces 
as indexed by theta power differences, irrespective 
of drug. Ketamine significantly reduced the associa-
tion between alpha power and SI for angry compared 
with happy faces in a fronto-insular/anterior cingulate 
region important for regulating sensory attentiveness.

LIMITATIONS Limitations include a small sample size of 
attempters.

CONCLUSIONS The findings highlight key differ-
ences in band-limited power between attempters and 
non-attempters and reinforce previous findings that 
ketamine has distinct response properties in patients 
with a suicide history.

Keywords: Ketamine, Magnetoencephalography, Suicidal 
ideation, Suicide attempt, Treatment-resistant depression
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ABSTRACT Major depressive disorder (MDD) is associ-
ated with increased suicidality, and it's still challeng-
ing to identify suicide in clinical practice. Although 
suicide attempt (SA) is the most relevant precursor 
with multiple functional abnormalities reported from 
neuroimaging studies, little is known about how the 
spontaneous transient activated patterns organize and 
coordinate brain networks underlying SA. Thus, we ob-
tained resting-state magnetoencephalography data for 
two MDD subgroups of 44 non-suicide patients and 34 
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suicide-attempted patients, together with 49 matched 
health-controls. For the source-space signals, Hidden 
Markov Model (HMM) helped to capture the sub-
second dynamic activity via a hidden sequence of finite 
number of states. Temporal parameters and spectral 
activation were acquired for each state and then com-
pared between groups. Here, HMM states characterized 
the spatiotemporal signatures of eight networks. The 
activity of suicide attempters switches more frequently 
into the fronto-temporal network, as the time spent 
occupancy of fronto-temporal state is increased and 
interval time is decreased compared with the non-sui-
cide patients. Moreover, these changes are significantly 
correlated with Nurses' Global Assessment of Suicide 
Risk scores. Suicide attempters also exhibit increased 
state-wise activations in the theta band (4-8 Hz) in the 
posterior default mode network centered on posterior 
cingulate cortex, which can't be detected in the static 
spectral analysis. These alternations may disturb the 
time allocations of cognitive control regulations and 
cause inflexible decision making to SA. As the better 
sensitivity of dynamic study in reflecting SA diathesis 
than the static is validated, dynamic stability could 
serve as a potential neuronal marker for SA.

Keywords: Dynamics, Magnetoencephalography, Major 
depressive disorder, Oscillations, Resting state, Suicide
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BACKGROUND Exposure to maternal major depressive 
disorder (MDD) bears long-term negative consequenc-
es for children's well-being; to date, no research has 
examined how exposure at different stages of develop-
ment differentially affects brain functioning.

AIMS Utilising a unique cohort followed from birth 
to preadolescence, we examined the effects of early 
versus later maternal MDD on default mode network 
(DMN) connectivity.

METHOD Maternal depression was assessed at birth 
and ages 6 months, 9 months, 6 years and 10 years, to 
form three groups: children of mothers with consistent 
depression from birth to 6 years of age, which resolved 
by 10 years of age; children of mothers without depres-
sion; and children of mothers who were diagnosed 
with MDD in late childhood. In preadolescence, we 
used magnetoencephalography and focused on theta 
rhythms, which characterise the developing brain.

RESULTS Maternal MDD was associated with disrupted 
DMN connectivity in an exposure-specific manner. Early 
maternal MDD decreased child connectivity, present-
ing a profile typical of early trauma or chronic adver-
sity. In contrast, later maternal MDD was linked with 
tighter connectivity, a pattern characteristic of adult 
depression. Aberrant DMN connectivity was predicted 
by intrusive mothering in infancy and lower mother-
child reciprocity and child empathy in late childhood, 
highlighting the role of deficient caregiving and 
compromised socio-emotional competencies in DMN 
dysfunction.

CONCLUSIONS The findings pinpoint the distinct ef-
fects of early versus later maternal MDD on the DMN, a 
core network sustaining self-related processes. Results 
emphasise that research on the influence of early 
adversity on the developing brain should consider the 
developmental stage in which the adversity occured.
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AIMS The diversity of treatment outcomes for ma-
jor depressive disorder (MDD) remains uncertain in 
neuropathology. The current study aimed at exploring 
electrophysiological biomarkers associated with treat-
ment response.

METHODS The present study recruited 130 subjects 
including 100 MDD patients and 30 healthy controls. 
All subjects participated in a sad expression recogni-
tion task while their magnetoencephalography data 
were recorded. Patients who had a reduction of at least 
50% in disorder severity at endpoint (>2 weeks) were 
considered as responders. Within-frequency power and 
phase-amplitude coupling were measured for the brain 
regions involved in the emotional visual information 
processing pathways.

RESULTS The significant alpha-gamma decoupling 
from the right thalamus to the right amygdala in 
unconscious processing and from right orbital frontal 
cortices to the right amygdala in conscious processing 
was found in non-responders relative to responders 

and healthy controls. These kinds of dysregulation 
could also predict the potential treatment response.

CONCLUSION The attenuated alpha-gamma cou-
pling in dual pathways indicated increased sensitivity 
to the negative emotional information and reduced 
moderated effect of the amygdala, which might cause 
insensitivity to antidepressant treatment and could be 
regarded as potential neural mechanisms for treatment 
response prediction.

Keywords: alpha-gamma coupling, amygdala, antidepres-
sant response, dual pathways, magnetoencephalography, 
negative stimuli
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BACKGROUND Depressive symptoms could be simi-
larly expressed in bipolar and unipolar disorder. How-
ever, changes in cognition and brain networks might 
be quite distinct. We aimed to find out the difference in 
the neural mechanism of impaired working memory in 
patients with bipolar and unipolar disorder.
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METHOD According to diagnostic criteria of bipolar 
II disorder of the Diagnostic and Statistical Manual 
of Mental Disorders, Fifth Edition (DSM-5) and as-
sessments, 13 bipolar II depression (BP II), 8 unipolar 
depression (UD) patients and 15 healthy controls (HC) 
were recruited in the study. We used 2-back tasks 
and magnetic source imaging (MSI) to test working 
memory functions and get the brain reactions of the 
participants.

RESULTS Compared with HC, only spatial working 
memory tasks accuracy was significantly worse in both 
UD and BP II (p = 0.001). Pearson correlation showed 
that the stronger the FCs' strength of MFG-IPL and IPL-
preSMA, the higher accuracy of SWM task within left 
FPN in patients with UD (r = 0.860, p = 0.006; r = 0.752, 
p = 0.031). However, the FC strength of IFG-IPL was neg-
atively correlated with the accuracy of SWM task within 
left FPN in patients with BP II (r = - 0.591, p = 0.033).

CONCLUSIONS Our study showed that the spatial 
working memory of patients with whether UD or BP 
II was impaired. The patterns of FCs within these two 
groups of patients were different when performing 
working memory tasks.

Keywords: Depression, Frontoparietal network, Magneto-
encephalography, Working memory
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BACKGROUND Precise suicide risk evaluation strug-
gled in Major depressive disorder (MDD), especially for 
patients with only suicidal-ideation (SI) but without 
suicide attempt (SA). MDD patients have deficits in 
negative emotion processing, which is associated with 
the generation of SI and SA. Given the critical role of 
gamma oscillations in negative emotion processing, we 
hypothesize that the transition from SI to SA in MDD 
could be characterized by abnormal gamma interac-
tions.

METHODS We recruited 162 participants contain-
ing 106 MDD patients and 56 healthy controls (HCs). 
Participants performed facial recognition tasks while 
magnetoencephalography data were recorded. Time-
frequency-representation (TFR) analysis was conducted 
to identify the dominant spectra differences between 
MDD and HCs, and then source analysis was applied to 
localize the region of interests. Furthermore, frequency-
specific functional connectivity network were con-
structed and a semi-supervised clustering algorithm 
was utilized to predict potential suicide risk.

RESULTS Gamma (50-70 Hz) power was found signifi-
cantly increased in MDD, mainly residing in regions 
from fronto-parietal-control-network (FPN), visual-net-
work (VN), default-mode-network (DMN) and salience-
network (SN). Based on impaired gamma functional 
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connectivity network between well-established SA 
group and non-SI group, semi-supervised algorithm 
clustered patients with only SI into two groups with 
different suicide risks. Moreover, Inter-network gamma 
connectivity between FPN and DMN significantly nega-
tively correlated with suicide risk and not confounded 
by depression severity.

CONCLUSION Inter-network gamma connectivity with 
FPN and DMN might be the key neuropathological 
interactions underling the progression from SI to SA. By 
applying semi-supervised clustering to electrophysi-
ological data, it is possible to predict individual suicide 
risk.

Keywords: Gamma band, Magnetoencephalography 
(MEG), Major depression, Semi-supervised clustering, 
Suicidal ideation, Suicide attempt
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Sub-second transient activated patterns to 
sad expressions in major depressive disorders 
discovered via hidden Markov model (2021)
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ABSTRACT The pathological mechanisms of major 
depressive disorders (MDDs) is associated with the 
overexpression of negative emotions, and the fast 
transient-activated patterns underlying overrepresen-
tation in depression still remain to be revealed to date. 
We hypothesized that the aberrant spatiotemporal 
attributes of the process of sad expressions are related 
to the neuropathology of MDD and help to detect the 
depression severity. We enrolled a total of 96 subjects 
including 47 patients with MDD and 49 healthy con-
trols (HCs), and recorded their magnetoencephalog-

raphy data under a sad expression recognition task. A 
hidden Markov model (HMM) was applied to separate 
the whole neural activity into several brain states, then 
to characterize the dynamics. To find the disrupted 
temporal-spatial characteristics, power estimations 
and fractional occupancy (FO) of each state were 
estimated and contrasted between MDDs and HCs. 
Three states were found over the period of emotional 
stimuli processing procedure. The early visual stage 
(0-270 ms) was mainly manifested by state 1, and the 
emotional information processing stage (270-600 ms) 
was manifested by state 2, while the state 3 remained 
a steady proportion across the whole period. MDDs ac-
tivated statistically more in limbic system during state 
2 (p = 0.0045) and less in frontoparietal control net-
work during state 3 (p = 5.38 × 10[-5]) relative to HCs. 
Hamilton Depression Rating Scale scores were signifi-
cantly correlated with the predicted disorder severity 
using FO values (p = 0.0062, r = 0.3933). Relative to HCs, 
MDDs perceived the sad contents quickly and spent 
more time overexpressing the negative emotions. 
These phenomena indicated MDD patients might easily 
indulge in negative emotion and neglect other things. 
Furthermore, temporal descriptors built by HMM could 
be potential biomarkers for identifying the severity of 
depression disorders.

Keywords: hidden Markov model, magnetoencephalogra-
phy, major depressive disorders, negative stimuli
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ABSTRACT Lateral habenula is believed to encode 
negative motivational stimuli and plays key roles in 
the pathophysiology of psychiatric disorders. How-
ever, how habenula activities are modulated during 
the processing of emotional information is still poorly 
understood. We recorded local field potentials from 
bilateral habenula areas with simultaneous cortical 
magnetoencephalography in nine patients with psy-
chiatric disorders during an emotional picture-viewing 
task. Transient activity in the theta/alpha band (5-10 
Hz) within the habenula and prefrontal cortical regions, 
as well as the coupling between these structures, is 
increased during the perception and processing of neg-
ative emotional stimuli compared to positive emotional 
stimuli. The increase in theta/alpha band synchroniza-
tion in the frontal cortex-habenula network correlated 
with the emotional valence but not the arousal score 
of the stimuli. These results provide direct evidence for 
increased theta/alpha synchrony within the habenula 
area and prefrontal cortex-habenula network in the 
perception of negative emotion in human participants.

Keywords: deep brain stimulation, depression, emo-
tional stimuli, habenula, human, neuroscience, prefrontal 
cortex-habenula network, theta / alpha oscillations
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INTRODUCTION VNS is a non-pharmalogical neu-
romodulatory treatment option for difficult-to-treat 
depression. A pulse generator implanted in the left 
chest area is connected to an electrode that is wrapped 
around the left vagal nerve. It is presumed, that the 
vagal afferent network modulates neuronal activity in 
key monoaminergic structures.

METHODS We performed MEG recording during active 
stimulation of the left vagal nerve. Our patient was a 60 
years old female treated with VNS since December 2019 
due to unipolar major depression.

RESULTS MEG recording and analysis were possible 
despite stimulation signals and the metal stimulation 
systems. We saw a reproducible reduction of the 10-Hz-
alpha amplitude after the end of the 30 s stimulation 
period in wide-spread areas including parieto-occipital 
cortex where alpha oscillations are prominently gener-
ated. During stimulation, however, alpha oscillations 
remained unaffected. These findings could be repro-
duced in a second measurement.

CONCLUSION Increased alpha power was linked to 
depressive states and alterations of cortical activity. A 
reduction may indicate cortical activation by stimula-
tion of the vagal nerve as a possible mechanism of 
action of VNS in depression.

Keywords: DTD, Difficult-to-treat depression, MEG, Magne-
toencephalography, TRD, Treatment-resistant depression, 
VNS, Vagus nerve stimulation
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BACKGROUND The glutamatergic modulator ketamine 
rapidly reduces depressive symptoms in individuals 
with treatment-resistant major depressive disorder 
(MDD). However, ketamine's effects on emotional 
processing biases remain largely unknown, and 
understanding these processes may help elucidate 
ketamine's mechanism of action.

METHODS Magnetoencephalography (MEG) was 
used to investigate ketamine's effects on early visual 
responses to affective stimuli in individuals with MDD 
(n=31) and healthy volunteers (HVs; n=24). Participants 
were enrolled in a double-blind, placebo-controlled, 
crossover clinical trial and were assessed at baseline 
and after subanesthetic-dose ketamine and placebo-
saline infusions. During MEG recording, participants 
completed an emotional evaluation task in which they 
indicated the sex or emotional valence (happy-neutral 
or sad-angry) of facial stimuli. Source-localized event-
related field (ERF) M100 and M170 amplitudes and 
latencies were extracted from regions of interest. Linear 

fixed effects models examined interactions between 
diagnosis, stimulus valence, and drug session for be-
havioral and MEG data.

RESULTS In baseline behavioral analyses, MDD par-
ticipants exhibited higher accuracy for sad-angry 
than happy-neutral faces, and HVs responded faster 
to happy-neutral than sad-angry faces. In the MEG 
post-infusion analyses, calcarine M100 amplitudes were 
larger in MDD than HV participants post-placebo but 
became more similar post-ketamine. Finally, fusiform 
M170 amplitudes were associated with antidepressant 
response in MDD participants.

LIMITATIONS The modest sample size and the need to 
collapse across responses to happy and neutral faces 
to increase statistical power limit the generalizability of 
the findings.

CONCLUSIONS Ketamine rapidly altered emotional 
stimulus processing in MDD, laying the groundwork for 
future investigations of biomarkers of antidepressant 
treatment response.

CLINICAL TRIAL Clinicaltrials.gov, NCT#00088699.

Keywords: depression, emotional face processing, ket-
amine, magnetoencephalography
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ABSTRACT Heart rate variability (HRV) captures the 
change in timing of consecutive heart beats and is 
reduced in individuals with depression and anxiety. The 
present study investigated whether typically-develop-
ing children without clinically recognized signs of de-
pression or anxiety showed a relationship between HRV 
and depressive or anxiety symptoms. Children aged 
9-14 years (N = 104) provided three minutes of cardiac 
signal during eyes closed rest and eyes open rest. The 
association between high frequency HRV, low frequen-
cy HRV, root mean square of the successive differences 
(RMSSD), and pNN20 versus depressive symptoms (NIH 
Toolbox and Child Behavior Checklist) was investigated. 
Results partially confirm our hypothesis, with pNN20 
positively correlated with the self-reported depres-
sion measure of loneliness while controlling for age, 
sex, social status, and physical activity. The association 
was stronger in male participants. However, there is no 
consensus in the literature about which HRV measures 
are associated with depressive symptoms in healthy 
children. Additional studies are needed which reliably 
account for variables that influence HRV to establish 
whether certain HRV measures can be used as an early 
marker for depression risk in children.

Keywords: Depression, Healthy children, Heart rate vari-
ability, Loneliness, RMSSD, pNN20
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ABSTRACT Major depressive disorder (MDD) is highly 
heterogeneous in its clinical presentation. The pres-
ent exploratory study used magnetoencephalography 
(MEG) to investigate electrophysiological intrinsic 
connectivity differences between healthy volunteers 
and unmedicated participants with treatment-resistant 
MDD. The study examined canonical frequency bands 
from delta through gamma. In addition to group 
comparisons, correlational studies were conducted to 
determine whether connectivity was related to five 
symptom factors: depressed mood, tension, nega-
tive cognition, suicidal thoughts, and amotivation. 
The MDD and healthy volunteer groups did not differ 
significantly at baseline when corrected across all 
frequencies and clusters, although evidence of general-
ized slowing in MDD was observed. Notably, however, 
electrophysiological connectivity was strongly related 
to suicidal thoughts, particularly as coupling of low fre-
quency power fluctuations (delta and theta) with alpha 
and beta power. This analysis revealed hub areas under-
lying this symptom cluster, including left hippocampus, 
left anterior insula, and bilateral dorsolateral prefrontal 
cortex. No other symptom cluster demonstrated a rela-
tionship with neurophysiological connectivity, suggest-
ing a specificity to these results as markers of suicidal 
ideation.

Keywords: Connectivity, Frequency, Magnetoencephalog-
raphy, Major depressive disorder, Oscillation, Suicide
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ABSTRACT A single, subanesthetic dose of (R,S)-
ketamine (ketamine) exerts rapid and robust antide-
pressant effects. Several groups previously reported 
that (2S,6S;2R,6R)-hydroxynorketamine (HNK) had 
antidepressant effects in rodents, and that (2R,6R)-HNK 
increased cortical electroencephalographic gamma 
power. This exploratory study examined the relation-
ship between ketamine metabolites, clinical response, 
psychotomimetic symptoms, and gamma power 
changes in 34 individuals (ages 18-65) with treatment-
resistant depression (TRD) who received a single 
ketamine infusion (0.5 mg/kg) over 40 min. Plasma con-
centrations of ketamine, norketamine, and HNKs were 
measured at 40, 80, 120, and 230 min and at 1, 2, and 
3 days post-infusion. Linear mixed models evaluated 
ketamine metabolites as mediators of antidepressant 
and psychotomimetic effects and their relationship to 
resting-state whole-brain magnetoencephalography 
(MEG) gamma power 6-9 h post-infusion. Three sa-
lient findings emerged. First, ketamine concentration 
positively predicted distal antidepressant response at 
Day 11 post-infusion, and an inverse relationship was 
observed between (2S,6S;2R,6R)-HNK concentration 
and antidepressant response at 3 and 7 days post-
infusion. Norketamine concentration was not associ-
ated with antidepressant response. Second, ketamine, 
norketamine, and (2S,6S;2R,6R)-HNK concentrations 
at 40 min were positively associated with contem-
poraneous psychotomimetic symptoms; post-hoc 
analysis revealed that ketamine was the predominant 

contributor. Third, increased (2S,6S;2R,6R)-HNK maxi-
mum observed concentration (Cmax) was associated 
with increased MEG gamma power. While contrary to 
preclinical observations and our a priori hypotheses, 
these exploratory results replicate those of a recently 
published study documenting a relationship between 
higher (2S,6S;2R,6R)-HNK concentrations and weaker 
antidepressant response in humans and provide fur-
ther rationale for studying gamma power changes as 
potential biomarkers of antidepressant response.

Neuropsychopharmacology: official publication of the 
American College of Neuropsychopharmacology (2020), 
Vol. 45, No. 8 (32252062) (32 citations)
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BACKGROUND Defining the neurobiological underpin-
nings of suicidal ideation (SI) is crucial to improving our 
understanding of suicide. This study used magnetoen-
cephalographic gamma power as a surrogate marker 
for population-level excitation-inhibition balance to 
explore the underlying neurobiology of SI and depres-
sion. In addition, effects of pharmacological interven-
tion with ketamine, which has been shown to rapidly 
reduce SI and depression, were assessed.

METHODS Data were obtained from 29 drug-free pa-
tients with major depressive disorder who participated 
in an experiment comparing subanesthetic ketamine 
(0.5 mg/kg) with a placebo saline infusion. Magnetoen-
cephalographic recordings were collected at baseline 
and after ketamine and placebo infusions. During 
scanning, patients rested with their eyes closed. SI and 
depression were assessed, and a linear mixed-effects 
model was used to identify brain regions where gamma 
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power and both SI and depression were associated. 
Two regions of the salience network (anterior insula, 
anterior cingulate) were then probed using dynamic 
causal modeling to test for ketamine effects.

RESULTS Clinically, patients showed significantly re-
duced SI and depression after ketamine administration. 
In addition, distinct regions in the anterior insula were 
found to be associated with SI compared with depres-
sion. In modeling of insula-anterior cingulate connec-
tivity, ketamine lowered the membrane capacitance for 
superficial pyramidal cells. Finally, connectivity be-
tween the insula and anterior cingulate was associated 
with improvements in depression symptoms.

CONCLUSIONS These findings suggest that the ante-
rior insula plays a key role in SI, perhaps via its role in 
salience detection. In addition, transient changes in 
superficial pyramidal cell membrane capacitance and 
subsequent increases in cortical excitability might be a 
mechanism through which ketamine improves SI.

Keywords: Depression, Gamma, Insula, Ketamine, Magne-
toencephalography, Suicidal ideation
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OBJECTIVES In clinical practice, bipolar depres-
sion (BD) and unipolar depression (UD) appear to 
have similar symptoms, causing BD being frequently 
misdiagnosed as UD, leading to improper treatment 
decision and outcome. Therefore, it is in urgent need 

of distinguishing BD from UD based on clinical objec-
tive biomarkers as early as possible. Here, we aimed to 
integrate brain neuroimaging data and an advanced 
machine learning technique to predict different types 
of mood disorder patients at the individual level.

METHODS Eyes closed resting-state magnetoencepha-
lography (MEG) data were collected from 23 BD, 30 UD, 
and 31 healthy controls (HC). Individual power spectra 
were estimated by Fourier transform, and statistic spec-
tral differences were assessed via a cluster permutation 
test. A support vector machine classifier was further 
applied to predict different mood disorder types based 
on discriminative oscillatory power.

RESULTS Both BD and UD showed decreased frontal-
central gamma/beta ratios comparing to HC, in which 
gamma power (30-75 Hz) was decreased in BD while 
beta power (14-30 Hz) was increased in UD vs HC. The 
support vector machine model obtained significant 
high classification accuracies distinguishing three 
groups based on mean gamma and beta power (BD: 
79.9%, UD: 81.1%, HC: 76.3%, P < .01).

CONCLUSIONS In combination with resting-state MEG 
data and machine learning technique, it is possible 
to make an individual and objective prediction for 
mode disorder types, which in turn has implications for 
diagnosis precision and treatment decision of mood 
disorder patients.

Keywords: MEG, bipolar depression, resting state, support 
vector machine, unipolar depression
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OBJECTIVES More than half of patients with major 
depression who do not respond to initial antidepres-
sants become treatment resistant (TRD), and while 
electroconvulsive therapy (ECT) is effective, it involves 
anesthesia and other medical risks that are of concern 
in geriatric patients. Past studies have suggested that 
theta cordance (TC), a correlate of cerebral metabolism 
measured by electroencephalography, could guide 
treatment decisions related to patient selection and 
engagement of the therapeutic target.

METHODS/DESIGN Eight patients with late-life treat-
ment resistant depression (LL-TRD) underwent mag-
netoencephalography (MEG) at baseline and following 
seven sessions of ECT. We tested whether the mean 
and regional frontal cortex TC were able to differentiate 
early responders from nonresponders.

RESULTS Five patients whose depression severity de-
creased by >30% after seven sessions were considered 
early responders. We found no baseline differences in 
mean frontal TC between early responders compared 
with nonresponders, but early responders exhibited 
a significant increase in TC following ECT. Further, 
we found that compared with nonresponders, early 
responders exhibited a greater change in TC specifically 
within the right prefrontal cortex.

CONCLUSIONS These results support the hypothesis 
that increases in frontal TC are associated with antide-
pressant response. We expand on previous findings 
by showing that this change is specific to the right 
prefrontal cortex. Validation of this neural marker could 
contribute to improved ECT outcomes, by informing 
early clinical decisions about the acute efficacy of this 
treatment.

Keywords: ECT, depression, late life, neural marker, theta 
cordance
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ABSTRACT Major depressive disorder (MDD), char-
acterized by low mood or anhedonia, is commonly 
associated with a greater suicidal susceptibility. There 
are numerous suicide-related findings pertaining to 
the dorsolateral prefrontal cortex (DLPFC), caudate 
nucleus and thalamus, which form a cortico-striato-
thalamo-cortical (CSTC) circuit responsible for execu-
tive function and working memory. An aberrant CSTC 
circuitry is hypothesized to be implicated in depressed 
patients with a high suicidal risk. 27 MDD patients were 
assessed with the Nurses Global Assessment of Suicide 
Risk (NGASR), following which 14 patients were clas-
sified into a high suicide risk group (NGASR ≥ 12) and 
13 patients were assigned to a low suicide risk group 
(NGASR < 6). All 27 patients were enrolled with 25 
healthy controls for resting-state magnetoencephalog-
raphy (MEG). Cross-frequency coupling (CFC) measured 
the phase of alpha-band (8-13 Hz) as it modulated to 
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cortical gamma-band (30-48 Hz). There was a sig-
nificantly lower alpha-to-gamma phase-amplitude 
coupling (PAC) between the right caudate and left 
thalamus in high-risk suicide group compared to both 
the low-risk suicide group and healthy controls. The 
presence of a weaker coupling between the right cau-
date and left thalamus is indicative of a caudothalamic 
abnormality in suicidally depressed patients. This im-
plies that a disruption of CSTC loop could result in ex-
ecutive dysfunction and working memory impairment, 
leading to an increased suicidal risk in MDD patients. In 
the future, this preliminary study has the possibility of 

being replicated on a larger scale, and hence validates 
caudothalamic dysfunction as a reliable neuroimaging 
biomarker for suicide in depression.

Keywords: Cortico-striato-thalamo-cortical (CSTC) circuit, 
Cross-frequency coupling (CFC), Magnetoencephalog-
raphy (MEG), Major depressive disorder (MDD), Nurses 
global assessment of suicide risk (NGASR)
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ABSTRACT Phonological difficulties characterize 
individuals with dyslexia across languages. Currently 
debated is whether these difficulties arise from atypi-
cal neural sampling of (or entrainment to) auditory 
information in speech at slow rates (<10 Hz, related to 
speech rhythm), faster rates, or neither. MEG studies 
with adults suggest that atypical sampling in dyslexia 
affects faster modulations in the neurophysiological 
gamma band, related to phoneme-level representation. 
However, dyslexic adults have had years of reduced 
experience in converting graphemes to phonemes, 
which could itself cause atypical gamma-band activ-
ity. The present study was designed to identify specific 
linguistic timescales at which English children with 
dyslexia may show atypical entrainment. Adopting a 
developmental focus, we hypothesized that children 
with dyslexia would show atypical entrainment to the 
prosodic and syllable-level information that is exagger-
ated in infant-directed speech and carried primarily by 
amplitude modulations <10 Hz. MEG was recorded in 
a naturalistic story-listening paradigm. The modulation 
bands related to different types of linguistic informa-
tion were derived directly from the speech materials, 
and lagged coherence at multiple temporal rates 
spanning 0.9-40 Hz was computed. Group differences 
in lagged speech-brain coherence between children 
with dyslexia and control children were most marked 

in neurophysiological bands corresponding to stress 
and syllable-level information (<5 Hz in our materials), 
and phoneme-level information (12-40 Hz). Functional 
connectivity analyses showed network differences 
between groups in both hemispheres, with dyslexic 
children showing significantly reduced global network 
efficiency. Global network efficiency correlated with 
dyslexic children's oral language development and 
with control children's reading development. These de-
velopmental data suggest that dyslexia is characterized 
by atypical neural sampling of auditory information at 
slower rates. They also throw new light on the nature 
of the gamma band temporal sampling differences 
reported in MEG dyslexia studies with adults.

Keywords: Dyslexia, Magnetoencephalography, Neural 
oscillations, Phonological deficit, Speech processing
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ABSTRACT Dyslexia is a frequent developmental 
disorder in which reading acquisition is delayed and 
that is usually associated with difficulties understand-
ing speech in noise. At the neuronal level, children with 
dyslexia were reported to display abnormal cortical 
tracking of speech (CTS) at phrasal rate. Here, we aimed 
to determine if abnormal tracking relates to reduced 
reading experience, and if it is modulated by the 
severity of dyslexia or the presence of acoustic noise. 
We included 26 school-age children with dyslexia, 26 
age-matched controls and 26 reading-level matched 
controls. All were native French speakers. Children's 
brain activity was recorded with magnetoencepha-
lography while they listened to continuous speech in 
noiseless and multiple noise conditions. CTS values 
were compared between groups, conditions and hemi-
spheres, and also within groups, between children with 
mild and severe dyslexia. Syllabic CTS was significantly 
reduced in the right superior temporal gyrus in children 
with dyslexia compared with controls matched for age 
but not for reading level. Severe dyslexia was char-
acterized by lower rapid automatized naming (RAN) 
abilities compared with mild dyslexia, and phrasal CTS 
lateralized to the right hemisphere in children with 
mild dyslexia and all control groups but not in children 
with severe dyslexia. Finally, an alteration in phrasal CTS 
was uncovered in children with dyslexia compared with 

age-matched controls in babble noise conditions but 
not in other less challenging listening conditions (non-
speech noise or noiseless conditions); no such effect 
was seen in comparison with reading-level matched 
controls. Overall, our results confirmed the finding of al-
tered neuronal basis of speech perception in noiseless 
and babble noise conditions in dyslexia compared with 
age-matched peers. However, the absence of alteration 
in comparison with reading-level matched controls 
demonstrates that such alterations are associated with 
reduced reading level, suggesting they are merely driv-
en by reduced reading experience rather than a cause 
of dyslexia. Finally, our result of altered hemispheric 
lateralization of phrasal CTS in relation with altered 
RAN abilities in severe dyslexia is in line with a temporal 
sampling deficit of speech at phrasal rate in dyslexia.

Keywords: Cortical tracking of speech, Dyslexia, MEG, 
Speech in noise
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ABSTRACT Research on children and adults with 
developmental dyslexia-a specific difficulty in learning 
to read and spell-suggests that phonological deficits in 
dyslexia are linked to basic auditory deficits in temporal 
sampling. However, it remains undetermined whether 
such deficits are already present in infancy, especially 
during the sensitive period when the auditory system 
specializes in native phoneme perception. Because 
dyslexia is strongly hereditary, it is possible to exam-
ine infants for early predictors of the condition before 
detectable symptoms emerge. This study examines 
low-level auditory temporal sampling in infants at 
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risk for dyslexia across the sensitive period of native 
phoneme learning. Using magnetoencephalography 
(MEG), we found deficient auditory sampling at theta 
in at-risk infants at both 6 and 12 months, indicating 
atypical auditory sampling at the syllabic rate in those 
infants across the sensitive period for native-language 
phoneme learning. This interpretation is supported by 
our additional finding that auditory sampling at theta 
predicted later vocabulary comprehension, nonlinguis-
tic communication and the ability to combine words. 
Our results indicate a possible early marker of risk for 
dyslexia.

Keywords: MEG, auditory, dyslexia, infant, temporal sam-
pling
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ABSTRACT Developmental dyslexia is a common neu-
rodevelopmental disorder that is associated with altera-
tions in the behavioral and neural processing of speech 
sounds, but the scope and nature of that association 
is uncertain. It has been proposed that more variable 
auditory processing could underlie some of the core 
deficits in this disorder. In the current study, magne-
toencephalography (MEG) data were acquired from 
adults with and without dyslexia while they passively 
listened to or actively categorized tokens from a /ba/-/
da/ consonant continuum. We observed no significant 

group difference in active categorical perception of this 
continuum in either of our two behavioral assessments. 
During passive listening, adults with dyslexia exhibited 
neural responses that were as consistent as those of 
typically reading adults in six cortical regions associ-
ated with auditory perception, language, and reading. 
However, they exhibited significantly less consistency 
in the left supramarginal gyrus, where greater incon-
sistency correlated significantly with worse decoding 
skills in the group with dyslexia. The group difference 
in the left supramarginal gyrus was evident only when 
neural data were binned with a high temporal resolu-
tion and was only significant during the passive condi-
tion. Interestingly, consistency significantly improved 
in both groups during active categorization versus 
passive listening. These findings suggest that adults 
with dyslexia exhibit typical levels of neural consistency 
in response to speech sounds with the exception of 
the left supramarginal gyrus and that this consistency 
increases during active versus passive perception of 
speech sounds similarly in the two groups.
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ABSTRACT Whether phonological deficits in develop-
mental dyslexia are associated with impaired neural 
sampling of auditory information is still under debate. 
Previous findings suggested that dyslexic participants 
showed atypical neural entrainment to slow and/or fast 
temporal modulations in speech, which might affect 
prosodic/syllabic and phonemic processing respective-
ly. However, the large methodological variations across 
these studies do not allow us to draw clear conclusions 
on the nature of the entrainment deficit in dyslexia. 
Using magnetoencephalography, we measured neural 
entrainment to nonspeech and speech in both groups. 
We first aimed to conceptually replicate previous stud-
ies on auditory entrainment in dyslexia, using the same 
measurement methods as in previous studies, and also 
using new measurement methods (cross-correlation 
analyses) to better characterize the synchronization 
between stimulus and brain response. We failed to ob-
serve any of the significant group differences that had 
previously been reported in delta, theta and gamma 
frequency bands, whether using speech or nonspeech 
stimuli. However, when analyzing amplitude cross-
correlations between noise stimuli and brain responses, 
we found that control participants showed larger 
responses than dyslexic participants in the delta range 
in the right hemisphere and in the gamma range in the 
left hemisphere. Overall, our results are weakly consis-
tent with the hypothesis that dyslexic individuals show 
an atypical entrainment to temporal modulations. Our 
attempt at replicating previously published results 
highlights the multiple weaknesses of this research 
area, particularly low statistical power due to small 
sample size, and the lack of methodological standards 
inducing considerable heterogeneity of measurement 
and analysis methods across studies.
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ABSTRACT Developmental dyslexia, a specific difficulty 
in learning to read and spell, has a strong hereditary 
component, which makes it possible to examine infants 
for early predictors of the condition even prior to the 
emergence of detectable symptoms. Using magneto-
encephalography (MEG), we found smaller and shorter 
neural responses to simple sounds in infants at risk 
for dyslexia at 6 as compared to 12 months of age, a 
pattern that was reversed in age-matched controls. 
The findings indicate atypical auditory processing in 
at-risk infants across the sensitive period for native-
language phoneme learning. This pattern was robust 
and localized to the same cortical areas regardless of 
the modeling parameters/algorithms used to estimate 
the current distribution underlying the measured activ-
ity. Its localization to left temporal and left frontal brain 
regions indicates a potential impact of atypical auditory 
processing on early language learning and later lan-
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guage skills because language functions are typically 
lateralized to the left hemisphere. This interpretation is 
supported by our further finding that atypical auditory 
responses in at-risk infants consistently predicted syn-
tactic processing between 18 and 30 months and word 
production at 18 and 21 months of age. These results 
suggest a possible early marker of risk for dyslexia in 
at-risk infants.
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ABSTRACT Developmental dyslexia is a specific learn-
ing disorder with impairments in reading and spelling 
acquisition. Apart from literacy problems, dyslexics 
show inefficient speech encoding and deficient novel 
word learning, with underlying problems in phonologi-
cal processing and learning. These problems have been 
suggested to be related to deficient specialization of 
the left hemisphere for language processing. To exam-
ine this possibility, we tracked with magnetoencepha-
lography (MEG) the activation of the bilateral temporal 
cortices during formation of neural memory traces for 
new spoken word forms in 7-8-year-old children with 
high familial dyslexia risk and in controls. The at-risk 
children improved equally to their peers in overt repeti-
tion of recurring new word forms, but were poorer in 
explicit recognition of the recurring word forms. Both 

groups showed reduced activation for the recurring 
word forms 400-1200 ms after word onset in the right 
auditory cortex, replicating the results of our previ-
ous study on typically developing children (Nora et al., 
2017, Children show right-lateralized effects of spo-
ken word-form learning. PLoS ONE 12(2): e0171034). 
However, only the control group consistently showed a 
similar reduction of activation for recurring word forms 
in the left temporal areas. The results highlight the 
importance of left-hemispheric phonological process-
ing for efficient phonological representations and its 
disruption in dyslexia.

Keywords: Dyslexia, Magnetoencephalography, Phono-
logical learning, Reading acquisition
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ABSTRACT Speech comprehension has been proposed 
to critically rely on oscillatory cortical tracking, that is, 
phase alignment of neural oscillations to the slow tem-
poral modulations (envelope) of speech. Speech-brain 
entrainment is readjusted over time as transient events 
(edges) in speech lead to speech-brain phase realign-
ment. Auditory behavioral research suggests that pho-
nological deficits in dyslexia are linked to difficulty in 
discriminating speech edges. Importantly, research to 
date has not specifically examined neural responses to 
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speech edges in dyslexia. In the present study, we used 
MEG to record brain activity from normal and dyslexic 
readers while they listened to speech. We computed 
phase locking values (PLVs) to evaluate phase entrain-
ment between neural oscillations and the speech 
envelope time-locked to edge onsets. In both groups, 
we observed that edge onsets induced phase resets 
in the auditory oscillations tracking speech, thereby 
enhancing their entrainment to speech. Importantly, 
dyslexic readers showed weaker PLVs compared to 
normal readers in left auditory regions from ~.15 sec to 
~.65 sec after edge onset. Our results indicate that the 
neural mechanism that adapts cortical entrainment to 
the speech envelope is impaired in dyslexia. These find-
ings here are consistent with the temporal sampling 
theory of developmental dyslexia.

Keywords: Dyslexia, Magnetoencephalography, Neural 
oscillations, Phonological deficit, Speech
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Atypical MEG inter-subject correlation during 
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ABSTRACT Listening to speech elicits brain activity 
time-locked to the speech sounds. This so-called neural 

entrainment to speech was found to be atypical in 
dyslexia, a reading impairment associated with neural 
speech processing deficits. We hypothesized that the 
brain responses of dyslexic vs. normal readers to real-
life speech would be different, and thus the strength 
of inter-subject correlation (ISC) would differ from that 
of typical readers and be reflected in reading-related 
measures. We recorded magnetoencephalograms 
(MEG) of 23 dyslexic and 21 typically-reading adults 
during listening to ~10  min of natural Finnish speech 
consisting of excerpts from radio news, a podcast, a 
self-recorded audiobook chapter and small talk. The 
amplitude envelopes of band-pass-filtered MEG source 
signals were correlated between subjects in a cortical-
ly-constrained source space in six frequency bands. The 
resulting ISCs of dyslexic and typical readers were com-
pared with a permutation-based t-test. Neuropsycho-
logical measures of phonological processing, technical 
reading, and working memory were correlated with 
the ISCs utilizing the Mantel test. During listening to 
speech, ISCs were mainly reduced in dyslexic compared 
to typical readers in delta (0.5-4  Hz) and high gamma 
(55-90  Hz) frequency bands. In the theta (4-8  Hz), beta 
(12-25  Hz), and low gamma (25-45  Hz) bands, dyslexics 
had enhanced ISCs to speech compared to controls. 
Furthermore, we found that ISCs across both groups 
were associated with phonological processing, techni-
cal reading, and working memory. The atypical ISCs 
to natural speech in dyslexics supports the temporal 
sampling deficit theory of dyslexia. It also suggests 
over-synchronization to phoneme-rate information in 
speech, which could indicate more effort-demanding 
sampling of phonemes from speech in dyslexia. These 
irregularities in parsing speech are likely some of the 
complex neural factors contributing to dyslexia. The 
associations between neural coupling and reading-
related skills further support this notion.

Keywords: Dyslexia, Inter-subject correlation, Magnetoen-
cephalography, Natural speech, Reading skills
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Epilepsy

Neuroimaging in Adults and Children With Epilepsy 
(2023)

           Passaro, Erasmo A

OBJECTIVE This article discusses the fundamental 
importance of optimal epilepsy imaging using the In-
ternational League Against Epilepsy-endorsed Harmo-
nized Neuroimaging of Epilepsy Structural Sequences 
(HARNESS) protocol and the use of multimodality imag-
ing in the evaluation of patients with drug-resistant 
epilepsy. It outlines a methodical approach to evaluat-
ing these images, particularly in the context of clinical 
information.

LATEST DEVELOPMENTS Epilepsy imaging is rapidly 
evolving, and a high-resolution epilepsy protocol MRI 
is essential in evaluating newly diagnosed, chronic, 
and drug-resistant epilepsy. The article reviews the 
spectrum of relevant MRI findings in epilepsy and their 
clinical significance. Integrating multimodality imaging 
is a powerful tool in the presurgical evaluation of epi-
lepsy, particularly in "MRI-negative" cases. For example, 
correlation of clinical phenomenology, video-EEG with 
positron emission tomography (PET), ictal subtraction 
single-photon emission computerized tomography 
(SPECT), magnetoencephalography (MEG), functional 
MRI, and advanced neuroimaging such as MRI texture 
analysis and voxel-based morphometry enhances the 
identification of subtle cortical lesions such as focal 
cortical dysplasias to optimize epilepsy localization and 
selection of optimal surgical candidates.

ESSENTIAL POINTS The neurologist has a unique 
role in understanding the clinical history and seizure 
phenomenology, which are the cornerstones of neuro-
anatomic localization. When integrated with advanced 
neuroimaging, the clinical context has a profound 
impact on identifying subtle MRI lesions or finding the 
"epileptogenic" lesion when multiple lesions are pres-

ent. Patients with an identified lesion on MRI have a 
2.5-fold improved chance of achieving seizure freedom 
with epilepsy surgery compared with those without 
a lesion. This clinical-radiographic integration is 
essential to accurate classification, localization, deter-
mination of long-term prognosis for seizure control, 
and identification of candidates for epilepsy surgery to 
reduce seizure burden or attain seizure freedom.

Continuum (Minneapolis, Minn.) (2023), Vol. 29, No. 1 
(36795875) (0 citations)

Comparison of beamformer and ICA for dynamic 
connectivity analysis: A simultaneous MEG-SEEG 
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ABSTRACT Magnetoencephalography (MEG) is a pow-
erful tool for estimating brain connectivity with both 
good spatial and temporal resolution. It is particularly 
helpful in epilepsy to characterize non-invasively the 
epileptic networks. However, using MEG to map brain 
networks requires solving a difficult inverse problem 
that introduces uncertainty in the activity localiza-
tion and connectivity measures. Our goal here was 
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to compare independent component analysis (ICA) 
followed by dipole source localization and the linearly 
constrained minimum-variance beamformer (LCMV-
BF) for characterizing regions with interictal epileptic 
activity and their dynamic connectivity. After a simula-
tion study, we compared ICA and LCMV-BF results with 
intracerebral EEG (stereotaxic EEG, SEEG) recorded 
simultaneously in 8 epileptic patients, which provide a 
unique 'ground truth' to which non-invasive results can 
be confronted. We compared the signal time courses 
extracted applying ICA and LCMV-BF on MEG data to 
that of SEEG, both for the actual signals and the dy-
namic connectivity computed using cross-correlation 
(evolution of links in time). With our simulations, we il-
lustrated the different effect of the temporal and spatial 
correlation among sources on the two methods. While 
ICA was more affected by the temporal correlation but 
robust against spatial configurations, LCMV-BF showed 
opposite behavior. Moreover, ICA seems more suited to 
retrieve the simulated networks. In case of real patient 
data, good MEG/SEEG correlation and good localization 
were obtained in 6 out of 8 patients. In 4 of them ICA 
had the best performance (higher correlation, lower 
localization distance). In terms of dynamic connectiv-
ity, the evolution in time of the cross-correlation links 
could be retrieved in 5 patients out of 6, however, with 
more variable results in terms of correlation and dis-
tance. In two patients LCMV-BF had better results than 
ICA. In one patient the two methods showed equally 
good outcomes, and in the remaining two patients ICA 
performed best. In conclusion, our results obtained by 
exploiting simultaneous MEG/SEEG recordings suggest 
that ICA and LCMV-BF have complementary qualities 
for retrieving the dynamics of interictal sources and 
their network interactions.

Keywords: Beamformer, Brain connectivity, Epileptic 
network, ICA, MEG, Simultaneous recordings, Source 
reconstruction
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Novel noninvasive identification of patient-specific 
epileptic networks in focal epilepsies: Linking 
single-photon emission computed tomography 
perfusion during seizures with resting-state 
magnetoencephalography dynamics (2023)
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ABSTRACT Single-photon emission computed to-
mography (SPECT) during seizures and magnetoen-
cephalography (MEG) during the interictal state are 
noninvasive modalities employed in the localization of 
the epileptogenic zone in patients with drug-resistant 
focal epilepsy (DRFE). The present study aims to inves-
tigate whether there exists a preferentially high MEG 
functional connectivity (FC) among those regions of 
the brain that exhibit hyperperfusion or hypoperfusion 
during seizures. We studied MEG and SPECT data in 30 
consecutive DRFE patients who had resective epilepsy 
surgery. We parcellated each ictal perfusion map into 
200 regions of interest (ROIs) and generated ROI time 
series using source modeling of MEG data. FC between 
ROIs was quantified using coherence and phase-
locking value. We defined a generalized linear model 
to relate the connectivity of each ROI, ictal perfusion 
z score, and distance between ROIs. We compared the 
coefficients relating perfusion z score to FC of each ROI 
and estimated the connectivity within and between 
resected and unresected ROIs. We found that perfusion 
z scores were strongly correlated with the FC of hyper-, 
and separately, hypoperfused ROIs across patients. 
High interictal connectivity was observed between 
hyperperfused brain regions inside and outside the 
resected area. High connectivity was also observed be-
tween regions of ictal hypoperfusion. Importantly, the 
ictally hypoperfused regions had a low interictal con-
nectivity to regions that became hyperperfused during 
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seizures. We conclude that brain regions exhibiting 
hyperperfusion during seizures highlight a preferen-
tially connected interictal network, whereas regions of 
ictal hypoperfusion highlight a separate, discrete and 
interconnected, interictal network.

Keywords: MEG, SPECT, cerebral blood perfusion, epilepsy, 
functional connectivity
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Recording of Ictal Epileptic Activity Using on-Scalp 
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Clinical significance of ictal 
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OBJECTIVE The significance of ictal magnetoencepha-
lography (MEG) is not well appreciated. We evaluated 
the relationships between ictal MEG, MRI, intracranial 
electroencephalography (ICEEG), surgery and postop-
erative seizure outcome.

METHODS A total of 45 patients (46 cases) with ictal 
MEG who underwent epilepsy surgery was included. 
We examined the localization of each modality, surgical 
resection area and seizure freedom after surgery.

RESULTS Twenty-one (45.7%) out of 46 cases were 
seizure-free at more than 6 months follow-up. Median 
duration of postoperative follow-up was 16.5 months. 
The patients in whom ictal, interictal single equivalent 
current dipole (SECD) and MRI lesion localization were 
completely included in the resection had a higher 
chance of being seizure-free significantly (p < 0.05). 
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Concordance between ictal and interictal SECD 
localizations was significantly associated with seizure-
freedom. Concordance between MRI lesion and ictal 
SECD, concordance between ictal ICEEG and ictal and 
interictal SECD, as well as concordance between ictal 
ICEEG and MRI lesion were significantly associated with 
seizure freedom.

CONCLUSIONS Ictal MEG can contribute useful infor-
mation for delineating the resection area in epilepsy 
surgery.

SIGNIFICANCE Resection should include ictal, inter-
ictal SECDs and MRI lesion localization, when feasible. 
Concordant ictal and interictal SECDs on MEG can be a 
favorable predictor of seizure freedom.

Keywords: Epilepsy surgery, Epileptogenic zone, Ictal 
magnetoencephalography, Intracranial electroencepha-
lography, Seizure free, Seizure outcome, Stereo-electroen-
cephalography
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Changes in functional connectivity in 
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centrotemporal spikes and cognitive impairment: 
An MEG study (2022)
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PURPOSE Our purpose was to explore the relationship 
between cognitive impairment and neural network 
changes in patients newly diagnosed with self-limited 
epilepsy with centrotemporal spikes (SeLECTS).

METHODS The Wechsler Intelligence Scale for Children, 
fourth edition was used to divide all SeLECTS patients 
into two groups: patients with full-scale intelligence 
quotient (FSIQ) below 80 that corresponded to cogni-
tive impairment, and patients with FSIQ above 80 that 
corresponded to a normal cognitive function. The data 
on the resting state were recorded using magnetoen-
cephalography. The properties of the networks were 
analyzed using graph theory (GT) analysis.

RESULTS The functional connectivity (FC) of the frontal 
cortex in patients with FSIQ < 80 was reduced in the 
12-30 Hz frequency band, and the FC of the posterior 
cingulate cortex was reduced in the 80-250 and 250-
500 Hz frequency bands. The GT analysis showed that 
patients in the FSIQ < 80 group had higher strength in 
the 8-12 and 12-30 Hz frequency bands than those in 
the healthy control and FSIQ > 80 group. However, the 
path length was reduced in the 80-250 Hz band, and 
the clustering coefficient was reduced in the 12-30, 80-
250, and 250-500 Hz frequency bands. Moreover, the 
receiver operator characteristic analysis showed that 
the clustering coefficient in the 12-30 and 80-250 Hz 
frequency bands, as well as the path length in the 80-
250 Hz frequency band possessed a good discrimina-
tive ability in distinguishing the FSIQ > 80 group.
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CONCLUSIONS SeLECTS patients with cognitive im-
pairment in the early stage of the disease developed 
disordered networks in cognitive-related brain regions. 
The clustering coefficient in the 12-30 and 80-250 Hz 
frequency bands as well as the path length in the 
80-250 Hz frequency band might be good indicators 
to distinguish the cognitive impairment of SeLECTS 
patients at the early stage.

Keywords: cognitive function, functional connectivity, 
magnetoencephalography, multifrequency bands, self-
limited epilepsy with centrotemporal spikes
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OBJECTIVE Eating epilepsy presents various imaging 
and electrophysiological features along with various 
seizure triggers. As such, network changes in eating 
epilepsy have not been comprehensively explored. This 
study was conducted to illustrate resting state network 
changes in eating epilepsy and to study the changes in 
network configurations during eating.

METHODS Magnetoencephalography recordings of 
nineteen patients with drug-resistant eating epilepsy 
were compared with healthy controls during resting 
state. A subgroup of nine patients and 12 controls had 

MEG recordings during eating. Network changes were 
analyzed using phase lag index across 5 frequency 
bands [delta, theta, alpha, beta, and gamma] using 
clustering coefficient (CC), betweenness centrality (BC), 
path length (PL), modularity (Q), and small worldness 
(SW).

RESULTS During the resting state, PL was decreased in 
patients with epilepsy in the delta, theta, and gamma 
band. Q was lower in patients with epilepsy in the beta 
and gamma bands. During eating, in patients with epi-
lepsy, PL and SW were increased in all frequency bands, 
and Q was decreased in the beta band and increased 
in the rest of the frequency bands. Patients with mixed 
types of seizures showed higher PL in all bands except 
alpha, higher Q in all bands, and higher SW in the alpha 
and beta bands. Node-wise changes in CC and BC im-
plicated changes in DMN and 'eating' networks.

CONCLUSION Reflex Eating epilepsy presents with 
a hyperconnected network that exacerbates during 
eating. The cause of seizure onset and loss of con-
sciousness in eating epilepsy might be due to aberrant 
network interaction between the regions of the brain 
involved with eating, such as the sensorimotor cortex, 
lateral parietal cortex, and insula with the limbic cortex 
and default mode network across multiple frequency 
bands.
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ABSTRACT The reliable identification of the irrita-
tive zone (IZ) is a prerequisite for the correct clinical 
evaluation of medically refractory patients affected 
by epilepsy. Given the complexity of MEG data, visual 
analysis of epileptiform neurophysiological activity 
is highly time consuming and might leave clinically 
relevant information undetected. We recorded and ana-
lyzed the interictal activity from seven patients affected 
by epilepsy (Vectorview Neuromag), who successfully 
underwent epilepsy surgery (Engel > = II). We visu-
ally marked and localized characteristic epileptiform 
activity (VIS). We implemented a two-stage pipeline for 
the detection of interictal spikes and the delineation of 
the IZ. First, we detected candidate events from peaky 
ICA components, and then clustered events around 
spatio-temporal patterns identified by convolutional 
sparse coding. We used the average of clustered events 
to create IZ maps computed at the amplitude peak 
(PEAK), and at the 50% of the peak ascending slope 
(SLOPE). We validated our approach by computing the 
distance of the estimated IZ (VIS, SLOPE and PEAK) 
from the border of the surgically resected area (RA). We 
identified 25 spatiotemporal patterns mimicking the 
underlying interictal activity (3.6 clusters/patient). Each 
cluster was populated on average by 22.1 [15.0-31.0] 
spikes. The predicted IZ maps had an average distance 
from the resection margin of 8.4 ± 9.3 mm for visual 
analysis, 12.0 ± 16.5 mm for SLOPE and 22.7 ±. 16.4 mm 
for PEAK. The consideration of the source spread at the 
ascending slope provided an IZ closer to RA and resem-
bled the analysis of an expert observer. We validated 
here the performance of a data-driven approach for the 
automated detection of interictal spikes and delinea-
tion of the IZ. This computational framework provides 
the basis for reproducible and bias-free analysis of MEG 
recordings in epilepsy.
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ABSTRACT The prevailing gold standard for presurgi-
cal determination of epileptogenic brain networks 
is intracerebral EEG, a potent yet invasive approach. 
Magnetoencephalography (MEG) is a state-of-the art 
non-invasive method for investigating epileptiform 
discharges. However, it is not clear at what level the 
precision offered by MEG can reach that of SEEG. Here, 
we present a strategy for non-invasively retrieving the 
constituents of the interictal network, with high spatial 
and temporal precision. Our method is based on MEG 
and a combination of spatial filtering and independent 
component analysis (ICA). We validated this approach 
in twelve patients with drug-resistant focal epilepsy, 
thanks to the unprecedented ground truth provided by 
simultaneous recordings of MEG and SEEG. A minimum 
variance adaptive beamformer estimated the source 
time series and ICA was used to further decompose 
these time series into network constituents (MEG-ICs), 
each having a time series (virtual electrode) and a 
topography (spatial distribution of amplitudes in the 
brain). We show that MEG has a considerable sensitivity 
of 0.80 and 0.84 and a specificity of 0.93 and 0.91 for 
reconstructing deep and superficial sources, respec-
tively, when compared to the ground truth (SEEG). For 
each epileptic MEG-IC (n = 131), we found at least one 
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significantly correlating SEEG contact close to zero 
lag after correcting for multiple comparisons. All the 
patients except one had at least one epileptic compo-
nent that was highly correlated (Spearman rho>0.3) 
with that of SEEG traces. MEG-ICs correlated well with 
SEEG traces. The strength of correlation coefficients did 
not depend on the depth of the SEEG contacts or the 
clinical outcome of the patient. A significant proportion 
of the MEG-ICs (n = 83/131) were localized in proximity 
with their maximally correlating SEEG, within a mean 
distance of 20±12.18mm. Our research is the first to 
validate the MEG-retrieved beamformer IC sources 
against SEEG-derived ground truth in a simultaneous 
MEG-SEEG framework. Observations from the present 
study suggest that non-invasive MEG source compo-
nents may potentially provide additional information, 
comparable to SEEG in a number of instances.

Keywords: Epileptogenic zone, MEG and intracranial EEG, 
Simultaneous MEG and SEEG, Source ICA, Virtual sensors
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ABSTRACT Epilepsy is a highly heterogeneous neu-
rological disorder with variable etiology, manifesta-
tion, and response to treatment. It is imperative that 
new models of epileptiform brain activity account for 
this variability, to identify individual needs and allow 
clinicians to curate personalized care. Here, we use a 
hidden Markov model (HMM) to create a unique statis-
tical model of interictal brain activity for 10 pediatric 
patients. We use magnetoencephalography (MEG) data 
acquired as part of standard clinical care for patients 
at the Children's Hospital of Philadelphia. These data 
are routinely analyzed using excess kurtosis map-
ping (EKM); however, as cases become more complex 
(extreme multifocal and/or polymorphic activity), they 
become harder to interpret with EKM. We assessed the 
performance of the HMM against EKM for three patient 
groups, with increasingly complicated presentation. 
The difference in localization of epileptogenic foci for 
the two methods was 7 ± 2 mm (mean ± SD over all 
10 patients); and 94% ± 13% of EKM temporal markers 
were matched by an HMM state visit. The HMM local-
izes epileptogenic areas (in agreement with EKM) and 
provides additional information about the relationship 
between those areas. A key advantage over current 
methods is that the HMM is a data-driven model, so the 
output is tuned to each individual. Finally, the model 
output is intuitive, allowing a user (clinician) to review 
the result and manually select the HMM epileptiform 
state, offering multiple advantages over previous meth-
ods and allowing for broader implementation of MEG 
epileptiform analysis in surgical decision-making for 
patients with intractable epilepsy.

Keywords: epilepsy, hidden Markov model, interictal activ-
ity, magnetoencephalography
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ABSTRACT Objective.High-frequency oscillations 
(HFOs) are promising biomarkers for localizing epilep-
togenic brain tissue. Previous studies have revealed 
that HFOs that present concurrence with interictal epi-
leptic discharges (IEDs) better delineate epileptogenic 
brain tissue, particularly for epilepsy patients with 
multitype interictal discharges. However, the analysis 
of noninvasively recorded epileptic HFOs involves 
many complex procedures, such as data preprocessing, 
detection and source localization, impeding the trans-
lation of this approach to clinical practice.Approach.
To address these problems, we developed a graphical 
user interface (GUI)-based pipeline called EMHapp, 
which can be used for the automatic detection, source 
localization and visualization of HFO events concur-
ring with IEDs in magnetoencephalography (MEG) 
signals by using a beamformer-based virtual sensor 
(VS) technique. An improved VS reconstruction method 
was developed to enhance the amplitudes of both HFO 
and IED VS signals. To test the capability of our pipeline, 
we collected MEG data from 11 complex focal epilepsy 
patients with surgical resections or seizure onset zones 
(SOZs) that were identified by intracranial electroen-
cephalography.Main results.Our results showed that 
the HFO sources of eight patients were concordant 
with their resection margins or SOZs. Our proposed 
VS signal reconstruction approach achieved an 83.2% 
improvement regarding the number of detected HFO 
events and a 17.3% improvement in terms of the spatial 
overlaps between the HFO sources and the resection 

margins or SOZs in comparison with conventional VS 
reconstruction approaches.Significance.EMHapp is the 
first GUI-based pipeline for the analysis of epileptic 
magnetoencephalographic HFOs, which conveniently 
obtains HFO source locations using clinical data and 
enables direct translation to clinical applications.

Keywords: MEG, beamformer, epilepsy, high-frequency 
oscillations, interictal epileptic discharges
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OBJECTIVE This study aimed to evaluate the surgical 
outcomes and relevant prognostic factors in patients 
with low-grade epilepsy-associated neuroepithelial 
tumors (LEAT) and, especially, to develop a scoring 
system to predict postoperative seizure outcomes.

METHODS The clinical data of patients who underwent 
epilepsy surgery for LEAT were retrospectively studied. 
The surgical outcomes of seizure and neurological 
statuses in patients were evaluated using Engel clas-
sification and modified Rankin Scale (mRS) scoring, 
respectively. A scoring system of seizure outcomes was 
constructed based on the weight of the β-coefficient 
estimate of each predictor in the final multivariate 
predicting model of seizure outcomes.

RESULTS Of the 287 patients (106 female) enrolled, 
the median age was 19 years at surgery and 10 years 
at seizure onset, with a median duration of epilepsy of 
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60 months. Among 258 patients who were followed 
up for at least 12 months, 215 (83.3%) patients had a 
favorable seizure outcome (Engel class I) after surgery, 
and 43 (16.7%) patients had an unfavorable seizure 
outcome; longer duration of epilepsy, discordant 
magnetoencephalography (MEG) findings, and acute 
postoperative seizures were significantly included 
in the scoring system to predict unfavorable seizure 
outcomes, and in the scoring system, accumulated 
scoring of 0-19 scores was recorded, which were finally 
grouped into three risk levels: low risk (risk < 30%), me-
dium risk (30% ≤ risk < 70%), and high risk (risk ≥ 70%). 
In addition, favorable neurological outcomes (mRS 
score 0-1) were recorded in 187 (72.5%) patients, while 
unfavorable neurological outcomes were recorded in 
71 (27.5%) patients, which were significantly related to 
poor seizure control, older age at surgery, and longer 
duration of epilepsy and hospitalization time.

SIGNIFICANCE The long-term surgical outcomes of 
LEAT after surgery were satisfactory. A scoring system 
for predicting unfavorable seizure outcomes with dif-
ferent risk levels was developed, which could partly 
guide clinical treatments of LEAT.

Keywords: brain tumor, epilepsy surgery, neurological out-
come, prognostic factor, seizure outcome
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OBJECTIVE To clinically validate the connectivity-based 
magnetoencephalography (MEG) analyses to identify 
seizure onset zone (SOZ) with comparing to equivalent 
current dipole (ECD).

METHODS The ECD cluster was quantitatively analyzed 
by calculating the centroid of the cluster and maximum 
distance (the largest distance between all dipoles). The 
"primary hub" was determined by the highest eigen-
centrality. The distribution of nodes in the top 5% of 
eigenvector centrality values was quantified by gener-
ating the convex hull between each node.

RESULTS Thirty-one patients who underwent MEG, 
stereotactic-EEG, and focal surgery were included. 
The primary hub was significantly closer to the sEEG-
defined SOZ compared to ECD (p = 0.009). The seizure 
freedom positive and negative predictive values of 
complete ECD cluster and primary hub resections did 
not significantly differ, although complete resection of 
the primary hub showed slightly better negative pre-
dictive value (ECD: 50.0% NPV, hub: 64.7% NPV). Both 
quantitative ECD and functional connectivity analyses 
suggested that spatially restricted dipole distributions 
and higher connectivity in a smaller region correlate 
with better seizure outcomes.

CONCLUSIONS Our findings suggest that MEG net-
work analysis could be a valuable complement to the 
ECD methods.

SIGNIFICANCE The results of this study are an impor-
tant step towards using non-invasive neurophysiologic 
recordings to accurately define the epileptic network.
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ABSTRACT Objective: Vagus nerve stimulation (VNS) 
has been a neuromodulatory option for treating drug-
resistant epilepsy (DRE), but its mechanism remains 
unclear. To obtain insight into the mechanism by which 
VNS reduces epileptic seizures, the immediate effects 
of VNS in brain networks of DRE patients were investi-
gated when the patients' vagal nerve stimulators were 
turned on. Methods: The brain network properties of 
14 DRE patients with a vagal nerve stimulator and 14 
healthy controls were evaluated using magnetoen-
cephalography recordings for 6 main frequency bands. 
Results: Compared with healthy controls, DRE patients 
exhibited significant increases in functional connectiv-
ity in the theta, alpha, beta, and gamma bands and 
significant reductions in the small-world measure in the 
theta and beta bands. During periods when patients' 
vagal nerve stimulators were turned on, DRE patients 
showed significant reductions in functional connec-
tivity in the theta and alpha bands and a significant 
increase in the small-world measure in the theta band 
when compared with periods when patients' vagal 
nerve stimulators were turned off. Conclusions: Our 
results indicate that the brain networks of DRE patients 

were pathologically hypersynchronous and instanta-
neous VNS can decrease the synchronization of brain 
networks of epileptic patients, which might play a key 
role in the mechanism by which VNS reduces epileptic 
seizures. In the theta band, instantaneous VNS can 
increase the network efficiency of DRE patients, and the 
increment in network efficiency may be helpful for im-
proving brain cognitive function in epileptic patients. 
Impact statement For the first time, we investigated the 
immediate effects of vagus nerve stimulation (VNS) in 
the brain networks of drug-resistant epilepsy patients 
using magnetoencephalography. Our results show that 
instantaneous VNS can decrease the hypersynchroniza-
tion of epileptic networks and increase the network 
efficiency of epileptic patients. Our results are helpful in 
understanding the mechanism of action by which VNS 
reduces epileptic seizures and improves the cognitive 
function in epileptic patients and the brain network 
reorganization caused by long-term VNS.

Keywords: brain networks, drug-resistant epilepsy, func-
tional connectivity, graph theory, magnetoencephalogra-
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ABSTRACT Rasmussen encephalitis is a devastating 
progressive inflammatory disorder that leads to debili-
tating neurologic deficits and intractable epilepsy. Sur-
gical treatment of the dominant hemisphere has been 
attempted with hesitation, given the lack of effective 
diagnostic tools to determine the potential functional 
deficits from disconnection procedures.

Neurology (2022), Vol. 99, No. 14 (35918155) (0 citations)
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BACKGROUND Patients with perinatal hypoxia (PH) 
and drug-refractory epilepsy (DRE) often have bilateral 
parieto-occipital gliosis. Surgical management of such 
patients is a dilemma.

OBJECTIVE To identify preoperative determinants for 
unilateral disconnection vs callosotomy, and analyze 
the surgical outcome in such patients.

METHODS AND MATERIAL This was a retrospective 
analysis of patients with DRE and history of PH, with 
MRI abnormalities restricted to bilateral posterior 
quadrants. Preoperative semiology, epilepsy duration 
and seizure frequency were recorded. Based on the 
concordance between the results of non-invasive tests, 
patients underwent either posterior quadrant discon-
nection (PQD) or corpus callosotomy (CC). Preoperative 

variables were analyzed and corelated to the postop-
erative seizure freedom.

RESULTS Fourteen patients were identified, 6 under-
went PQD and 8 underwent CC. At follow up of 39.17 
± 23.75 months, 66.66% of patients (4/6) in the PQD 
subgroup had an ILAE Class I outcome. While none in 
the CC group attained seizure freedom, 87.5% (7/8) 
had more than 50% reduction in seizure frequency 
(follow up: 42 ± 27.31 months). Patients with a poor 
outcome had significantly greater seizure frequency (P 
= 0.05) and history of drop attacks (P = 0.04) in both the 
groups. Magnetoencephalography (MEG) accurately 
localized the epileptogenic zone in all of the patients 
with good outcome (P = 0.015). Concordance with 
single photon emission tomography (SPECT) was also a 
predictor of favorable outcome (P = 0.041).

CONCLUSIONS A history of drop attacks with high 
seizure frequency is associated with poor postoperative 
seizure outcome. Unilateral PQD is feasible and leads 
to superior seizure-free outcomes, even in cases with 
widespread and bilateral imaging and electrical abnor-
malities, provided the other preoperative investigations 
are concordant in localizing the epileptogenic zone.

Keywords: Drug refractory epilepsy, hypoxic ischemic 
encephalopathy, pediatric epilepsy, perinatal hypoxia, 
posterior quadrant disconnection
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OBJECTIVE Gradient magnetic field topography 
(GMFT) illustrates the magnetic field gradients of epi-
leptic spike or polyspikes (S/PS) activities on a volume-
rendered brain surface. The purpose is to characterize 
cortical activation in juvenile myoclonic epilepsy (JME).

METHODS We compared interictal S/PS activities in 10 
patients with JME to five patients with Lennox-Gastaut 
syndrome (LGS). We defined areas with gradients 
exceeding 300fT/cm as activated zones (AZs) on GMFT. 
We defined the hemisphere where an AZ initially ap-
peared as the "preceding hemisphere". We localized the 
foci where AZs arose and evaluated their spatiotempo-
ral changes.

RESULTS In JME, the localization of S/PS in the preced-
ing hemisphere was frontal in 18 activities (28%), pari-
etal in 10 (15%), and frontal/parietal in 33 (51%), and in 
the contralateral hemisphere it was frontal in 14 (32%), 
parietal in 6 (14%), and frontal/parietal in 19 (43%). In 
LGS, AZs arose in every lobe of the brain. The median 
interhemispheric time difference was 7 ms (range: 0-20) 
in JME, which was significantly shorter than the 19 ms 
(1-50) observed among patients with LGS (p < 0.0001).

CONCLUSIONS AZs are localized within the bilateral 
frontal and parietal regions. AZs arose serially from foci 
with small time differences.

SIGNIFICANCE These results are consistent with re-
gional network involvement in JME.

Keywords: Gradient magnetic field topography, Juvenile 
myoclonic epilepsy, Magnetoencephalography, Regional 
network involvement, Working memory network
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ABSTRACT Magnetoencephalography with optically 
pumped magnometers (OPM-MEG) is an emerging and 
novel, cost-effective wearable system that can simul-
taneously record neuronal activity with high temporal 
resolution ("when" neuronal activity occurs) and spatial 
resolution ("where" neuronal activity occurs). This 
paper will first outline recent methodological advances 
in OPM-MEG compared to conventional superconduct-
ing quantum interference device (SQUID)-MEG before 
discussing how OPM-MEG can become a valuable and 
noninvasive clinical support tool in epilepsy surgery 
evaluation. Although OPM-MEG and SQUID-MEG share 
similar data features, OPM-MEG is a wearable design 
that fits children and adults, and it is also robust to 
head motion within a magnetically shielded room. 
This means that OPM-MEG can potentially extend the 
application of MEG into the neurobiology of severe 
childhood epilepsies with intellectual disabilities (e.g., 
epileptic encephalopathies) without sedation. It is 
worth noting that most OPM-MEG sensors are heated, 
which may become an issue with large OPM sensor 
arrays (OPM-MEG currently has fewer sensors than 
SQUID-MEG). Future implementation of triaxial sensors 
may alleviate the need for large OPM sensor arrays. 
OPM-MEG designs allowing both awake and sleep 
recording are essential for potential long-term epilepsy 
monitoring.

Keywords: EEG, MEG, MRI, OPM-MEG, brain surgery, 
epilepsy
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BACKGROUND The combination of high-frequency 
oscillations (HFOs) with single-mode imaging methods 
has been proved useful in identifying epileptogenic 
zones, whereas few studies have examined HFOs 
combined with multimodal imaging methods. The 
aim of this study was to evaluate the prognostic value 
of ripples, an HFO subtype with a frequency of 80 to 
200 Hz is combined with multimodal imaging methods 
in predicting epilepsy surgery outcome.

METHODS HFOs were analyzed in 21 consecutive 
medically refractory epilepsy patients who underwent 
epilepsy surgery. All patients underwent positron emis-
sion tomography (PET) and deep electrode implanta-
tion for stereo-electroencephalography (SEEG); 11 
patients underwent magnetoencephalography (MEG). 
Sensitivity, specificity, positive predictive value, nega-
tive predictive value, and accuracy in predicting surgi-
cal outcome were calculated for ripples combined with 
PET, MEG, both PET and MEG, and PET combined with 
MEG. Kaplan-Meier survival analyses were conducted in 
each group to estimate prognostic value.

RESULTS The study included 13 men and 8 women. 
Accuracy for ripples, PET, and MEG alone in predicting 
surgical outcome was 42.9%, 42.9%, and 81.8%, re-
spectively. Accuracy for ripples combined with PET and 
MEG was the highest. Resection of regions identified by 
ripples, MEG dipoles, and combined PET findings was 
significantly associated with better surgical outcome (P  
< 0.05).

CONCLUSIONS Intracranial electrodes are essential to 
detect regions which generate ripples and to remove 
these areas which indicate good surgical outcome for 
medically intractable epilepsy. With the assistance of 
presurgical noninvasive imaging examinations, PET and 
MEG, for example, the SEEG electrodes would identify 
epileptogenic regions more effectively.

Chinese medical journal (2022), Vol. 135, No. 9 (35773966) 
(0 citations)
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ABSTRACT While magnetoencephalography (MEG) has 
proven to be a valuable and reliable tool for presurgical 
functional mapping of eloquent cortices for at least two 
decades, widespread use of this technique by clinicians 
has remained elusive. This modest application may be 
attributable, at least in part, to misunderstandings re-
garding the success rate of such mapping procedures, 
as well as the primary sources contributing to mapping 
failures. To address this, we conducted a retrospective 
comparison of sensorimotor functional mapping suc-
cess rates in 141 patients with epilepsy and 75 tumor 
patients from the Center for MEG in Omaha, NE. Neuro-
surgical candidates either completed motor mapping 
(i.e., finger tapping paradigm), somatosensory mapping 
(i.e., peripheral stimulation paradigm), or both motor 
and somatosensory protocols during MEG. All MEG 
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data underwent subsequent time-domain averaging 
and source localization of left and right primary motor 
(M1) and somatosensory (S1) cortices was conducted 
using a single equivalent dipole model. Successful 
mapping was determined based on dipole goodness 
of fit metrics ∼ 95%, as well as an accurate and conceiv-
able spatial correspondence to precentral and postcen-
tral gyri for M1 and S1, respectively. Our results suggest 
that mapping M1 in epilepsy and tumor patients was 
on average 94.5% successful, when patients only com-
pleted motor mapping protocols. In contrast, mapping 
S1 was successful 45-100% of the time in these patient 
groups when they only completed somatosensory 
mapping paradigms. Importantly, Z-tests for inde-
pendent proportions revealed that the percentage of 
successful S1 mappings significantly increased to ∼ 94% 
in epilepsy patients who completed both motor/so-
matosensory mapping protocols during MEG. Together, 
these data suggest that ordering more comprehensive 
mapping procedures (e.g., both motor and somatosen-
sory protocols for a collective sensorimotor network) 
may substantially increase the accuracy of presurgical 
functional mapping by providing more extensive data 
from which to base interpretations. Moreover, clinicians 
and magnetoencephalographers should be considerate 
of the major contributors to mapping failures (i.e., low 
SNR, excessive motion and magnetic artifacts) in order 
to further increase the percentage of cases achieving 
successful mapping of eloquent cortices.

Keywords: Epilepsy, Magnetoencephalography, Postcen-
tral gyrus, Precentral gyrus, Presurgical mapping, Tumor
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ABSTRACT Magnetoencephalography (MEG) is a useful 
tool for clinically evaluating the localization of interictal 

spikes. Neurophysiologists visually identify spikes from 
the MEG waveforms and estimate the equivalent cur-
rent dipoles (ECD). However, presently, these analyses 
are manually performed by neurophysiologists and 
are time-consuming. Another problem is that spike 
identification from MEG waveforms largely depends 
on neurophysiologists' skills and experiences. These 
problems cause poor cost-effectiveness in clinical MEG 
examination. To overcome these problems, we fully 
automated spike identification and ECD estimation us-
ing a deep learning approach fully automated AI-based 
MEG interictal epileptiform discharge identification 
and ECD estimation (FAMED). We applied a semantic 
segmentation method, which is an image processing 
technique, to identify the appropriate times between 
spike onset and peak and to select appropriate sensors 
for ECD estimation. FAMED was trained and evaluated 
using clinical MEG data acquired from 375 patients. 
FAMED training was performed in two stages: in the 
first stage, a classification network was learned, and 
in the second stage, a segmentation network that 
extended the classification network was learned. The 
classification network had a mean AUC of 0.9868 (10-
fold patient-wise cross-validation); the sensitivity and 
specificity were 0.7952 and 0.9971, respectively. The 
median distance between the ECDs estimated by the 
neurophysiologists and those using FAMED was 0.63 
cm. Thus, the performance of FAMED is comparable to 
that of neurophysiologists, and it can contribute to the 
efficiency and consistency of MEG ECD analysis.
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ABSTRACT Magnetoencephalography (MEG) is now 
widely used in clinical examinations and medical 
research in many fields. Resting-state magnetoenceph-
alography-based brain network analysis can be used 
to study the physiological or pathological mechanisms 
of the brain. Furthermore, magnetoencephalography 
analysis has a significant reference value for the diagno-
sis of epilepsy. The scope of the proposed research is 
that this research demonstrates how to locate spikes 
in the phase locking functional brain connectivity net-
work of the Desikan-Killiany brain region division using 
a neural network approach. It also improves detection 
accuracy and reduces missed and false detection rates. 
The automatic classification of epilepsy encephalo-
magnetic signals can make timely judgments on the 
patient's condition, which is of tremendous clinical 
significance. The existing literature's research on the 
automatic type of epilepsy EEG signals is relatively 
sufficient, but the research on epilepsy EEG signals is 
relatively weak. A full-band machine learning auto-
matic discrimination method of epilepsy brain mag-
netic spikes based on the brain functional connection 
network is proposed. The four classifiers are compre-
hensively compared. The classifier with the best effect 
is selected, and the discrimination accuracy can reach 
93.8%. Therefore, this method has a good application 
prospect in automatically identifying and labeling epi-
leptic spikes in magnetoencephalography.

Computational and mathematical methods in medicine 
(2022), Vol. 2022 (35529257) (0 citations)
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ABSTRACT Background Magnetoencephalography 
(MEG) is an established method used to detect and 
localize focal interictal epileptiform discharges (IEDs). 
Current MEG systems house hundreds of cryogenic 
sensors in a rigid, one-size-fits-all helmet, which results 
in several limitations, particularly in children. Purpose 
To determine if on-scalp MEG based on optically 
pumped magnetometers (OPMs) alleviates the main 
limitations of cryogenic MEG. Materials and Methods 
In this prospective single-center study conducted in 
a tertiary university teaching hospital, participants 
underwent cryogenic (102 magnetometers, 204 planar 
gradiometers) and on-scalp (32 OPMs) MEG. The two 
modalities for the detection and localization of IEDs 
were compared. The t test was used to compare IED 
amplitude and signal-to-noise ratio (SNR). Distributed 
source modeling was performed on OPM-based and 
cryogenic MEG data. Results Five children (median age, 
9.4 years [range, 5-11 years]; four girls) with self-limited 
idiopathic (n = 3) or refractory (n = 2) focal epilepsy 
were included. IEDs were identified in all five children 
with comparable sensor topographies for both MEG 
devices. IED amplitudes were 2.3 (7.2 of 3.1) to 4.6 (3.2 
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of 0.7) times higher (P < .001) with on-scalp MEG, and 
the SNR was 27% (16.7 of 13.2) to 60% (12.8 of 8.0) 
higher (P value range: .001-.009) with on-scalp MEG 
in all but one participant (P = .93), whose head move-
ments created pronounced motion artifacts. The neural 
source of averaged IEDs was located at approximately 
5 mm (n = 3) or higher (8.3 mm, n = 1; 15.6 mm, n = 
1) between on-scalp and cryogenic MEG. Conclusion 
Despite the limited number of sensors and scalp cover-
age, on-scalp magnetoencephalography (MEG) based 
on optically pumped magnetometers helped detect in-
terictal epileptiform discharges in school-aged children 
with epilepsy with a higher amplitude, higher signal-
to-noise ratio, and similar localization value compared 
with conventional cryogenic MEG. Online supplemen-
tal material is available for this article. © RSNA, 2022 See 
also the editorial by Widjaja in this issue.
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ABSTRACT Magnetoencephalography (MEG) is a 
neurophysiological technique that measures the 
magnetic fields associated with neuronal activity in the 
brain. It is closely related but distinct from its counter-
part electroencephalography (EEG). The first MEG was 
recorded more than 50 years ago and has technologi-
cally evolved over this time. It is now well established 
in clinical practice particularly in the field of epilepsy 
surgery and functional brain mapping. However, under-
utilization and misunderstanding of the clinical applica-
tions of MEG is a challenge to more widespread use of 
this technology. A fundamental understanding of the 
neurophysiology and physics of MEG is discussed in 
this article as well as practical issues related to imple-
mentation, analysis, and clinical applications. The future 

of MEG and some potential clinical applications are 
briefly reviewed.
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(35486819) (0 citations)
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ABSTRACT Objective. Epilepsy is a widely spread 
neurological disease, whose treatment often requires 
resection of the pathological cortical tissue. Interictal 
spike analysis observed in the non-invasively collected 
EEG or MEG data offers an attractive way to localize 
epileptogenic cortical structures for surgery plan-
ning purposes. Interictal spike detection in lengthy 
multichannel data is a daunting task that is still often 
performed manually. This frequently limits such an 
analysis to a small portion of the data which renders 
the appropriate risks of missing the potentially epilep-
togenic region. While a plethora of automatic spike 
detection techniques have been developed each with 
its own assumptions and limitations, none of them is 
ideal and the best results are achieved when the output 
of several automatic spike detectors are combined. 
This is especially true in the low signal-to-noise ratio 
conditions. To this end we propose a novel biomimetic 
approach for automatic spike detection based on a 
constrained mixed spline machinery that we dub as fast 
parametric curve matching (FPCM).Approach. Using 
the peak-wave shape parametrization, the constrained 
parametric morphological model is constructed and 
convolved with the observed multichannel data to 
efficiently determine mixed spline parameters corre-
sponding to each time-point in the dataset. Then the 
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logical predicates that directly map to verbalized text-
book like descriptions of the expected interictal event 
morphology allow us to accomplish the spike detection 
task.Main results. The results of simulations mimick-
ing typical low SNR scenarios show the robustness 
and high receiver operating characteristic AUC values 
of the FPCM method as compared to the spike detec-
tion performed using more conventional approaches 
such as wavelet decomposition, template matching 
or simple amplitude thresholding. Applied to the real 
MEG and EEG data from the human patients and to rat 
ECoG data, the FPCM technique demonstrates reliable 
detection of the interictal events and localization of 
epileptogenic zones concordant with independent 
conclusions made by the epileptologist.Significance. 
Since the FPCM is computationally light, tolerant to 
high amplitude artifacts and flexible to accommodate 
verbalized descriptions of an arbitrary target morphol-
ogy, it is likely to complement the existing arsenal of 
means for analysis of noisy interictal datasets.

Keywords: EEG, MEG, automatic detection, epilepsy, 
interictal spikes
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OBJECTIVES To investigate the effects of low-frequen-
cy repetitive transcranial magnetic stimulation (rTMS) 
on patients with benign epilepsy with centrotemporal 
spikes (BECTS).

METHODS In this open pilot study, we enrolled four 
BECTS patients who had frequent seizures (at least 3 
seizures during the 3-month baseline). After localizing 
sources of interictal epileptiform discharges (IEDs) with 
magnetoencephalography, IEDs-source-rTMS (1 Hz) 
with 500 pulses at 90% of resting motor threshold was 
applied for 10 weekdays in each patient. The primary 
outcome measure was the seizure-reduction rate after 
rTMS. Other outcome measures were the spike-wave 
index (SWI), behavioral evaluation, and adverse effects.

RESULTS All four patients received at least 3 months 
seizure-free after rTMS. Compared with baseline, SWI 
decreased significantly after rTMS in three patients 
(patient 1, 3 and 4) (P = .002, P = .007, and P < .001, re-
spectively). Attention deficit identified in two patients 
in baseline recovered to the normal range after rTMS. 
No adverse effect was observed.

DISCUSSION Our preliminary observation provides a 
promising approach to reducing clinical seizures for 
BECTS with frequent seizures. Of importance, our data 
may provide a potentially novel method for the high 
prevalence of behavioral problems in BECTS patients 
via decreasing cortical hyperexcitability.

Keywords: Benign epilepsy with centrotemporal spikes, 
Electroencephalogram, Epilepsy, Neuromodulation, Re-
petitive transcranial magnetic stimulation
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OBJECTIVE Genetic generalized epilepsy (GGE) is char-
acterized by aberrant neuronal dynamics and subtle 
structural alterations. We evaluated whether a com-
bination of magnetic and electrical neuronal signals 
and cortical thickness would provide complementary 
information about network pathology in GGE. We also 
investigated whether these imaging phenotypes were 
present in healthy siblings of the patients to test for 
genetic influence.

METHODS In this cross-sectional study, we analyzed 
5 min of resting state data acquired using electroen-
cephalography (EEG) and magnetoencephalography 
(MEG) in patients, their siblings, and controls, matched 
for age and sex. We computed source-reconstructed 
power and connectivity in six frequency bands (1-
40 Hz) and cortical thickness (derived from magnetic 
resonance imaging). Group differences were assessed 
using permutation analysis of linear models for each 
modality separately and jointly for all modalities using 
a nonparametric combination.

RESULTS Patients with GGE (n = 23) had higher power 
than controls (n = 35) in all frequencies, with a more 
posterior focus in MEG than EEG. Connectivity was also 
increased, particularly in frontotemporal and central re-
gions in theta (strongest in EEG) and low beta frequen-

cies (strongest in MEG), which was eminent in the joint 
EEG/MEG analysis. EEG showed weaker connectivity dif-
ferences in higher frequencies, possibly related to drug 
effects. The inclusion of cortical thickness reinforced 
group differences in connectivity and power. Siblings 
(n = 18) had functional and structural patterns interme-
diate between those of patients and controls.

SIGNIFICANCE EEG detected increased connectivity 
and power in GGE similar to MEG, but with different 
spectral sensitivity, highlighting the importance of the-
ta and beta oscillations. Cortical thickness reductions in 
GGE corresponded to functional imaging patterns. Our 
multimodal approach extends the understanding of 
the resting state in GGE and points to genetic under-
pinnings of the imaging markers studied, providing 
new insights into the causes and consequences of 
epilepsy.

Keywords: cortical thickness, endophenotypes, interictal, 
oscillations, resting state
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BACKGROUND AND OBJECTIVES Neurocognitive 
outcomes after surgery for temporal lobe epilepsy in 
childhood are variable. Postoperative changes are not 
directly predicted by seizure freedom, and associations 
between epilepsy, neuropsychological function, and 
developing neural networks are poorly understood. 
Here, we leveraged whole-brain connectomic profiling 
in magnetoencephalography (MEG) to retrospectively 
study associations between brain connectivity and 
neuropsychological function in children with temporal 
lobe epilepsy undergoing resective surgery.

METHODS Clinical and MEG data were retrospec-
tively analyzed for children who underwent temporal 
lobe epilepsy surgery at the Hospital for Sick Children 
from 2000 to 2021. Resting-state connectomes were 
constructed from neuromagnetic oscillations via the 
weighted-phase lag index. Using a partial least-squares 
(PLS) approach, we assessed multidimensional associa-
tions between patient connectomes, neuropsychologi-
cal scores, and clinical covariates. Bootstrap resampling 
statistics were performed to assess statistical signifi-
cance.

RESULTS A total of 133 medical records were reviewed, 
and 5 PLS analyses were performed. Each PLS analysis 
probed a particular neuropsychological domain and 
the associations between its baseline and postopera-
tive scores and the connectomic data. In each PLS 
analysis, a significant latent variable was identified, 
representing a specific percentage of the variance in 
the data and relating neural networks to clinical covari-

ates, which included changes in rote verbal memory 
(n = 41, p = 0.01, σ[2] = 0.38), narrative/verbal memory 
(n = 57, p = 0.00, σ[2] = 0.52), visual memory (n = 51, p 
= 0.00, σ[2] = 0.43), working memory (n = 44, p = 0.00, 
σ[2] = 0.52), and overall intellectual function (n = 59, p 
= 0.00, σ[2] = 0.55). Children with more diffuse, bilateral 
intrinsic connectivity across several frequency bands 
showed lower scores on all neuropsychological assess-
ments but demonstrated a greater propensity for gains 
after resective surgery.

DISCUSSION Here, we report that connectomes 
characterized by diffuse connectivity, reminiscent of 
developmentally immature networks, are associated 
with lower preoperative cognition and postoperative 
cognitive improvement. These findings provide a po-
tential means to understand neurocognitive function 
in children with temporal lobe epilepsy and expected 
changes postoperatively.
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PURPOSE Precise and accurate implantation of stereo-
electroencephalography (SEEG) electrodes is critical 
for the localization of the seizure onset zone (SOZ), 
which plays a leading role in the prognosis of resective 
epilepsy surgery. Magnetoencephalography (MEG) is 
a noninvasive technique which can delineate the epi-
lepsy focus by visualizing interictal spikes into dipole 
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clusters. MEG may provide supporting information for 
guiding SEEG electrode implantation and improve the 
long-term outcomes of epilepsy surgery. In this study, 
we evaluated the accuracy of MEG in determining the 
SOZ.

METHODS We retrospectively analyzed patients with 
refractory epilepsy who underwent MEG examina-
tion and SEEG implantation before resective epilepsy 
surgery in the Shanghai Ruijin Hospital. The SEEG plan 
was designed according to the dipole clusters and the 
resections were operated according to the SEEG record-
ings. We investigated the relationships of the pattern 
of MEG dipole clusters and SEEG sampling to the final 
resective surgery prognosis.

RESULTS We included 42 patients with a postopera-
tive follow-up of at least 2 years (mean 34.1 months). 
Eighteen (42%) patients who showed concordant 
localization between MEG and SEEG evaluation had a 
higher probability of seizure-free outcome (p=0.046, 
χ[2]=4.835, odds ratio=5.00, 95% CI=1.12-22.30). 
Complete sampling of MEG dipole clusters by SEEG 
electrodes was found in 23 (54%) patients, who had 
higher probability of seizure-free outcome that those 
with incomplete sampling (p<0.001, odds ratio=16.67, 
95% CI=3.11-89.28). MEG results showing a single, tight 
cluster or stable orientation were associated to better 
seizure outcomes after resective surgery.

CONCLUSION MEG dipole cluster helps SEEG implanta-
tion in localizing the SOZ for better long-term epilepsy 
surgery outcome. The MEG results can play a role as 
prognostic predictors of epilepsy surgery.

Keywords: Engel classification, Epilepsy surgery, Magne-
toencephalography (MEG), Seizure onset zone, Stereo-
electroencephalography (SEEG)
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ABSTRACT Objective.Diagnosing epilepsy still requires 
visual interpretation of electroencephalography (EEG) 
and magnetoencephalography (MEG) by specialists, 
which prevents quantification and standardization 
of diagnosis. Previous studies proposed automated 
diagnosis by combining various features from EEG and 
MEG, such as relative power (Power) and functional 
connectivity (FC). However, the usefulness of interictal 
phase-amplitude coupling (PAC) in diagnosing epilepsy 
is still unknown. We hypothesized that resting-state 
PAC would be different for patients with epilepsy in 
the interictal state and for healthy participants such 
that it would improve discrimination between the 
groups.Approach.We obtained resting-state MEG and 
magnetic resonance imaging (MRI) in 90 patients with 
epilepsy during their preoperative evaluation and in 
90 healthy participants. We used the cortical currents 
estimated from MEG and MRI to calculate Power in 
theδ(1-3 Hz),θ(4-7 Hz),α(8-13 Hz),β(13-30 Hz), lowγ(35-
55 Hz), and highγ(65-90 Hz) bands and FC in theθband. 
PAC was evaluated using the synchronization index 
(SI) for eight frequency band pairs: the phases ofδ, θ, 
α, andβand the amplitudes of low and highγ. First, we 
compared the mean SI values for the patients with 
epilepsy and the healthy participants. Then, using fea-
tures such as PAC, Power, FC, and features extracted by 
deep learning (DL) individually or combined, we tested 
whether PAC improves discrimination accuracy for 
the two groups.Main results.The mean SI values were 
significantly different for the patients with epilepsy and 
the healthy participants. The SI value difference was 
highest forθ/lowγin the temporal lobe. Discrimination 
accuracy was the highest, at 90%, using the combina-
tion of PAC and DL.Significance.Abnormal PAC charac-
terized the patients with epilepsy in the interictal state 
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compared with the healthy participants, potentially 
improving the discrimination of epilepsy.

Keywords: autodiagnosis, deep learning, epilepsy, magne-
toencephalography, phase–amplitude coupling
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ABSTRACT Determining the accurate locations of 
interictal spikes has been fundamental in the presurgi-
cal evaluation of epilepsy surgery. Stereo-electroen-
cephalography (SEEG) is able to directly record cortical 
activity and localize interictal spikes. However, the main 
caveat of SEEG techniques is that they have limited 
spatial sampling (covering <5% of the whole brain), 
which may lead to missed spikes originating from brain 
regions that were not covered by SEEG. To address this 
problem, we propose a SEEG-informed minimum-norm 
estimates (SIMNE) method by combining SEEG with 
magnetoencephalography (MEG) or EEG. Specifically, 
the spike locations determined by SEEG offer as a priori 
information to guide MEG source reconstruction. Both 
computer simulations and experiments using data from 
five epilepsy patients were conducted to evaluate the 
performance of SIMNE. Our results demonstrate that 
SIMNE generates more accurate source estimation than 
a traditional minimum-norm estimates method and 
reveals the locations of spikes missed by SEEG, which 
would improve presurgical evaluation of the epilepto-
genic zone.
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ABSTRACT Neuroimaging and neurophysiology tech-
niques can add a significant contribution to the com-
prehension of infantile spasms (IS) and hypsarrhythmia. 
Functional MRI and magnetoencephalography (MEG) 
are two noninvasive tools that can be used in young 
children with IS. In the past two decades, interesting 
data about IS have emerged from functional MRI and 
MEG studies. Regarding their clinical utility, MEG has 
supported the concept that epileptic spasms can have 
a focal origin. Moreover, MEG might contribute to the 
localization of the epileptogenic zone in children with 
IS under investigation for epilepsy surgery. Functional 
MRI data have contributed to improve the knowledge 
about the physiopathology of IS and hypsarrhythmia. 
It has demonstrated abnormal brainstem involvement 
during the high-amplitude slow waves of hypsarrhyth-
mia and cortical involvement during the epileptiform 
discharges. Since the feasibility of these techniques has 
been demonstrated in infants, it is possible that, in the 
future, larger functional MRI and MEG studies might 
contribute to the treatment and the definition of the 
long-term prognosis of children with IS.
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BACKGROUND Corpus callosotomy (CC) is a major 
disconnection procedure that functionally isolates 
the cerebral hemispheres, thereby interrupting the 
spread of epileptic activity from one hemisphere to the 
other. It is extremely useful in children suffering from 
non-localized drug refractory epilepsy, especially drop 
attacks. The technique has evolved from microscopic 
to minimally invasive endoscopic surgery. The extent 
of callosotomy also varies based on the institutional 
practices ranging from anterior 1/3[rd] to total cor-
pus callosotomies (TCC). The performance of TCC in 
conjunction with anterior, posterior, and hippocampal 
commissurotomies was described for the first time by 
the senior author from our institution.

OBJECTIVE To describe the technique of performing 
endoscopic total corpus callosotomy, and pan commis-
surotomy using the interhemispheric corridor.

METHODS A seven-year-old right-handed male child 
with seizure onset at the age of six months presented 
with three types of semiologies consisting of myo-
clonic jerks, frequent head drops and tonic posturing 
involving right upper and lower limbs with secondary 
generalization.

RESULTS Video electroencephalography (VEEG) 
revealed diffuse slowing of the background, and slow 
spike and wave pattern. Generalized paroxysmal fast 
activity (GPFA) was noted in the VEEG, suggestive 
of LGS. MRI brain revealed bilateral parieto-occipital 
gliosis and gross brain atrophy. Ictal SPECT localized to 
left temporo-occipital area, while magnetoencephalog-
raphy revealed bilateral temporal localization. Patient 
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underwent TCC with pancommissurotomy. The patient 
was seizure-free (ILAE Class 3) at one-year follow up 
with no drop attacks, and significant reduction noted in 
other seizure types.

CONCLUSION Endoscopic corpus callosotomy and pan 
commissurotomy using the interhemispheric corridor 
is an elegant and minimally invasive technique best 
suited for appropriately selected children with refrac-
tory epilepsy.

Keywords: Anterior commissure, hippocampal com-
missure, interhemispheric approach, minimally invasive 
epilepsy surgery, posterior commissure
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ABSTRACT Epilepsy surgery is the treatment of 
choice for drug-resistant epilepsy patients. However, 
seizure-freedom is currently achieved in only 2/3 of the 
patients after surgery. In this study we have developed 
an individualized computational model based on MEG 
brain networks to explore seizure propagation and 
the efficacy of different virtual resections. Eventually, 
the goal is to obtain individualized models to optimize 
resection strategy and outcome. We have modelled 

seizure propagation as an epidemic process using the 
susceptible-infected (SI) model on individual brain 
networks derived from presurgical MEG. We included 
10 patients who had received epilepsy surgery and 
for whom the surgery outcome at least one year after 
surgery was known. The model parameters were tuned 
in in order to reproduce the patient-specific seizure 
propagation patterns as recorded with invasive EEG. We 
defined a personalized search algorithm that combined 
structural and dynamical information to find resec-
tions that maximally decreased seizure propagation for 
a given resection size. The optimal resection for each 
patient was defined as the smallest resection leading 
to at least a 90% reduction in seizure propagation. The 
individualized model reproduced the basic aspects of 
seizure propagation for 9 out of 10 patients when using 
the resection area as the origin of epidemic spreading, 
and for 10 out of 10 patients with an alternative defini-
tion of the seed region. We found that, for 7 patients, 
the optimal resection was smaller than the resection 
area, and for 4 patients we also found that a resection 
smaller than the resection area could lead to a 100% 
decrease in propagation. Moreover, for two cases these 
alternative resections included nodes outside the re-
section area. Epidemic spreading models fitted with pa-
tient specific data can capture the fundamental aspects 
of clinically observed seizure propagation, and can be 
used to test virtual resections in silico. Combined with 
optimization algorithms, smaller or alternative resec-
tion strategies, that are individually targeted for each 
patient, can be determined with the ultimate goal to 
improve surgery outcome. MEG-based networks can 
provide a good approximation of structural connectiv-
ity for computational models of seizure propagation, 
and facilitate their clinical use.

Scientific reports (2022), Vol. 12, No. 1 (35260657) (0 
citations)

Interictal epileptiform discharges in focal epilepsy 
are preceded by increase in low-frequency 
oscillations (2022)

         Westin, Karin; Cooray, Gerald; Beniczky, Sándor; 
Lundqvist, Daniel

https://pubmed.ncbi.nlm.nih.gov/35323155
https://pubmed.ncbi.nlm.nih.gov/35323155
https://doi.org/10.1038/s41598-022-07730-2
https://doi.org/10.1038/s41598-022-07730-2
https://doi.org/10.1038/s41598-022-07730-2
https://doi.org/10.1038/s41598-022-07730-2
https://pubmed.ncbi.nlm.nih.gov/35263855
https://pubmed.ncbi.nlm.nih.gov/35263855
https://doi.org/10.1016/j.clinph.2022.02.003
https://doi.org/10.1016/j.clinph.2022.02.003
https://doi.org/10.1016/j.clinph.2022.02.003


135 Contents  Index

NatMEG, Department of Clinical Neuroscience, Karolinska 

Institutet, Stockholm, Sweden; Clinical Neurophysiology, 

Karolinska University Hospital, Stockholm, Sweden. Electronic 

address: karin.westin@ki.se; Clinical Neurophysiology, Clinical 

Neuroscience, Karolinska Institutet, Stockholm, Sweden; De-

partment of Neurophysiology, Great Ormand Street Hospital 

for Children, London, UK; Department of Clinical Neurophysi-

ology, Aarhus University Hospital, Denmark and Danish 

Epilepsy Centre, Dianalund, Denmark

OBJECTIVE Interictal epileptiform discharges (IEDs) 
constitute a diagnostic signature of epilepsy. These 
events reflect epileptogenic hypersynchronization. Pre-
vious studies indicated that IEDs arise from slow neuro-
nal activation accompanied by metabolic and hemody-
namic changes. These might induce cortical inhibition 
followed hypersynchronization at IED onset. As cortical 
inhibition is mediated by low-frequency oscillations, we 
aimed to analyze the role of low-frequency oscillations 
prior the IED using magnetencephalography (MEG).

METHODS Low-frequency (1-8 Hz) oscillations pre-
IED ([-1000 milliseconds (ms), IED onset]) were ana-
lyzed using MEG in 14 focal epilepsy patients (median 
age = 23 years, range = 7-46 age). Occurrence of local 
pre-IED oscillations was analyzed using Beamformer 
Dynamical Imaging of Coherent Sources (DICS) and 
event-related desynchronization/synchronization (ERD-
ERS) maps constructed using cluster-based permuta-
tion tests. The development of pre-IED oscillations was 
characterized using Hilbert transformation.

RESULTS All patients exhibited statistically signifi-
cant increase in delta (1-4 Hz) and/or theta (4-8 Hz) 
oscillations pre-IED compared to baseline [-2000 ms, 
-1000 ms]. Furthermore, all patients exhibited low-
frequency power increase up to IED onset.

CONCLUSIONS We demonstrated consistently occur-
ring, low-frequency oscillations prior to IED onset.

SIGNIFICANCE As low-frequency activity mediates 
cortical inhibition, our study demonstrates that a focal 
inhibition precedes hypersynchronization at IED onset.

Keywords: Epilepsy, Interictal epileptiform discharges, 
Low-frequency oscillations, Magnetoencephalography, 
Synchronization
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ABSTRACT Modelling the interactions that arise from 
neural dynamics in seizure genesis is challenging but 
important in the effort to improve the success of epi-
lepsy surgery. Dynamical network models developed 
from physiological evidence offer insights into rapidly 
evolving brain networks in the epileptic seizure. A 
limitation of previous studies in this field is the de-
pendence on invasive cortical recordings with con-
strained spatial sampling of brain regions that might 
be involved in seizure dynamics. Here, we propose 
virtual intracranial electroencephalography (ViEEG), 
which combines non-invasive ictal magnetoencephalo-
graphic imaging (MEG), dynamical network models and 
a virtual resection technique. In this proof-of-concept 
study, we show that ViEEG signals reconstructed from 
MEG alone preserve critical temporospatial character-
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istics for dynamical approaches to identify brain areas 
involved in seizure generation. We show the non-
invasive ViEEG approach may have some advantage 
over intracranial electroencephalography (iEEG). Future 
work may be designed to test the potential of the 
virtual iEEG approach for use in surgical management 
of epilepsy.
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(4 citations)
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BACKGROUND Focal epilepsy can have a varied etiol-
ogy, including malformations of cortical development 
(MCD), that can often be detected by Magnetic Reso-
nance Imaging (MRI).Here we show a distinct charac-
teristic of two forms of MCDs on MRI, with two tight 
dipole clusters in her MEG magnetoencephalography 
study, in a patient with electroencephalography (EEG) 
features of generalized epilepsy.

CASE REPORT This is a case presentation of a 20 
years old female with epilepsy, found to have upon 
EMU admission two pathologies (FCD, heterotropia) 
over the right side near the collateral sulcus, and two 
tight clusters of dipoles over the right parietal and 
left temporo-parietal region, with generalized inter 
ictal discharges in her EEG. FCD is a common etiology 
of medically intractable seizures and usually in EEG it 
will show either: pseudo-periodic spikes or rhythmic 
spikes, poly-spike or repetitive electrographic seizures 
or a brief discharge of fast rhythmic activity, atypical 

presentation with generalized epileptiform discharges 
were rarely reported.

CONCLUSION The presence of MCD does not preclude 
a patient from having other types of epilepsy. General-
ized epilepsy and focal related epilepsy have a distinct 
pathophysiology.

Keywords: EEG, Epilepsy, MEG, MRI, focal cortical dysplasia
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ABSTRACT Characterizing epileptogenic zones EZ 
(sources responsible of excessive discharges) would 
assist a neurologist during epilepsy diagnosis. Locating 
efficiently these abnormal sources among magnetoen-
cephalography (MEG) biomarker is obtained by several 
inverse problem techniques. These techniques present 
different assumptions and particular epileptic network 
connectivity. Here, we proposed to evaluate perfor-
mances of distributed inverse problem in defining EZ. 
First, we applied an advanced technique based on Sin-
gular Value Decomposition (SVD) to recover only pure 
transitory activities (interictal epileptiform discharges). 
We evaluated our technique's robustness in separation 
between transitory and ripples versus frequency range, 
transitory shapes, and signal to noise ratio on simulated 
data (depicting both epileptic biomarkers and respect-
ing time series and spectral properties of realistic 
data). We validated our technique on MEG signal using 
detector precision on 5 patients. Then, we applied four 
methods of inverse problem to define cortical areas 
and neural generators of excessive discharges. We 
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computed network connectivity of each technique. 
Then, we confronted obtained noninvasive networks 
to intracerebral EEG transitory network connectivity 
using nodes in common, connection strength, distance 
metrics between concordant nodes of MEG and IEEG, 
and average propagation delay. Coherent Maximum 
Entropy on the Mean (cMEM) proved a high matching 
between MEG network connectivity and IEEG based 
on distance between active sources, followed by Exact 
low-resolution brain electromagnetic tomography 
(eLORETA), Dynamical Statistical Parametric Mapping 
(dSPM), and Minimum norm estimation (MNE). Clinical 
performance was interesting for entire methods provid-
ing in an average of 73.5% of active sources detected in 
depth and seen in MEG, and vice versa, about 77.15% 
of active sources were detected from MEG and seen 
in IEEG. Investigated problem techniques succeed at 
least in finding one part of seizure onset zone. dSPM 
and eLORETA depict the highest connection strength 
among all techniques. Propagation delay varies in this 
range [18, 25]ms, knowing that eLORETA ensures the 
lowest propagation delay (18 ms) and the closet one to 
IEEG propagation delay.

Computational and mathematical methods in medicine 
(2021), Vol. 2021 (34992674) (0 citations)

Mapping Functional Connectivity of Epileptogenic 
Networks through Virtual Implantation (2021)

       Corona, Ludovica; Tamilia, Eleonora; Madsen, Joseph 
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Christos

ABSTRACT Children with medically refractory epi-
lepsy (MRE) require resective neurosurgery to achieve 
seizure freedom, whose success depends on accurate 
delineation of the epileptogenic zone (EZ). Functional 
connectivity (FC) can assess the extent of epileptic 
brain networks since intracranial EEG (icEEG) studies 
have shown its link to the EZ and predictive value for 
surgical outcome in these patients. Here, we propose a 
new noninvasive method based on magnetoencepha-
lography (MEG) and high-density (HD-EEG) data that 
estimates FC metrics at the source level through an 

"implantation" of virtual sensors (VSs). We analyzed 
MEG, HD-EEG, and icEEG data from eight children with 
MRE who underwent surgery having good outcome 
and performed source localization (beamformer) on 
noninvasive data to build VSs at the icEEG electrode 
locations. We analyzed data with and without Interictal 
Epileptiform Discharges (IEDs) in different frequency 
bands, and computed the following FC matrices: Ampli-
tude Envelope Correlation (AEC), Correlation (CORR), 
and Phase Locking Value (PLV). Each matrix was used to 
generate a graph using Minimum Spanning Tree (MST), 
and for each node (i.e., each sensor) we computed four 
centrality measures: betweenness, closeness, degree, 
and eigenvector. We tested the reliability of VSs mea-
sures with respect to icEEG (regarded as benchmark) 
via linear correlation, and compared FC values inside 
vs. outside resection. We observed higher FC inside 
than outside resection (p<0.05) for AEC [alpha (8-12 
Hz), beta (12-30 Hz), and broadband (1-50 Hz)] on data 
with IEDs and AEC theta (4-8 Hz) on data without IEDs 
for icEEG, AEC broadband (1-50 Hz) on data without 
IEDs for MEG-VSs, as well as for all centrality measures 
of icEEG and MEG/HD-EEG-VSs. Additionally, icEEG 
and VSs metrics presented high correlation (0.6-0.9, 
p<0.05). Our data support the notion that the proposed 
method can potentially replicate the icEEG ability to 
map the epileptogenic network in children with MRE.
Clinical Relevance - The estimation of FC with noninva-
sive techniques, such as MEG and HD-EEG, via VSs is a 
promising tool that would help the presurgical evalua-
tion by delineating the EZ without waiting for a seizure 
to occur, and potentially improve the surgical outcome 
of patients with MRE undergoing surgery.
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ABSTRACT Non-invasive MEG/EEG source imaging 
provides valuable information about the epileptogenic 
brain areas which can be used to aid presurgical plan-
ning in focal epilepsy patients suffering from drug-
resistant seizures. However, the source extent estima-
tion for electrophysiological source imaging remains 
to be a challenge and is usually largely dependent 
on subjective choice. Our recently developed algo-
rithm, fast spatiotemporal iteratively reweighted edge 
sparsity minimization (FAST-IRES) strategy, has been 
shown to objectively estimate extended sources from 
EEG recording, while it has not been applied to MEG 
recordings. In this work, through extensive numerical 
experiments and real data analysis in a group of focal 
drug-resistant epilepsy patients' interictal spikes, we 
demonstrated the ability of FAST-IRES algorithm to 
image the location and extent of underlying epilepsy 
sources from MEG measurements. Our results indicate 
the merits of FAST-IRES in imaging the location and 
extent of epilepsy sources for pre-surgical evaluation 
from MEG measurements.

Keywords: Electrophysiological source imaging (ESI), 
Epilepsy, Magnetoencephalography (MEG), Source extent 
imaging
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PURPOSE To investigate the utility of Low Density (LD) 
Electrical Source Imaging (ESI) to model the ictal onset 
zone (IOZ) for the surgical work up of children with 
medically refractory epilepsy.

METHODS This was a retrospective review of 12 
patients from a district and regional pediatric epilepsy 
center, who underwent focal resections between 2014 
and 2019. ESI was generated using the Curry 8 soft-
ware, incorporating T1 Magnetic Resonance Imaging 
(MRI) scans and scalp electroencephalogram (EEG) re-
cordings. Concordance of the ictal LD-ESI localizations 
to the epileptogenic zone was assessed by comparing 
the location of the ictal LD-ESI to the focal resection 
margins on neuroimaging and noting the post-oper-
ative outcomes at one year. Localizations determined 
by ictal LD-ESI were also compared to interictal LD-ESI, 
positron emission tomography (FDG-PET) and interictal 
magnetoencephalography (MEG).

RESULTS Ictal ESI correctly localized the ictal onset 
zone in 4/6 patients, with all four being seizure free at 
one year. Similarly, interictal ESI localized the irritative 
zone in 7/9 patients with focal resections, with 6/7 
being seizure free at one year. Additionally, we ob-
served ictal ESI to be concordant to interictal ESI in 5/6 
patients. Ictal ESI and interictal ESI were concordant to 
interictal MEG in 3/6 patients. Ictal ESI was concordant 
with FDG-PET in 6/7 cases.

CONCLUSION IOZ source localization through LD-ESI 
is a promising complementary method of assessing 
the epileptogenic focus in children. These findings may 
support the inclusion of ictal LD-ESI within the pre-
surgical evaluation of children to supplement current 
diagnostic tools.

Keyword: Ictal Low Density Electrical Source Imaging
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INTRODUCTION Epilepsy surgery continues to be 
profoundly underutilized despite its safety and ef-
fectiveness. We sought to investigate factors that may 
contribute to this phenomenon, with a particular focus 
on the antecedent underutilization of appropriate 
preoperative studies.

METHODS We reviewed patient data from a pediatric 
epilepsy clinic over an 18-month period. Patients with 
drug-resistant epilepsy (DRE) were categorized accord-
ing to brain magnetic resonance imaging (MRI) findings 
(lesional, MRI-negative, or multifocal abnormalities) 
and type of epilepsy diagnosis based on semiology and 
electroencephalography (EEG) (focal or generalized). 
We then analyzed the rates of diagnostic test utiliza-
tion, surgical referral, and subsequent epilepsy surgery 
as well as vagus nerve stimulation (VNS).

RESULTS Of the 249 patients with a diagnosis of epi-
lepsy, 138 (55.4%) were found to have DRE. Excluding 
the 10 patients with DRE who did not undergo MRI, 76 
patients (59.4%) were found to be MRI-negative (non-
lesional epilepsy), 37 patients (28.9%) were found to 
have multifocal abnormalities, and 15 patients (11.7%) 
were found to have a single epileptogenic lesion on 
MRI (lesional epilepsy). Positron emission tomography 
(PET) and single-photon emission computed tomog-
raphy (SPECT) were each completed in nine patients 
(7.0%) and magnetoencephalography (MEG) in four pa-

tients (3.1%). Despite the low utilization rate of adjunc-
tive studies, over half (56.3%) ultimately underwent 
VNS alone, and 8.6% ultimately underwent definitive 
intracranial resection or disconnection surgery.

CONCLUSIONS The underutilization of appropriate 
non-invasive, presurgical testing in patients with focal 
DRE may in part explain the continued underutiliza-
tion of definitive, resective/disconnective surgery. For 
patients without access to a high-volume, multidisci-
plinary surgical epilepsy center, adjunctive presurgical 
studies [e.g., PET, SPECT, MEG, electrical source imag-
ing (ESI), EEG-functional magnetic resonance imaging 
(fMRI)], even when available, are rarely ordered, and 
this may contribute to excessive rates of VNS in lieu of 
definitive intracranial surgery.

Keywords: DRE, MEG, PET, Preoperative studies, SPECT, 
Seizure surgery
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ABSTRACT To evaluate the relationship between the 
network metrics of 68 brain regions and duration of 
temporal lobe epilepsy (TLE). Magnetoencephalogra-
phy (MEG) data from 53 patients with TLE (28 left TLE, 
25 right TLE) were recorded between seizures at resting 
state and analyzed in six frequency bands: delta (0.1-
4 Hz), theta (4-8 Hz), lower alpha (8-10 Hz), upper alpha 
(10-13 Hz), beta (13-30 Hz), and lower gamma (30-
48 Hz). Three local network metrics, betweenness cen-
trality, nodal degree, and nodal efficiency, were chosen 
to analyze the functional brain network. In Left, Right, 
and All (Left + Right) TLE groups, different metrics pro-
vide significant positive or negative correlations with 
the duration of TLE, in different frequency bands, and in 
different brain regions. In the Left TLE group, significant 
correlation between TLE duration and metric exists in 
the delta, beta, or lower gamma band, with network 
betweenness centrality, nodal degree, or nodal efficien-
cy, in left caudal middle frontal, left middle temporal, 
or left supramarginal. In the Right TLE group, significant 
correlation exists in lower gamma or delta band, with 
nodal degree, or nodal efficiency, in left precuneus or 
right temporal pole. In the All TLE group, the significant 
correlation exists in delta, theta, beta, or lower gamma 
band, with nodal degree, or betweenness centrality, 
in either left or right hemisphere. Network metrics 
for some specific brain regions changed in patients 
with TLE as the duration of their TLE increased. Fur-
ther researching these changes may be important for 
studying the pathogenesis, presurgical evaluation, and 
clinical treatment of long-term TLE.

Keywords: Brain network, Functional connectivity, Magne-
toencephalography, Temporal lobe epilepsy
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OBJECTIVES To evaluate the clinical value of the com-
bination of [[18]F]FDG PET/MRI and magnetoencepha-
lography (MEG) ([[18]F]FDG PET/MRI/MEG) in localizing 
the epileptogenic zone (EZ) in temporal lobe epilepsy 
(TLE) patients.

METHODS Seventy-three patients with localization-re-
lated TLE who underwent [[18]F]FDG PET/MRI and MEG 
were enrolled retrospectively. PET/MRI images were 
interpreted by two radiologists; the focal hypometabo-
lism on PET was identified using statistical parametric 
mapping (SPM). MEG spike sources were co-registered 
onto T1-weighted sequence and analyzed by Neuro-
mag software. The clinical value of [[18]F]FDG PET/MRI, 
MEG, and PET/MRI/MEG in locating the EZ was assessed 
using cortical resection and surgical outcomes as cri-
teria. The correlations between surgical outcomes and 
modalities concordant or non-concordant with cortical 
resection were analyzed.

RESULTS For 46.6% (34/73) of patients, MRI showed 
definitely structural abnormality concordant with surgi-
cal resection. SPM results of [[18]F]FDG PET showed 
focal temporal lobe hypometabolism concordant 
with surgical resection in 67.1% (49/73) of patients, 
while the concordant cases increased to 82.2% (60/73) 
patients with simultaneous MRI co-registration. MEG 
was concordant with surgical resection in 71.2% (52/73) 
of patients. The lobar localization was defined in 94.5% 
(69/73) of patients by the [[18]F]FDG PET/MRI/MEG. 
The results of PET/MRI/MEG concordance with surgi-
cal resection were significantly higher than that of 

https://pubmed.ncbi.nlm.nih.gov/34773497
https://pubmed.ncbi.nlm.nih.gov/34773497
https://doi.org/10.1007/s00330-021-08336-4
https://doi.org/10.1007/s00330-021-08336-4
https://doi.org/10.1007/s00330-021-08336-4


141 Contents  Index

PET/MRI or MEG (χ[2] = 13.948, p < 0.001; χ[2] = 5.393, 
p = 0.020). The results of PET/MRI/MEG cortical resec-
tion concordance with surgical outcome were shown to 
be better than PET/MRI or MEG (χ[2] = 6.695, p = 0.012; 
χ[2] = 16.991, p < 0.0001).

CONCLUSIONS Presurgical evaluation by [[18]F]FDG 
PET/MRI/MEG could improve the identification of the 
EZ in TLE and may further guide surgical decision-
making.

KEY POINTS • Lobar localization was defined in 94.5% 
of patients by the [[18]F]FDG PET/MRI/MEG. • The re-
sults of PET/MRI/MEG concordance with surgical resec-
tion were significantly higher than that of PET/MRI or 
MEG alone. • The results of PET/MRI/MEG cortical resec-
tion concordance with surgical outcome were shown to 
be better than that of PET/MRI or MEG alone.

Keywords: Epilepsy, Magnetic resonance imaging, Mag-
netoencephalography, Positron emission tomography, 
Surgery
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OBJECTIVE In an attempt to improve postsurgical 
seizure outcomes for poorly defined cases (PDCs) of 
pediatric focal epilepsy (i.e., those that are not visible 
or well defined on 3T MRI), the authors modified their 
presurgical evaluation strategy. Instead of relying on 
concordance between video-electroencephalography 
and 3T MRI and using functional imaging and intracra-
nial recording in select cases, the authors systematically 
used a multimodal, 3-tiered investigation protocol that 
also involved new collaborations between their hospi-
tal, the Montreal Children's Hospital, and the Montreal 
Neurological Institute. In this study, the authors exam-
ined how their new strategy has impacted postsurgical 
outcomes. They hypothesized that it would improve 
postsurgical seizure outcomes, with the added benefit 
of identifying a subset of tests contributing the most.

METHODS Chart review was performed for children 
with PDCs who underwent resection following the new 
strategy (i.e., new protocol [NP]), and for the same num-
ber who underwent treatment previously (i.e., preprot-
ocol [PP]); ≥ 1-year follow-up was required for inclusion. 
Well-defined, multifocal, and diffuse hemispheric cases 
were excluded. Preoperative demographics and clinical 
characteristics, resection volumes, and pathology, as 
well as seizure outcomes (Engel class Ia vs > Ia) at 1 year 
postsurgery and last follow-up were reviewed.

RESULTS Twenty-two consecutive NP patients were 
compared with 22 PP patients. There was no difference 
between the two groups for resection volumes, pathol-
ogy, or preoperative characteristics, except that the NP 
group underwent more presurgical evaluation tests (p 
< 0.001). At 1 year postsurgery, 20 of 22 NP patients and 
10 of 22 PP patients were seizure free (OR 11.81, 95% CI 
2.00-69.68; p = 0.006). Magnetoencephalography and 
PET/MRI were associated with improved postsurgical 

https://pubmed.ncbi.nlm.nih.gov/34652579
https://pubmed.ncbi.nlm.nih.gov/34652579
https://doi.org/10.3171/2021.6.PEDS218
https://doi.org/10.3171/2021.6.PEDS218
https://doi.org/10.3171/2021.6.PEDS218
https://doi.org/10.3171/2021.6.PEDS218


142 Contents  Index

seizure outcomes, but both were highly correlated with 
the protocol group (i.e., independent test effects could 
not be demonstrated).

CONCLUSIONS A new presurgical evaluation strategy 
for children with PDCs of focal epilepsy led to improved 
postsurgical seizure freedom. No individual presurgi-
cal evaluation test was independently associated with 
improved outcome, suggesting that it may be the com-
bined systematic protocol and new interinstitutional 
collaborations that makes the difference rather than 
any individual test.

Keywords: children, focal epilepsy, neuroimaging, out-
comes, presurgical evaluation, protocol
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ABSTRACT Several noninvasive methods, such as 
high-density EEG or magnetoencephalography, are 
currently used to delineate the epileptogenic zone (EZ) 
during the presurgical evaluation of patients with drug 
resistant epilepsy (DRE). Yet, none of these methods 
can reliably identify the EZ by their own. In most 
cases a multimodal approach is needed. Challenging 
cases often require the implantation of intracranial 
electrodes, either through stereo-taxic EEG or electro-
corticography. Recently, a growing body of literature 
introduces novel biomarkers of epilepsy that can be 
used for analyzing both invasive as well as noninvasive 

electrophysiological data. Some of these biomark-
ers are able to delineate the EZ with high precision, 
augment the presurgical evaluation, and predict the 
surgical outcome of patients with DRE undergoing 
surgery. However, the use of these epilepsy biomarkers 
in clinical practice is limited. Here, we summarize and 
discuss the latest technological advances in the pre-
surgical neurophysiological evaluation of children with 
DRE with emphasis on electric and magnetic source 
imaging, high frequency oscillations, and functional 
connectivity.
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(3 citations)
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ABSTRACT For children who continue to experience 
seizures despite treatment with antiseizure medica-
tions, epilepsy surgery can be considered. The goals 
of the presurgical evaluation are to determine the 
best surgical approach to render a good outcome. In 
patients with drug resistant focal epilepsy, the epilep-
togenic zone defines the minimal brain volume which 
must be resected for surgical success and to delineate 
the relationship of this region with functional cortex. 
A number of noninvasive tools for these tasks have 
emerged over the past decade, and existing technolo-
gies have been revised and improved. In this review, 
we examine the recent published evidence for these 
techniques, specifically as applied to the pediatric 
population. Discussed herein are the diagnostic value 
of methods such as video electroencephalography, 
magnetic resonance imaging, and supportive neu-
roimaging techniques including single photon emis-
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sion tomography, photon emission tomography, and 
magnetoencephalography. Functional testing includ-
ing functional magnetic resonance imaging, electri-
cal stimulation mapping, and transcranial magnetic 
stimulation are considered in the context of pediatric 
epilepsy. The application of emerging techniques to 
preoperative testing such as source localization, image 
post-processing, and artificial intelligence is covered. 
We summarize the relative value of presurgical testing 
based on patient characteristics, including lesional or 
nonlesional MRI, temporal or extratemporal epilepsy, 
and other factors relevant in pediatric epilepsy such as 
pathological substrate and age.

Seminars in pediatric neurology (2021), Vol. 39 (34620457) 
(2 citations)
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ABSTRACT Temporal lobe epilepsy (TLE) patients are 
at risk of memory deficits, which have been linked to 
functional network disturbances, particularly of inte-
gration of the default mode network (DMN). However, 
the cellular substrates of functional network integration 
are unknown. We leverage a unique cross-scale dataset 
of drug-resistant TLE patients (n = 31), who underwent 
pseudo resting-state functional magnetic resonance 
imaging (fMRI), resting-state magnetoencephalogra-
phy (MEG) and/or neuropsychological testing before 
neurosurgery. fMRI and MEG underwent atlas-based 
connectivity analyses. Functional network centrality 
of the lateral middle temporal gyrus, part of the DMN, 
was used as a measure of local network integration. 
Subsequently, non-pathological cortical tissue from 
this region was used for single cell morphological and 
electrophysiological patch-clamp analysis, assessing 
integration in terms of total dendritic length and action 
potential rise speed. As could be hypothesized, greater 
network centrality related to better memory perfor-
mance. Moreover, greater network centrality correlated 
with more integrative properties at the cellular level 
across patients. We conclude that individual differences 
in cognitively relevant functional network integration 
of a DMN region are mirrored by differences in cellular 
integrative properties of this region in TLE patients. 
These findings connect previously separate scales of 
investigation, increasing translational insight into focal 
pathology and large-scale network disturbances in TLE.

Keywords: action potential kinetics, cellular morphology, 
connectome, graph theory, resting-state fMRI
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ABSTRACT Objective: Absence seizures are the 
prototypic primarily generalized seizures, but there is 
incomplete understanding regarding their generation 
and maintenance. A core network for absence seizures 
has been defined, including focal cortical and thalamic 
regions that have frequency-dependent interactions. 
The purpose of this study was to investigate within-
frequency coupling and cross-frequency coupling (CFC) 
during human absence seizures, to identify key regions 
(hubs) within the absence network that contribute 
to propagation and maintenance. Methods: Thirteen 
children with new-onset and untreated childhood 
absence epilepsy had over 60 typical absence sei-
zures during both electroencephalography-functional 
magnetic resonance imaging (fMRI) and magnetoen-
cephalography (MEG) recordings. The spatial map of 
the ictal network was defined using fMRI and used as 
prior information for MEG connectivity. A multilayer 
network approach was used to investigate within-
frequency coupling and CFC for canonical frequency 
bands. A rigorous null-modeling approach was used to 
determine connections outside the noise floor. Results: 
Strong coupling between beta and gamma frequen-
cies, within the left frontal cortex, and between the left 
frontal and right parietal regions was observed. There 
was also strong connectivity between left frontal and 
right parietal nodes within the gamma band. Multilayer 
versatility analysis identified a cluster of network hubs 
in the left frontal region. Interpretation: Cortical regions 
commonly identified as being critical for absence sei-
zure generation (frontal cortex, precuneus) have strong 
CFC and within-frequency coupling between beta and 
gamma bands. As nonpharmacologic treatments, such 
as neuromodulation, become available for generalized 
epilepsies, detailed mechanistic understanding of how 

"diffuse" seizures are generated and maintained will be 
necessary to provide optimal outcomes.

Keywords: absence epilepsy, connectivity, cross-frequen-
cy coupling, magnetoencephalography

Brain connectivity (2022), Vol. 12, No. 5 (34405685) (4 
citations)

MEG detection of high frequency oscillations and 
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OBJECTIVE To assess the feasibility of automatically 
detecting high frequency oscillations (HFOs) in magne-
toencephalography (MEG) recordings in a group of ten 
paediatric epilepsy surgery patients who had under-
gone intracranial electroencephalography (iEEG).

METHODS A beamforming source-analysis method 
was used to construct virtual sensors and an automatic 
algorithm was applied to detect HFOs (80-250 Hz). We 
evaluated the concordance of MEG findings with the 
sources of iEEG HFOs, the clinically defined seizure 
onset zone (SOZ), the location of resected brain struc-
tures, and with post-operative outcome.

RESULTS In 8/9 patients there was good concordance 
between the sources of MEG HFOs and iEEG HFOs and 
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the SOZ. Significantly more HFOs were detected in iEEG 
relative to MEG t(71) = 2.85, p < .05. There was good 
concordance between sources of MEG HFOs and the 
resected area in patients with good and poor outcome, 
however HFOs were also detected outside of the re-
sected area in patients with poor outcome.

CONCLUSION Our findings demonstrate the feasibility 
of automatically detecting HFOs non-invasively in MEG 
recordings in paediatric patients, and confirm compat-
ibility of results with invasive recordings.

SIGNIFICANCE This approach provides support for the 
non-invasive detection of HFOs to aid surgical planning 
and potentially reduce the need for invasive monitor-
ing, which is pertinent to paediatric patients.

Keywords: Automatic detection, Beamforming, Epilepsy, 
HFOs, Kurtosis, MEG, Paediatric age, iEEG
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OBJECTIVE Epilepsy is considered as a network disor-
der. However, it is unknown how normal brain activity 

develops into the highly synchronized discharging ac-
tivity seen in disordered networks. This study aimed to 
explore the epilepsy brain network and the significant 
re-combined brain areas in childhood absence epilepsy 
(CAE).

METHODS Twenty-two children with CAE were 
recruited to study the neural source activity during 
ictal-onset and interictal periods at frequency bands of 
1-30 Hz and 30-80 Hz with magnetoencephalography 
(MEG) scanning. Accumulated source imaging (ASI) was 
used to analyze the locations of neural source activity 
and peak source strength.

RESULTS Most of the participants had more active 
source activity locations in the ictal-onset period rather 
than in the interictal period, both at 1-30 Hz and 30-
80 Hz. The frontal lobe (FL), the temporo-parietal junc-
tion (T-P), and the parietal lobe (PL) became the main 
active areas of source activity during the ictal period, 
while the precuneus (PC), cuneus, and thalamus were 
relatively inactive.

CONCLUSIONS Some brain areas become more excited 
and have increased source activity during seizures. 
These significant brain regions might be re-combined 
to form an epilepsy network that regulates the process 
of absence seizures.

SIGNIFICANCE The study confirmed that important 
brain regions are reorganized in an epilepsy network, 
which provides a basis for exploring the network 
mechanism of CAE development. Imaging findings may 
provide a reference for clinical characteristics.

Keywords: Childhood absence epilepsy, Default mode 
network, Epilepsy network, Functional reorganization, 
Magnetoencephalography, Multi-focal source activity
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ABSTRACT Background/Introduction: Widespread net-
work disruption has been hypothesized to be an impor-
tant predictor of outcomes in patients with refractory 
temporal lobe epilepsy (TLE). Most studies examining 
functional network disruption in epilepsy have largely 
focused on the symmetric bidirectional metrics of the 
strength of network connections. However, a more 
complete description of network dysfunction impacts 
in epilepsy requires an investigation of the potentially 
more sensitive directional metrics of information flow. 
Methods: This study describes a whole-brain magneto-
encephalography-imaging approach to examine rest-
ing-state directional information flow networks, quanti-
fied by phase-transfer entropy (PTE), in patients with 
TLE compared with healthy controls (HCs). Associations 
between PTE and clinical characteristics of epilepsy 
syndrome are also investigated. Results: Deficits of in-
formation flow were specific to alpha-band frequencies. 
In alpha band, while HCs exhibit a clear posterior-to-an-
terior directionality of information flow, in patients with 
TLE, this pattern of regional information outflow and in-
flow was significantly altered in the frontal and occipital 
regions. The changes in information flow within the 
alpha band in selected brain regions were correlated 
with interictal spike frequency and duration of epilepsy. 
Conclusions: Impaired information flow is an important 
dimension of network dysfunction associated with the 
pathophysiological mechanisms of TLE.

Keywords: atlas-based connectivity, epilepsy, magnetoen-
cephalography, phase-transfer entropy

Brain connectivity (2022), Vol. 12, No. 4 (34210170) (2 
citations)

Evaluation of Brain Network Properties in Patients 
with MRI-Negative Temporal Lobe Epilepsy: An MEG 
Study (2021)

      Li, Yuejun; Zhu, Haitao; Chen, Qiqi; Yang, Lu; Bao, Xincai; 
Chen, Fangqing; Ma, Haiyan; Xu, Honghao; Luo, Lei; 
Zhang, Rui

Department of Magnetoencephalography, Affiliated Nanjing 

Brain Hospital, Nanjing Medical University, Nanjing, 210029, 

Jiangsu, China; Department of Functional Neurosurgery, 

Affiliated Nanjing Brain Hospital, Nanjing Medical University, 

Nanjing, 210029, Jiangsu, China; Library of Xinxiang Medical 

University, Xinxiang, 453003, Henan, China; Department of 

Functional Neurosurgery, Affiliated Nanjing Brain Hospital, 

Nanjing Medical University, Nanjing, 210029, Jiangsu, China. 

neurosurgeonzr@njmu.edu.cn

ABSTRACT Abnormal functional brain networks of 
temporal lobe epilepsy (TLE) patients with structural 
abnormalities may partially reflect structural lesions 
rather than either TLE per se or functional compensa-
tory processes. In this study, we sought to investigate 
the brain-network properties of intractable TLE patients 
apart from the effects of structural abnormalities. 
The brain network properties of 20 left and 23 right 
MRI-negative TLE patients and 22 healthy controls 
were evaluated using magnetoencephalographic 
recordings in six main frequency bands. A slowing of 
oscillatory brain activity was observed for the left or 
right TLE group vs. healthy controls. The TLE groups 
presented significantly increased functional connec-
tivity in the delta, theta, lower alpha and beta bands, 
and significantly greater values in the normalized 
clustering coefficient and path length, and significantly 
smaller values in the weighted small-world measure 
in the theta band when compared to healthy controls. 
Alterations in global and regional band powers can be 
attributed to spectral slowing in TLE patients. The brain 
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networks of TLE patients displayed abnormally high 
synchronization in multi-frequency bands and shifted 
toward a more regular architecture with worse network 
efficiency in the theta band. Without the contamination 
of structural lesions, these significant findings can be 
helpful for better understanding of the pathophysi-
ological mechanism of TLE. The theta band can be 
considered as a preferred frequency band for investi-
gating the brain-network dysfunction of MRI-negative 
intractable TLE patients.

Keywords: Brain network, Functional connectivity, Graph 
theory, MRI-negative, Magnetoencephalography, Tempo-
ral lobe epilepsy
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OBJECTIVE To determine whether magnetoencepha-
lography (MEG) can identify epileptiform discharges 
mimicking small sharp spikes (SSSs) on scalp electro-
encephalography (EEG) in patients with temporal lobe 
epilepsy (TLE).

METHODS We retrospectively reviewed simultane-
ous scalp EEG and MEG recordings of 83 consecutive 
patients with TLE and 49 with extra-TLE (ETLE).

RESULTS SSSs in scalp EEG were detected in 15 (18.1%) 
of 83 TLE patients compared to only two (4.1%) of 49 
ETLE patients (p = 0.029). Five of the 15 TLE patients 
had MEG spikes with concurrent SSSs in EEG, but nei-
ther of the 2 ETLE patients. Three of these 5 TLE patients 
had additional interictal epileptiform discharges (IEDs) 
in EEG and MEG. Equivalent current dipoles (ECDs) of 
MEG spikes with concurrent SSSs and IEDs showed no 
difference in temporal lobe localization and horizontal 
orientation, whereas ECD moments were smaller in 
MEG spikes with concurrent SSSs than those with IEDs.

CONCLUSIONS SSSs were more common in TLE than 
in ETLE. At least some morphologically diagnosed SSSs 
are true but low-amplitude epileptiform discharges in 
TLE which can be identified with simultaneous MEG.

SIGNIFICANCE Simultaneous MEG is useful to identify 
epileptiform discharges mimicking SSSs in patients 
with TLE.

Keywords: Benign epileptiform transients of sleep, Mag-
netoencephalography, Small sharp spikes, Temporal lobe 
epilepsy
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BACKGROUND AND PURPOSE In presurgical evalua-
tion for epilepsy surgery, information is sourced from 
various imaging modalities to accurately localize the 
epileptogenic zone. Magnetoencephalography (MEG) is 
a newer noninvasive technique for localization. Howev-
er, there is limited literature to evaluate if MEG provides 
additional advantage over the conventional imaging 
modalities in clinical decision making. The objective of 
this study was to assess the diagnostic added value of 
MEG in decision making before epilepsy surgery.

METHOD This was a prospective observational study. 
Patients underwent 3 h of recording in a MEG scanner, 
and the resulting localizations were compared with 
other complimentary investigations. Added value of 
MEG (considered separately from high-density elec-
troencephalography) was defined as the frequency of 
cases in which (i) the information provided by magnetic 
source imaging (MSI) avoided implantation of intracra-
nial electrodes and the patient was directly cleared for 
surgery, and (ii) MSI indicated additional substrates for 
implantation of intracranial electrodes. Postoperative 
seizure freedom was used as the diagnostic reference 
by which to measure the localizing accuracy of MSI.

RESULTS A total of 102 patients underwent epilepsy 
surgery. MEG provided nonredundant information, 
which contributed to deciding the course of surgery in 
33% of the patients, and prevented intracranial record-
ings in 19%. A total of 76% of the patients underwent 
surgical resection in sublobes concordant with MSI 
localization, and the diagnostic odds ratio for good 
(Engel I) outcome in these patients was 2.3 (95% con-
fidence interval 0.68, 7.86; p = 0.183) after long-term 
follow-up of 36 months.

CONCLUSION Magnetic source imaging yields addi-
tional useful information which can significantly alter as 
well as improve the surgical strategy for persons with 
epilepsy.

Keywords: diagnostic added value, drug-resistant 
epilepsy, electroencephalography, epilepsy, magnetoen-
cephalography
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OBJECTIVE This study aims to evaluate the utility of 
magnetoencephalography in presurgical planning and 
in predicting post-surgical seizure outcome.

METHODS This study included a cohort of 231 children 
(1-18 years) with focal drug-resistant epilepsy who 
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underwent MEG as a part of their presurgical workup. 
Characteristics of MEG observations were described in 
all children. The concordance and agreement of Mag-
netic Source Imaging (MSI) of interictal discharges (IED) 
was estimated with either of the 3 subgroups - MRI 
lesion; presumed epileptogenic zone (EZ); or resection 
cavity. In operated children group, MEG dipole charac-
teristics between good and poor outcome groups were 
assessed.

RESULTS A total of 153 cases (66.2%) showed frequent 
IEDs (60 spikes/60 min). Of the 173 cases where MSI 
showed clusters (74.9%), 151 had lesions and 22 were 
non-lesional. amongst patients with lesional epilepsy 
and MEG clusters, class I concordance (MEG localiza-
tion either completely included or overlapped at least 
60% with the MRI lesion) was seen in 60.92% with a 
Cohen's kappa of 0.608. In non-lesional epilepsy, class 
I concordance of MEG with presumed EZ was found 
in (81.81%) with an agreement of 0.317. Fifty-three 
children underwent surgery of whom 39 (73.58%) 
showed a good outcome (Engel I). In operated children, 
concordance between MEG focus and resection cavity 
was observed in 23 (58.97%) with good outcome and 
in 12 (86.72%) with poor outcome with no significant 
difference (p>0.05). However, MEG cluster regular or-
ganization and clusterectomy are associated with good 
seizure outcome postoperatively (p< 0.05). Presence of 
scatters were associated with poor outcome (p<0.05) in 
children with focal cortical dysplasia.

CONCLUSIONS MEG provides useful information that 
can serve as a biomarker for prognosticating the surgi-
cal outcome in paediatric epilepsy. Cluster removal and 
regular cluster organization shows predictive power in 
post-surgical prognostication in children and the pres-
ence of scatters predicts poor outcome in children with 
focal cortical dysplasia.

Keywords: Drug resistant epilepsy, Magnetoencephalog-
raphy (MEG), Paediatric epilepsy surgery
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Phenotypes Among Patients With Genetic 
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OBJECTIVE To assess whether neuronal signals in 
patients with genetic generalized epilepsy (GGE) are 
heritable, we examined magnetoencephalography 
resting-state recordings in patients and their healthy 
siblings.

METHODS In a prospective, cross-sectional design, we 
investigated source-reconstructed power and function-
al connectivity in patients, siblings, and controls. We 
analyzed 5 minutes of cleaned and awake data without 
epileptiform discharges in 6 frequency bands (1-40 Hz). 
We further calculated intraclass correlations to estimate 
heritability for the imaging patterns within families.

RESULTS Compared with controls (n = 45), patients 
with GGE (n = 25) showed widespread increased func-
tional connectivity (θ to γ frequency bands) and power 
(δ to γ frequency bands) across the spectrum. Siblings 
(n = 18) fell between the levels of patients and controls. 
Heritability of the imaging metrics was observed in 
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regions where patients strongly differed from controls, 
mainly in β frequencies, but also for δ and θ power. 
Network connectivity in GGE was heritable in frontal, 
central, and inferior parietal brain areas and power in 
central, temporo-parietal, and subcortical structures. 
Presence of generalized spike-wave activity during 
recordings and medication were associated with the 
network patterns, whereas other clinical factors such as 
age at onset, disease duration, or seizure control were 
not.

CONCLUSION Metrics of brain oscillations are well 
suited to characterize GGE and likely relate to genetic 
factors rather than the active disease or treatment. 
High power and connectivity levels co-segregated in 
patients with GGE and healthy siblings, predominantly 
in the β band, representing an endophenotype of GGE.

Neurology (2021), Vol. 97, No. 2 (34045271) (5 citations)

Detrended fluctuation analysis in the presurgical 
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OBJECTIVE To examine the usability of long-range 
temporal correlations (LRTCs) in non-invasive localiza-
tion of the epileptogenic zone (EZ) in refractory parietal 
lobe epilepsy (RPLE) patients.

METHODS We analyzed 10 RPLE patients who had 
presurgical MEG and underwent epilepsy surgery. We 
quantified LRTCs with detrended fluctuation analysis 
(DFA) at four frequency bands for 200 cortical regions 
estimated using individual source models. We correlat-
ed individually the DFA maps to the distance from the 
resection area and from cortical locations of interictal 
epileptiform discharges (IEDs). Additionally, three clini-
cal experts inspected the DFA maps to visually assess 
the most likely EZ locations.

RESULTS The DFA maps correlated with the distance 
to resection area in patients with type II focal cortical 
dysplasia (FCD) (p<0.05), but not in other etiologies. 
Similarly, the DFA maps correlated with the IED loca-
tions only in the FCD II patients. Visual analysis of the 
DFA maps showed high interobserver agreement and 
accuracy in FCD patients in assigning the affected 
hemisphere and lobe.

CONCLUSIONS Aberrant LRTCs correlate with the 
resection areas and IED locations.

SIGNIFICANCE This methodological pilot study 
demonstrates the feasibility of approximating cortical 
LRTCs from MEG that may aid in the EZ localization and 
provide new non-invasive insight into the presurgical 
evaluation of epilepsy.

Keywords: Detrended fluctuation analysis, Epilepsy sur-
gery, Long-range temporal correlation, MEG
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ABSTRACT Interactions between interictal epileptiform 
discharges (IEDs) and distant cortical regions subserve 
potential effects on cognition of patients with focal 
epilepsy. We hypothesize that "healthy" brain areas 
at a distance from the epileptic focus may respond to 
the interference of IEDs by generating inhibitory alpha 
and beta oscillations. We predict that more prominent 
alpha-beta oscillations can be found in patients with 
less impaired neurocognitive profile. We performed 
a source imaging magnetoencephalography study, 
including 41 focal epilepsy patients: 21 with frontal 
lobe epilepsy (FLE) and 20 with mesial temporal lobe 
epilepsy. We investigated the effect of anterior (i.e., 
frontal and temporal) IEDs on the oscillatory pattern 
over posterior head regions. We compared cortical 
oscillations (5-80 Hz) temporally linked to 3,749 IEDs 
(1,945 frontal and 1,803 temporal) versus an equal 
number of IED-free segments. We correlated results 
from IED triggered oscillations to global neurocognitive 
performance. Only frontal IEDs triggered alpha-beta os-
cillations over posterior head regions. IEDs with higher 
amplitude triggered alpha-beta oscillations of higher 
magnitude. The intensity of posterior head region 
alpha-beta oscillations significantly correlated with a 
better neuropsychological profile. Our study demon-
strated that cerebral cortex protects itself from IEDs 
with generation of inhibitory alpha-beta oscillations at 
distant cortical regions. The association of more promi-
nent oscillations with a better cognitive status suggests 
that this mechanism might play a role in determining 
the cognitive resilience in patients with FLE.

Keywords: alpha, beta, epilepsy, inhibition, interictal 
epileptiform discharges, magnetoencephalography, oscil-
lations
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and noninvasive biomarker for localization of 
epileptogenic zones (2021)
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OBJECTIVE One barrier hindering high frequency brain 
signals (HFBS, >80 Hz) from wide clinical applications is 
that the brain generates both pathological and physi-
ological HFBS. This study was to find specific biomark-
ers for localizing epileptogenic zones (EZs).

METHODS Twenty three children with drug-resistant 
epilepsy and age/sex matched healthy controls were 
studied with magnetoencephalography (MEG). High 
frequency oscillations (HFOs, > 4 oscillatory waveforms) 
and high frequency spikes (HFSs, > 1 spiky or sharp 
waveforms) in 80-250 Hz and 250-600 Hz bands were 
blindly detected with an artificial intelligence method 
and validated with visual inspection. The magnitude of 
HFOs and HFSs were quantified with spectral analyses. 
Sources of HFSs and HFOs were localized and com-
pared with clinical EZs determined by invasive record-
ings and surgical outcomes.

RESULTS HFOs in 80-250 Hz and 250-600 Hz were iden-
tified in both epilepsy patients (18/23, 12/23, respec-
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tively) and healthy controls (6/23, 4/23, respectively). 
HFSs in 80-250 Hz and 250-600 Hz were detected in 
patients (16/23, 11/23, respectively) but not in healthy 
controls. A combination of HFOs and HFSs localized EZs 
for 22 (22/23, 96%) patients.

CONCLUSIONS The results indicate, for the first time, 
that HFSs are a newer and more specific biomarker 
than HFOs for localizing EZs because HFOs appeared in 
both epilepsy patients and healthy controls while HFSs 
appeared only in epilepsy patients.

Keywords: Epilepsy, High frequency activity, High frequen-
cy spike, High-frequency oscillation, Magnetic Source 
Imaging, Magnetoencephalography
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AIMS To improve the Magnetoencephalography (MEG) 
spatial localization precision of focal epileptic.

METHODS 306-channel simulated or real clinical MEG 
is estimated as a lower-dimensional tensor by Tucker 
decomposition based on Higher-order orthogonal 
iteration (HOOI) before the inverse problem using lin-
early constraint minimum variance (LCMV). For simulat-
ed MEG data, the proposed method is compared with 
dynamic imaging of coherent sources (DICS), multiple 
signal classification (MUSIC), and LCMV. For clinical real 
MEG of 31 epileptic patients, the ripples (80-250 Hz) 
were detected to compare the source location preci-

sion with spikes using the proposed method or the 
dipole-fitting method.

RESULTS The experimental results showed that the po-
sitional accuracy of the proposed method was higher 
than that of LCMV, DICS, and MUSIC for simulation data. 
For clinical real MEG data, the positional accuracy of the 
proposed method was higher than that of dipole-fit-
ting regardless of whether the time window was ripple 
window or spike window. Also, the positional accuracy 
of the ripple window was higher than that of the spike 
window regardless of whether the source location 
method was the proposed method or the dipole-fitting 
method. For both shallow and deep sources, the pro-
posed method provided effective performance.

CONCLUSION Tucker estimation of MEG for source 
imaging by ripple window is a promising approach 
toward the presurgical evaluation of epileptics.

Keywords: MEG, focal epileptic, higher-order orthogonal 
iteration, ripple, source imaging, tucker decomposition
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ABSTRACT Human neuroimaging has had a major 
impact on the biological understanding of epilepsy 
and the relationship between pathophysiology, seizure 
management, and outcomes. This review highlights 
notable recent advancements in hardware, sequences, 
methods, analyses, and applications of human neuro-
imaging techniques utilized to assess epilepsy. These 
structural, functional, and metabolic assessments 
include magnetic resonance imaging (MRI), positron 
emission tomography (PET), and magnetoencephalog-
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raphy (MEG). Advancements that highlight non-inva-
sive neuroimaging techniques used to study the whole 
brain are emphasized due to the advantages these 
provide in clinical and research applications. Thus, top-
ics range across presurgical evaluations, understanding 
of epilepsy as a network disorder, and the interactions 
between epilepsy and comorbidities. New techniques 
and approaches are discussed which are expected to 
emerge into the mainstream within the next decade 
and impact our understanding of epilepsies. Further, 
an increasing breadth of investigations includes the 
interplay between epilepsy, mental health comorbidi-
ties, and aberrant brain networks. In the final section 
of this review, we focus on neuroimaging studies that 
assess bidirectional relationships between mental 
health comorbidities and epilepsy as a model for better 
understanding of the commonalities between both 
conditions.

Keywords: Epilepsy, Mental health, Network disorder, 
Neuroimaging, Neurosurgery
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Presurgical accuracy of dipole clustering in MRI-
negative pediatric patients with epilepsy: Validation 
against intracranial EEG and resection (2022)
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OBJECTIVE To assess the utility of interictal magnetic 
and electric source imaging (MSI and ESI) using dipole 
clustering in magnetic resonance imaging (MRI)-nega-
tive patients with drug resistant epilepsy (DRE).

METHODS We localized spikes in low-density (LD-EEG) 
and high-density (HD-EEG) electroencephalography 
as well as magnetoencephalography (MEG) recordings 
using dipoles from 11 pediatric patients. We computed 
each dipole's level of clustering and used it to discrimi-
nate between clustered and scattered dipoles. For each 
dipole, we computed the distance from seizure onset 
zone (SOZ) and irritative zone (IZ) defined by intracra-
nial EEG. Finally, we assessed whether dipoles proximity 
to resection was predictive of outcome.

RESULTS LD-EEG had lower clusterness compared to 
HD-EEG and MEG (p < 0.05). For all modalities, clustered 
dipoles showed higher proximity to SOZ and IZ than 
scattered (p < 0.001). Resection percentage was higher 
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in optimal vs. suboptimal outcome patients (p < 0.001); 
their proximity to resection was correlated to outcome 
(p < 0.001). No difference in resection percentage was 
seen for scattered dipoles between groups.

CONCLUSION MSI and ESI dipole clustering helps to 
localize the SOZ and IZ and facilitate the prognostic as-
sessment of MRI-negative patients with DRE.

SIGNIFICANCE Assessing the MSI and ESI clustering 
allows recognizing epileptogenic areas whose removal 
is associated with optimal outcome.

Keywords: Dipole clusterness, Electric source imaging, 
Epilepsy surgery, Localization, Magnetic source imaging, 
Negative MRI
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ABSTRACT Introduction: Magnetoencephalography 
(MEG) is a noninvasive technique that is used for 
presurgical evaluation of children with drug-resistant 
epilepsy (DRE).Areas covered: The contributions of MEG 
for localizing the epileptogenic zone are discussed, in 
particular in extra-temporal lobe epilepsy and focal cor-
tical dysplasia, which are common in children, as well as 
in difficult to localize epilepsy such as operculo-insular 
epilepsy. Further, the authors review current evidence 
on MEG for mapping eloquent cortex, its performance, 
application in clinical practice, and potential chal-
lenges.Expert opinion: MEG could change the clinical 

management of children with DRE by directing place-
ment of intracranial electrodes thereby enhancing their 
yield. With improved identification of a circumscribed 
epileptogenic zone, MEG could render more patients as 
suitable candidates for epilepsy surgery and increase 
utilization of surgery.

Keywords: Drug-resistant epilepsy, eloquent cortex map-
ping, epilepsy surgery evaluation, epileptogenic zone, 
magnetoencephalography
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ABSTRACT Epilepsy is a common neurological condi-
tion in children. It is usually amenable to drug therapy. 
However, nearly one-third of patients may be refractory 
to antiseizure drugs. Poor compliance and nonepileptic 
events should be ruled out as possible causes of drug-
resistant epilepsy (DRE). After failing adequate trials of 
two appropriate antiseizure drugs, patients with focal 
DRE or poorly classifiable epilepsy or epileptic en-
cephalopathy with focal electro-clinical features should 
be worked up for surgical candidacy. A randomized 
controlled trial provided a class I evidence for epi-
lepsy surgery in pediatric DRE. Pre-surgical screening 
workup typically includes a high-resolution epilepsy 
protocol brain magnetic resonance imaging (MRI) 
and a high-quality in-patient video electroencepha-
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lography evaluation. Advanced investigations such as 
positron emission tomography (PET), single-photon 
emission computed tomography (SPECT), and magne-
toencephalography (MEG) may be required in selected 
cases especially when brain MRI is normal, and further 
evidence for anatomo-electro-clinical concordance is 
necessary to refine candidacy for surgery and surgi-
cal strategy. Some children may also need functional 
MRI to map eloquent regions of interest such as motor, 
sensory, and language functions to avoid unacceptable 
neurological deficits after surgery. Selected children 
may need invasive long-term electroencephalographic 
monitoring using stereotactically implanted intracrani-
al depth electrodes or subdural grids. Surgical options 
include resective surgeries (lesionectomy, lobectomy, 
multilobar resections) and disconnective surgeries 
(corpus callosotomy, etc.) with the potential to obtain 
seizure freedom. Other surgical procedures, typically 
considered to be palliative are neuromodulation [deep 
brain stimulation (DBS), vagal nerve stimulation (VNS), 
and responsive neural stimulation (RNS)]. DBS and 
RNS are currently not approved in children. Pediatric 
DRE should be evaluated early considering the risk 
of epileptic encephalopathy and negative impact on 
cognition.

Keywords: Children, Drug-resistant epilepsy, Epilepsy 
surgery, Pre-surgical workup
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OBJECTIVES Two configurations of TTTTA/TTTCA 
expansion in SAMD12 have been identified in familial 
cortical myoclonic tremor with epilepsy type 1 (FC-
MTE1). This study investigated the clinical and neuro-
physiological features of FCMTE1 and their association 
with TTTTA/TTTCA expansion patterns.

METHODS In total, 76 patients from 20 Chinese pedi-
grees were enrolled. Genetic (TTTTA/TTTCA configura-
tion), clinical (e.g., onset, medication, prognosis, and 
anticipation) and neurophysiological examination (e.g., 
electroencephalogram and magnetoencephalography) 
data were evaluated, and associations between these 
parameters were analyzed.

RESULTS All patients carried the TTTTA/TTTCA expan-
sion mutation, 19 displayed the (TTTTA)exp(TTTCA)exp 
(type I) configuration and 1 displayed the (TTTTA)exp 
(TTTCA)exp(TTTTA)exp (type II) configuration. All pa-
tients manifested as progressive tremor, but symptoms 
of patients carrying type II expansion were more se-
vere. The onset of tremor but not generalized tonic and 
clonic seizures displayed clinical anticipation between 
generations of 7 pedigrees, but the pedigree carrying 
the type II mutation did not show anticipation. Nano-
pore sequencing showed that the repeats expanded 
during maternal/offspring transmission (pedigree #7) 
but shrank during paternal/offspring transmission 
(pedigree #9). Magnetoencephalographic dipoles were 
localized in the right frontal lobe near the central sulcus 
in 4 patients carrying the type I mutation and on the 
left side in one patient carrying the type II mutation.
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SIGNIFICANCE We confirmed the causative roles 
played by TTTTA/TTTCA repeat expansion in the 
SAMD12 gene in FCTME1. Both the length and the con-
figuration of the repeats contribute to the clinical and 
neurophysiological characteristics of the disease.

Keywords: Clinical features, Electrophysiological changes, 
FCMTE1, Genetic study, TTTTA/TTTCA configurations
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BACKGROUND Neuromagnetic high frequency brain 
signals (HFBS, > 80 Hz) are a new biomarker for localiza-
tion of epileptogenic zones (EZs) for pediatric epilepsy.

METHODS Twenty three children with drug-resistant 
epilepsy and age/sex matched healthy controls were 
studied with magnetoencephalography (MEG). Epi-
leptic HFBS in 80-250 Hz and 250-600 Hz were quan-
titatively determined by comparing with normative 
controls in terms of kurtosis and skewness. Magnetic 
sources of epileptic HFBS were localized and then com-
pared to clinical EZs determined by invasive recordings 
and surgical outcomes.

RESULTS Kurtosis and skewness of HFBS were sig-
nificantly elevated in epilepsy patients compared to 
healthy controls (p < 0,001 and p < 0.0001, respective-
ly). Sources of elevated MEG signals in comparison to 
normative data were co-localized to EZs for 22 (22/23, 
96 %) patients.

CONCLUSIONS The results indicate, for the first time, 
that epileptic HFBS can be noninvasively quantified by 
measuring kurtosis and skewness in MEG data. Mag-
netic source imaging based on kurtosis and skewness 
can accurately localize EZs.

SIGNIFICANCE Source imaging of kurtosis and skew-
ness of MEG HFBS provides a novel way for preopera-
tive localization of EZs for epilepsy surgery.

Keywords: Epilepsy, High frequency brain signals, Kurtosis, 
Magnetic source imaging, Magnetoencephalography, 
Skewness
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OBJECTIVE Intracranial electroencephalographic 
(icEEG) studies show that interictal ripples propagate 
across the brain of children with medically refractory 
epilepsy (MRE), and the onset of this propagation 
(ripple onset zone [ROZ]) estimates the epileptogenic 
zone. It is still unknown whether we can map this 
propagation noninvasively. The goal of this study is 
to map ripples (ripple zone [RZ]) and their propaga-
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tion onset (ROZ) using high-density EEG (HD-EEG) and 
magnetoencephalography (MEG), and to estimate their 
prognostic value in pediatric epilepsy surgery.

METHODS We retrospectively analyzed simultaneous 
HD-EEG and MEG data from 28 children with MRE who 
underwent icEEG and epilepsy surgery. Using electric 
and magnetic source imaging, we estimated virtual 
sensors (VSs) at brain locations that matched the icEEG 
implantation. We detected ripples on VSs, defined the 
virtual RZ and virtual ROZ, and estimated their distance 
from icEEG. We assessed the predictive value of resect-
ing virtual RZ and virtual ROZ for postsurgical outcome. 
Interictal spike localization on HD-EEG and MEG was 
also performed and compared with ripples.

RESULTS We mapped ripple propagation in all patients 
with HD-EEG and in 27 (96%) patients with MEG. The 
distance from icEEG did not differ between HD-EEG and 
MEG when mapping the RZ (26-27mm, p = 0.6) or ROZ 
(22-24mm, p = 0.4). Resecting the virtual ROZ, but not 
virtual RZ or the sources of spikes, was associated with 
good outcome for HD-EEG (p = 0.016) and MEG (p = 
0.047).

INTERPRETATION HD-EEG and MEG can map interictal 
ripples and their propagation onset (virtual ROZ). Non-
invasively mapping the ripple onset may augment epi-
lepsy surgery planning and improve surgical outcome 
of children with MRE. ANN NEUROL 2021;89:911-925.
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ABSTRACT Surgery holds the best outcomes for 
drug-resistant epilepsy in children, making localization 
of a seizure focus essential. However, there is limited 
research on the contribution of magnetoencephalog-
raphy and single-photon emission computed tomog-
raphy (SPECT) to the presurgical evaluation of lesional 
and nonlesional pediatric patients. This study proposed 
to evaluate the concordance of SPECT and magnetoen-
cephalography (MEG) to scalp electroencephalography 
(EEG) to determine their effective contribution to the 
presurgical evaluation. On review, MEG and SPECT 
studies for 28 drug-resistant epilepsy cases were com-
pleted at Children's Hospital of Pittsburgh from May 
2012 to August 2018. Although not reaching statistical 
significance, MEG had increased lobar concordance 
with EEG compared with SPECT (68% vs 46%). MEG 
or SPECT results effectively provided localization data 
leading to 6 surgical evaluations and 3 resections with 
outcomes of Engel class I or II at 12 months. This study 
suggests MEG and SPECT provide valuable localizing 
information for presurgical epilepsy evaluation of chil-
dren with drug-resistant epilepsy.

Keywords: EEG, MEG, SPECT, children, drug-resistant epi-
lepsy, neuroimaging, seizures
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BACKGROUND Intracranial electroencephalography 
(iEEG) recordings are used for clinical evaluation prior 
to surgical resection of the focus of epileptic seizures 
and also provide a window into normal brain function. 
A major difficulty with interpreting iEEG results at the 
group level is inconsistent placement of electrodes 
between subjects making it difficult to select contacts 
that correspond to the same functional areas. Recent 
work using time delay embedded hidden Markov mod-
el (HMM) applied to magnetoencephalography (MEG) 
resting data revealed a distinct set of brain states with 
each state engaging a specific set of cortical regions. 
Here we use a rare group dataset with simultaneously 
acquired resting iEEG and MEG to test whether there is 
correspondence between HMM states and iEEG power 
changes that would allow classifying iEEG contacts into 
functional clusters.

METHODS Simultaneous MEG-iEEG recordings were 
performed at rest on 11 patients with epilepsy whose 
intracranial electrodes were implanted for pre-surgical 
evaluation. Pre-processed MEG sensor data was pro-
jected to source space. Time delay embedded HMM 
was then applied to MEG time series. At the same time, 
iEEG time series were analyzed with time-frequency 
decomposition to obtain spectral power changes with 
time. To relate MEG and iEEG results, correlations were 
computed between HMM probability time courses of 
state activation and iEEG power time course from the 
mid contact pair for each electrode in equally spaced 
frequency bins and presented as correlation spectra for 
the respective states and iEEG channels. Association of 

iEEG electrodes with HMM states based on significant 
correlations was compared to that based on the dis-
tance to peaks in subject-specific state topographies.

RESULTS Five HMM states were inferred from MEG. Two 
of them corresponded to the left and the right tempo-
ral activations and had a spectral signature primarily in 
the theta/alpha frequency band. All the electrodes had 
significant correlations with at least one of the states 
(p < 0.05 uncorrected) and for 27/50 electrodes these 
survived within-subject FDR correction (q < 0.05). These 
correlations peaked in the theta/alpha band. There 
was a highly significant dependence between the 
association of states and electrodes based on func-
tional correlations and that based on spatial proximity 
(p = 5.6e[-6,]χ[2] test for independence). Despite the 
potentially atypical functional anatomy and physi-
ological abnormalities related to epilepsy, HMM model 
estimated from the patient group was very similar to 
that estimated from healthy subjects.

CONCLUSION Epilepsy does not preclude HMM analy-
sis of interictal data. The resulting group functional 
states are highly similar to those reported for healthy 
controls. Power changes recorded with iEEG correlate 
with HMM state time courses in the alpha-theta band 
and the presence of this correlation can be related to 
the spatial location of electrode contacts close to the 
individual peaks of the corresponding state topogra-
phies. Thus, the hypothesized relation between iEEG 
contacts and HMM states exists and HMM could be 
further explored as a method for identifying compa-
rable iEEG channels across subjects for the purposes of 
group analysis.
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Comparative contribution of 
magnetoencephalography (MEG) and single-
photon emission computed tomography (SPECT) in 
pre-operative localization for epilepsy surgery: A 
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PURPOSE The aim of this study was to compare the 
diagnostic value and accuracy of ictal SPECT and inter-
ictal magnetoencephalography (MEG) in localizing the 
site for surgery in persons with drug resistant epilepsy.

METHOD This was a prospective observational study. 
Patients expected to undergo epilepsy surgery were 
enrolled consecutively and the localization results from 
different imaging modalities were discussed in an epi-
lepsy surgery meet. Odds ratio of good outcome (Engel 
I) were calculated in patients who underwent surgery 
in concordance with MEG and SPECT findings. Post-
surgical seizure freedom lasting at least 36 months or 
more was considered the gold standard for determin-
ing the diagnostic output of SPECT and MEG.

RESULTS MEG and SPECT were performed in 101 and 
57 patients respectively. In 45 patients SPECT could 
not be done due to delay in injection or technical fac-
tors. The accuracy of MEG and SPECT in localizing the 
epileptogenic zone was found to be 74.26 % and 78.57 

% respectively. The diagnostic odds ratio for Engel I 
surgical outcome was reported as 2.43 and 5.0 for MEG 
and SPECT respectively. The diagnostic odds ratio for 
MEG in whom SPECT was non-informative was found to 
be 6.57 [95 % CI 1.1, 39.24], although it was not signifi-
cantly associated with good surgical outcome. MEG 
was useful in indicating sites for SEEG implantation.

CONCLUSION SPECT was found to be non-informative 
for most patients, but reported better diagnostic 
output than MEG. MEG may be a useful alternative for 
patients in whom SPECT cannot be done or was non-
localizing.
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lography (MEG), Neuroimaging, Single-photon emission 
computed tomography (SPECT)
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OBJECTIVE Magnetoencephalography (MEG) kurtosis 
beamforming is an automated localization method 
for focal epilepsy. Visual examination of virtual sen-
sors, which are source activities reconstructed by 
beamforming, can improve performance but can be 
time-consuming for neurophysiologists. We propose 
a framework to automate the method and evaluate its 
effectiveness against surgical resections and outcomes.

METHODS We retrospectively analyzed MEG record-
ings of 13 epilepsy surgery patients who had one-year 
minimum post-operative follow-up. Kurtosis beam-
forming was applied and manual inspection was 
confined to morphological clusters. The region with 
the Maximum Interictal Spike Frequency (MISF) was 
validated against prospectively modelled sLORETA 
solutions and surgical resections linked to outcome.

RESULTS Our approach localized spikes in 12 out of 13 
patients. In eight patients with Engel I surgical out-
comes, beamforming MISF regions were concordant 
with surgical resection at overlap level for five patients 
and at lobar level for three patients. The MISF regions 
localized to spike onset and propagation modelled by 
sLORETA in two and six patients, respectively.

CONCLUSIONS Automated beamforming using MEG 
can predict postoperative seizure freedom at the lobar 
level but tends to localize propagated MEG spikes.

SIGNIFICANCE MEG beamforming may contribute to 
non-invasive procedures to predict surgical outcome 
for patients with drug-refractory focal epilepsy.

Keywords: Beamforming, Epilepsy surgery, Interictal 
spikes, MEG, Source localization
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OBJECTIVE For people with idiopathic generalized epi-
lepsy, functional networks derived from their resting-
state scalp electrophysiological recordings have shown 
an inherent higher propensity to generate seizures 
than those from healthy controls when assessed using 
the concept of brain network ictogenicity (BNI). Herein 
we tested whether the BNI framework is applicable to 
resting-state magnetoencephalography (MEG) from 
people with juvenile myoclonic epilepsy (JME).

METHODS The BNI framework consists in deriving a 
functional network from apparently normal brain activ-
ity, placing a mathematical model of ictogenicity into 
the network and then computing how often such net-
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work generates seizures in silico. We considered data 
from 26 people with JME and 26 healthy controls.

RESULTS We found that resting-state MEG functional 
networks from people with JME are characterized by a 
higher propensity to generate seizures (i.e., higher BNI) 
than those from healthy controls. We found a classifica-
tion accuracy of 73%.

CONCLUSIONS The BNI framework is applicable to 
MEG and was capable of differentiating people with 
epilepsy from healthy controls.

SIGNIFICANCE The BNI framework may be applied to 
resting-state MEG to aid in epilepsy diagnosis.

Keywords: Biomarker, Epilepsy diagnosis, Functional con-
nectivity, Juvenile myoclonic epilepsy, MEG, Phenomeno-
logical model
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OBJECTIVE Diagnostic challenges exist in the presur-
gical evaluation of patients with magnetic resonance 
imaging (MRI) negative cingulate epilepsy (CE) because 
of the heterogeneity in clinical semiology and lack of 
localizing findings on scalp electroencephalographic 
(EEG) recordings. We aimed to examine the neuroimag-
ing characteristics in a consecutive cohort of patients 
with MRI-negative CE with a focus on two image 
post-processing methods, including the MRI post-pro-
cessing morphometric analysis program (MAP) and [18]
F-fluorodeoxyglucose-positron emission tomography-
MRI (PET/MRI) co-registration.

METHODS Included in this retrospective study were 
patients with MRI-negative CE who met the following 
criteria: negative on preoperative MRI, invasive EEG 
(iEEG) confirmed cingulate gyrus-onset seizures, surgi-
cal resection of the cingulate gyrus with/without adja-
cent cortex, and seizure-free for more than 12 months. 
MAP and PET/MRI co-registration were performed and 
investigated by comparison to ictal intracranial EEG 
findings. Other characteristics obtained from scalp EEG, 
magnetoencephalography (MEG), iEEG, and pathologi-
cal study were also reported.

RESULTS Ten patients were included, of which eight 
were diagnosed with anterior CE, one with middle CE, 
and one with posterior CE. The semiology included fear, 
embarrassment, vocalization, ictal pouting, asymmetric 
tonic posture, hypermotor, and automatism. Scalp EEG 
revealed unilateral or bilateral frontal-temporal onset. 
MEG localized the dipoles correctly in one patient 
(1/10). MAP detected subtle abnormalities in regions 
concordant with iEEG onset in seven patients (7/10) 
while PET/MRI co-registration revealed focal concor-
dant hypometabolism in five patients (5/10). Combin-
ing MAP with PET/MRI co-registration improved the 
detection rate to 90 % in this cohort. The pathology 
was focal cortical dysplasia (FCD), including FCD type 
IIA in three, type IIB in three, and type I in four.

CONCLUSION MAP and PET/MRI co-registration show 
promising results in identifying subtle FCD abnormali-
ties in CE with negative results on conventional MRI, 
which can be otherwise challenging. More importantly, 
a combination of MRI post-processing and PET/MRI 
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co-registration can greatly improve the identification of 
epileptic abnormalities, which can be used as surgi-
cal target. MAP and PET/MRI co-registration should be 
incorporated into the routine presurgical evaluation.

Keywords: Cingulate epilepsy, Focal cortical dysplasia, 
Invasive electroencephalography, Magnetic resonance 
imaging, Magnetoencephalography, Morphometric 
analysis program, PET/MRI co-registration
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Advantages of magnetoencephalography, 
neuronavigation and intraoperative MRI in epilepsy 
surgery re-operations (2021)
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ABSTRACT Objective: Management of patients after 
failed epilepsy surgery is still challenging. Advanced 
diagnostic and intraoperative tools including magneto-
encephalography (MEG) as well as neuronavigation and 
intraoperative magnetic resonance imaging (iopMRI) 
may contribute to a better postoperative seizure 
outcome in this patient group.Methods: We retrospec-
tively analyzed consecutive patients after reopera-
tion of failed epilepsy surgery for medically refractory 
epilepsy at the University of Erlangen between 1988 
and 2017. Inclusion criteria for patients were available 
MEG, neuronavigation and iopMRI data. The Engel scale 
was used to categorize seizure outcome.Results: We 
report on 27 consecutive patients (13 female/14 male 
mean age at first surgery 29.4 years) who had opera-
tive revision of the first resection after failed epilepsy 
surgery. An improved seizure outcome postoperatively 
was observed in 78% of patients (p < 0.001) with 55% 
seizure free (Engel I) patients after a mean follow-up 

time of 4.9 years. In detail, 80% of lesional cases were 
seizure free compared to 59% of MRI negative patients. 
Localizing MEG spike activity in the vicinity of the 
first resection cavity was present in 12 of 27 patients 
(44%) corresponding to 83% (10/12) of MEG localizing 
spike patients having advanced seizure outcome after 
operative revision.Conclusion: Re-operation after failed 
surgery in refractory epilepsy may lead to a better 
seizure outcome in the majority of patients. Preopera-
tive MEG may support the decision for surgery and may 
facilitate targeting epileptogenic tissue for re-resection 
by employing navigation and iopMR imaging.

Keywords: Failed epilepsy surgery, MEG, intraoperative MR 
imaging, neuronavigation, reoperation, seizure outcome
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Succinic Semialdehyde Dehydrogenase Deficiency: 
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OBJECTIVE The SSADHD Natural History Study was ini-
tiated in 2019 to define the natural course and identify 
biomarkers correlating with severity.

METHODS The study is conducted by 4 institutions: 
BCH (US clinical), WSU (bioanalytical core), USF (bio-
statistical core), and Heidelberg (iNTD), with support 
from the family advocacy group (SSADH Association). 
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Recruitment goals were to study 20 patients on-site at 
BCH, 10 with iNTD, and 25 as a standard-of care cohort.

RESULTS At this half-way point of this longitudinal 
study, 28 subjects have been recruited (57% female, 
mean 9 years, range 18 months-40 years). Epilepsy is 
present in half and increases in incidence and severity, 
as do psychiatric symptoms, in adolescence and adult-
hood. The average Full Scale IQ (FSIQ) was 53 (Verbal 
score of 56, Non Verbal score of 49), and half scored 
as having ASD. Although there was no correlation 
between gene variant and phenotypic severity, there 
were extreme cases of lowest functioning in one indi-
vidual and highest in another that may have genotype-
phenotype correlation. The most common EEG finding 
was mild background slowing with rare epileptiform 
activity, whereas high-density EEG and magnetoen-
cephalography showed reduction in the gamma fre-
quency band consistent with GABAergic dysfunction. 
MR spectroscopy showed elevations in the GABA/NAA 
ratio in all regions studied with no crossover between 
subjects and controls.

CONCLUSIONS The SSADH Natural History Study is 
providing a unique opportunity to study the complex 
pathophysiology longitudinally and derive electro-
physiologic, neuroimaging, and laboratory data for 
correlation and to serve as biomarkers for clinical trials 
and prognostic assessments in this ultra-rare inherited 
disorder of GABA metabolism.

Keywords: epilepsy, genetics, inborn errors of metabolism, 
intellectual disability, metabolism, neuroimaging
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The utility of arterial spin labeling in the presurgical 
evaluation of poorly defined focal epilepsy in 
children (2020)
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OBJECTIVE The authors sought to assess the utility 
of arterial spin labeling (ASL) perfusion 3T-MRI for the 
presurgical evaluation of poorly defined focal epilepsy 
in pediatric patients.

METHODS Pseudocontinuous ASL perfusion 3T-MRI 
was performed in 25 consecutive children with poorly 
defined focal epilepsy. ASL perfusion abnormalities 
were detected qualitatively by visual inspection and 
quantitatively by calculating asymmetry index (AI) 
maps and significant z-score cluster maps based on 
successfully operated cases. ASL results were prospec-
tively compared to scalp EEG, structural 3T-MRI, FDG-
PET, ictal/interictal SPECT, magnetoencephalography 
(MEG), and intracranial recording results, as well as the 
final surgically proven epileptogenic zone (EZ) in oper-
ated patients who had at least 1 year of good (Engel 
class I/II) seizure outcome and positive histopathology 
results.

RESULTS Qualitative ASL perfusion abnormalities 
were found in 17/25 cases (68%), specifically in 17/20 
MRI-positive cases (85.0%) and in none of the 5 MRI-
negative cases. ASL was concordant with localizing 
scalp EEG findings in 66.7%, structural 3T-MRI in 90%, 
FDG-PET in 75%, ictal/interictal SPECT in 62.5%, and 
MEG in 75% of cases, and with intracranial recording 
results in 40% of cases. Eleven patients underwent 
surgery; in all 11 cases the EZ was surgically proven by 
positive histopathology results and the patient having 
at least 1 year of good seizure outcome. ASL results 
were concordant with this final surgically proven EZ 
in 10/11 cases (sensitivity 91%, specificity 50%). All 
10 ASL-positive patients who underwent surgery had 
positive surgical pathology results and good long-term 
postsurgical seizure outcome at a mean follow-up of 39 
months. Retrospective quantitative analysis based on 
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significant z-score clusters found 1 true-positive result 
that was missed by qualitative analysis and 3 additional 
false-positive results (sensitivity 100%, specificity 23%).

CONCLUSIONS ASL supports the hypothesis regarding 
the EZ in poorly defined focal epilepsy cases in chil-
dren. Due to its convenience and noninvasive nature, 
the authors recommend that ASL be added routinely 
to the presurgical MRI evaluation of epilepsy. Future 
optimized quantitative methods may improve the diag-
nostic yield of this technique.

Keywords: epilepsy surgery, perfusion MRI, presurgical 
evaluation
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Is beta band desynchronization related to skin 
conductance biofeedback effectiveness in drug 
resistant focal epilepsy? (2021)
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ABSTRACT Skin Conductance Biofeedback (SCB) is a 
non-invasive behavioral treatment for epilepsy based 
on modulation of Galvanic Skin Response (GSR). We 
evaluated changes in functional connectivity occurring 
after SCB. Six patients with drug-resistant temporal 
lobe epilepsy underwent monthly SCB sessions. For 
each patient, 10 min of resting-state magnetoencepha-

lographic (MEG) recording were acquired before and 
after the first and the last SCB session. For each record-
ing we computed the mean weighted phase lag index 
(WPLI) across all pair of MEG sensors. After SCB, two 
patients had consistent reduction of seizure frequency 
(>50 %). Connectivity analysis revealed a decrease of 
WPLI-beta band in the two responders and an increase 
of WPLI-alpha connectivity in all patients regardless 
of the clinical effect. Results suggest that reduction of 
WPLI-beta-low connectivity is related to the clinical 
response after SCB.

Keywords: Biofeedback, Connectivity, Epilepsy, Magneto-
encephalography, Phase-Lag-Index
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Reinterpretation of magnetic resonance imaging 
findings with magnetoencephalography can 
improve the accuracy of detecting epileptogenic 
cortical lesions (2021)
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OBJECTIVE This study examined whether the applica-
tion of magnetoencephalography (MEG) to interpret 
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magnetic resonance imaging (MRI) findings can aid 
the diagnosis of intractable epilepsy caused by organic 
brain lesions.

METHODS This study included 51 patients with 
epilepsy who had MEG clusters but whose initial MRI 
findings were interpreted as being negative for organic 
lesions. Three board-certified radiologists reinterpreted 
the MRI findings, utilizing the MEG findings as a guide. 
The degree to which the reinterpretation of the imag-
ing results identified an organic lesion was rated on a 
5-point scale.

RESULTS Reinterpretation of the MRI data with MEG 
guidance helped detect an abnormality by at least one 
radiologist in 18 of the 51 patients (35.2%) with symp-
tomatic localization-related epilepsy. A surgery was 
performed in 7 of the 51 patients, and histopathologi-
cal analysis results identified focal cortical dysplasia in 5 
patients (Ia: 1, IIa: 2, unknown: 2), hippocampal sclerosis 
in 1 patient, and dysplastic neurons/gliosis in 1 patient.

CONCLUSIONS The results of this study highlight the 
potential diagnostic applications of MEG to detect 
organic epileptogenic lesions, particularly when radio-
logical visualization is difficult with MRI alone.

Keywords: Epilepsy, Epileptogenic zone, Focal cortical dys-
plasia, Magnetic resonance imaging, Magnetoencepha-
lography

Epilepsy & behavior: E&B (2021), Vol. 114, No. Pt A 
(33323336) (1 citation)

Seizure detection and epileptogenic zone 
localisation on heavily skewed MEG data using 
RUSBoost machine learning technique (2022)
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ABSTRACT Background: Epilepsy is a neurologi-
cal disorder which is characterised by recurrent and 
involuntary seizures. Magnetoencephalography (MEG) 
is clinically used as a presurgical tool in locating the 
epileptogenic zone by localising either interictal epilep-
tic discharges (IEDs) or ictal activities. The localisation of 
ictal onset provides reliable and more accurate seizure 
onset zones rather than localising the IEDs. Ictals or 
seizures are presently detected during MEG analysis by 
manually inspecting the recorded data. This is laborious 
when the duration of recordings is longer. Methods: We 
propose a novel method which uses statistical fea-
tures such as short-time permutation entropy (STPE), 
gradient of STPE (GSTPE), short-time energy (STE) and 
short-time mean (STM) extracted from the ictal and 
interictal MEG data of drug resistant epilepsy patients 
group. Since the data is heavily skewed, the RUSBoost 
algorithm with k-fold cross-validation is used to classify 
the data into ictal and interictal by using the four fea-
ture vectors. This method is further used for localising 
the epileptogenic region using region-specific classifi-
cations by means of the RUSBoost algorithm. Results: 
The accuracy obtained for seizure detection is 93.4%. 
The specificity and sensitivity for the same are 93%. The 
localisation accuracies for each lobe are in the range 
of 88.1-99.1%. Discussion: Through this ictus detection 
method, the current scenario of laborious inspection 
of the ictal MEG can be reduced. The proposed system, 
thus, can be implemented in real-time as a better and 
more efficient method for seizure detection and further 
it can prove to be highly beneficial for patients and 
health-care professionals during real-time MEG record-
ing. Furthermore, the identification of the epileptogen-
ic lobe can provide clinicians with useful insights, and a 
pre-cursor for source localisation.

Keywords: EEG, MEG, RUSBoost, artificial neural networks, 
classification, epileptogenic zone, ictal, inter-ictal, ma-
chine learning, permutation entropy, seizure detection

The International journal of neuroscience (2022), Vol. 132, 
No. 10 (33272081) (1 citation)

https://pubmed.ncbi.nlm.nih.gov/33360538
https://pubmed.ncbi.nlm.nih.gov/33360538
https://doi.org/10.1080/00207454.2020.1858828
https://doi.org/10.1080/00207454.2020.1858828
https://doi.org/10.1080/00207454.2020.1858828
https://pubmed.ncbi.nlm.nih.gov/33323336
https://pubmed.ncbi.nlm.nih.gov/33323336


166 Contents  Index
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its correlation with cognition - A MEG based 
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PURPOSE To assess the role of P300 in patients with 
temporal lobe epilepsy (TLE) with unilateral hippo-
campal sclerosis (HS) using magnetoencephalography 
(MEG) based auditory and visual oddball tasks, and to 
assess its correlation with neuropsychological tests.

METHODS Thirty-patients (M:F-17:13, on-
set-11.77 ± 8.75 years, duration-16.10 ± 9.61 years) with 
TLE-HS (Left:15, Right:15) and fifteen-healthy age, gen-
der and years of education matched controls (M:F-10:5, 
age-28.13 ± 4.76 years) underwent auditory and visual 
oddball tasks in MEG and cognition assessment using 
Indian Council of Medical Research (ICMR)-cognitive 
test battery. Independent component analysis (ICA) 
was applied to the magnetic evoked field responses for 
the detection of the P300 component. Source local-
ization of P300 was performed with Classical LORETA 
Analysis Recursively Applied (CLARA). The latency and 
amplitude of P300 were estimated and subsequently 
correlated with cognitive scores.

RESULTS The visual P300 amplitude in the TLE group 
was lower when compared to the control group. In 
subgroup comparison (controls vs. right HS vs. left 

HS), visual P300 amplitudes were lower in the right HS 
group compared to both left HS and control groups (p-
value = 0.014). On the other hand, no significant differ-
ence for auditory P300 latency or amplitude was noted 
between patients and controls as well as between 
subgroups. A negative correlation found between the 
MEG visual P300 amplitude and Indian Trial Making Test 
(TMT)-B duration in the patient group.

CONCLUSION Patients with TLE-HS have decreased 
visual-P300 amplitude. A significant correlation found 
between visual P300 amplitude and cognitive tests 
of visuospatial attention and working memory. Over-
all, MEG based visual P300 amplitude can be further 
explored with large sample size studies to establish as a 
complementary objective test for cognitive assessment 
in TLE.

Keywords: CLARA, Event related field, ICA, Magnetoen-
cephalography, P300, Temporal lobe epilepsy
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Contributions of electrophysiology for identifying 
cortical language systems in patients with epilepsy 
(2020)
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ABSTRACT A crucial element of the surgical treat-
ment of medically refractory epilepsy is to delineate 
cortical areas that must be spared in order to avoid 
clinically relevant neurological and neuropsychological 
deficits postoperatively. For each patient, this typically 
necessitates determining the language lateraliza-
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tion between hemispheres and language localization 
within hemisphere. Understanding cortical language 
systems is complicated by two primary challenges: the 
extent of the neural tissue involved and the substantial 
variability across individuals, especially in pathologi-
cal populations. We review the contributions made 
through the study of electrophysiological activity to ad-
dress these challenges. These contributions are based 
on the techniques of magnetoencephalography (MEG), 
intracerebral recordings, electrical-cortical stimulation 
(ECS), and the electrovideo analyses of seizures and 
their semiology. We highlight why no single modality 
alone is adequate to identify cortical language systems 
and suggest avenues for improving current practice.

Keywords: Aphasia, Electrical–cortical stimulation, Electro-
corticography, Magnetoencephalography, Seizure semiol-
ogy, Stereotactic electroencephalography
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PURPOSE The purported underutilization of magneto-
encephalography (MEG) among the USA epilepsy cen-
ters has never been studied, and any evidence-based 
understanding of its magnitude is lacking.

METHODS Two hundred twenty-five National Associa-
tion of Epilepsy Centers centers (2016) were invited to 
participate anonymously in a 13-question web-based 
survey of clinical practice focused on MEG use.

RESULTS On average, centers (N = 70; 61 of which 
were level 4) reported <6 epileptologists, >7 dedicated 
epilepsy monitoring unit beds, 206 phase 1 studies, 

15 phase 2 studies, 10 direct resections, and 9 indirect 
resections; 27% owned MEG. On average, 11.2 MEGs 
per year were ordered for epilepsy localization and 
7.6 for any presurgical mapping modalities. Wada test 
aka the intracarotid sodium amobarbital procedure 
(ISAP) (43%) and functional MRI (29%) were preferred 
over MEG (4%) for language mapping. The number of 
epileptologists and the number of epilepsy monitoring 
unit beds correlated positively with the most clinical 
volumes. The centers who own a MEG had surgical 
volumes significantly higher than those without. The 
number and complexity of patients as well as the prox-
imity of a MEG were perceived as significant contribu-
tors/obstacles to increased MEG use.

CONCLUSIONS Only the centers with larger surgi-
cal volumes incorporate MEG regularly in presurgical 
evaluation of patients with drug-resistant epilepsy. A 
reversal of the pervasive underutilization of epilepsy 
surgery can benefit from MEG, but this requires a sus-
tained concerted promotion by the epilepsy and MEG 
communities.

Journal of clinical neurophysiology: official publication 
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Clinical Magnetoencephalography Practice in the 
United States Ten Years Later: A Survey-Based 
Reappraisal (2020)
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PURPOSE Broader utilization of magnetoencepha-
lography (MEG) and optimization of clinical practice 
remain strategic goals of the American Clinical Magne-
toencephalography Society. Despite the implementa-
tion of the first MEG Clinical Practice Guidelines, clinical 
adoption has been less than expected, prompting a 
reassessment.
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METHODS Twenty-five clinical MEG centers were in-
vited to participate anonymously in a survey of clinical 
practice.

RESULTS Centers (N = 18) mostly operated within an 
academic medical center (10/18), were owned by the 
"hospital" (10/18), associated with a level 4 National 
Association of Epilepsy center (15/18), and directed 
by neurologists (10/18). A total of 873 (median 59) 
epilepsy studies, 1,179 evoked fields (of all types), and 
1,607 (median 30) research MEG studies were reported. 
Fourteen of 17 centers serve children (median 35%), 
but only 5 of 14 sedate children for MEG. All (N = 14) 
centers record EEG simultaneous with MEG, and 57% 
used dipole source localization. The median reporting 
time for epilepsy studies was 12 and 10 days for pre-
surgical mapping studies. Most (12/14) were favorable 
toward the Clinical Practice Guidelines and "formalized 
certification" but were against mandating the latter.

CONCLUSIONS A plateau in MEG volumes suggests 
that MEG has not become a part of the standard of 
care, and correspondingly, the Clinical Practice Guide-
lines appeared to have had little impact on clinical 
practice. The American Clinical Magnetoencephalogra-
phy Society must continue to engage magnetoenceph-
alographers, potential referrers, and vendors.

Journal of clinical neurophysiology: official publication 
of the American Electroencephalographic Society (2020), 
Vol. 37, No. 6 (33165232) (11 citations)
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ABSTRACT Numerous studies have shown that lan-
guage processing is not limited to a few brain areas. 
Visual or auditory stimuli activate corresponding corti-
cal areas, then memory identifies the word or image, 
Wernicke's and Broca's areas support the processing for 
either reading/listening or speaking and many areas 
of the brain are recruited. Determining how a normal 
person processes language helps clinicians and scien-
tist to understand how brain pathologies such as tumor 
or stroke can affect changes in language processing. 
Patients with epilepsy may develop atypical language 
organization. Over time, the chronic nature of epileptic 
activity, or changes from a tumor or stroke, can result in 
a shift of language processing area from the left to the 
right hemisphere, or re-routing of language pathways 
from traditional to non-traditional areas within the 
dominant left hemisphere. It is important to determine 
where these language areas are prior to brain surgery. 
MEG evoked responses reflecting cerebral activa-
tion of receptive and expressive language processing 
can be localized using several different techniques: 
Single equivalent current dipole, current distribution 
techniques or beamformer techniques. Over the past 
20 years there have been at least 25 validated MEG 
studies that indicate MEG can be used to determine the 
dominant hemisphere for language processing. The use 
of MEG neuroimaging techniques is needed to reliably 
predict altered language networks in patients and to 
provide identification of language eloquent cortices for 
localization and lateralization necessary for clinical care.
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of the American Electroencephalographic Society (2020), 
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MEG Reporting (2020)
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ABSTRACT The report generated by the magnetoen-
cephalographer's interpretation of the patient's mag-
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netoencephalography examination is the magnetoen-
cephalography laboratory's most important product 
and is a representation of the quality of the laboratory 
and the clinical acumen of the personnel. A magneto-
encephalography report is not meant to enumerate all 
the technical details that went into the test nor to fulfill 
some imagined requirements of the electronic health 
record. It is meant to clearly and concisely answer the 
clinical question posed by the referring doctor and to 
convey the key findings that may inform the next step 
in the patient's care. The graphical component of a 
magnetoencephalography report is ordinarily the most 
welcomed by the referring doctor. Much of the text 
of the report may be glossed over, so the illustrations 
must be sufficiently annotated to provide clear and 
unambiguous findings. The particular images chosen 
for the report will be a function of the analysis software 
but should be selected and edited for maximum clarity. 
There should be a composite pictorial summary slide 
at the beginning or at the end of the report, which 
accurately conveys the gist of the report. Along with 
representative source localizations, reports should con-
tain examples of the simultaneously recorded EEG that 
enable the referring physician to determine whether 
epileptic discharges occurred and whether they are 
consistent with the patient's previously recorded 
spikes. Information and images (e.g., statistics, mag-
netic field patterns) that provide convincing evidence 
of the validity of the source location should also be 
included.
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Magnetoencephalography: Beyond the Equivalent 
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ABSTRACT Source localization for clinical magneto-
encephalography recordings is challenging, and many 
methods have been developed to solve this inverse 
problem. The most well-studied and validated tool for 
localization of the epileptogenic zone is the equivalent 
current dipole. However, it is often difficult to summa-
rize the richness of the magnetoencephalography data 
with one or a few point sources. A variety of source 
localization algorithms have been developed to more 
fully explain the complexity of clinical magnetoenceph-
alography data used to define the epileptogenic net-
work. In this review, various clinically available source 
localization methods are described and their individual 
strengths and limitations are discussed.
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ABSTRACT Normal variants, although not occurring 
frequently, may appear similar to epileptic activity. 
Misinterpretation may lead to false diagnoses. In the 
context of presurgical evaluation, normal variants 
may lead to mislocalizations with severe impact on 
the viability and success of surgical therapy. While the 
different variants are well known in EEG, little has been 
published in regard to their appearance in magne-
toencephalography. Furthermore, there are some 

https://pubmed.ncbi.nlm.nih.gov/33165228
https://pubmed.ncbi.nlm.nih.gov/33165228
https://pubmed.ncbi.nlm.nih.gov/33165228
https://doi.org/10.1097/WNP.0000000000000487
https://doi.org/10.1097/WNP.0000000000000487
https://doi.org/10.1097/WNP.0000000000000487
https://pubmed.ncbi.nlm.nih.gov/33165227
https://pubmed.ncbi.nlm.nih.gov/33165227
https://pubmed.ncbi.nlm.nih.gov/33165227
https://doi.org/10.1097/WNP.0000000000000484
https://doi.org/10.1097/WNP.0000000000000484


170 Contents  Index

magnetoencephalography normal variants that have 
no counterparts in EEG. This article reviews benign epi-
leptiform variants and provides examples in EEG and 
magnetoencephalography. In addition, the potential of 
oscillatory configurations in different frequency bands 
to appear as epileptic activity is discussed.

Journal of clinical neurophysiology: official publication 
of the American Electroencephalographic Society (2020), 
Vol. 37, No. 6 (33165225) (2 citations)
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ABSTRACT Unfamiliarity with the indications for and 
benefits of magnetoencephalography (MEG) persists, 
even in the epilepsy community, and hinders its ac-
ceptance to clinical practice, despite the evidence. The 
wide treatment gap for patients with drug-resistant 
epilepsy and immense underutilization of epilepsy 
surgery had similar effects. Thus, educating referring 
physicians (epileptologists, neurologists, and neuro-
surgeons) both about the value of epilepsy surgery 
and about the potential benefits of MEG can achieve 
synergy and greatly improve the process of selecting 
surgical candidates. As a practical step toward a com-
prehensive educational process to benefit potential 
MEG users, current MEG referrers, and newcomers to 

MEG, the authors have elected to provide an illustrated 
guide to 10 everyday situations where MEG can help in 
the evaluation of people with drug-resistant epilepsy. 
They are as follows: (1) lacking or imprecise hypothesis 
regarding a seizure onset; (2) negative MRI with a me-
sial temporal onset suspected; (3) multiple lesions on 
MRI; (4) large lesion on MRI; (5) diagnostic or therapeu-
tic reoperation; (6) ambiguous EEG findings suggestive 
of "bilateral" or "generalized" pattern; (7) intrasylvian 
onset suspected; (8) interhemispheric onset suspected; 
(9) insular onset suspected; and (10) negative (i.e., 
spikeless) EEG. Only their practical implementation 
and furtherance of personal and collective education 
will lead to the potentially impactful synergy of the 
two-MEG and epilepsy surgery. Thus, while fulfilling our 
mission as physicians, we must not forget that ignoring 
the wealth of evidence about the vast underutilization 
of epilepsy surgery - and about the usefulness and 
value of MEG in selecting surgical candidates - is far 
from benign neglect.

Journal of clinical neurophysiology: official publication 
of the American Electroencephalographic Society (2020), 
Vol. 37, No. 6 (33165222) (7 citations)
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ABSTRACT Magnetoencephalography (MEG) possesses 
a number of features, including excellent spatiotempo-
ral resolution, that lend itself to the functional imaging 
of epileptic activity. However its current use is restricted 
to specific scenarios, namely in the diagnosis refractory 
focal epilepsies where electroencephalography (EEG) 
has been inconclusive. This review highlights the recent 
progress of MEG within epilepsy, including advances in 
the technique itself such as simultaneous EEG/MEG and 
intracranial EEG/MEG recording and room temperature 
MEG recording using optically pumped magnetom-
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eters, as well as improved post processing of the data 
during interictal and ictal activity for accurate source 
localisation of the epileptogenic focus. These advances 
should broaden the scope of MEG as an important part 
of epilepsy diagnostics in the future.

Keywords: OPMs, electroencephalograph, magnetoen-
cephalography, source localisation
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OBJECTIVE Benign epileptiform transients of sleep 
(BETS) have a unique voltage topography and a pos-
teriorly propagating, inferiorly rotating diphasic EEG 
pattern. The source generators of BETS have not been 
definitively identified. We aimed to clarify the cerebral 
localization of BETS using MEG and electromagnetic 
source imaging (EMSI).

METHODS We analyzed BETS recorded with simul-
taneous MEG and EEG in four patients with epilepsy. 
Magnetic source imaging (MSI) and EMSI using equiva-
lent current, single moving and rotating dipole inverse 
models was performed on averaged BETS potentials. 
MEG beamforming was performed in one case with 
abundant BETS.

RESULTS MSI and EMSI revealed hippocampal dipole 
source maxima in all cases, with current flow direc-
tion rotating from inferomedial to superomedial or 
superolateral between the first and second BETS peaks. 
Moving dipole analyses revealed spatiotemporal 
propagation along the anterior-posterior hippocampal 
axis and concomitant electromagnetic field rotation. 
Beamformer source reconstruction revealed an identi-
cal hippocampal localization.

CONCLUSIONS Converging evidence from different 
electromagnetic inverse modeling methods indicates 
that BETS are traveling, rotating hippocampal spikes, 
whose diphasic waveform is due to back and forth 
propagation along the anterior-posterior axis of the 
hippocampus.

SIGNIFICANCE The hippocampal localization and lon-
gitudinal, rotating propagation pattern of BETS raises 
the possibility of a sleep-related functional role for 
these hippocampal spikes.
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Keywords: BETS, EEG, Hippocampus, MEG, Magnetic 
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OBJECTIVE To determine the correlation between 
secondary unilateral or bilateral spreading on gradient 
magnetic-field topography (GMFT) before and after va-
gus nerve stimulation (VNS), and postoperative seizure 
outcomes.

METHODS We analyzed pre- and post-VNS magne-
toencephalography (MEG) in 15 patients with VNS 
implants. We applied McHugh classification to evaluate 
seizure outcomes. GMFT visualized the spatiotemporal 
spread of the gradient magnetic field from MEG (>300 
fT/cm) before and after the spike peak. We compared 
the proportion of bilaterally spreading (PBS) MEG 
spikes and seizure outcomes. We also compared the in-
terhemispheric time difference (ITD) between patients 
with and without corpus callosotomy.

RESULTS We allocated patients with favorable seizure 
outcomes of class I and II to group A (9 patients) and 

poor outcomes of class III-V to group B (6 patients). 
The number of post-VNS MEG spikes was significantly 
reduced compared to pre-VNS MEG spikes in group A, 
but not in group B. Group A showed significantly higher 
preoperative PBS than group B. Postoperative ITD 
significantly decreased in 5 patients who underwent 
corpus callosotomy compared to 10 patients without.

CONCLUSION GMFT can detect the inter- and intra-
hemispheric spreading of spikes with high spatiotem-
poral resolution on the brain surface. Frequent inter-
ictal MEG spikes propagating bilaterally on GMFT may 
reflect a favorable seizure outcome after VNS. GMFT 
can identify dependent secondary epileptogenic spikes 
responding to VNS, which may be used to control gen-
eralized seizures in a subset of patients with pharmaco-
resistant epilepsy.

Keywords: Bilateral spreading, Dependent spikes, Gradient 
magnetic field topography, Magnetoencephalography, 
Secondary epileptogenesis, Vagus nerve stimulation
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ABSTRACT Epilepsy is a network disease. The primary 
somatosensory cortex (S1) is usually considered to 
be intact, but could be subclinically disturbed based 
on abnormal functional connectivity in patients with 
temporal lobe epilepsy (TLE). We aimed to investigate if 
the S1 of TLE is abnormally modulated. Somatosensory 
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evoked magnetic fields (SEFs) evoked by median nerve 
stimulation were recorded in each hemisphere of 15 
TLE patients and 28 normal subjects. All responses were 
separately averaged in the awake state and light sleep 
using background magnetoencephalography. Latency 
and strength of the equivalent current dipole (ECD) 
was compared between the groups for the first (M1) 
and second peaks. Latencies showed no significant 
differences between the groups in either wakefulness 
or light sleep. ECD strengths were significantly lower in 
TLE patients than in controls only during wakefulness. 
The reduction of M1 ECD strength in the awake state is 
significantly correlated with duration of epilepsy. SEFs 
of TLE patients showed pure ECD strength reduction 
without latency delay. The phenomenon occurred 
exclusively during wakefulness, suggesting that a 
wakefulness-specific modulator of S1 is abnormal in 
TLE. Repetitive seizures may gradually insult the modu-
lator of S1 distant from the epileptogenic network.

Scientific reports (2020), Vol. 10, No. 1 (32985579) (1 
citation)
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INTRODUCTION This study was aimed to explore the 
relationship between neural network changes in newly 
diagnosed children with Benign Childhood Epilepsy 
with Centrotemporal Spikes (BECTS) and cognitive 
impairment.

METHODS Children's cognition was evaluated using 
the Wechsler Intelligence Scale for Children-Fourth 

Edition (WISC-IV). Magnetoencephalographic (MEG) 
data of 18 healthy children and 22 BECTS patients were 
recorded in order to construct a functional connectiv-
ity (FC) network, which was quantified by graph theory 
(GT).

RESULTS The mean age of the control group was 
7.94 ± 1.89 years, and the mean age of BECTS patients 
was 8.14 ± 1.73 years. Our results show that the WISC-
IV index scores in the BECTS group were significantly 
lower than those in the control group. Besides, the FC 
network pattern of BECTS patients changed significant-
ly in the 12-30, 30-80, and 250-500 Hz frequency band. 
The local functional connections between posterior 
cingulate cortex (PCC) and frontal lobe varied signifi-
cantly in 12-30, 80-250, and 250-500 Hz. Our GT analysis 
shows that the connection strength of BECTS patients 
increases significantly in the 12-30 Hz frequency band, 
the path length decreases significantly in the 12-30 Hz 
and 30-80 Hz frequency bands, with the clustering 
coefficient decreasing significantly in the 12-30 Hz, 
30-80 Hz, and 250-500 Hz frequency bands. Correlation 
analysis showed that the full-scale IQ (FSIQ) was posi-
tively correlated with the 12-30 Hz clustering coeffi-
cient, verbal comprehension index (VCI) was positively 
correlated with the 250-500 Hz clustering coefficient, 
perceptual reasoning index (PRI) was positively corre-
lated with the 12-30 Hz clustering coefficient, and per-
ceptual reasoning index (PSI) was negatively correlated 
with the 12-30 Hz path length.

CONCLUSION There is a trend of cognitive impairment 
in patients with early BECTS. This trend of cognitive 
impairment in early BECTS children may be related to 
the changes in the FC network pattern.

Keywords: benign childhood epilepsy with centrotempo-
ral spikes, functional connectivity, graph theory, magneto-
encephalography, multi-frequency, neural network
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ABSTRACT Evidence suggests that brain network 
dynamics are a key determinant of brain function and 
dysfunction. Here we propose a new framework to 
assess the dynamics of brain networks based on recur-
rence analysis. Our framework uses recurrence plots 
and recurrence quantification analysis to characterize 
dynamic networks. For resting-state magnetoencepha-
lographic dynamic functional networks (dFNs), we have 
found that functional networks recur more quickly 
in people with epilepsy than in healthy controls. This 
suggests that recurrence of dFNs may be used as a 
biomarker of epilepsy. For stereo electroencephalogra-
phy data, we have found that dFNs involved in epileptic 
seizures emerge before seizure onset, and recurrence 
analysis allows us to detect seizures. We further observe 
distinct dFNs before and after seizures, which may 
inform neurostimulation strategies to prevent seizures. 
Our framework can also be used for understanding 
dFNs in healthy brain function and in other neurologi-
cal disorders besides epilepsy.

Keywords: MEG, epilepsy, functional network, stereo EEG
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PURPOSE Our aim was to explore the pathophysiologi-
cal mechanism of cognitive function changes in early 
untreated children with benign childhood epilepsy 
with centrotemporal spikes (BECTS).

METHODS Magnetoencephalography (MEG) was 
performed in 33 children with BECTS and 18 healthy 
children. Wechsler Intelligence Scale for Children, 
fourth edition (WISC-IV) was used to divide children 
with BECTS into two groups. Normal cognitive function 
was defined as a full-scale intelligence quotient (FSIQ) 
of >80, while decreased cognitive function was defined 
as a FSIQ of <80. Accumulated source imaging was 
used to evaluate the neuromagnetic source activity in 
multifrequency bands.

RESULTS Of the 33 patients with early untreated 
BECTS, a total of 17 had a FSIQ of <80 and 16 had FSIQ 
of >80. The course of epilepsy and number of seizures 
in the FSIQ <80 group were higher than that in the FSIQ 
>80 group. Our MEG results showed that in the 4-8 Hz 
frequency band, both patient groups had inactivation 
of the posterior cingulate cortex (PCC) region com-
pared with the healthy control group. In the 30-80 Hz 
frequency band, the FSIQ <80 group showed inactiva-
tion of the PCC region compared with both the healthy 
control group and the FSIQ >80 group. In the 80-250 Hz 
frequency band, the FSIQ <80 group had inactivated of 
the medial frontal cortex (MFC) region compared with 
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the healthy control group. In the 30-80 Hz frequency 
band, the strength of neuromagnetic source in patients 
with BECTS with FSIQ <80 was higher than that in the 
FSIQ >80 group and the healthy control group.

CONCLUSIONS The magnetic source inactivation of 
the MFC and PCC regions during the interictal time may 
be the reason for cognitive decline in early untreated 
children with BECTS. Children with BECTS with cogni-
tive decline had a longer course of epilepsy and more 
seizures. The magnetic source localization in the 4-8 Hz 
frequency band may be a new imaging marker for the 
diagnosis of new BECTS.

Keywords: Accumulated source imaging, Benign child-
hood epilepsy with centrotemporal spikes, Cognitive 
function, Magnetoencephalography, Multifrequency 
bands
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ABSTRACT A novel magnetoencephalography source 
imaging approach called Fast Vector-based Spatio-
Temporal Analysis (Fast-VESTAL) has been success-
fully applied in creating source images from evoked 
and resting-state data from both healthy subjects 
and individuals with neurological and/or psychiatric 
disorders, but its reconstructed source images may 
show false-positive activations, especially under low 
signal-to-noise ratio conditions. Here, to effectively 
reduce false-positive artifacts, we introduced an 
enhanced Fast-VESTAL (eFast-VESTAL) approach that 
adopts generalized second-order cone programming. 
We compared the spatiotemporal characteristics of the 
eFast-VESTAL approach to those of the popular distrib-
uted source approaches (e.g., the minimum L2-norm/ 

mixed-norm methods) using computer simulations and 
auditory experiments. More importantly, we applied 
eFast-VESTAL to the presurgical evaluation of epilepsy. 
Our results demonstrated that eFast-VESTAL exhibited 
a lower dipole localization error and/or a higher cor-
relation coefficient (CC) between the estimated source 
time series and ground truth under various conditions 
of source waveforms. Experimentally, eFast-VESTAL 
displayed more focal activation maps and a higher CC 
between the raw and predicted sensor data in response 
to auditory stimulation. Notably, eFast-VESTAL was the 
most accurate method for noninvasively detecting the 
epileptic zones determined using more invasive stereo-
electroencephalography in the comparison.

IEEE transactions on bio-medical engineering (2021), Vol. 
68, No. 3 (32790623) (1 citation)
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ABSTRACT The present work aims at validating a 
Bayesian multi-dipole modeling algorithm (SESAME) 
in the clinical scenario consisting of localizing the 
generators of single interictal epileptiform discharges 
from resting state magnetoencephalographic record-
ings. We use the results of Equivalent Current Dipole 
fitting, performed by an expert user, as a benchmark, 
and compare the results of SESAME with those of two 
widely used source localization methods, RAP-MUSIC 
and wMNE. In addition, we investigate the relation be-
tween post-surgical outcome and concordance of the 
surgical plan with the cerebral lobes singled out by the 
methods. Unlike dipole fitting, the tested algorithms do 
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not rely on any subjective channel selection and thus 
contribute towards making source localization more 
unbiased and automatic. We show that the two dipolar 
methods, SESAME and RAP-MUSIC, generally agree 
with dipole fitting in terms of identified cerebral lobes 
and that the results of the former are closer to the fitted 
equivalent current dipoles than those of the latter. In 
addition, for all the tested methods and particularly 
for SESAME, concordance with surgical plan is a good 
predictor of seizure freedom while discordance is not 
a good predictor of poor post-surgical outcome. The 
results suggest that the dipolar methods, especially 
SESAME, represent a reliable and more objective alter-
native to manual dipole fitting for clinical applications 
in the field of epilepsy surgery.

Keywords: Bayesian methods, Dipole modeling, Epilepsy, 
Magnetic source imaging, Magnetoencephalography
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Automatic and Accurate Epilepsy Ripple and Fast 
Ripple Detection via Virtual Sample Generation and 
Attention Neural Networks (2020)
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ABSTRACT About 1% of the population around the 
world suffers from epilepsy. The success of epilepsy 
surgery depends critically on pre-operative localization 
of epileptogenic zones. High frequency oscillations 
including ripples (80-250 Hz) and fast ripples (250-
500 Hz) are commonly used as biomarkers to localize 
epileptogenic zones. Recent literature demonstrated 
that fast ripples indicate epileptogenic zones better 
than ripples. Thus, it is crucial to accurately detect fast 
ripples from ripples signals of magnetoencephalog-
raphy for improving outcome of epilepsy surgery. 
This paper proposes an automatic and accurate ripple 
and fast ripple detection method that employs virtual 
sample generation and neural networks with an atten-
tion mechanism. We evaluate our proposed detector on 
patient data with 50 ripples and 50 fast ripples labeled 

by two experts. The experimental results show that our 
new detector outperforms multiple traditional machine 
learning models. In particular, our method can achieve 
a mean accuracy of 89.3% and an average area under 
the receiver operating characteristic curve of 0.88 in 50 
repeats of random subsampling validation. In addition, 
we experimentally demonstrate the effectiveness of 
virtual sample generation, attention mechanism, and 
architecture of neural network models.

IEEE transactions on neural systems and rehabilitation 
engineering: a publication of the IEEE Engineering 
in Medicine and Biology Society (2020), Vol. 28, No. 8 
(32746301) (5 citations)
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OBJECTIVE Seizure recurrence following surgery for 
temporal lobe (TL) epilepsy may be related to extra-
temporal epileptogenic foci, so-called temporal-plus 
(TL+) epilepsy. Here, we sought to leverage whole brain 
connectomic profiling in magnetoencephalography 
(MEG) to identify neural networks indicative of TL+ 
epilepsy in children.
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METHODS Clinical and MEG data were analyzed 
for 121 children with TL and TL+ epilepsy spanning 
20 years at the Hospital for Sick Children. Resting-state 
connectomes were derived using the weighted phase 
lag index from neuromagnetic oscillations. Multidi-
mensional associations between patient connectomes, 
TL versus TL+ epilepsy, seizure freedom, and clinical 
covariates were performed using a partial least squares 
(PLS) analysis. Bootstrap resampling statistics were 
performed to assess statistical significance.

RESULTS A single significant latent variable represent-
ing 66% of the variance in the data was identified with 
significant contributions from extent of epilepsy (TL vs 
TL+), duration of illness, and underlying etiology. This 
component was associated with significant bitemporal 
and frontotemporal connectivity in the theta, alpha, 
and beta bands. By extracting a brain score, represen-
tative of the observed connectivity profile, patients 
with TL epilepsy were dissociated from those with TL+, 
independent of their postoperative seizure outcome.

SIGNIFICANCE By analyzing 121 connectomes derived 
from MEG data using a PLS approach, we find that 
connectomic profiling could dissociate TL from TL+ 
epilepsy. These findings may inform patient selection 
for resective procedures and guide decisions surround-
ing invasive monitoring.

Keywords: epilepsy, functional connectivity, neuroimag-
ing, oscillations, phase-locking
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ABSTRACT Evaluation of language dominance is an 
essential step prior to epilepsy surgery. There is no 
consensus on an optimal methodology for determining 
language dominance using magnetoencephalography 
(MEG). Oscillatory dynamics are increasingly recognized 
as being of fundamental importance for brain function 
and dysfunction. Using task-related beta power modu-
lations in MEG, we developed an analysis framework for 
localizing and lateralizing areas relevant to language 
processing in patients with focal epilepsy. We examined 
MEG responses from 29 patients (age 42  ±  13 years, 
15M/14F) during auditory description naming (ADN) 
and visual picture naming (PN). MEG data were prepro-
cessed using a combination of spatiotemporal filtering, 
signal thresholding, and ICA decomposition. Beta-band 
17-25Hz power decrements were examined at both 
sensor and source levels. Volumetric grids of anatomi-
cal source space were constructed in MNI space at 8  
mm isotropic resolution, and beta-band power changes 
were estimated using the dynamic imaging of coherent 
sources beamformer technique. A 600  ms temporal-
window that ends 100  ms before speech onset was 
selected for analysis, to focus on later stages of word 
production such as phonologic selection and motor 
speech preparation. Cluster-based permutation testing 
was employed for patient- and group-level statistical 
inferences. Automated anatomic labeling atlas-driven 
laterality indices (LIs) were computed for 13 left and 
right language- and motor speech-related cortical 
regions. Group localization of ADN and PN consistently 
revealed significant task-related decrements of beta-
power within language-related areas in the frontal, 

https://pubmed.ncbi.nlm.nih.gov/32770321
https://doi.org/10.1016/j.neuroimage.2020.117090
https://doi.org/10.1016/j.neuroimage.2020.117090
https://doi.org/10.1016/j.neuroimage.2020.117090


178 Contents  Index

temporal and parietal lobes as well as motor-related re-
gions of precentral/premotor and postcentral/somato-
motor gyri. A region-of-interest analysis of ADN and PN 
suggested a strong correlation of r  =  0.74 (p  <  0.05, FDR 
corrected) between the two tasks within the language-
related brain regions, with the highest spatial overlap in 
the prefrontal areas. Laterality indices (LIs) consistently 
showed left dominance (LI  >  0.1) for most individuals 
(93% and 82% during ADN and PN, respectively), with 
average LIs of 0.40  ±  0.25 and 0.34  ±  0.20 for ADN and 
PN, respectively. Source analysis of task-related beta 
power decrements appears to be a reliable method for 
lateralizing and localizing brain activations associated 
with language processing in patients with epilepsy.

Keywords: Auditory description naming (ADN), DICS 
beamformer, Magnetoencephalography (MEG), Presurgi-
cal language mapping, Visual picture naming (PN)
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ABSTRACT The diagnostic process for epilepsy can 
be lengthy and stressful, which may delay the start of 
treatment. The objective of this study was to determine 
the benefit of routine magnetoencephalography (MEG) 
with regard to diagnostic gain, compared to routine 
electroencephalography (EEG), EEG following sleep 
deprivation (EEGsd), and 24-hour EEG. In this prospec-
tive study, patients were included from two centres 
(Academic Centre for Epileptology Kempenhaeghe, 
Heeze and Elisabeth-Twee Steden Hospital, Tilburg) 
and MEG recording took place at a single centre (Am-
sterdam University Medical Centre, Vrije Universiteit 
Amsterdam) in The Netherlands. Consecutively referred 
patients from peripheral hospitals were included 
between August 2013 and March 2016. Patients were 
offered routine MEG in addition to EEG examination 
and MRI for the diagnosis of epilepsy. The final clinical 
diagnosis was based on all available clinical data and 
test results at the end of the diagnostic process. Sensi-
tivity, specificity, and positive and negative predictive 
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values were calculated for routine EEG, routine EEG plus 
additional EEG and MEG. In addition, diagnostic gain 
associated with MEG, relative to the other modalities, 
was calculated. Secondary outcome was congruence of 
localization of epileptiform discharges between MEG 
and MRI or final clinical diagnosis. Based on a cohort of 
138 patients, sensitivity and specificity was shown to 
be 31.6% and 78.4% for routine MEG, 31.6% and 100% 
for routine EEG, and 52.6% and 97.3% for routine EEG 
plus additional EEG, respectively. Routine MEG demon-
strated a diagnostic gain of 16.8% compared to routine 
EEG and 9.5% compared to routine EEG plus additional 
EEG. In 35.7% of patients with a lesion on MRI that was 
consistent with the final clinical diagnosis, MEG showed 
epileptiform discharges in the same area. Routine MEG 
may provide additional value during the initial diagno-
sis of epilepsy.

Keywords: diagnosis, epilepsy, magnetoencephalography, 
sensitivity
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ABSTRACT Functional connectivity is providing new 
insights into the network nature of epilepsy with grow-
ing clinical applications. Our objective was to validate 
a novel magnetoencephalography-based method to 

non-invasively measure the epileptic network. We ret-
rospectively identified pediatric and adult patients with 
refractory focal epilepsy who underwent pre-surgical 
magnetoencephalography with subsequent intracra-
nial electrographic monitoring. Magnetoencephalog-
raphy tracings were visually reviewed, and interictal 
epileptiform discharges ("spikes") were individually 
marked. We then evaluated differences in whole-brain 
connectivity during brief epochs preceding the spikes 
and during the spikes using the Network-Based Sta-
tistic to test differences at the network level. In six pa-
tients with statistically-significant network differences, 
we observed substantial overlap between the spike-
associated networks and electrographically active areas 
identified during intracranial monitoring (the spike-
associated network was 78% and 83% sensitive for 
intracranial electroencephalography-defined regions 
in the irritative and seizure onset zones, respectively). 
These findings support the neurobiological validity of 
the spike-associated network method. Assessment of 
spike-associated networks has the potential to im-
prove surgical planning in epilepsy surgery patients by 
identifying components of the epileptic network prior 
to implantation.

Keywords: epilepsy, functional connectivity, intracranial 
electroencephalography, magnetoencephalography
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OBJECTIVE We evaluated four imaging techniques, 
i.e. Electroencephalography (EEG)-functional Magnetic 
Resonance Imaging (MRI) (EEG-fMRI), High-resolution 
EEG (HR-EEG), Magnetoencephalography (MEG) and 
2-[18F]fluoro-2-deoxy-D-glucose positron emission 
tomography (PET), for the identification of the epilep-
togenic zone (EZ) in 41 patients with negative MRI, 
candidate to neurosurgery.

METHODS For each technique, results were compared 
to the Stereo-EEG. Diagnostic measures were calculated 
with respect to the post-surgical outcome, either for all 
the patients (39/41, two patients excluded) and for the 
subgroup of patients with the EZ involving more than 
one lobe (20/41).

RESULTS When considered individually, each func-
tional technique showed accuracy values ranging 
54,6%-63,2%, having PET, MEG and HR-EEG higher 
sensitivity, and EEG-fMRI higher specificity. In patients 
with multilobar epileptogenic zone, functional tech-
niques achieved the best accuracies (up to 80%) when 
three techniques, including EEG-fMRI, were considered 
together.

CONCLUSIONS The study highlights the accuracy of a 
combination of functional imaging techniques in the 
identification of EZ in MRI negative focal epilepsy. The 
best diagnostic yield was obtained if the combination 
of PET, MEG (or HR-EEG as alternative), EEG-fMRI were 
considered together.

SIGNIFICANCE The functional imaging techniques may 
improve the presurgical workup of MRI negative focal 
epilepsy, if epileptogenic zone involves more than one 
lobe.

Keywords: EEG-fMRI, Epilepsy surgery, HR-EEG, MEG, PET
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OBJECTIVE Conventional MEG provides an unsur-
passed ability to, non-invasively, detect epileptic 
activity. However, highly resolved information on small 
neuronal populations required in epilepsy diagnostics 
is lost and can be detected only intracranially. Next-
generation on-scalp magnetencephalography (MEG) 
sensors aim to retrieve information unavailable to 
conventional non-invasive brain imaging techniques. 
To evaluate the benefits of on-scalp MEG in epilepsy, 
we performed the first-ever such measurement on an 
epilepsy patient.

METHODS Conducted as a benchmarking study focus-
ing on interictal epileptiform discharge (IED) detect-
ability, an on-scalp high-temperature superconducting 
quantum interference device magnetometer (high-Tc 
SQUID) system was compared to a conventional, 
low-temperature SQUID system. Co-registration of 
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electroencephalopraphy (EEG) was performed. A novel 
machine learning-based IED-detection algorithm was 
developed to aid identification of on-scalp MEG unique 
IEDs.

RESULTS Conventional MEG contained 24 IEDs. On-
scalp MEG revealed 47 IEDs (16 co-registered by EEG, 31 
unique to the on-scalp MEG recording).

CONCLUSION Our results indicate that on-scalp MEG 
might capture IEDs not seen by other non-invasive 
modalities.

SIGNIFICANCE On-scalp MEG has the potential of 
improving non-invasive epilepsy evaluation.

Keywords: Epilepsy, High-critical temperature SQUIDs, 
Instrumentation, Interictal epileptiform discharges, Mag-
netoencephalography
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in Patients With Refractory Focal Epilepsy (2021)

         Chourasia, Nitish; Quach, Michael; Gavvala, Jay

Division of Epilepsy and Clinical Neurophysiology, Depart-

ment of Pediatric Neurology, Baylor College of Medicine, 

Houston, Texas, U.S.A.; and; Division of Epilepsy and Clinical 

Neurophysiology, Department of Adult Neurology, Baylor 

College of Medicine, Houston, Texas, U.S.A

PURPOSE The clinical significance of magnetoenceph-
alography (MEG) dipole clusters in the insular region in 
patients with focal epilepsy, when present in conjunc-
tion with MEG dipole clusters in other regions of the 
brain is not known.

METHODS All patients (adult and pediatric) with MEG 
dipole clusters involving the insula were retrospec-
tively evaluated. Patients who underwent any form of 
surgical intervention were included in the study. Data 

obtained included age, sex, seizure characteristics, MRI 
brain, EEG, MEG, intracranial EEG, type of intervention, 
and seizure outcomes.

RESULTS Twenty-four patients (12 adults and 12 pe-
diatric) were included. Eight patients had one staged 
intervention and 16 had intracranial evaluation. Ten of 
11 patients (91%) with insular coverage by stereotactic 
EEG had interictal insular spikes, and 5 of 11 patients 
(45%) had ictal onset from the insula. Combined Engel 
(I & II) outcomes were seen in five patients with resec-
tions/ablations involving the insula MEG dipole clusters 
as compared with eight patients where the insular MEG 
dipole clusters were not resected/ablated.

CONCLUSIONS Insular MEG dipole clusters identified 
on surface MEG correlated with interictal spikes in intra-
cranial stereotactic electrode contacts in the insula. The 
presence of insular MEG dipole clusters, however, does 
not definitively imply a primary insular onset epilepsy.

Journal of clinical neurophysiology: official publication 
of the American Electroencephalographic Society (2021), 
Vol. 38, No. 6 (32501951) (4 citations)

Evidence From Meta-Analysis Supports Ictal 
Magnetoencephalographic Source Imaging as 
an Accurate Method in Presurgery Evaluation of 
Patients With Drug-Resistant Epilepsy (2020)
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BACKGROUND. Successful epilepsy surgery relies on 
localization and removal of the brain area responsible 
for initializing the seizures called the epileptogenic 
zone (EZ). Intracranial EEG (icEEG) is gold standard of 
this localization but has several limitations like invasive-
ness and limited covered area. A noninvasive method 
with accurate localization precision is therefore desir-
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able. The aim of this article is to investigate the fol-
lowing hypotheses: (1) Ictal onset zone as localized by 
magnetic source imaging (iMSI) can reliably localize the 
EZ in focal epilepsy and (2) this localization is as good 
as that of icEEG.

METHODS. Six original studies and a total of 59 unique 
patients were included in a meta-analysis.

RESULTS. Sensitivity and specificity of iMSI based on 
surgery outcome were 77% (95% CI 60%-90%) and 75% 
(95% CI 53%-90%), respectively. Specificity of iMSI was 
statistically higher than that of icEEG. There was no 
significant difference between sensitivity of iMSI and 
icEEG.

CONCLUSION. The meta-analysis supports that iMSI is 
an accurate method, achieving similar sensitivity and 
higher specificity than icEEG. However, at present the 
use of the method is limited by short recording times. 
A limitation that might be overcome in the future using 
technical advances.

Keywords: epilepsy, epilepsy surgery, ictal, magnetoen-
cephalography, meta-analysis, source localization
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BACKGROUND Magnetoencephalography (MEG) plays 
a preponderant role in the preoperative assessment of 
patients with drug-resistant epilepsy (DRE). However, 
the magnetoencephalography of patients with drug-
resistant epilepsy can be difficult without sedation 
and/or general anesthesia. Our objective is to describe 
our experience with intravenous dexmedetomidine as 
sedation for magnetoencephalography and its effect, if 
any, on the ability to recognize epileptic spikes.

METHODS In this retrospective study, we reviewed 
the records of 89 children who presented for Magne-
toencephalography/electroencephalography (EEG) 
scans between August of 2008 and May of 2015. Data 
analyzed included demographics and the frequency 
of epileptic spikes. Sedated magnetoencephalography 
recordings were compared to nonsedated video-
electroencephalography (vEEG) recordings in the same 
patients to determine the impact of dexmedetomidine.

RESULTS Spike frequency between magnetoencepha-
lography with sedation and video-electroencephalog-
raphy without sedation was compared in 85 patients. 
Magnetoencephalography and video-electroenceph-
alography were considered clinically concordant in 80 
patients (94.1%) and discordant in 5 patients (5.9%), 
all with less spikes during Magnetoencephalography. 
The median (range) bolus dose of dexmedetomidine 
was 2 (1-2) mcg/kg. The median (range) infusion rate of 
dexmedetomidine was 2 (0.5-4) mcg/kg/h. All patients 
experienced reductions in heart rate after adminis-
tration of dexmedetomidine; these reductions were 
statistically, but not clinically, significant.

CONCLUSIONS Our results suggest that dexmedetomi-
dine-based protocol provides reliable sedation in chil-
dren undergoing MEG scanning because of the high 
success rate, limited interictal artifacts, and minimal 
impacts on spike frequency.

Keywords: dexmedetomidine, electroencephalography 
(EEG), intractable epilepsy, magnetoencephalography 
(MEG), sedation, spike identification

Paediatric anaesthesia (2020), Vol. 30, No. 7 (32436319) (3 
citations)

https://pubmed.ncbi.nlm.nih.gov/32554357
https://pubmed.ncbi.nlm.nih.gov/32554357
https://doi.org/10.1111/pan.13925
https://doi.org/10.1111/pan.13925
https://doi.org/10.1111/pan.13925
https://pubmed.ncbi.nlm.nih.gov/32544836
https://pubmed.ncbi.nlm.nih.gov/32544836


183 Contents  Index

Preoperative localization of seizure onset zones by 
magnetic source imaging, EEG-correlated functional 
MRI, and their combination (2020)

                   Berger, Assaf; Cohen, Noa; Fahoum, Firas; Medvedovsky, 
Mordekhay; Meller, Aaron; Ekstein, Dana; Benifla, Mony; 
Aizenstein, Orna; Fried, Itzhak; Gazit, Tomer; Strauss, Ido

Sackler Faculty of Medicine, Tel-Aviv University, Tel Aviv; 

Hebrew University Hadassah Medical School, Jerusalem; and; 

Rappaport Faculty of Medicine-Technion, Haifa, Israel

OBJECTIVE Preoperative localization of seizure onset 
zones (SOZs) is an evolving field in the treatment of re-
fractory epilepsy. Both magnetic source imaging (MSI), 
and the more recent EEG-correlated functional MRI 
(EEG-fMRI), have shown applicability in assisting surgi-
cal planning. The purpose of this study was to evaluate 
the capability of each method and their combination in 
localizing the seizure onset lobe (SL).

METHODS The study included 14 patients who under-
went both MSI and EEG-fMRI before undergoing im-
plantation of intracranial EEG (icEEG) as part of the pre-
surgical planning of the resection of an epileptogenic 
zone (EZ) during the years 2012-2018. The estimated 
location of the SL by each method was compared with 
the location determined by icEEG. Identification rates of 
the SL were compared between the different methods.

RESULTS MSI and EEG-fMRI showed similar identifica-
tion rates of SL locations in relation to icEEG results 
(88% ± 31% and 73% ± 42%, respectively; p = 0.281). 
The additive use of the coverage lobes of both meth-
ods correctly identified 100% of the SL, significantly 
higher than EEG-fMRI alone (p = 0.039) and nonsignifi-
cantly higher than MSI (p = 0.180). False-identification 
rates of the additive coverage lobes were significantly 
higher than MSI (p = 0.026) and EEG-fMRI (p = 0.027). 
The intersecting lobes of both methods showed the 
lowest false identification rate (13% ± 6%, p = 0.01).

CONCLUSIONS Both MSI and EEG-fMRI can assist in 
the presurgical evaluation of patients with refractory 
epilepsy. The additive use of both tests confers a high 
identification rate in finding the SL. This combination 

can help in focusing implantation of icEEG electrodes 
targeting the SOZ.

Keywords: EEG-fMRI, MSI, icEEG, magnetic source imaging, 
refractory epilepsy, seizure onset zone
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ABSTRACT Focal epilepsy originates within networks 
in one hemisphere. However, previous studies have 
investigated network topologies for the entire brain. In 
this study, magnetoencephalography (MEG) was used 
to investigate functional intra-hemispheric networks 
of healthy controls (HCs) and patients with left- or 
right-hemispheric temporal lobe or temporal plus 
extra-temporal lobe epilepsy. 22 HCs, 25 left patients 
(LPs), and 16 right patients (RPs) were enrolled. The 
debiased weighted phase lag index was used to calcu-
late functional connectivity between 246 brain regions 
in six frequency bands. Global efficiency, character-
istic path length, and transitivity were computed for 
left and right intra-hemispheric networks. The right 
global graph measures (GGMs) in the theta band were 
significantly different (p < .005) between RPs and both 
LPs and HCs. Right and left GGMs in higher frequency 
bands were significantly different (p < .05) between 
HCs and the patients. Right GGMs were used as input 
features of a Naïve-Bayes classifier to classify LPs and 
RPs (78.0% accuracy) and all three groups (75.5% ac-
curacy). The complete theta band brain networks were 
compared between LPs and RPs with network-based 
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statistics (NBS) and with the clustering coefficient (CC), 
nodal efficiency (NE), betweenness centrality (BC), and 
eigenvector centrality (EVC). NBS identified a subnet-
work primarily composed of right intra-hemispheric 
connections. Significantly different (p < .05) nodes 
were primarily in the right hemisphere for the CC and 
NE and primarily in the left hemisphere for the BC and 
EVC. These results indicate that intra-hemispheric MEG 
networks may be incorporated in the diagnosis and 
lateralization of focal epilepsy.

Keywords: focal epilepsy, functional connectivity, graph 
measures, intra-hemispheric brain networks, machine 
learning, magnetoencephalography, network-based 
statistics
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ABSTRACT Source localization of interictal epileptiform 
discharges (IEDs) is clinically useful in the presurgical 
workup of epilepsy patients. We aimed to compare the 
performance of four different distributed magnetic 
source imaging (dMSI) approaches: Minimum norm es-
timate (MNE), dynamic statistical parametric mapping 
(dSPM), standardized low-resolution electromagnetic 
tomography (sLORETA), and coherent maximum entro-
py on the mean (cMEM). We also evaluated whether a 
simple average of maps obtained from multiple inverse 

solutions (Ave) can improve localization accuracy. We 
analyzed dMSI of 206 IEDs derived from magnetoen-
cephalography recordings in 28 focal epilepsy patients 
who had a well-defined focus determined through 
intracranial EEG (iEEG), epileptogenic MRI lesions or 
surgical resection. dMSI accuracy and spatial properties 
were quantitatively estimated as: (a) distance from the 
epilepsy focus, (b) reproducibility, (c) spatial dispersion 
(SD), (d) map extension, and (e) effect of thresholding 
on map properties. Clinical performance was excellent 
for all methods (median distance from the focus MNE 
= 2.4 mm; sLORETA = 3.5 mm; cMEM = 3.5 mm; dSPM = 
6.8 mm, Ave = 0 mm). Ave showed the lowest distance 
between the map maximum and epilepsy focus (Dmin 
lower than cMEM, MNE, and dSPM, p = .021, p = .008, p 
< .001, respectively). cMEM showed the best spatial fea-
tures, with lowest SD outside the focus (SD lower than 
all other methods, p < .001 consistently) and high con-
trast between the generator and surrounding regions. 
The average map Ave provided the best localization 
accuracy, whereas cMEM exhibited the lowest amount 
of spurious distant activity. dMSI techniques have the 
potential to significantly improve identification of iEEG 
targets and to guide surgical planning, especially when 
multiple methods are combined.

Keywords: MEG, interictal epileptiform discharges, inverse 
problem, magnetic source imaging, presurgical evalua-
tion, source localization, spike
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ABSTRACT Phase synchronization of neuronal oscil-
lations in specific frequency bands coordinates ana-
tomically distributed neuronal processing and com-
munication. Typically, oscillations and synchronization 
take place concurrently in many distinct frequencies, 
which serve separate computational roles in cognitive 
functions. While within-frequency phase synchroniza-
tion has been studied extensively, less is known about 
the mechanisms that govern neuronal processing 
distributed across frequencies and brain regions. Such 
integration of processing between frequencies could 
be achieved via cross-frequency coupling (CFC), either 
by phase-amplitude coupling (PAC) or by n:m-cross-
frequency phase synchrony (CFS). So far, studies have 
mostly focused on local CFC in individual brain regions, 
whereas the presence and functional organization 
of CFC between brain areas have remained largely 
unknown. We posit that interareal CFC may be essential 
for large-scale coordination of neuronal activity and 
investigate here whether genuine CFC networks are 
present in human resting-state (RS) brain activity. To 
assess the functional organization of CFC networks, we 
identified brain-wide CFC networks at mesoscale reso-
lution from stereoelectroencephalography (SEEG) and 
at macroscale resolution from source-reconstructed 
magnetoencephalography (MEG) data. We developed 
a novel, to our knowledge, graph-theoretical method 
to distinguish genuine CFC from spurious CFC that may 
arise from nonsinusoidal signals ubiquitous in neuronal 
activity. We show that genuine interareal CFC is present 
in human RS activity in both SEEG and MEG data. Both 
CFS and PAC networks coupled theta and alpha oscil-
lations with higher frequencies in large-scale networks 
connecting anterior and posterior brain regions. CFS 
and PAC networks had distinct spectral patterns and 
opposing distribution of low- and high-frequency 
network hubs, implying that they constitute distinct 
CFC mechanisms. The strength of CFS networks was 
also predictive of cognitive performance in a separate 
neuropsychological assessment. In conclusion, these 

results provide evidence for interareal CFS and PAC 
being 2 distinct mechanisms for coupling oscillations 
across frequencies in large-scale brain networks.
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ABSTRACT K-Means is one of the most popular clus-
tering algorithms that partitions observations into 
nonoverlapping subgroups based on a predefined 
similarity metric. Its drawbacks include a sensitivity 
to noisy features and a dependency of its resulting 
clusters upon the initial selection of cluster centroids 
resulting in the algorithm converging to local optima. 
Minkowski weighted K-Means (MWK-Means) addresses 
the issue of sensitivity to noisy features, but is sensitive 
to the initialization of clusters, and so the algorithm 
may similarly converge to local optima. Particle Swarm 
Optimization (PSO) uses a globalized search method to 
solve this issue. We present a hybrid Particle Swarm Op-
timization (PSO) + MWK-Means clustering algorithm to 
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address all the above problems in a single framework, 
while maintaining benefits of PSO and MWK Means 
methods. This study investigated the utility of this ap-
proach in lateralizing the epileptogenic hemisphere 
for temporal lobe epilepsy (TLE) cases using magne-
toencephalography (MEG) coherence source imaging 
(CSI) and diffusion tensor imaging (DTI). Using MEG-CSI, 
we analyzed preoperative resting state MEG data from 
17 adults TLE patients with Engel class I outcomes to 
determine coherence at 54 anatomical sites and com-
pared the results with 17 age- and gender-matched 
controls. Fiber-tracking was performed through the 
same anatomical sites using DTI data. Indices of both 
MEG coherence and DTI nodal degree were calculated. 
A PSO + MWK-Means clustering algorithm was applied 
to identify the side of temporal lobe epileptogenicity 
and distinguish between normal and TLE cases. The 
PSO module was aimed at identifying initial cluster 
centroids and assigning initial feature weights to 
cluster centroids and, hence, transferring to the MWK-
Means module for the final optimal clustering solution. 
We demonstrated improvements with the use of the 
PSO + MWK-Means clustering algorithm compared 
to that of K-Means and MWK-Means independently. 
PSO + MWK-Means was able to successfully distinguish 
between normal and TLE in 97.2% and 82.3% of cases 
for DTI and MEG data, respectively. It also lateralized 
left and right TLE in 82.3% and 93.6% of cases for DTI 
and MEG data, respectively. The proposed optimization 
and clustering methodology for MEG and DTI features, 
as they relate to focal epileptogenicity, would enhance 
the identification of the TLE laterality in cases of unilat-
eral epileptogenicity.

Keywords: Coherence, Diffusion tensor imaging, Func-
tional connectivity, Magnetoencephalography, Minkowski 
weighted K-means clustering, Nodal degree, Particle 
swarm optimization, Structural connectivity, Temporal 
lobe epilepsy
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ABSTRACT Multimodal image integration is the 
procedure that puts together imaging data from 
multiple sources into the same space by a computer-
ized registration process. This procedure is relevant to 
patients with difficult-to-localize epilepsy undergoing 
presurgical evaluation, who typically have many tests 
performed, including MR imaging, PET, ictal single-
photon emission computed tomography, magnetoen-
cephalography (MEG), and intracranial electroencepha-
logram (EEG). This article describes the methodology of 
such integration, focusing on integration of MEG. Also 
discussed is the clinical value of integration of MEG, 
in terms of planning of intracranial EEG implantation, 
interpretation of intracranial EEG data, planning of final 
resection, and addressing surgical failures.

Keywords: Epilepsy, ICEEG, MEG, Multimodal, Presurgical 
evaluation, SEEG
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ABSTRACT Magnetoencephalography is the non-
invasive measurement of miniscule magnetic fields 
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produced by brain electrical currents, and is used most 
fruitfully to evaluate epilepsy patients. While other 
modalities infer brain function indirectly by measuring 
changes in blood flow, metabolism, and oxygenation, 
magnetoencephalography measures neuronal and 
synaptic function directly with submillisecond tempo-
ral resolution. The brain's magnetic field is recorded 
by neuromagnetometers surrounding the head in a 
helmet-shaped sensor array. Because magnetic signals 
are not distorted by anatomy, magnetoencephalogra-
phy allows for a more accurate measurement and local-
ization of brain activities than electroencephalography. 
Magnetoencephalography has become an indispens-
able part of the armamentarium at epilepsy centers.

Keywords: Dipole, Gradiometer, Head model, Magnetic 
source imaging, Magnetoencephalography, Magnetom-
eter, Source localization, Source model
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BACKGROUND Widespread structural and functional 
brain network changes have been shown in Juvenile 
Myoclonic Epilepsy (JME) despite normal clinical neuro-
imaging. We sought to better define these changes us-
ing magnetoencephalography (MEG) and source space 

connectivity analysis for optimal neurophysiological 
and anatomical localisation.

METHODS We consecutively recruited 26 patients 
with JME who underwent resting state MEG recording, 
along with 26 age-and-sex matched controls. Whole 
brain connectivity was determined through correla-
tion of Automated Anatomical Labelling (AAL) atlas 
source space MEG timeseries in conventional frequency 
bands of interest delta (1-4 Hz), theta (4-8 Hz), alpha 
(8-13 Hz), beta (13-30 Hz) and gamma (40-60 Hz). We 
used a Linearly Constrained Minimum Variance (LCMV) 
beamformer to extract voxel wise time series of 'virtual 
sensors' for the desired frequency bands, followed 
by connectivity analysis using correlation between 
frequency- and node-specific power fluctuations, for 
the voxel maxima in each AAL atlas label, correcting for 
noise, potentially spurious connections and multiple 
comparisons.

RESULTS We found increased connectivity in the theta 
band in posterior brain regions, surviving statistical cor-
rection for multiple comparisons (corrected p < 0.05), 
and decreased connectivity in the beta band in senso-
rimotor cortex, between right pre- and post- central 
gyrus (p < 0.05) in JME compared to controls.

CONCLUSIONS Altered resting-state MEG connectivity 
in JME comprised increased connectivity in posterior 
theta - the frequency band associated with long range 
connections affecting attention and arousal - and 
decreased beta-band sensorimotor connectivity. These 
findings likely relate to altered regulation of the senso-
rimotor network and seizure prone states in JME.

Keywords: Connectivity, JME, Juvenile myoclonic epilepsy, 
MEG, Magnetoencephalography
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OBJECTIVE Magnetoencephalography (MEG) is valu-
able for guiding resective surgery in patients with 
epilepsy. However, its value for minimally invasive 
treatment is still unknown. This study aims to evalu-
ate the value of MEG for stereo-electroencephalogram 
(EEG)-guided radiofrequency thermocoagulation 
(SEEG-guided RF-TC) in magnetic resonance imaging 
(MRI)-negative epilepsies.

METHODS An observational cohort study was per-
formed and 19 MRI-negative patients who underwent 
SEEG-guided RF-TC in our epilepsy center were includ-
ed. In addition, 16 MRI-positive patients were included 
as a reference group. Semiology, electrophysiology, 
and imaging information were collected. To evaluate 
the value of locating the MEG cluster, the proportion 
of the RF-TC contacts located in the MEG cluster out of 
all contacts used to perform RF-TC in each patient was 
calculated. All patients underwent the standard SEEG-
guided RF-TC procedure and were followed up after the 
treatment.

RESULTS Nineteen MRI-negative patients were divided 
into two groups based on the existence of MEG clus-
ters; 10 patients with MEG clusters were in group I and 
nine patients without any MEG cluster were in group 
II. No significant difference was observed in terms of 
age, sex, type of seizures, or number of SEEG electrodes 
implanted. The median of the proportion of contacts 
in the MEG cluster was 77.0 % (IQR 57.7-100.0 %). The 

follow-up results showed that the probability of being 
seizure-free at one year after RFTC in MRI-negative 
patients with an MEG cluster was 30.0 % (95 % CI 11.6-
77.3 %), significantly (p = 0.014) higher than that in pa-
tients without an MEG cluster; there was no significant 
difference when compared with MRI-positive patients.

CONCLUSION This is the first study to evaluate the 
value of MEG in SEEG-guided RF-TC in MRI-negative 
epilepsies. MEG is a useful supplement for patients with 
MRI-negative epilepsy. MEG can be applied in mini-
mally invasive treatment. MEG clusters can help identify 
better candidates and provide a valuable target for 
SEEG-guided RF-TC, which leads to better outcomes.

Epilepsy research (2020), Vol. 163 (32278277) (4 citations)

Relative contribution of individual versus combined 
functional imaging studies in predicting seizure 
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under the curve analysis (2020)
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OBJECTIVE The goal of this study was to evaluate the 
predictive value and relative contribution of noninva-
sive presurgical functional imaging modalities based 
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on the authors' institutional experience in pursuing 
seizure-free surgical outcomes in children with medi-
cally refractory epilepsy.

METHODS This was a retrospective, single-institution, 
observational cohort study of pediatric patients who 
underwent evaluation and surgical treatment for medi-
cally refractory partial epilepsy between December 
2003 and June 2016. During this interval, 108 children 
with medically refractory partial epilepsy underwent 
evaluation for localization and resective epilepsy sur-
gery. Different noninvasive functional imaging modali-
ties, including ictal SPECT, FDG-PET, and magnetoen-
cephalography-magnetic source imaging, were utilized 
to augment a standardized paradigm (electroen-
cephalography/semiology, MRI, and neuropsychology 
findings) for localization. Outcomes were evaluated at a 
minimum of 2 years (mean 7.5 years) utilizing area un-
der the receiver operating characteristic curve analysis. 
Localizing modalities and other clinical covariates were 
examined in relation to long-term surgical outcomes.

RESULTS There was variation in the contribution of 
each test, and no single presurgical workup modal-
ity could singularly and reliably predict a seizure-free 
outcome. However, concordance of presurgical modali-
ties yielded a high predictive value. No difference in 
long-term outcomes between inconclusive (normal 
or diffusely abnormal) and abnormal focal MRI results 
were found. Long-term survival analyses revealed a 
statistically significant association between seizure 
freedom and patients with focal ictal EEG, early surgical 
intervention, and no history of generalized convulsions.

CONCLUSIONS Comprehensive preoperative evalua-
tion utilizing multiple noninvasive functional imaging 
modalities is not redundant and can improve pediatric 
epilepsy surgical outcomes.

Keywords: AUC = area under the ROC curve, EEG = elec-
troencephalography, MEG-MSI = magnetoencephalogra-
phy–magnetic source imaging, PMC = patient manage-
ment conference, ROC = receiver operating characteristic, 

epilepsy surgery, outcome, pediatric epilepsy, presurgical 
workup

Neurosurgical focus (2020), Vol. 48, No. 4 (32234993) (2 
citations)

Utility of magnetic source imaging in nonlesional 
focal epilepsy: a prospective study (2020)
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OBJECTIVE For patients with nonlesional refractory 
focal epilepsy (NLRFE), localization of the epileptogenic 
zone may be more arduous than for other types of 
epilepsy and frequently requires information from mul-
tiple noninvasive presurgical modalities and intracra-
nial EEG (icEEG). In this prospective, blinded study, the 
authors assessed the clinical added value of magnetic 
source imaging (MSI) in the presurgical evaluation of 
patients with NLRFE.

METHODS This study prospectively included 57 con-
secutive patients with NLRFE who were considered for 
epilepsy surgery. All patients underwent noninvasive 
presurgical evaluation and then MSI. To determine the 
surgical plan, discussion of the results of the presurgi-
cal evaluation was first undertaken while discussion 
participants were blinded to the MSI results. MSI results 
were then presented. MSI influence on the initial man-
agement plan was assessed.

RESULTS MSI results influenced patient management 
in 32 patients. MSI results led to the following changes 
in surgical strategy in 14 patients (25%): allowing direct 
surgery in 6 patients through facilitating the detection 
of subtle cortical dysplasia in 4 patients and providing 
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additional concordant diagnostic information to other 
presurgical workup in another 2 patients; rejection 
of surgery in 3 patients originally deemed surgical 
candidates; change of plan from direct surgery to icEEG 
in 2 patients; and allowing icEEG in 3 patients deemed 
not surgical candidates. MSI results led to changed 
electrode locations and contact numbers in another 18 
patients. Epilepsy surgery was performed in 26 patients 
influenced by MSI results and good surgical outcome 
was achieved in 21 patients.

CONCLUSIONS This prospective, blinded study showed 
that information provided by MSI allows more informed 
icEEG planning and surgical outcome in a significant 
percentage of patients with NLRFE and should be in-
cluded in the presurgical workup in those patients.

Keywords: ATL = anterior temporal lobectomy, ECD = 
equivalent current dipole, EMSI = electromagnetic source 
imaging, EZ = epileptogenic zone, MEG = magnetoen-
cephalography, MSI = magnetic source imaging, NLRFE = 
nonlesional refractory focal epilepsy, SEEG = stereo-elec-
troencephalography, VEEG = video-EEG, epilepsy surgery, 
icEEG = intracranial EEG, magnetoencephalography, 
nonlesional, prospective study
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Distributed source analysis of 
magnetoencephalography using a volume head 
model combined with statistical methods improves 
focus diagnosis in epilepsy surgery (2020)
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ABSTRACT Deep-seated epileptic focus estimation us-
ing magnetoencephalography is challenging because 
of its low signal-to-noise ratio and the ambiguity of 
current sources estimated by interictal epileptiform 
discharge (IED). We developed a distributed source 
(DS) analysis method using a volume head model as 
the source space of the forward model and standard-
ized low-resolution brain electromagnetic tomogra-
phy combined with statistical methods (permutation 
tests between IEDs and baselines and false discovery 
rate between voxels to reduce variation). We aimed to 
evaluate the efficacy of the combined DS (cDS) analysis 
in surgical cases. In total, 19 surgical cases with adult 
and pediatric focal epilepsy were evaluated. Both cDS 
and equivalent current dipole (ECD) analyses were 
performed in all cases. The concordance rates of the 
two methods with surgically identified epileptic foci 
were calculated and compared with surgical outcomes. 
Concordance rates from the cDS analysis were signifi-
cantly higher than those from the ECD analysis (68.4% 
vs. 26.3%), especially in cases with deep-seated lesions, 
such as in the interhemispheric, fronto-temporal 
base, and mesial temporal structures (81.8% vs. 9.1%). 
Furthermore, the concordance rate correlated well with 
surgical outcomes. In conclusion, cDS analysis has bet-
ter diagnostic performance in focal epilepsy, especially 
with deep-seated epileptic focus, and potentially leads 
to good surgical outcomes.
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review of graph theoretical studies (2020)
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ABSTRACT The evaluation of the role of anomalous 
neuronal networks in epilepsy using a graph theoretical 
approach is of growing research interest. There is cur-
rently no consensus on optimal methods for perform-
ing network analysis, and it is possible that variations in 
study methodology account for diverging findings. This 
review focuses on global functional and structural in-
terictal network characteristics in people with idiopath-
ic generalized epilepsy (IGE) with the aim of appraising 
the methodological approaches used and assessing for 
meaningful consensus. Thirteen studies were included 
in the review. Data were heterogenous and not suitable 
for meta-analysis. Overall, there is a suggestion that the 
cerebral neuronal networks of people with IGE have 
different global structural and functional characteris-
tics to people without epilepsy. However, the nature 
of the aberrations is inconsistent with some studies 
demonstrating a more regular network configuration 
in IGE, and some, a more random topology. There is 
greater consistency when different data modalities and 
connectivity subtypes are compared separately, with 
a tendency towards increased small-worldness of net-
works in functional electroencephalography/magne-
toencephalography (EEG/MEG) studies and decreased 
small-worldness of networks in structural studies. 
Prominent variation in study design at all stages is likely 
to have contributed to differences in study outcomes. 
Despite increasing literature surrounding neuronal net-
work analysis, systematic methodological studies are 
lacking. Absence of consensus in this area significantly 
limits comparison of results from different studies, and 
the ability to draw firm conclusions about network 
characteristics in IGE.

Keywords: Connectome, EEG, Graph theory, IGE, Network 
analysis, fMRI
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Magnetoencephalography resting state 
connectivity patterns as indicatives of surgical 
outcome in epilepsy patients (2020)
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OBJECTIVE Focal epilepsy is a disorder affecting sev-
eral brain networks; however, epilepsy surgery usually 
targets a restricted region, the so-called epileptic focus. 
There is a growing interest in embedding resting state 
(RS) connectivity analysis into pre-surgical workup.

APPROACH In this retrospective study, we analyzed 
Magnetoencephalography (MEG) long-range RS 
functional connectivity patterns in patients with drug-
resistant focal epilepsy. MEG recorded prior to surgery 
from seven seizure-free (Engel Ia) and five non seizure-
free (Engel III or IV) patients were analyzed (minimum 
2-years post-surgical follow-up). MEG segments 
without any detectable epileptic activity were source 
localized using wavelet-based Maximum Entropy on 
the Mean method. Amplitude envelope correlation in 
the theta (4-8 Hz), alpha (8-13 Hz), and beta (13-26 Hz) 
bands were used for assessing connectivity.

MAIN RESULTS For seizure-free patients, we found an 
isolated epileptic network characterized by weaker 
connections between the brain region where interictal 
epileptic discharges (IED) are generated and the rest of 
the cortex, when compared to connectivity between 
the corresponding contralateral homologous region 
and the rest of the cortex. Contrarily, non seizure-free 
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patients exhibited a widespread RS epileptic network 
characterized by stronger connectivity between the 
IED generator and the rest of the cortex, in comparison 
to the contralateral region and the cortex. Differences 
between the two seizure outcome groups concerned 
mainly distant long-range connections and were found 
in the alpha-band.

SIGNIFICANCE Importantly, these connectivity pat-
terns suggest specific mechanisms describing the 
underlying organization of the epileptic network and 
were detectable at the individual patient level, support-
ing the prospect use of MEG connectivity patterns in 
epilepsy to predict post-surgical seizure outcome.

Journal of neural engineering (2020), Vol. 17, No. 3 
(32191632) (17 citations)

The Clinical Utility of Transcranial 
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PURPOSE Transcranial magnetic stimulation (TMS) has 
recently emerged as a noninvasive alternative to the 
intracarotid sodium amytal (Wada) procedure for estab-
lishing hemispheric dominance (HD) for language. The 
accuracy of HD determined by TMS was examined by 
comparing against the HD derived by magnetoenceph-
alography (MEG), a prominent clinical technique with 
excellent concordance with the Wada procedure.

METHODS Sixty-seven patients (54 patients ≤18 years) 
underwent language mapping with TMS and MEG as 

part of clinical epilepsy and tumor presurgical as-
sessment. Language was mapped in MEG during an 
auditory word recognition paradigm, and a laterality 
index was calculated using the number of dipoles and 
their spatial extent in the two hemispheres. Transcra-
nial magnetic stimulation language mapping was 
performed as patients performed a naming task, and 
TMS-induced speech disruptions were recorded during 
5-Hz TMS applied to anterior and posterior language 
cortices. Transcranial magnetic stimulation lateral-
ity index was estimated using the number and type 
of speech disruption in the language regions of each 
hemisphere.

RESULTS Transcranial magnetic stimulation and MEG 
estimates of HD were concordant in 42 (63%) patients, 
resulting in a sensitivity of 74% and a specificity of 72%. 
The overall accuracy of TMS was 73%, equivalent to an 
odds ratio of 7.35.

CONCLUSIONS In this first large-scale comparative 
study in a clinical population, we demonstrate that TMS 
is a safe and reliable noninvasive tool in determining 
HD for language. Improving the accuracy of TMS by 
optimizing TMS parameters and improving task choice 
will further facilitate the use of TMS to characterize 
language function, especially in pediatrics.
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ABSTRACT We demonstrate the first use of Optically 
Pumped Magnetoencephalography (OP-MEG) in an 
epilepsy patient with unrestricted head movement. 
Current clinical MEG uses a traditional SQUID system, 
where sensors are cryogenically cooled and housed in 
a helmet in which the patient's head is fixed. Here, we 
use a different type of sensor (OPM), which operates 
at room temperature and can be placed directly on 
the patient's scalp, permitting free head movement. 
We performed OP-MEG recording in a patient with 
refractory focal epilepsy. OP-MEG-identified analogous 
interictal activity to scalp EEG, and source localized this 
activity to an appropriate brain region.
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ABSTRACT To identify abnormal functional connec-
tivity of the default mode network in cingulate gyrus 
epilepsy, which may yield new information about the 
default mode network and suggest a new cingulate 
gyrus epilepsy biomarker. Fifteen patients with cin-
gulate gyrus epilepsy (mean age = 21 years) and 15 
healthy controls (mean age = 24 years) were studied 
in the resting state using magnetoencephalography. 
Twelve brain areas of interest in the default mode 
network were extracted and investigated with multifre-

quency signals that included alpha (α, 8-13 Hz), beta (β, 
14-30 Hz), and gamma (γ, 31-80 Hz) band oscillations. 
Patients with cingulate gyrus epilepsy had significantly 
greater connectivity in all three frequency bands (α, β, 
γ). A frequency-specific elevation of functional con-
nectivity was found in patients compared to controls. 
The greater functional connectivity in the γ band was 
significantly more prominent than that of the α and 
β bands. Patients with cingulate gyrus epilepsy and 
controls differed significantly in functional connectiv-
ity between the left angular gyrus and left posterior 
cingulate cortex in the α, β, and γ bands. The results of 
the node degree analysis were similar to those of the 
functional connectivity analysis. Our findings reveal for 
the first time that brain activity in the γ band may play 
a key role in the default mode network in cingulate gy-
rus epilepsy. Altered functional connectivity of the left 
angular gyrus and left posterior cingulate cortex may 
be a new biomarker for cingulate gyrus epilepsy.

Keywords: angular gyrus, cingulate gyrus epilepsy, default 
mode network, magnetoencephalography
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OBJECTIVE To assess the ability of high-density Elec-
troencephalography (HD-EEG) and magnetoencepha-
lography (MEG) to localize interictal ripples, distinguish 
between ripples co-occurring with spikes (ripples-on-
spike) and independent from spikes (ripples-alone), 
and evaluate their localizing value as biomarkers of 
epileptogenicity in children with medically refractory 
epilepsy.

METHODS We retrospectively studied 20 children who 
underwent epilepsy surgery. We identified ripples on 
HD-EEG and MEG data, localized their generators, and 
compared them with intracranial EEG (icEEG) ripples. 
When ripples and spikes co-occurred, we performed 
source imaging distinctly on the data above 80 Hz (to 
localize ripples) and below 70 Hz (to localize spikes). We 
assessed whether missed resection of ripple sources 
predicted poor outcome, separately for ripples-on-
spikes and ripples-alone. Similarly, predictive value of 
spikes was calculated.

RESULTS We observed scalp ripples in 16 patients (10 
good outcome). Ripple sources were highly concor-
dant to the icEEG ripples (HD-EEG concordance: 79%; 
MEG: 83%). When ripples and spikes co-occurred, 
their sources were spatially distinct in 83-84% of the 
cases. Removing the sources of ripples-on-spikes pre-
dicted good outcome with 90% accuracy for HD-EEG 
(P = 0.008) and 86% for MEG (P = 0.044). Conversely, 
removing ripples-alone did not predict outcome. Re-
section of spike sources (generated at the same time as 
ripples) predicted good outcome for HD-EEG (P = 0.036; 
accuracy = 87%), while did not reach significance for 
MEG (P = 0.1; accuracy = 80%).

INTERPRETATION HD-EEG and MEG localize interictal 
ripples with high precision in children with refractory 
epilepsy. Scalp ripples-on-spikes are prognostic, nonin-
vasive biomarkers of epileptogenicity, since removing 
their cortical generators predicts good outcome. Con-

versely, scalp ripples-alone are most likely generated by 
non-epileptogenic areas.

Annals of clinical and translational neurology (2020), Vol. 
7, No. 3 (32096612) (22 citations)
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ABSTRACT There is an unmet need to develop robust 
predictive algorithms to preoperatively identify pediat-
ric epilepsy patients who will respond to vagus nerve 
stimulation (VNS). Given the similarity in the neural 
circuitry between vagus and median nerve afferent 
projections to the primary somatosensory cortex, the 
current study hypothesized that median nerve somato-
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sensory evoked field(s) (SEFs) could be used to predict 
seizure response to VNS. Retrospective data from forty-
eight pediatric patients who underwent VNS at two 
different institutions were used in this study. Thirty-six 
patients ("Discovery Cohort") underwent preoperative 
electrical median nerve stimulation during magneto-
encephalography (MEG) recordings and 12 patients 
("Validation Cohort") underwent preoperative pneu-
matic stimulation during MEG. SEFs and their spatial 
deviation, waveform amplitude and latency, and event-
related connectivity were calculated for all patients. A 
support vector machine (SVM) classifier was trained on 
the Discovery Cohort to differentiate responders from 
non-responders based on these input features and test-
ed on the Validation Cohort by comparing the model-
predicted response to VNS to the known response. We 
found that responders to VNS had significantly more 
widespread SEF localization and greater functional con-
nectivity within limbic and sensorimotor networks in 
response to median nerve stimulation. No difference in 
SEF amplitude or latencies was observed between the 
two cohorts. The SVM classifier demonstrated 88.9% 
accuracy (0.93 area under the receiver operator charac-
teristics curve) on cross-validation, which decreased to 
67% in the Validation cohort. By leveraging overlapping 
neural circuitry, we found that median nerve SEF char-
acteristics and functional connectivity could identify 
responders to VNS.

Keywords: Connectomics, Evoked potentials, Machine 
learning, SEF, VNS
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QuPWM: Feature Extraction Method for Epileptic 
Spike Classification (2020)

        Chahid, Abderrazak; Albalawi, Fahad; Alotaiby, Turky 
Nayef; Al-Hameed, Majed Hamad; Alshebeili, Saleh; 
Laleg-Kirati, Taous-Meriem

ABSTRACT Epilepsy is a neurological disorder ranked 
as the second most serious neurological disease known 
to humanity, after stroke. Inter-ictal spiking is an abnor-

mal neuronal discharge after an epileptic seizure. This 
abnormal activity can originate from one or more cra-
nial lobes, often travels from one lobe to another, and 
interferes with normal activity from the affected lobe. 
The common practice for Inter-ictal spike detection of 
brain signals is via visual scanning of the recordings, 
which is a subjective and a very time-consuming task. 
Motivated by that, this article focuses on using machine 
learning for epileptic spikes classification in magne-
toencephalography (MEG) signals. First, we used the 
Position Weight Matrix (PWM) method combined with 
a uniform quantizer to generate useful features from 
time domain and frequency domain through a Fast 
Fourier Transform (FFT) of the framed raw MEG signals. 
Second, the extracted features are fed to standard clas-
sifiers for inter-ictel spikes classification. The proposed 
technique shows great potential in spike classification 
and reducing the feature vector size. Specifically, the 
proposed technique achieved average sensitivity up 
to 87% and specificity up to 97% using 5-folds cross-
validation applied to a balanced dataset. These samples 
are extracted from nine epileptic subjects using a slid-
ing frame of size 95 samples-points with a step-size of 8 
sample-points.

IEEE journal of biomedical and health informatics (2020), 
Vol. 24, No. 10 (32054592) (4 citations)

A novel method for extracting interictal 
epileptiform discharges in multi-channel MEG: Use 
of fractional type of blind source separation (2020)
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OBJECTIVE Visual inspection of interictal epileptiform 
discharges (IEDs) in multi-channel MEG requires a 
time-consuming evaluation process and often leads to 
inconsistent results due to variability of IED waveforms. 
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Here, we propose a novel extraction method for IEDs 
using a T/k type of blind source separation (BSST/k).

METHODS We applied BSST/k with seven patients with 
focal epilepsy to test the accuracy of identification of 
IEDs. We conducted comparisons of the results of BSS 
components with those obtained by visual inspection 
in sensor-space analysis.

RESULTS BSST/k provided better signal estimation of 
IEDs compared with sensor-space analysis. Importantly, 
BSST/k was able to uncover IEDs that could not be 
detected by visual inspection. Furthermore, IED com-
ponents were clearly extracted while preserving spike 
and wave morphology. Variable IED waveforms were 
decomposed into one dominant component.

CONCLUSIONS BSST/k was able to visualize the 
spreading signals over multiple channels into a single 
component from a single epileptogenic zone. BSST/k 
can be applied to focal epilepsy with a simple param-
eter setting.

SIGNIFICANCE Our novel method was able to high-
light IEDs with increased accuracy for identification of 
IEDs from multi-channel MEG data.

Keywords: Blind source separation, Interictal epileptiform 
discharges, Magnetoencephalography, Time-delayed 
correlation
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Altered effective connectivity network in patients 
with insular epilepsy: A high-frequency oscillations 
magnetoencephalography study (2020)
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OBJECTIVE The project aimed to determine the altera-
tions in the effective connectivity (EC) neural network 
in patients with insular epilepsy based on interictal 
high-frequency oscillations (HFOs) from magnetoen-
cephalography (MEG) data.

METHODS We studied MEG data from 22 insular 
epilepsy patients and 20 normal subjects. Alterations 
in spatial pattern and connection properties of the 
patients with insular epilepsy were investigated in the 
entire brain network and insula-based network.

RESULTS Analyses of the parameters of graph theory 
revealed the over-connectivity and small-world con-
figuration of the global connectivity patterns observed 
in the patients. In the insula-based network, the 
insular cortex ipsilateral to the seizure onset displayed 
increased efferent and afferentEC. Left insular epi-
lepsy featured strong connectivity with the bilateral 
hemispheres, whereas right insular epilepsy featured 
increased connectivity with only the ipsilateral hemi-
sphere.

CONCLUSIONS Patients with insular epilepsy display 
alterations in the EC network in terms of both whole-
brain connectivity and the insula-based network during 
interictal HFOs.

SIGNIFICANCE Alterations of interictal HFO-based 
networks provide evidence that epilepsy networks, 
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instead of epileptic foci, play a key role in the complex 
pathophysiological mechanisms of insular epilepsy. The 
dysfunction of HFO networks may prove to be a novel 
promising biomarker and the cause of interictal brain 
dysfunctions in insular epilepsy.

Keywords: Effective connectivity, Graph theory, Insular 
epilepsy, Magnetoencephalography, Ripples
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EMS-Net: A Deep Learning Method for 
Autodetecting Epileptic Magnetoencephalography 
Spikes (2020)

      Zheng, Li; Liao, Pan; Luo, Shen; Sheng, Jingwei; Teng, 
Pengfei; Luan, Guoming; Gao, Jia-Hong

ABSTRACT Epilepsy is a neurological disorder charac-
terized by sudden and unpredictable epileptic seizures, 
which incurs significant negative impacts on patients' 
physical, psychological and social health. A practical 
approach to assist with the clinical assessment and 
treatment planning for patients is to process magneto-
encephalography (MEG) data to identify epileptogenic 
zones. As a widely accepted biomarker of epileptic foci, 
epileptic MEG spikes need to be precisely detected. 
Given that the visual inspection of spikes is time con-
suming, an automatic and efficient system with ade-
quate accuracy for spike detection is valuable in clinical 
practice. However, current approaches for MEG spike 
autodetection are dependent on hand-engineered 
features. Here, we propose a novel multiview Epileptic 
MEG Spikes detection algorithm based on a deep learn-
ing Network (EMS-Net) to accurately and efficiently rec-
ognize the spike events from MEG raw data. The results 
of the leave-k-subject-out validation tests for multiple 
datasets (i.e., balanced and realistic datasets) showed 
that EMS-Net achieved state-of-the-art classification 
performance (i.e., accuracy: 91.82% - 99.89%; precision: 
91.90% - 99.45%; sensitivity: 91.61% - 99.53%; specific-

ity: 91.60% - 99.96%; f1 score: 91.70% - 99.48%; and 
area under the curve: 0.9688 - 0.9998).

IEEE transactions on medical imaging (2020), Vol. 39, No. 6 
(31831410) (10 citations)

The impact of MEG results on surgical outcomes in 
patients with drug-resistant epilepsy associated 
with focal encephalomalacia: a single-center 
experience (2020)

                He, Xinghui; Zhou, Jian; Teng, Pengfei; Wang, Xiongfei; 
Guan, Yuguang; Zhai, Feng; Li, Tianfu; Luan, Guoming

Department of Neurosurgery, Epilepsy Center, Beijing Sanbo 

Brain Hospital, Capital Medical University, Xiangshan Yike-

song 50, Haidian District, Beijing, 100093, China; Beijing In-

stitute for Brain Disorders, Capital Medical University, Beijing, 

China; Beijing Institute for Brain Disorders, Capital Medical 

University, Beijing, China. luangm3@163.com

PURPOSE To analyze the impact of magnetoencepha-
lography (MEG) results on surgical outcomes in patients 
with drug-resistant epilepsy secondary to encephalo-
malacia.

METHODS We retrospectively reviewed 121 patients 
with drug-resistant epilepsy associated with encepha-
lomalacia who underwent MEG followed by resection 
surgery. Patients were subdivided into concordant 
MEG group and dis-concordant MEG group for analysis 
based on whether the MEG results were in concordance 
with epileptogenic zones or not.

RESULTS 121 patients were included in the present 
study. The MEG spike sources of 73 (60.33%) patients 
were in concordance with epileptogenic zones while 
the MEG spike sources of the other 48 (39.67%) were 
in dis-concordance with epileptogenic zones. Favor-
able seizure outcomes were achieved in 79.45% (58 of 
73) of patients with concordant MEG results while only 
62.50% (30 of 48) of patients with dis-concordant MEG 
results were seizure free with a follow-up of 2-10 years. 
The differences of seizure-free rate between patients 
with concordant MEG results and dis-concordant MEG 
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results were statistically significant. For patients with 
concordant MEG results, bilateral lesions on MRI are 
the only independent predictor of unfavorable seizure 
outcomes. For patients with discordant MEG results, 
duration of seizures is the only independent predictor 
of unfavorable seizure outcomes.

CONCLUSIONS Concordant MEG results are associ-
ated with favorable seizure outcomes. Bilateral lesions 
on MRI independently predict unfavorable seizure 

outcomes in patients with concordant MEG results 
while longer seizure durations independently predict 
unfavorable seizure outcomes in patients with dis-
concordant MEG results.

Keywords: Drug-resistant epilepsy, Epilepsy surgery, Epi-
leptogenic zone, Magnetoencephalography
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Migraine

Resting-state magnetoencephalographic oscillatory 
connectivity to identify patients with chronic 
migraine using machine learning (2022)
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ABSTRACT To identify and validate the neural signa-
tures of resting-state oscillatory connectivity for chronic 
migraine (CM), we used machine learning techniques 
to classify patients with CM from healthy controls (HC) 
and patients with other pain disorders. The cross-
sectional study obtained resting-state magnetoen-
cephalographic data from 240 participants (70 HC, 100 
CM, 35 episodic migraine [EM], and 35 fibromyalgia 
[FM]). Source-based oscillatory connectivity of relevant 
cortical regions was calculated to determine intrinsic 
connectivity at 1-40 Hz. A classification model that 
employed a support vector machine was developed 
using the magnetoencephalographic data to assess the 
reliability and generalizability of CM identification. In 
the findings, the discriminative features that differenti-
ate CM from HC were principally observed from the 
functional interactions between salience, sensorimotor, 
and part of the default mode networks. The classifica-
tion model with these features exhibited excellent 
performance in distinguishing patients with CM from 
HC (accuracy ≥ 86.8%, area under the curve (AUC) ≥ 0.9) 
and from those with EM (accuracy: 94.5%, AUC: 0.96). 
The model also achieved high performance (accuracy: 

89.1%, AUC: 0.91) in classifying CM from other pain 
disorders (FM in this study). These resting-state magne-
toencephalographic electrophysiological features yield 
oscillatory connectivity to identify patients with CM 
from those with a different type of migraine and pain 
disorder, with adequate reliability and generalizability.

Keywords: Chronic migraine, Machine learning, Magneto-
encephalography, Pain disorders, Resting-state oscillatory 
connectivity
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Headache-related circuits and high frequencies 
evaluated by EEG, MRI, PET as potential biomarkers 
to differentiate chronic and episodic migraine: 
Evidence from a systematic review (2022)
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BACKGROUND The diagnosis of migraine is mainly 
clinical and self-reported, which makes additional ex-
aminations unnecessary in most cases. Migraine can be 
subtyped into chronic (CM) and episodic (EM). Despite 
the very high prevalence of migraine, there are no 
evidence-based guidelines for differentiating between 
these subtypes other than the number of days of mi-
graine headache per month. Thus, we consider it timely 
to perform a systematic review to search for physiologi-
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cal evidence from functional activity (as opposed to 
anatomical structure) for the differentiation between 
CM and EM, as well as potential functional biomarkers. 
For this purpose, Web of Science (WoS), Scopus, and 
PubMed databases were screened.

FINDINGS Among the 24 studies included in this re-
view, most of them (22) reported statistically significant 
differences between the groups of CM and EM. This 
finding is consistent regardless of brain activity acquisi-
tion modality, ictal stage, and recording condition for a 
wide variety of analyses. That speaks for a supramodal 
and domain-general differences between CM and EM 
that goes beyond a differentiation based on the days 
of migraine per month. Together, the reviewed studies 
demonstrates that electro- and magneto-physiological 
brain activity (M/EEG), as well as neurovascular and 
metabolic recordings from functional magnetic reso-
nance imaging (fMRI) and positron emission tomog-
raphy (PET), show characteristic patterns that allow to 
differentiate between CM and EM groups.

CONCLUSIONS Although a clear brain activity-based 
biomarker has not yet been identified to distinguish 
these subtypes of migraine, research is approaching 
headache specialists to a migraine diagnosis based not 
only on symptoms and signs reported by patients. Fu-
ture studies based on M/EEG should pay special atten-
tion to the brain activity in medium and fast frequency 
bands, mainly the beta band. On the other hand, fMRI 
and PET studies should focus on neural circuits and 
regions related to pain and emotional processing.

Keywords: Chronic migraine (CM), Electroencephalog-
raphy (EEG), Episodic migraine (EM), Functional activity, 
Functional magnetic resonance imaging (fMRI), Magneto-
encephalography (MEG), Positron emission tomography 
(PET)
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BACKGROUND Migraine is a common and disabling 
primary headache, which is associated with a wide 
range of psychiatric comorbidities. However, the mech-
anisms of emotion processing in migraine are not fully 
understood yet. The present study aimed to investigate 
the neural network during neutral, positive, and nega-
tive emotional stimuli in the migraine patients.

METHODS A total of 24 migraine patients and 24 age- 
and sex-matching healthy controls were enrolled in this 
study. Neuromagnetic brain activity was recorded using 
a whole-head magnetoencephalography (MEG) system 
upon exposure to human facial expression stimuli. MEG 
data were analyzed in multi-frequency ranges from 1 to 
100 Hz.

RESULTS The migraine patients exhibited a signifi-
cant enhancement in the effective connectivity from 
the prefrontal lobe to the temporal cortex during the 
negative emotional stimuli in the gamma frequency 
(30-90 Hz). Graph theory analysis revealed that the mi-
graine patients had an increased degree and clustering 
coefficient of connectivity in the delta frequency range 
(1-4 Hz) upon exposure to positive emotional stimuli 
and an increased degree of connectivity in the delta 
frequency range (1-4 Hz) upon exposure to negative 
emotional stimuli. Clinical correlation analysis showed 
that the history, attack frequency, duration, and neu-
ropsychological scales of the migraine patients had a 
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negative correlation with the network parameters in 
certain frequency ranges.

CONCLUSIONS The results suggested that the individ-
uals with migraine showed deviant effective connectiv-
ity in viewing the human facial expressions in multi-
frequencies. The prefrontal-temporal pathway might be 
related to the altered negative emotional modulation 
in migraine. These findings suggested that migraine 
might be characterized by more universal altered ce-
rebral processing of negative stimuli. Since the signifi-
cant result in this study was frequency-specific, more 
independent replicative studies are needed to confirm 
these results, and to elucidate the neurocircuitry under-
lying the association between migraine and emotional 
conditions.

Keywords: Effective connectivity, Emotional stimuli, Mag-
netoencephalography, Migraine, Multi-frequency
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Migraine chronification is associated with beta-
band connectivity within the pain-related cortical 
regions: a magnetoencephalographic study (2021)
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ABSTRACT Pain disorders are associated with aber-
rant oscillations in the pain-related cortical regions; 
however, few studies have investigated the relationship 
between the functional cortical network and migraine 
chronification through direct neural signals. Magneto-
encephalography was used to record the resting-state 
brain activity of healthy controls as well as patients 
with episodic migraine (EM) and chronic migraine (CM). 

The source-based oscillatory dynamics of the pain-re-
lated cortical regions, which comprises 10 node regions 
(the bilateral primary [SI] and secondary somatosen-
sory cortices, insula, medial frontal cortex, and anterior 
cingulate cortex [ACC]), were calculated to determine 
the intrinsic connectivity and node strength at 1 to 
40 Hz. The total node strength within the pain-related 
cortical regions was smaller in the beta band in patients 
with migraine (70 EM and 80 CM) than in controls (n = 
65). In the beta band, the node strength and functional 
connectivity values of patients with CM and patients 
with EM differed from those of controls in specific corti-
cal areas, notably the left SI (EM < control) and bilateral 
ACC (CM < control); moreover, the node strength was 
lower in patients with CM than in those with EM. In 
all patients with migraine, negative correlations were 
observed between headache frequency and node 
strength in the bilateral ACC. In conclusion, migraine is 
characterized by reduced beta oscillatory connectivity 
within the pain-related cortical regions. Reduced beta 
connectivity in the ACC is linked to migraine chronifica-
tion. Longitudinal studies should verify whether this 
oscillation change is a brain signature and a potential 
neuromodulation target for migraine.

Pain (2021), Vol. 162, No. 10 (34534180) (6 citations)
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PURPOSE OF REVIEW Tension-type headache is often 
regarded as the "normal" headache due to its high 
prevalence and mild disability in contrast with mi-
graine. Clinically, both headaches are common comor-
bidities to each other. To date there has been many 
studies linked migraine to a brain excitability disorder. 
This review summarized earlier studies on brain excit-
ability of TTH and discuss if TTH is a separate clinical 
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entity from migraine as suggested by the diagnostic 
criteria.

RECENT FINDINGS A recent magnetoencephalo-
graphic study from our group enrolled patients with 
"strict-criteria" TTH (i.e., absence of any migraine 
characteristics and associated symptoms) to compare 
the somatosensory excitability with patients with mi-
graine and controls. This study provided evidence that 
TTH and migraine differ in excitability profiles and the 
measurement of preactivation excitability was able to 
discriminate TTH from migraine. Earlier studies on brain 
excitability of TTH yielded negative findings or a com-
mon change shared with migraine. Future studies using 
strict diagnostic criteria to avoid the unwanted interfer-
ence from migraine comorbidity may help decipher 
the "true" pathophysiology of TTH, which may pave the 
way to a TTH-specific brain signature and treatment.

Keywords: Brain excitability, Magnetoencephalography 
(MEG), Migraine, Neurophysiology, Somatosensory gating, 
Tension-type headache (TTH)
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Individual pain sensitivity is associated with 
resting-state cortical activities in healthy 
individuals but not in patients with migraine: a 
magnetoencephalography study (2020)
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BACKGROUND Pain sensitivity may determine the risk, 
severity, prognosis, and efficacy of treatment of clinical 
pain. Magnetic resonance imaging studies have linked 

thermal pain sensitivity to changes in brain structure. 
However, the neural correlates of mechanical pain 
sensitivity remain to be clarified through investigation 
of direct neural activities on the resting-state cortical 
oscillation and synchrony.

METHODS We recorded the resting-state magnetoen-
cephalographic (MEG) activities of 27 healthy individu-
als and 30 patients with episodic migraine (EM) and 
analyzed the source-based oscillatory powers and 
functional connectivity at 2 to 59 Hz in pain-related 
cortical regions, which are the bilateral anterior cingu-
late cortex (ACC), medial orbitofrontal (MOF) cortex, 
lateral orbitofrontal (LOF) cortex, insula cortex, primary 
somatosensory cortex (SI), primary motor cortex (MI), 
and posterior cingulate cortex (PCC). The mechanical 
punctate pain threshold (MPPT) was obtained at the 
supraorbital area (the first branch of the trigeminal 
nerve dermatome, V1) and the forearm (the first tho-
racic nerve dermatome, T1) and further correlated with 
MEG measures.

RESULTS The MPPT is inversely correlated with the 
resting-state relative powers of gamma oscillation in 
healthy individuals (all corrected P < 0.05). Specifically, 
inverse correlation was noted between the MPPT at V1 
and gamma powers in the bilateral insula (r = - 0.592 
[left] and - 0.529 [right]), PCC (r = - 0.619 and - 0.541) and 
MI (r = - 0.497 and - 0.549) and between the MPPT at T1 
and powers in the left PCC (r = - 0.561) and bilateral MI 
(r = - 0.509 and - 0.520). Furthermore, resting-state func-
tional connectivity at the delta to beta bands, espe-
cially between frontal (MOF, ACC, LOF, and MI), parietal 
(PCC), and sensorimotor (bilateral SI and MI) regions, 
showed a positive correlation with the MPPT at V1 and 
T1 (all corrected P < 0.05). By contrast, in patients with 
EM, the MPPT was not associated with resting-state 
cortical activities.

CONCLUSIONS Pain sensitivity in healthy individuals 
is associated with the resting-state gamma oscillation 
and functional connectivity in pain-related cortical 
regions. Further studies must be conducted in a large 
population to confirm whether resting-state cortical 
activities can be an objective measurement of pain 
sensitivity in individuals without clinical pain.
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Keywords: Episodic migraine, Functional connectivity, 
Gamma, Magnetoencephalography, Oscillation, Pain 
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Auditory attention alterations in migraine: A 
behavioral and MEG/EEG study (2020)
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OBJECTIVES To evaluate alterations of top-down and/
or bottom-up attention in migraine and their cortical 
underpinnings.

METHODS 19 migraineurs between attacks and 19 
matched control participants performed a task evaluat-
ing jointly top-down and bottom-up attention, using 
visually-cued target sounds and unexpected task-
irrelevant distracting sounds. Behavioral responses 

and magneto- and electro-encephalography signals 
were recorded. Event-related potentials and fields were 
processed and source reconstruction was applied to 
event-related fields.

RESULTS At the behavioral level, neither top-down 
nor bottom-up attentional processes appeared to be 
altered in migraine. However, migraineurs presented 
heightened evoked responses following distracting 
sounds (orienting component of the N1 and Re-Ori-
enting Negativity, RON) and following target sounds 
(orienting component of the N1), concomitant to an 
increased recruitment of the right temporo-parietal 
junction. They also displayed an increased effect of the 
cue informational value on target processing resulting 
in the elicitation of a negative difference (Nd).

CONCLUSIONS Migraineurs appear to display in-
creased bottom-up orienting response to all incoming 
sounds, and an enhanced recruitment of top-down 
attention.

SIGNIFICANCE The interictal state in migraine is char-
acterized by an exacerbation of the orienting response 
to attended and unattended sounds. These attentional 
alterations might participate to the peculiar vulnerabil-
ity of the migraine brain to all incoming stimuli.

Keywords: Bottom-up attention, Electroencephalogra-
phy, Event-related responses, Magnetoencephalography, 
Migraine, Top-down attention
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Movement Disorders

Fading of brain network fingerprint in Parkinson's 
disease predicts motor clinical impairment (2023)
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ABSTRACT The clinical connectome fingerprint (CCF) 
was recently introduced as a way to assess brain dy-
namics. It is an approach able to recognize individuals, 
based on the brain network. It showed its applicability 
providing network features used to predict the cogni-
tive decline in preclinical Alzheimer's disease. In this 
article, we explore the performance of CCF in 47 Parkin-
son's disease (PD) patients and 47 healthy controls, un-
der the hypothesis that patients would show reduced 
identifiability as compared to controls, and that such 
reduction could be used to predict motor impairment. 
We used source-reconstructed magnetoencephalog-
raphy signals to build two functional connectomes 
for 47 patients with PD and 47 healthy controls. Then, 
exploiting the two connectomes per individual, we 
investigated the identifiability characteristics of each 
subject in each group. We observed reduced identifi-
ability in patients compared to healthy individuals in 
the beta band. Furthermore, we found that the reduc-

tion in identifiability was proportional to the motor 
impairment, assessed through the Unified Parkinson's 
Disease Rating Scale, and, interestingly, able to pre-
dict it (at the subject level), through a cross-validated 
regression model. Along with previous evidence, this 
article shows that CCF captures disrupted dynamics in 
neurodegenerative diseases and is particularly effective 
in predicting motor clinical impairment in PD.

Keywords: Parkinson's disease, brain fingerprint, brain net-
work, clinical connectome fingerprint, magnetoencepha-
lography, motor impairment, neurodegenerative disease
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Neurophysiological Basis of Deep Brain Stimulation 
and Botulinum Neurotoxin Injection for Treating 
Oromandibular Dystonia (2022)
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ABSTRACT Oromandibular dystonia (OMD) induces 
severe motor impairments, such as masticatory distur-
bances, dysphagia, and dysarthria, resulting in a serious 
decline in quality of life. Non-invasive brain-imaging 
techniques such as electroencephalography (EEG) 
and magnetoencephalography (MEG) are powerful 
approaches that can elucidate human cortical activity 
with high temporal resolution. Previous studies with 
EEG and MEG have revealed that movements in the 
stomatognathic system are regulated by the bilateral 
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central cortex. Recently, in addition to the standard 
therapy of botulinum neurotoxin (BoNT) injection into 
the affected muscles, bilateral deep brain stimulation 
(DBS) has been applied for the treatment of OMD. How-
ever, some patients' OMD symptoms do not improve 
sufficiently after DBS, and they require additional BoNT 
therapy. In this review, we provide an overview of the 
unique central spatiotemporal processing mechanisms 
in these regions in the bilateral cortex using EEG and 
MEG, as they relate to the sensorimotor functions of 
the stomatognathic system. Increased knowledge 
regarding the neurophysiological underpinnings of the 
stomatognathic system will improve our understanding 
of OMD and other movement disorders, as well as aid 
the development of potential novel approaches such as 
combination treatment with BoNT injection and DBS or 
non-invasive cortical current stimulation therapies.

Keywords: botulinum neurotoxin, deep brain stimulation, 
electroencephalography, globus pallidus, magnetoen-
cephalography, motor function, oromandibular dystonia, 
sensorimotor function, stomatognathic function
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Insights from Magnetic Evoked Field Analysis in 
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AIMS To study the latency, amplitude, and source lo-
calization of magnetic evoked field (MEF) responses to 
visual, auditory, and somatosensory stimuli in Wilson's 

disease (WD) using magnetoencephalography (MEG) 
and compare it with "healthy" controls, and correlate 
the observations with disease severity and brain MRI.

METHODS MEF of 28 patients with neurological WD 
(age: 22.82 ± 5.8 years; M:F = 12:16) and 21 matched 
controls (age: 25.0 ± 4.6 years; M:F = 10:11) were re-
corded using MEG. Source localization was performed 
using standard models on the components of M100, 
M20, and M100 for visual, somatosensory, and auditory 
evoked fields, respectively and its latency/amplitude 
was correlated with disease severity.

RESULTS There were significant differences in source 
location between control and WD during visual evoked 
field (VEF) and auditory evoked field (AEF) studies. 
Latencies of M20 (right-p = 0.02; left-p = 0.04) and M32 
(right-p = 0.01) components of SSEF were significantly 
prolonged. The amplitude of M20 was significantly 
reduced in patients bilaterally (P = 0.001). There was a 
trend for the prolonged latency of M100 of VEF in pa-
tients (P = 0.09). Five patients had reduced right M145 
compared to 8 controls. The left somatosensory evoked 
fields (SSEF) latency correlated with disease severity (P 
= 0.04). There was no significant correlation between 
major components of other MEF with disease severity 
or MRI score.

CONCLUSIONS This study, first of its kind to use MEF 
analysis in a large cohort of patients with WD, detected 
subclinical but a variable degree of abnormalities, most 
consistently of SSEF. It provides valuable insights of 
functioning and localization of various pathways in a 
disease known to have protean clinical manifestations 
and widespread MRI changes.
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ABSTRACT The subthalamic nucleus (STN) is a primary 
target for deep brain stimulation in Parkinson's disease 
(PD). Although small in size, the STN is commonly par-
titioned into sensorimotor, cognitive/associative, and 
limbic subregions based on its structural connectivity 
profile to cortical areas. We investigated whether such 
a regional specialization is also supported by functional 
connectivity between local field potential recordings 

and simultaneous magnetoencephalography. Using a 
novel data set of 21 PD patients, we replicated previ-
ously reported cortico-STN coherence networks in the 
theta/alpha and beta frequency ranges, and looked for 
the spatial distribution of these networks within the 
STN region. Although theta/alpha and beta coherence 
peaks were both observed in on-medication record-
ings from electrode contacts at several locations within 
and around the STN, sites with theta/alpha coherence 
peaks were situated at significantly more inferior MNI 
coordinates than beta coherence peaks. Sites with only 
theta/alpha coherence peaks, i.e. without distinct beta 
coherence, were mostly located near the border of 
sensorimotor and cognitive/associative subregions as 
defined by a tractography-based atlas of the STN. Peak 
coherence values were largely unaltered by the medi-
cation state of the subject, however, theta/alpha peaks 
were more often identified in recordings obtained 
after administration of dopaminergic medication. Our 
findings suggest the existence of a frequency-specific 
topography of cortico-STN coherence within the STN, 
albeit with considerable spatial overlap between func-
tional networks. Consequently, optimization of deep 
brain stimulation targeting might remain a trade-off 
between alleviating motor symptoms and avoiding 
adverse neuropsychiatric side effects.

Keywords: Deep brain stimulation, Functional connec-
tivity, Magnetoencephalography, Parkinson's disease, 
Subthalamic nucleus
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ABSTRACT Exaggerated subthalamic beta oscillatory 
activity and increased beta range cortico-subthalamic 
synchrony have crystallized as the electrophysiologi-
cal hallmarks of Parkinson's disease. Beta oscillatory 
activity is not tonic but occurs in 'bursts' of transient 
amplitude increases. In Parkinson's disease, the char-
acteristics of these bursts are altered especially in the 
basal ganglia. However, beta oscillatory dynamics at 
the cortical level and how they compare with healthy 
brain activity is less well studied. We used magneto-
encephalography (MEG) to study sensorimotor corti-
cal beta bursting and its modulation by subthalamic 
deep brain stimulation in Parkinson's disease patients 
and age-matched healthy controls. We show that the 
changes in beta bursting amplitude and duration 
typical of Parkinson's disease can also be observed in 
the sensorimotor cortex, and that they are modulated 
by chronic subthalamic deep brain stimulation, which, 
in turn, is reflected in improved motor function at the 
behavioural level. In addition to the changes in indi-
vidual beta bursts, their timing relative to each other 
was altered in patients compared to controls: bursts 
were more clustered in untreated Parkinson's disease, 
occurring in 'bursts of bursts', and re-burst probabil-
ity was higher for longer compared to shorter bursts. 
During active deep brain stimulation, the beta bursting 
in patients resembled healthy controls' data. In sum-
mary, both individual bursts' characteristics and burst 

patterning are affected in Parkinson's disease, and 
subthalamic deep brain stimulation normalizes some 
of these changes to resemble healthy controls' beta 
bursting activity, suggesting a non-invasive biomarker 
for patient and treatment follow-up.

Keywords: Beta burst, Deep brain stimulation, Magneto-
encephalography, Oscillatory activity, Parkinson's disease, 
Resting state
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BACKGROUND Neuronal oscillations are linked to 
symptoms of Parkinson's disease. This relation can be 
exploited for optimizing deep brain stimulation (DBS), 
e.g. by informing a device or human about the optimal 
location, time and intensity of stimulation. Whether 
oscillations predict individual DBS outcome is not clear 
so far.

OBJECTIVE To predict motor symptom improvement 
from subthalamic power and subthalamo-cortical 
coherence.

METHODS We applied machine learning techniques 
to simultaneously recorded magnetoencephalography 
and local field potential data from 36 patients with 
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Parkinson's disease. Gradient-boosted tree learning 
was applied in combination with feature importance 
analysis to generate and understand out-of-sample 
predictions.

RESULTS A few features sufficed for making accurate 
predictions. A model operating on five coherence 
features, for example, achieved correlations of r > 0.8 
between actual and predicted outcomes. Coherence 
comprised more information in less features than sub-
thalamic power, although in general their information 
content was comparable. Both signals predicted aki-
nesia/rigidity reduction best. The most important local 
feature was subthalamic high-beta power (20-35 Hz). 
The most important connectivity features were sub-
thalamo-parietal coherence in the very high frequency 
band (>200 Hz) and subthalamo-parietal coherence 
in low-gamma band (36-60 Hz). Successful prediction 
was not due to the model inferring distance to target or 
symptom severity from neuronal oscillations.

CONCLUSION This study demonstrates for the first 
time that neuronal oscillations are predictive of DBS 
outcome. Coherence between subthalamic and parietal 
oscillations are particularly informative. These results 
highlight the clinical relevance of inter-areal synchrony 
in basal ganglia-cortex loops and might facilitate fur-
ther improvements of DBS in the future.

Keywords: Deep brain stimulation, Machine learning, 
Neuronal oscillations, Parkinson's disease, Subthalamic 
nucleus
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ABSTRACT Despite optimal oral drug treatment, about 
90% of patients with Parkinson's disease develop mo-
tor fluctuation and dyskinesia within 5-10 years from 
the diagnosis. Moreover, the patients show non-motor 
symptoms in different sensory domains. Bilateral deep 
brain stimulation (DBS) applied to the subthalamic 
nucleus is considered the most effective treatment in 
advanced Parkinson's disease, and it has been sug-
gested to affect sensorimotor modulation and relate to 
motor improvement in patients. However, observations 
on the relationship between sensorimotor activity and 
clinical improvement have remained sparse. Here, we 
studied the somatosensory evoked magnetic fields in 
13 right-handed patients with advanced Parkinson's 
disease before and 7 months after stimulator implanta-
tion. Somatosensory processing was addressed with 
magnetoencephalography during alternated median 
nerve stimulation at both wrists. The strengths and the 
latencies of the ~60-ms responses at the contralateral 
primary somatosensory cortices were highly variable 
but detectable and reliably localized in all patients. The 
response strengths did not differ between preoperative 
and postoperative DBSON measurements. The change 
in the response strength between preoperative and 
postoperative condition in the dominant left hemi-
sphere of our right-handed patients correlated with the 
alleviation of their motor symptoms (p = .04). However, 
the result did not survive correction for multiple com-
parisons. Magnetoencephalography appears an effec-
tive tool to explore non-motor effects in patients with 
Parkinson's disease, and it may help in understanding 
the neurophysiological basis of DBS. However, the 
high interindividual variability in the somatosensory 
responses and poor tolerability of DBSOFF condition 
warrants larger patient groups and measurements also 
in non-medicated patients.
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ABSTRACT Making accurate decisions often involves 
the integration of current and past evidence. Here, we 
examine the neural correlates of conflict and evidence 
integration during sequential decision-making. Female 
and male human patients implanted with deep-brain 
stimulation (DBS) electrodes and age-matched and 
gender-matched healthy controls performed an 
expanded judgment task, in which they were free to 
choose how many cues to sample. Behaviorally, we 
found that while patients sampled numerically more 
cues, they were less able to integrate evidence and 
showed suboptimal performance. Using recordings 
of magnetoencephalography (MEG) and local field 
potentials (LFPs; in patients) in the subthalamic nucleus 
(STN), we found that β oscillations signaled conflict 
between cues within a sequence. Following cues that 

differed from previous cues, β power in the STN and 
cortex first decreased and then increased. Importantly, 
the conflict signal in the STN outlasted the cortical one, 
carrying over to the next cue in the sequence. Further-
more, after a conflict, there was an increase in coher-
ence between the dorsal premotor cortex and STN in 
the β band. These results extend our understanding 
of cortico-subcortical dynamics of conflict processing, 
and do so in a context where evidence must be ac-
cumulated in discrete steps, much like in real life. Thus, 
the present work leads to a more nuanced picture of 
conflict monitoring systems in the brain and potential 
changes because of disease.SIGNIFICANCE STATEMENT 
Decision-making often involves the integration of mul-
tiple pieces of information over time to make accurate 
predictions. We simultaneously recorded whole-head 
magnetoencephalography (MEG) and local field poten-
tials (LFPs) from the human subthalamic nucleus (STN) 
in a novel task which required integrating sequen-
tially presented pieces of evidence. Our key finding is 
prolonged β oscillations in the STN, with a concurrent 
increase in communication with frontal cortex, when 
presented with conflicting information. These neural ef-
fects reflect the behavioral profile of reduced tendency 
to respond after conflict, as well as relate to subopti-
mal cue integration in patients, which may be directly 
linked to clinically reported side-effects of deep-brain 
stimulation (DBS) such as impaired decision-making 
and impulsivity.

Keywords: DBS, coherence, conflict, dorsal premotor cor-
tex, evidence integration, human, subthalamic nucleus
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ABSTRACT Response activation and inhibition are 
functions fundamental to executive control that are 
disrupted in Parkinson disease (PD). We used magneto-
encephalography to examine event related changes in 
oscillatory power amplitude, peak latency and fre-
quency in cortical networks subserving these functions 
and identified abnormalities associated with PD. Partici-
pants (N = 18 PD, 18 control) performed a cue/target 
task that required initiation of an un-cued movement 
(activation) or inhibition of a cued movement. Reac-
tion times were variable but similar across groups. Task 
related responses in gamma, alpha, and beta power 
were found across cortical networks including motor 
cortex, supplementary and pre- supplementary motor 
cortex, posterior parietal cortex, prefrontal cortex and 
anterior cingulate. PD-related changes in power and 
latency were noted most frequently in the beta band, 
however, abnormal power and delayed peak latency in 
the alpha band in the pre-supplementary motor area 
was suggestive of a compensatory mechanism. PD 
peak power was delayed in pre-supplementary motor 
area, motor cortex, and medial frontal gyrus only for 
activation, which is consistent with deficits in un-cued 
(as opposed to cued) movement initiation characteris-
tic of PD.
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Parkinson's Disease (2022)
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ABSTRACT Deep brain stimulation (DBS) has proven its 
clinical efficacy in Parkinson's disease (PD), but its exact 
mechanisms and cortical effects continue to be unclear. 
Subthalamic (STN) DBS acutely modifies auditory 
evoked responses, but its long-term effect on auditory 
cortical processing remains ambiguous. We studied 
with magnetoencephalography the effect of long-
term STN DBS on auditory processing in patients with 
advanced PD. DBS resulted in significantly increased 
contra-ipsilateral auditory response latency difference 
at ~100 ms after stimulus onset compared with preop-
erative state. The effect is likely due to normalization 
of neuronal asynchrony in the auditory pathways. The 
present results indicate that STN DBS in advanced PD 
patients has long-lasting effects on cortical areas out-
side those confined to motor processing. Whole-head 
magnetoencephalography provides a feasible tool to 
study motor and non-motor neural networks in PD, and 
to track possible changes related to cortical reorganiza-
tion or plasticity induced by DBS.
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ABSTRACT The mechanism of action of deep brain 
stimulation (DBS) to the basal ganglia for Parkinson's 
disease remains unclear. Studies have shown that DBS 
decreases pathological beta hypersynchrony between 
the basal ganglia and motor cortex. However, little is 
known about DBS's effects on long range corticocorti-
cal synchronization. Here, we use machine learning 
combined with graph theory to compare resting-state 
cortical connectivity between the off and on-stimu-
lation states and to healthy controls. We found that 
turning DBS on increased high beta and gamma band 
synchrony (26 to 50 Hz) in a cortical circuit spanning 
the motor, occipitoparietal, middle temporal, and 
prefrontal cortices. The synchrony in this network was 
greater in DBS on relative to both DBS off and con-
trols, with no significant difference between DBS off 
and controls. Turning DBS on also increased network 
efficiency and strength and subnetwork modularity 
relative to both DBS off and controls in the beta and 
gamma band. Thus, unlike DBS's subcortical normaliza-
tion of pathological basal ganglia activity, it introduces 
greater synchrony relative to healthy controls in cortical 
circuitry that includes both motor and non-motor sys-
tems. This increased high beta/gamma synchronization 
may reflect compensatory mechanisms related to DBS's 
clinical benefits, as well as undesirable non-motor side 
effects.

Keywords: deep brain stimulation, functional connectivity, 
magnetoencephalography, parkinson’s disease, synchrony
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Magnetoencephalography detects phase-
amplitude coupling in Parkinson's disease (2022)
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ABSTRACT To characterize Parkinson's disease, ab-
normal phase-amplitude coupling is assessed in the 
cortico-basal circuit using invasive recordings. It is 
unknown whether the same phenomenon might be 
found in regions other than the cortico-basal ganglia 
circuit. We hypothesized that using magnetoencepha-
lography to assess phase-amplitude coupling in the 
whole brain can characterize Parkinson's disease. We 
recorded resting-state magnetoencephalographic sig-
nals in patients with Parkinson's disease and in healthy 
age- and sex-matched participants. We compared 
whole-brain signals from the two groups, evaluat-
ing the power spectra of 3 frequency bands (alpha, 
8-12 Hz; beta, 13-25 Hz; gamma, 50-100 Hz) and the 
coupling between gamma amplitude and alpha or 
beta phases. Patients with Parkinson's disease showed 
significant beta-gamma phase-amplitude coupling that 
was widely distributed in the sensorimotor, occipital, 
and temporal cortices; healthy participants showed 
such coupling only in parts of the somatosensory and 
temporal cortices. Moreover, beta- and gamma-band 
power differed significantly between participants in 
the two groups (P < 0.05). Finally, beta-gamma phase-
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amplitude coupling in the sensorimotor cortices corre-
lated significantly with motor symptoms of Parkinson's 
disease (P < 0.05); beta- and gamma-band power did 
not. We thus demonstrated that beta-gamma phase-
amplitude coupling in the resting state characterizes 
Parkinson's disease.

Scientific reports (2022), Vol. 12, No. 1 (35115607) (2 
citations)

Neural correlates of impaired response inhibition in 
the antisaccade task in Parkinson's disease (2022)

              Waldthaler, Josefine; Vinding, Mikkel C; Eriksson, Allison; 
Svenningsson, Per; Lundqvist, Daniel

Department of Neurology, University Hospital Marburg, 

Marburg, Germany; Department of Clinical Neuroscience, 

Karolinska Institutet, Stockholm, Sweden. Electronic address: 

josefine.waldthaler@ki.se; NatMEG, Department of Clinical 

Neuroscience, Karolinska Institutet, Stockholm, Sweden

ABSTRACT Deficits in response inhibition are a central 
feature of the highly prevalent dysexecutive syn-
drome found in Parkinson's disease (PD). Such deficits 
are related to a range of common clinically relevant 
symptoms including cognitive impairment as well as 
impulsive and compulsive behaviors. In this study, we 
explored the cortical dynamics underlying response 
inhibition during the mental preparation for the 
antisaccade task by recording magnetoencephalogra-
phy (MEG) and eye-movements in 21 non-demented 
patients with early to mid-stage Parkinson's disease 
and 21 age-matched healthy control participants (HC). 
During the pre-stimulus preparatory period for antisac-
cades we observed: Taken together, the results indicate 
that alterations in pre-stimulus prefrontal alpha and 
beta activity hinder proactive response inhibition 
and in turn result in higher error rates and prolonged 
response latencies in PD.

Keywords: Antisaccade, Executive function, Eye-tracking, 
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ABSTRACT Aberrant brain oscillations are a hallmark 
of Parkinson's disease (PD) pathophysiology and may 
be related to both motor and nonmotor symptoms. 
Mild cognitive impairment (MCI) affects many people 
with PD even at the time of diagnosis and conversion 
risks to PD dementia (PDD) are very high. Unfortu-
nately, pharmacotherapies are not addressing cognitive 
symptoms in PD. Profiling PD cognitive phenotypes 
(e.g., MCI, PDD, etc.) may therefore help inform future 
treatments. Neurophysiological methods, such as 
magnetoencephalography (MEG), offer the advantage 
of observing oscillatory patterns, whose regional and 
temporal profiles may elucidate how cognitive changes 
relate to neural mechanisms. We conducted a resting-
state MEG cross-sectional study of 89 persons with 
PD stratified into three phenotypic groups: normal 
cognition, MCI, and PDD, to identify brain regions 
and frequencies most associated with each cognitive 
profile. In addition, a neuropsychological battery was 
administered to assess each domain of cognition. Our 
data showed higher power in lower frequency bands 
(delta and theta) observed along with more severe 
cognitive impairment and associated with memory, 
language, attention, and global cognition. Of the total 
119 brain parcels assessed during source analysis, wide-
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spread group differences were found in the beta band, 
with significant changes mostly occurring between the 
normal cognition and MCI groups. Moreover, bilateral 
frontal and left-hemispheric regions were particularly 
affected in the other frequencies as cognitive decline 
becomes more pronounced. Our results suggest that 
MCI and PDD may be qualitatively distinct cognitive 
phenotypes, and most dramatic changes seem to have 
happened when the PD brain shows mild cognitive 
decline.NEW & NOTEWORTHY Can we better stage 
cognitive decline in patients with Parkinson's disease 
(PD)? Here, we provide evidence that mild cognitive 
impairment, rather than being simply a milder form 
of dementia, may be a qualitatively distinct phase in 
its development. We suggest that the most dramatic 
neurophysiological changes may occur during the time 
the PD brain transitions from normal cognition to MCI, 
then compensatory changes further occur as the brain 
"switches" to a dementia state.

Keywords: Parkinson’s, beamforming, cognitive impair-
ment, magnetoencephalography, resting-state
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ABSTRACT The sequelae of Parkinson's disease (PD) 
includes both motor- and cognitive-related symptoms. 
Although traditionally considered a subcortical disease, 
there is increasing evidence that PD has a major impact 
on cortical function as well. Prior studies have reported 
alterations in cortical neural function in patients with 
PD during movement, but to date such studies have 
not examined whether the complexity of multicom-
ponent movements modulate these alterations. In this 
study, 23 patients with PD (medication "off" state) and 
27 matched healthy controls performed simple and 
complex finger tapping sequences during magneto-
encephalography (MEG), and the resulting MEG data 
were imaged to identify the cortical oscillatory dynam-
ics serving motor performance. The patients with PD 
were significantly slower than controls at executing 
the sequences overall, and both groups took longer 
to complete the complex sequences than the simple. 
In terms of neural differences, patients also exhibited 
weaker beta complexity-related effects in the right 
medial frontal gyrus and weaker complexity-related 
alpha activity in the right posterior and inferior parietal 
lobules, suggesting impaired motor sequence execu-
tion. Characterizing the cortical pathophysiology of PD 
could inform current and future therapeutic interven-
tions that address both motor and cognitive symptoms.
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ABSTRACT Graph theory-based approaches are effi-
cient tools for detecting clustering and group-wise dif-
ferences in high-dimensional data across a wide range 
of fields, such as gene expression analysis and neural 
connectivity. Here, we examine data from a cross-sec-
tional, resting-state magnetoencephalography study 
of 89 Parkinson's disease patients, and use minimum-
spanning tree (MST) methods to relate severity of Par-
kinsonian cognitive impairment to neural connectivity 
changes. In particular, we implement the two-sample 
multivariate-runs test of Friedman and Rafsky (Ann Stat 
7(4):697-717, 1979) and find it to be a powerful para-
digm for distinguishing highly significant deviations 
from the null distribution in high-dimensional data. We 
also generalize this test for use with greater than two 
classes, and show its ability to localize significance to 
particular sub-classes. We observe multiple indications 
of altered connectivity in Parkinsonian dementia that 
may be of future use in diagnosis and prediction.
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ABSTRACT Clinical neurophysiology studies can con-
tribute important information about the physiology 
of human movement and the pathophysiology and 
diagnosis of different movement disorders. Some tech-
niques can be accomplished in a routine clinical neuro-
physiology laboratory and others require some special 
equipment. This review, initiating a series of articles 
on this topic, focuses on the methods and techniques. 
The methods reviewed include EMG, EEG, MEG, evoked 
potentials, coherence, accelerometry, posturography 
(balance), gait, and sleep studies. Functional MRI (fMRI) 
is also reviewed as a physiological method that can be 
used independently or together with other methods. A 
few applications to patients with movement disorders 
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are discussed as examples, but the detailed applica-
tions will be the subject of other articles.

Keywords: Accelerometer, Coherence, EEG, EMG, Gait, Ki-
nematics, MEG, Movement, Movement disorders, Posture, 
Sleep, fMRI
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ABSTRACT Parkinson's disease (PD) is characterised by 
the emergence of beta frequency oscillatory synchro-
nisation across the cortico-basal-ganglia circuit. The 
relationship between the anatomy of this circuit and 
oscillatory synchronisation within it remains unclear. 
We address this by combining recordings from human 
subthalamic nucleus (STN) and internal globus pallidus 
(GPi) with magnetoencephalography, tractography 
and computational modelling. Coherence between 

supplementary motor area and STN within the high 
(21-30 Hz) but not low (13-21 Hz) beta frequency range 
correlated with 'hyperdirect pathway' fibre densities 
between these structures. Furthermore, supplemen-
tary motor area activity drove STN activity selectively 
at high beta frequencies suggesting that high beta 
frequencies propagate from the cortex to the basal 
ganglia via the hyperdirect pathway. Computational 
modelling revealed that exaggerated high beta hyper-
direct pathway activity can provoke the generation 
of widespread pathological synchrony at lower beta 
frequencies. These findings suggest a spectral signa-
ture and a pathophysiological role for the hyperdirect 
pathway in PD.
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ABSTRACT Parkinson's disease (PD) is a neurodegen-
erative disorder, well-known for its motor symptoms; 
however, it also adversely affects cognitive functions, 
including language, a highly important human ability. 
PD pathology is associated, even in the early stage of 
the disease, with alterations in the functional connec-
tivity within cortico-subcortical circuitry of the basal 
ganglia as well as within cortical networks. Here, we 
investigated functional cortical connectivity related to 
spoken language processing in early-stage PD patients. 
We employed a patient-friendly passive attention-free 
paradigm to probe neurophysiological correlates of 
language processing in PD patients without con-
founds related to active attention and overt motor 
responses. MEG data were recorded from a group of 
newly diagnosed PD patients and age-matched healthy 
controls who were passively presented with spoken 
word stimuli (action and abstract verbs, as well as 
grammatically correct and incorrect inflectional forms) 
while focussing on watching a silent movie. For each 
of the examined linguistic aspects, a logistic regression 
classifier was used to classify participants as either PD 
patients or healthy controls based on functional con-
nectivity within the temporo-fronto-parietal cortical 
language networks. Classification was successful for ac-
tion verbs (accuracy = 0.781, p-value = 0.003) and, with 
lower accuracy, for abstract verbs (accuracy = 0.688, 
p-value = 0.041) and incorrectly inflected forms (ac-
curacy = 0.648, p-value = 0.021), but not for correctly 
inflected forms (accuracy = 0.523, p-value = 0.384). Our 
findings point to quantifiable differences in functional 
connectivity within the cortical systems underpinning 
language processing in newly diagnosed PD patients 
compared to healthy controls, which arise early, in the 
absence of clinical evidence of deficits in cognitive or 
general language functions. The techniques presented 
here may aid future work on establishing neurolinguis-
tic markers to objectively and noninvasively identify 
functional changes in the brain's language networks 
even before clinical symptoms emerge.

Keywords: Action verb, Classification, Functional connec-
tivity, Magnetoencephalography (MEG), Morphosyntax, 
Parkinson’s disease (PD)
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BACKGROUND Presently available medications and 
surgical treatments for Parkinson's disease have limited 
effects on fine motor problems and often leave patients 
with significant fine motor disability. Standard of care 
occupational therapy (OT) yields low efficacy, potential-
ly due to a lack of standard protocols. Neurologic music 
therapy (NMT) techniques, especially rhythmic audi-
tory stimulation which relies on interaction between 
rhythm and movement, have shown to be effective in 
PD gait rehabilitation possibly through their reliance on 
neural pathways that are not affected by PD. Therapeu-
tic instrumental music performance (TIMP) is one other 
NMT technique that holds promise but which mode of 
action and efficacy has not been investigated in PD yet.

METHODS One hundred PD participants will be 
randomly assigned to receive 15 sessions of either 
TIMP with rhythm or TIMP without rhythm, standard 
of care OT, or to be waitlisted (control) over 5 consecu-
tive weeks. Brain oscillatory responses will be collected 
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using magnetoencephalography during an auditory-
motor task to understand the underlying mechanisms. 
The Grooved Pegboard, the UPDRS III finger tap, and 
the finger-thumb opposition will be assessed to inves-
tigate clinical changes related to fine motor function. 
This project will also serve to confirm or refute our pilot 
data findings suggesting NMT relies on compensatory 
brain networks utilized by the PD brain to bypass the 
dysfunctional basal ganglia.

DISCUSSION This study aims to use standardized 
TIMP and OT research protocols for investigating the 
neuronal pathways utilized by each intervention and 
possibly study their efficacy with respect to fine motor 
rehabilitation via a randomized control trial in the PD 
population.

TRIAL REGISTRATION ClinicalTrials.gov NCT03049033 . 
Registered on September 29, 2020.

Keywords: Magnetoencephalography, Motor cortical 
activity, Neurologic music therapy, Neuronal entrainment, 
Parkinson’s disease, Rehabilitation
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ABSTRACT Aim: The aim of the present study is to 
investigate the relationship between both functional 
connectivity and brain networks with cognitive decline, 
in patients with Parkinson's disease (PD). Introduction: 
PD phenotype is not limited to motor impairment but, 
rather, a wide range of non-motor disturbances can oc-
cur, with cognitive impairment being one of the most 
common. However, how the large-scale organization of 
brain activity differs in cognitively impaired patients, as 
opposed to cognitively preserved ones, remains poorly 
understood. Methods: Starting from source-recon-
structed resting-state magnetoencephalography data, 
we applied the phase linearity measurement (PLM) to 
estimate functional connectivity, globally and between 
brain areas, in PD patients with and without cognitive 
impairment (respectively PD-CI and PD-NC), as com-
pared with healthy subjects (HS). Further, using graph 
analysis, we characterized the alterations in brain net-
work topology and related these, as well as the func-
tional connectivity, to cognitive performance. Results: 
We found reduced global and nodal PLM in several 
temporal (fusiform gyrus, Heschl's gyrus, and inferior 
temporal gyrus), parietal (postcentral gyrus), and oc-
cipital (lingual gyrus) areas within the left hemisphere, 
in the gamma band, in PD-CI patients, as compared 
with PD-NC and HS. With regard to the global topologi-
cal features, PD-CI patients, as compared with HS and 
PD-NC patients, showed differences in multi-frequen-
cies bands (delta, alpha, gamma) in the Leaf fraction, 
Tree hierarchy (Th) (both higher in PD-CI), and Diameter 
(lower in PD-CI). Finally, we found statistically signifi-
cant correlations between the Montreal Cognitive As-
sessment test and both the Diameter in delta band and 
the Th in the alpha band. Conclusion: Our work points 
to specific large-scale rearrangements that occur selec-
tively in cognitively compromised PD patients and are 
correlated to cognitive impairment. Impact statement 
In this article, we want to test the hypothesis that the 
cognitive decline observed in Parkinson's disease (PD) 
patients may be related to specific changes of both 
functional connectivity and brain network topology. 
Specifically, starting from magnetoencephalography 
signals and by applying the phase linearity measure-
ment (PLM), a connectivity metric that measures the 
synchronization between brain regions, we were able 
to highlight differences in the global and nodal PLM 
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values in PD patients with cognitive impairment as 
compared with both cognitively unimpaired patients 
and healthy subjects. Further, using graph analysis, we 
analyzed alterations in brain network topology that 
were related to cognitive functioning.

Keywords: brain networks topology, cognition, functional 
connectivity, graph theory, magnetoencephalography, 
synchrony
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ABSTRACT Pathological oscillations including elevated 
beta activity in the subthalamic nucleus (STN) and 
between STN and cortical areas are a hallmark of neural 
activity in Parkinson's disease (PD). Oscillations also 
play an important role in normal physiological process-
es and serve distinct functional roles at different points 
in time. We characterised the effect of dopaminergic 
medication on oscillatory whole-brain networks in 
PD in a time-resolved manner by employing a hidden 
Markov model on combined STN local field potentials 
and magnetoencephalography (MEG) recordings 
from 17 PD patients. Dopaminergic medication led to 
coherence within the medial and orbitofrontal cortex 
in the delta/theta frequency range. This is in line with 
known side effects of dopamine treatment such as 
deteriorated executive functions in PD. In addition, 

dopamine caused the beta band activity to switch from 
an STN-mediated motor network to a frontoparietal-
mediated one. In contrast, dopamine did not modify 
local STN-STN coherence in PD. STN-STN synchrony 
emerged both on and off medication. By providing 
electrophysiological evidence for the differential effects 
of dopaminergic medication on the discovered net-
works, our findings open further avenues for electrical 
and pharmacological interventions in PD.

Keywords: human, local field potential, magnetoencepha-
lography, neuroscience, time-resolved analysis, whole-
brain
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OBJECTIVES In this study, we investigated the effects 
of bilateral and unilateral deep brain stimulation of the 
subthalamic nucleus (STN-DBS) in PD patients on neu-
ral responses associated with two aspects of spoken 
language processing: semantics of action-related verbs 
and morphosyntactic processing.

MATERIALS AND METHODS Using a passive unat-
tended paradigm to present spoken linguistic stimuli, 
we recorded magnetoencephalographic (MEG) re-
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sponses in three PD patients in four DBS conditions: left 
unilateral STN-DBS, right unilateral STN-DBS, bilateral 
STN-DBS, and no STN-DBS. To ensure that any observed 
effects of DBS on the neuromagnetic responses could 
be attributed to the linguistic context per se and were 
not merely induced by the electrical stimulation, we 
assessed the effects of STN-DBS on linguistic contrasts 
within each stimulation condition. Hence, we contrast-
ed the processing of action vs. abstract verbs as well as 
the processing of correct vs. incorrect morphosyntactic 
inflections within each DBS condition.

RESULTS The results revealed that, compared to the 
DBS-off state, both bilateral and right unilateral stimu-
lation of the STN yielded significant dissociations in the 
processing of action and abstract verbs, with greater 
neuromagnetic responses for action verbs compared to 
abstract verbs. For morphosyntax processing, only left 
unilateral stimulation yielded significant dissociations 
(relative to the DBS-off state), with greater neuromag-
netic responses to the incorrect inflections compared 
to the correct inflections.

CONCLUSION The results reflect differential effects 
of unilateral and bilateral STN-DBS on neuromagnetic 
responses associated with the processing of spoken 
language. They suggest that different specific aspects 
of linguistic information processing in PD are affected 
differently by STN-DBS.

Keywords: Parkinson's disease, action verb, bilateral, deep 
brain stimulation, language, magnetoencephalography, 
morphosyntax, unilateral
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ABSTRACT The clinical syndromes caused by fron-
totemporal lobar degeneration are heterogeneous, 
including the behavioural variant frontotemporal 
dementia (bvFTD) and progressive supranuclear palsy. 
Although pathologically distinct, they share many 
behavioural, cognitive and physiological features, 
which may in part arise from common deficits of 
major neurotransmitters such as γ-aminobutyric acid 
(GABA). Here, we quantify the GABAergic impairment 
and its restoration with dynamic causal modelling of a 
double-blind placebo-controlled crossover pharmaco-
magnetoencephalography study. We analysed 17 
patients with bvFTD, 15 patients with progressive 
supranuclear palsy, and 20 healthy age- and gender-
matched controls. In addition to neuropsychological 
assessment and structural MRI, participants undertook 
two magnetoencephalography sessions using a rov-
ing auditory oddball paradigm: once on placebo and 
once on 10 mg of the oral GABA reuptake inhibitor 
tiagabine. A subgroup underwent ultrahigh-field mag-
netic resonance spectroscopy measurement of GABA 
concentration, which was reduced among patients. 
We identified deficits in frontotemporal processing 
using conductance-based biophysical models of local 
and global neuronal networks. The clinical relevance 
of this physiological deficit is indicated by the correla-
tion between top-down connectivity from frontal to 
temporal cortex and clinical measures of cognitive and 
behavioural change. A critical validation of the biophys-
ical modelling approach was evidence from parametric 
empirical Bayes analysis that GABA levels in patients, 
measured by spectroscopy, were related to posterior 
estimates of patients' GABAergic synaptic connectivity. 
Further evidence for the role of GABA in frontotempo-
ral lobar degeneration came from confirmation that the 
effects of tiagabine on local circuits depended not only 
on participant group, but also on individual baseline 
GABA levels. Specifically, the phasic inhibition of deep 
cortico-cortical pyramidal neurons following tiagabine, 
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but not placebo, was a function of GABA concentration. 
The study provides proof-of-concept for the potential 
of dynamic causal modelling to elucidate mechanisms 
of human neurodegenerative disease, and explains the 
variation in response to candidate therapies among 
patients. The laminar- and neurotransmitter-specific 
features of the modelling framework, can be used to 
study other treatment approaches and disorders. In 
the context of frontotemporal lobar degeneration, we 
suggest that neurophysiological restoration in selected 
patients, by targeting neurotransmitter deficits, could 
be used to bridge between clinical and preclinical mod-
els of disease, and inform the personalized selection 
of drugs and stratification of patients for future clinical 
trials.

Keywords: GABA, conductance-based modelling, dynamic 
causal modelling, frontotemporal dementia, progressive 
supranuclear palsy
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ABSTRACT Rapid reconfigurations of brain activity 
support efficient neuronal communication and flexible 
behaviour. Suboptimal brain dynamics is associated to 
impaired adaptability, possibly leading to functional 
deficiencies. We hypothesize that impaired flexibility in 
brain activity can lead to motor and cognitive symp-
toms of Parkinson's disease (PD). To test this hypothesis, 
we studied the 'functional repertoire'-the number 
of distinct configurations of neural activity-using 
source-reconstructed magnetoencephalography in 
PD patients and controls. We found stereotyped brain 
dynamics and reduced flexibility in PD. The intensity of 
this reduction was proportional to symptoms severity, 
which can be explained by beta-band hyper-synchro-
nization. Moreover, the basal ganglia were prominently 
involved in the abnormal patterns of brain activity. Our 
findings support the hypotheses that: symptoms in 
PD relate to impaired brain flexibility, this impairment 
preferentially involves the basal ganglia, and beta-band 
hypersynchronization is associated with reduced brain 
flexibility. These findings highlight the importance of 
extensive functional repertoires for correct behaviour.
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ABSTRACT Parkinson's disease dementia (PDD) and 
dementia with Lewy bodies (DLB) are related condi-
tions that are associated with cholinergic system dys-
function. Dysfunction of the nucleus basalis of Meynert 
(NBM), a basal forebrain structure that provides the 
dominant source of cortical cholinergic innervation, 
has been implicated in the pathogenesis of both PDD 
and DLB. Here we leverage the temporal resolution 
of magnetoencephalography with the spatial resolu-
tion of MRI tractography to explore the intersection of 
functional and structural connectivity of the NBM in a 
unique cohort of PDD and DLB patients undergoing 
deep brain stimulation of this structure. We observe 
that NBM-cortical structural and functional connectiv-
ity correlate within spatially and spectrally segregated 
networks including: (i) a beta band network to supple-
mentary motor area, where activity in this region was 
found to drive activity in the NBM; (ii) a delta/theta 
band network to medial temporal lobe structures 
encompassing the parahippocampal gyrus; and (iii) 
a delta/theta band network to visual areas including 
lingual gyrus. These findings reveal functional net-
works of the NBM that are likely to subserve important 
roles in motor control, memory and visual function, 
respectively. Furthermore, they motivate future studies 
aimed at disentangling network contribution to disease 
phenotype.

Keywords: DBS, DTI, MEG, coherence, oscillations
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INTRODUCTION Angelman syndrome (AS) and Prader-
Willi syndrome (PWS) are neurodevelopmental disor-
ders caused by loss of function of maternally expressed 
UBE3A and paternally expressed contiguous genes 
on chromosome 15q11-13, respectively. A majority of 
these syndromes suffer from a large deletion of the rel-
evant chromosome (AS Del or PWS Del), which includes 
biallelically expressed gamma-aminobutyric acid type 
A receptor subunit (GABAaR) genes, while remaining 
individuals present without the deletion (AS non-Del or 
PWS non-Del). We previously reported that AS Del, but 
not AS non-Del individuals, show aberrantly desynchro-
nized somatosensory-evoked magnetic fields (SEFs) 
and speculated that it might reflect GABAergic dys-
function due to the hemizygosity of GABAaR genes. To 
verify its pathophysiological impact on PWS and AS, we 
analyzed the SEFs of PWS individuals.

METHOD SEFs were recorded from eight PWS Del and 
two PWS non-Del individuals. The latency and strength 
of the first peak (N1m) were compared with those of 
AS Del/non-Del individuals and controls, most of which 
were obtained earlier.

RESULTS In contrast to AS, both PWS Del and PWS non-
Del showed normal SEF waveforms. Desynchronized 
response with delayed N1m peak latency was exclu-
sively indicated in AS Del. N1m strength was statisti-
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cally higher in AS Del and AS non-Del, but not in PWS 
Del and PWS non-Del.

CONCLUSIONS Our results indicate that the patho-
physiological impact of the hemizygosity of GABAaR 
genes is lower in PWS than AS. UBE3A deficiency and 
the hemizygosity of GABAaR genes could synergistical-
ly deteriorate neuronal function, resulting in aberrant 
SEFs in AS Del.

Keywords: Angelman syndrome, GABA receptors, Prader-
Willi syndrome, Somatosensory-evoked magnetic fields
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BACKGROUND Notwithstanding the large improve-
ment in motor function in Parkinson's disease (PD) pa-
tients treated with deep brain stimulation (DBS), apathy 
may increase. Postoperative apathy cannot always be 
related to a dose reduction of dopaminergic medica-
tion and stimulation itself may play a role.

OBJECTIVE We studied whether apathy in DBS-treated 
PD patients could be a stimulation effect.

METHODS In 26 PD patients we acquired apathy scores 
before and >6 months after DBS of the subthalamic 
nucleus (STN). Magnetoencephalography recordings 
(ON and OFF stimulation) were performed ≥6 months 
after DBS placement. Change in apathy severity was 
correlated with (i) improvement in motor function and 
dose reduction of dopaminergic medication, (ii) stimu-
lation location (merged MRI and CT-scans) and (iii) 
stimulation-related changes in functional connectivity 
of brain regions that have an alleged role in apathy.

RESULTS Average apathy severity significantly in-
creased after DBS (p < 0.001) and the number of 
patients considered apathetic increased from two to 
nine. Change in apathy severity did not correlate with 
improvement in motor function or dose reduction of 
dopaminergic medication. For the left hemisphere, 
increase in apathy was associated with a more dorso-
lateral stimulation location (p = 0.010). The increase in 
apathy severity correlated with a decrease in alpha1 
functional connectivity of the dorsolateral prefrontal 
cortex (p = 0.006), but not with changes of the medial 
orbitofrontal or the anterior cingulate cortex.

CONCLUSIONS The present observations suggest that 
apathy after STN-DBS is not necessarily related to dose 
reductions of dopaminergic medication, but may be 
an effect of the stimulation itself. This highlights the 
importance of determining optimal DBS settings based 
on both motor and non-motor symptoms.
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ABSTRACT Deep brain stimulation (DBS) is an effec-
tive treatment method for a range of neurological 
and psychiatric disorders. It involves implantation of 
stimulating electrodes in a precisely guided fashion 
into subcortical structures and, at a later stage, chronic 
stimulation of these structures with an implantable 
pulse generator. While the DBS surgery makes it pos-
sible to both record brain activity and stimulate parts 
of the brain that are difficult to reach with non-invasive 
techniques, electroencephalography (EEG) and mag-
netoencephalography (MEG) provide complementary 
information from other brain areas, which can be used 
to characterize brain networks targeted through DBS. 
This requires, however, the careful consideration of dif-
ferent types of artifacts in the data acquisition and the 
subsequent analyses. Here, we review both the techni-

cal issues associated with EEG/MEG recordings in DBS 
patients and the experimental findings to date. One 
major line of research is simultaneous recording of local 
field potentials (LFPs) from DBS targets and EEG/MEG. 
These studies revealed a set of cortico-subcortical co-
herent networks functioning at distinguishable physi-
ological frequencies. Specific network responses were 
linked to clinical state, task or stimulation parameters. 
Another experimental approach is mapping of DBS-
targeted networks in chronically implanted patients 
by recording EEG/MEG responses during stimulation. 
One can track responses evoked by single stimulation 
pulses or bursts as well as brain state shifts caused 
by DBS. These studies have the potential to provide 
biomarkers for network responses that can be adapted 
to guide stereotactic implantation or optimization of 
stimulation parameters. This is especially important for 
diseases where the clinical effect of DBS is delayed or 
develops slowly over time. The same biomarkers could 
also potentially be utilized for the online control of DBS 
network effects in the new generation of closed-loop 
stimulators that are currently entering clinical use. 
Through future studies, the use of network biomarkers 
may facilitate the integration of circuit physiology into 
clinical decision making.
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ABSTRACT Studies on evoked responses in Parkinson's 
disease (PD) may be useful for elucidating the etiology 
and quantitative evaluation of PD. However, in previ-
ous studies, the association between evoked responses 
and detailed motor symptoms or cognitive functions 
has not been clear. This study investigated the charac-
teristics of the visual (VEF), auditory (AEF), and somato-
sensory (SEF) evoked magnetic fields in patients with 
Parkinson's disease (PD), and the correlations between 
evoked fields and the patient's clinical characteristics, 
motor symptoms, and cognitive functions. Twenty 
patients with PD and 10 healthy controls (HCs) were 
recruited as participants. We recorded VEF, AEF, and SEF, 
collected clinical characteristics, performed physical 
examinations, and administered 10 cognitive tests. We 
investigated differences in the latencies of the evoked 
fields between patients with PD and HCs. We also 
evaluated the correlation of the latencies with motor 
symptoms and cognitive functioning. There were sig-
nificant differences between the two groups in 6 of the 
cognitive tests, all of which suggested mild cognitive 
impairment in patients with PD. The latencies of the 
VEF N75m, P100m, N145m, AEF P50m, P100m, and SEF 
P60m components were greater in the patients with 
PD than in the HCs. The latencies mainly correlated 
with medication and motor symptoms, less so with 
cognitive tests, with some elements of the correlations 
remaining significant after Bonferroni correction. In 
conclusion, the latencies of the VEF, AEF, and SEF were 
greater in PD patients than in HCs and were mainly cor-
related with medication and motor symptoms rather 
than cognitive functioning. Findings from this study 
suggest that evoked fields may reflect basal ganglia 
functioning and are candidates for assessing motor 
symptoms or the therapeutic effects of medication in 
patients with PD.
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ABSTRACT This study offers a novel and efficient mea-
sure based on a higher order version of autocorrelative 
signal memory that can identify nonlinearities in a 
single time series. The suggested method was applied 
to simultaneously recorded subthalamic nucleus (STN) 
local field potentials (LFP) and magnetoencephalog-
raphy (MEG) from fourteen Parkinson's Disease (PD) 
patients who underwent surgery for deep brain stimu-
lation. Recordings were obtained during rest for both 
OFF and ON dopaminergic medication states. We ana-
lyzed the bilateral LFP channels that had the maximum 
beta power in the OFF state and the cortical sources 
that had the maximum coherence with the selected 
LFP channels in the alpha band. Our findings revealed 
the inherent nonlinearity in the PD data as subcorti-
cal high beta (20-30 Hz) band and cortical alpha (8-12 
Hz) band activities. While the former was discernible 
without medication (p=0.015), the latter was induced 
upon the dopaminergic medication (p<6.10[-4]). The 
degree of subthalamic nonlinearity was correlated with 
contralateral tremor severity (r=0.45, p=0.02). Con-
versely, for the cortical signals nonlinearity was present 
for the ON medication state with a peak in the alpha 
band and correlated with contralateral akinesia and 
rigidity (r=0.46, p=0.02). This correlation appeared to 
be independent from that of alpha power and the two 
measures combined explained 34 % of the variance in 
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contralateral akinesia scores. Our findings suggest that 
particular frequency bands and brain regions display 
nonlinear features closely associated with distinct mo-
tor symptoms and functions.

Keywords: Deep brain stimulation, Dopamine, Levodopa, 
Local field potentials, Neural oscillations, Nonlinearity
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ABSTRACT Parkinson's disease dementia (PDD) and 
dementia with Lewy bodies (DLB) are two related 
diseases which can be difficult to distinguish. There is 
no objective biomarker which can reliably differenti-
ate between them. The synergistic combination of 
electrophysiological and neuroimaging approaches 
is a powerful method for interrogation of functional 
brain networks in vivo. We recorded bilateral local field 
potentials (LFPs) from the nucleus basalis of Meynert 
(NBM) and the internal globus pallidus (GPi) with 
simultaneous cortical magnetoencephalography (MEG) 
in six PDD and five DLB patients undergoing surgery 

for deep brain stimulation (DBS) to look for differences 
in underlying resting-state network pathophysiology. 
In both patient groups we observed spectral peaks in 
the theta (2-8 Hz) band in both the NBM and the GPi. 
Furthermore, both the NBM and the GPi exhibited simi-
lar spatial and spectral patterns of coupling with the 
cortex in the two disease states. Specifically, we report 
two distinct coherent networks between the NBM/GPi 
and cortical regions: (1) a theta band (2-8 Hz) network 
linking the NBM/GPi to temporal cortical regions, and 
(2) a beta band (13-22 Hz) network coupling the NBM/
GPi to sensorimotor areas. We also found differences 
between the two disease groups: oscillatory power in 
the low beta (13-22Hz) band was significantly higher 
in the globus pallidus in PDD patients compared to 
DLB, and coherence in the high beta (22-35Hz) band 
between the globus pallidus and lateral sensorimotor 
cortex was significantly higher in DLB patients com-
pared to PDD. Overall, our findings reveal coherent 
networks of the NBM/GPi region that are common to 
both DLB and PDD. Although the neurophysiological 
differences between the two conditions in this study 
are confounded by systematic differences in DBS lead 
trajectories and motor symptom severity, they lend 
support to the hypothesis that DLB and PDD, though 
closely related, are distinguishable from a neurophysi-
ological perspective.
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ABSTRACT Parkinson's disease (PD) is a movement 
disorder caused by dopaminergic neurodegenera-
tion. Levodopa (L-dopa) is an effective medication 
for alleviating motor symptoms in PD that has been 
shown previously to reduce subcortical beta (13-30 Hz) 
oscillations. How L-dopa influences oscillations in the 
motor cortex is unclear. In this study, 21 PD patients 
were recorded with magnetoencephalography (MEG) 
in L-dopa ON and OFF states. Oscillatory components 
of resting-state power spectra were compared between 
the two states and the significant effect was localized 
using beamforming. Unified Parkinson's Disease Rat-
ing Scale (UPDRS) III akinesia and rigidity sub-scores 
for the most affected hemibody were correlated with 
source power values for the contralateral hemisphere. 
An L-dopa-induced power increase was found over 
the central sensors significant in the 18-30 Hz range 
(F(1,20)  > 14.8, PFWE corr < 0.05, cluster size inference 
with P = 0.001 cluster-forming threshold). Beamform-
ing localization of this effect revealed distinct peaks at 
the bilateral sensorimotor cortex. A significant cor-
relation between the magnitude of L-dopa induced 
18-30 Hz oscillatory motor-cortical power increase 
and the degree of improvement in contralateral 
akinesia and rigidity was found (F(2, 19) = 4.9, pone-
tailed = 0.02, R[2] = 0.2). Power in the same range was 
also inversely correlated with combined akinesia and 
rigidity scores in the L-dopa OFF state (F(2, 19) = 9.2, 
ptwo-tailed = 0.007, R[2] = 0.33) but not in the L-dopa 
ON state (F(2, 19) = 0.27, ptwo-tailed = 0.6, R[2] = 0.01). 
These results suggest that the role of motor cortical 
beta oscillations in PD is distinct from that of subcorti-
cal beta.
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ABSTRACT Deep brain stimulation (DBS) of the sub-
thalamic nucleus (STN) is an established symptomatic 
treatment in Parkinson's disease, yet its mechanism 
of action is not fully understood. Locally in the STN, 
stimulation lowers beta band power, in parallel with 
symptom relief. Therefore, beta band oscillations 
are sometimes referred to as "anti-kinetic". However, 
in recent studies functional interactions have been 
observed beyond the STN, which we hypothesized 
to reflect clinical effects of DBS. Resting-state, whole-
brain magnetoencephalography (MEG) recordings and 
assessments on motor function were obtained in 18 
Parkinson's disease patients with bilateral STN-DBS, on 
and off stimulation. For each brain region, we estimat-
ed source-space spectral power and functional connec-
tivity with the rest of the brain. Stimulation led to an 
increase in average peak frequency and a suppression 
of absolute band power (delta to low-beta band) in the 
sensorimotor cortices. Significant changes (decreases 
and increases) in low-beta band functional connectivity 
were observed upon stimulation. Improvement in bra-
dykinesia/rigidity was significantly related to increases 
in alpha2 and low-beta band functional connectivity 
(of sensorimotor regions, the cortex as a whole, and 
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subcortical regions). By contrast, tremor improvement 
did not correlate with changes in functional connectiv-
ity. Our results highlight the distributed effects of DBS 
on the resting-state brain and suggest that DBS-related 
improvements in rigidity and bradykinesia, but not 
tremor, may be mediated by an increase in alpha2 
and low-beta functional connectivity. Beyond the 
local effects of DBS in and around the STN, functional 
connectivity changes in these frequency bands might 
therefore be considered as "pro-kinetic".

Keywords: Deep brain stimulation, Magnetoencephalog-
raphy, Motor symptoms, Parkinson's disease, Resting-state
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ABSTRACT An emerging perspective describes beta-
band (15-28 Hz) activity as consisting of short-lived 
high-amplitude events that only appear sustained in 
conventional measures of trial-average power. This has 
important implications for characterising abnormali-
ties observed in beta-band activity in disorders like 
Parkinson's disease. Measuring parameters associated 
with beta-event dynamics may yield more sensitive 
measures, provide more selective diagnostic neural 
markers, and provide greater mechanistic insight into 
the breakdown of brain dynamics in this disease. Here, 
we used magnetoencephalography in eighteen Parkin-
son's disease participants off dopaminergic medication 
and eighteen healthy control participants to investigate 
beta-event dynamics during timed movement prepa-
ration. We used the Hidden Markov Model to classify 
event dynamics in a data-driven manner and derived 
three parameters of beta events: (1) beta-state ampli-
tude, (2) beta-state lifetime, and (3) beta-state interval 
time. Of these, changes in beta-state interval time 
explained the overall decreases in beta power during 
timed movement preparation and uniquely captured 
the impairment in such preparation in patients with 
Parkinson's disease. Thus, the increased granularity of 
the Hidden Markov Model analysis (compared with 
conventional analysis of power) provides increased sen-
sitivity and suggests a possible reason for impairments 
of timed movement preparation in Parkinson's disease.
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BACKGROUND The presence of subclinical optic nerve 
(ON) injury in youth living with pediatric-onset MS 
has not been fully elucidated. Magnetization transfer 

saturation (MTsat) is an advanced magnetic resonance 
imaging (MRI) parameter sensitive to myelin density 
and microstructural integrity, which can be applied to 
the study of the ON.

OBJECTIVE The objective of this study was to investi-
gate the presence of subclinical ON abnormalities in 
pediatric-onset MS by means of magnetization transfer 
saturation and evaluate their association with other 
structural and functional parameters of visual pathway 
integrity.

METHODS Eleven youth living with pediatric-onset MS 
(ylPOMS) and no previous history of optic neuritis and 
18 controls underwent standardized brain MRI, optical 
coherence tomography (OCT), Magnetoencephalogra-
phy (MEG)-Visual Evoked Potentials (VEPs), and visual 
battery. Data were analyzed with mixed effect models.

RESULTS While ON volume, OCT parameters, oc-
cipital MEG-VEPs outcomes, and visual function did 
not differ significantly between ylPOMS and controls, 
ylPOMS had lower MTsat in the supratentorial normal 
appearing white matter (-0.26 nU, p = 0.0023), and in 
both in the ON (-0.62 nU, p < 0.001) and in the normal 
appearing white matter of the optic radiation (-0.56 
nU, p = 0.00071), with these being positively correlated 
(+0.57 nU, p = 0.00037).

CONCLUSIONS Subclinical microstructural injury 
affects the ON of ylPOMS. This may appear as MTsat 
changes before being detectable by other currently 
available testing.

Keywords: Pediatric MS, magnetization transfer, optic 
nerve, optical coherence tomography, quantitative MRI, 
visual functions
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ABSTRACT Distinguishing groups of subjects or experi-
mental conditions in a high-dimensional feature space 
is a common goal in modern neuroimaging studies. 
Successful classification depends on the selection of 
relevant features as not every neuronal signal compo-
nent or parameter is informative about the research 
question at hand. Here, we developed a novel unsu-
pervised multistage analysis approach that combines 
dimensionality reduction, bootstrap aggregating and 
multivariate classification to select relevant neuro-
nal features. We tested the approach by identifying 
changes of brain-wide electrophysiological coupling in 
Multiple Sclerosis. Multiple Sclerosis is a demyelinating 
disease of the central nervous system that can result 
in cognitive decline and physical disability. However, 
related changes in large-scale brain interactions remain 
poorly understood and corresponding non-invasive 
biomarkers are sparse. We thus compared brain-wide 
phase- and amplitude-coupling of frequency specific 
neuronal activity in relapsing-remitting Multiple Sclero-
sis patients (n = 17) and healthy controls (n = 17) using 
magnetoencephalography. Changes in this dataset 
included both, increased and decreased phase- and 

amplitude-coupling in wide-spread, bilateral neuronal 
networks across a broad range of frequencies. These 
changes allowed to successfully classify patients and 
controls with an accuracy of 84%. Furthermore, clas-
sification confidence predicted behavioral scores of 
disease severity. In sum, our results unravel systematic 
changes of large-scale phase- and amplitude coupling 
in Multiple Sclerosis. Furthermore, our results establish 
a new analysis approach to efficiently contrast high-
dimensional neuroimaging data between experimental 
groups or conditions.

Keywords: Amplitude-coupling, Functional connectiv-
ity, Human connectome project, MEG, Multiple Sclerosis, 
Multivariate classification, Neuronal oscillations, Phase-
coupling
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ABSTRACT Multiple sclerosis (MS) is an inflammatory 
and demyelinating disease which leads to impairment 
in several functional systems including cognition. Al-
teration of brain networks is linked to disability and its 
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progression. However, results are mostly cross-sectional 
and yet contradictory as putative adaptive and mal-
adaptive mechanisms were found. Here, we aimed to 
explore longitudinal reorganization of brain networks 
over 2-years by combining diffusion tensor imaging 
(DTI), resting-state functional MRI (fMRI), magnetoen-
cephalography (MEG), and a comprehensive neuropsy-
chological-battery. In 37 relapsing-remitting MS (RRMS) 
and 39 healthy-controls, cognition remained stable 
over-time. We reconstructed network models based 
on the three modalities and analyzed connectivity in 
relation to the hierarchical topology and functional 
subnetworks. Network models were compared across 
modalities and in their association with cognition using 
linear-mixed-effect-regression models. Loss of hub 
connectivity and global reduction was observed on a 
structural level over-years (p < .010), which was similar 
for functional MEG-networks but not for fMRI-networks. 
Structural hub connectivity increased in controls 
(p = .044), suggesting a physiological mechanism of 
healthy aging. Despite a general loss in structural 
connectivity in RRMS, hub connectivity was preserved 
(p = .002) over-time in default-mode-network (DMN). 
MEG-networks were similar to DTI and weakly corre-
lated with fMRI in MS (p < .050). Lower structural (β be-
tween .23-.33) and both lower (β between .40-.59) and 
higher functional connectivity (β = -.54) in DMN was 
associated with poorer performance in attention and 
memory in RRMS (p < .001). MEG-networks involved 
no association with cognition. Here, cognitive stability 
despite ongoing neurodegeneration might indicate a 
resilience mechanism of DMN hubs mimicking a physi-
ological reorganization observed in healthy aging.

Keywords: aging, cognition, connectivity, maladaption/
adaption, relapsing remitting multiple sclerosis
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ABSTRACT Two structurally connected brain regions 
are more likely to interact, with the lengths of the 
structural bundles, their widths, myelination, and the 
topology of the structural connectome influencing 
the timing of the interactions. We introduce an in vivo 
approach for measuring functional delays across the 
whole brain in humans (of either sex) using magneto/
electroencephalography (MEG/EEG) and integrating 
them with the structural bundles. The resulting topo-
chronic map of the functional delays/velocities shows 
that larger bundles have faster velocities. We estimated 
the topochronic map in multiple sclerosis patients, 
who have damaged myelin sheaths, and controls, 
demonstrating greater delays in patients across the 
network and that structurally lesioned tracts were 
slowed down more than unaffected ones. We provide 
a novel framework for estimating functional transmis-
sion delays in vivo at the single-subject and single-tract 
level.SIGNIFICANCE STATEMENT This article provides a 
straightforward way to estimate patient-specific delays 
and conduction velocities in the CNS, at the individual 
level, in healthy and diseased subjects. To do so, it uses 
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a principled way to merge magnetoencephalography 
(MEG)/electroencephalography (EEG) and tractography.

Keywords: brain criticality, brain dynamics, brain networks, 
conduction velocities, magnetoencephalography, mul-
tiple sclerosis
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Impaired saccadic eye movements in multiple 
sclerosis are related to altered functional 
connectivity of the oculomotor brain network 
(2021)
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BACKGROUND Impaired eye movements in multiple 
sclerosis (MS) are common and could represent a non-
invasive and accurate measure of (dys)functioning of 
interconnected areas within the complex brain net-
work. The aim of this study was to test whether altered 
saccadic eye movements are related to changes in 
functional connectivity (FC) in patients with MS.

METHODS Cross-sectional eye movement (pro-
saccades and anti-saccades) and magnetoencepha-
lography (MEG) data from the Amsterdam MS cohort 
were included from 176 MS patients and 33 healthy 
controls. FC was calculated between all regions of 
the Brainnetome atlas in six conventional frequency 
bands. Cognitive function and disability were evaluated 
by previously validated measures. The relationships 
between saccadic parameters and both FC and clinical 
scores in MS patients were analysed using multivariate 
linear regression models.

RESULTS In MS pro- and anti-saccades were abnormal 
compared to healthy controls A relationship of saccadic 
eye movements was found with FC of the oculomo-
tor network, which was stronger for regional than 
global FC. In general, abnormal eye movements were 
related to higher delta and theta FC but lower beta FC. 
Strongest associations were found for pro-saccadic 
latency and FC of the precuneus (beta band β = -0.23, 
p = .006), peak velocity and FC of the parietal eye field 
(theta band β = -0.25, p = .005) and gain and FC of the 
inferior frontal eye field (theta band β = -0.25, p = .003). 
Pro-saccadic latency was also strongly associated with 
disability scores and cognitive dysfunction.

CONCLUSIONS Impaired saccadic eye movements 
were related to functional connectivity of the oculo-
motor network and clinical performance in MS. This 
study also showed that, in addition to global network 
connectivity, studying regional changes in MEG studies 
could yield stronger correlations.
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The utility of Magnetoencephalography in multiple 
sclerosis - A systematic review (2021)
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INTRODUCTION Magnetoencephalography (MEG), al-
lows for a high degree temporal and spatial accuracy in 
recording cortical oscillatory activity and evoked fields. 
To date, no review has been undertaken to synthesise 
all MEG studies in Multiple Sclerosis (MS). We under-
took a Systematic Review of the utility of MEG in MS.

METHODS We identified MEG studies carried out in MS 
using EMBASE, Medline, Cochrane, TRIP and Psychinfo 
databases. We included original research articles with 
a cohort of minimum of five multiple sclerosis patients 
and quantifying of at least one MEG parameter. We 
used a modified version of the JBI (mJBI) for case-con-
trol studies to assess for risk of bias.

RESULTS We identified 30 studies from 13 centres 
involving at least 433 MS patients and 347 controls. 
We found evidence that MEG shows perturbed activity 
(most commonly reduced power modulations), re-
duced connectivity and association with altered clinical 
function in Multiple Sclerosis. Specific replicated find-
ings were decreased motor induced responses in the 
beta band, diminished increase of gamma power after 
visual stimulation, increased latency and reduced con-
nectivity for somatosensory evoked fields. There was 

an association between upper alpha connectivity and 
cognitive measures in people with MS. Overall studies 
were of moderate quality (mean mJBI score 6.7).

DISCUSSION We find evidence for the utility of MEG in 
Multiple Sclerosis. Event-related designs are of particu-
lar value and show replicability between centres. At this 
stage, it is not clear whether these changes are specific 
to Multiple Sclerosis or are also observable in other 
diseases. Further studies should look to explore cogni-
tive control in more depth using in-task designs and 
undertake longitudinal studies to determine whether 
these changes have prognostic value.

Keywords: Biomarker, Cognition, Connectivity, Magneto-
encephalography, Multiple sclerosis, Neuroinflammation
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ABSTRACT In multiple sclerosis, the interplay of 
neurodegeneration, demyelination and inflammation 
leads to changes in neurophysiological functioning. 
This study aims to characterize the relation between 
reduced brain volumes and spectral power in multiple 
sclerosis patients and matched healthy subjects. During 
resting-state eyes closed, we collected magnetoen-
cephalographic data in 67 multiple sclerosis patients 
and 47 healthy subjects, matched for age and gender. 
Additionally, we quantified different brain volumes 
through magnetic resonance imaging (MRI). First, a 
principal component analysis of MRI-derived brain 
volumes demonstrates that atrophy can be largely de-
scribed by two components: one overall degenerative 
component that correlates strongly with different cog-
nitive tests, and one component that mainly captures 
degeneration of the cortical grey matter that strongly 
correlates with age. A multimodal correlation analysis 
indicates that increased brain atrophy and lesion load is 
accompanied by increased spectral power in the lower 
alpha (8-10 Hz) in the temporoparietal junction (TPJ). 
Increased lower alpha power in the TPJ was further 
associated with worse results on verbal and spatial 
working memory tests, whereas an increased lower/
upper alpha power ratio was associated with slower 
information processing speed. In conclusion, multiple 
sclerosis patients with increased brain atrophy, lesion 
and thalamic volumes demonstrated increased lower 
alpha power in the TPJ and reduced cognitive abilities.

Keywords: Magnetoencephalography, Multiple sclerosis, 
Resting state, Spectral power, Structural neuroimaging
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BACKGROUND Cognitive decline remains difficult to 
predict as structural brain damage cannot fully ex-
plain the extensive heterogeneity found between MS 
patients.

OBJECTIVE To investigate whether functional brain 
network organization measured with magnetoen-
cephalography (MEG) predicts cognitive decline in MS 
patients after 5 years and to explore its value beyond 
structural pathology.

METHODS Resting-state MEG recordings, structural 
MRI, and neuropsychological assessments were ana-
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lyzed of 146 MS patients, and 100 patients had a 5-year 
follow-up neuropsychological assessment. Network 
properties of the minimum spanning tree (i.e. back-
bone of the functional brain network) indicating net-
work integration and overload were related to baseline 
and longitudinal cognition, correcting for structural 
damage.

RESULTS A more integrated beta band network (i.e. 
smaller diameter) and a less integrated delta band 
network (i.e. lower leaf fraction) predicted cognitive 
decline after 5 years (Radj2=15%), independent of 
structural damage. Cross-sectional analyses showed 
that a less integrated network (e.g. lower tree hierarchy) 
related to worse cognition, independent of frequency 
band.

CONCLUSIONS The level of functional brain network 
integration was an independent predictive marker of 
cognitive decline, in addition to the severity of structur-
al damage. This work thereby indicates the promise of 
MEG-derived network measures in predicting disease 
progression in MS.

Keywords: Multiple sclerosis, cognitive functioning, longi-
tudinal, magnetic resonance imaging, magnetoencepha-
lography, network organization
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ABSTRACT Working memory (WM) problems are fre-
quently present in people with multiple sclerosis (MS). 
Even though hippocampal damage has been repeat-
edly shown to play an important role, the underlying 
neurophysiological mechanisms remain unclear. This 
study aimed to investigate the neurophysiological 
underpinnings of WM impairment in MS using mag-
netoencephalography (MEG) data from a visual-verbal 
2-back task. We analysed MEG recordings of 79 MS 
patients and 38 healthy subjects through event-related 
fields and theta (4-8 Hz) and alpha (8-13 Hz) oscillatory 
processes. Data was source reconstructed and parcel-
lated based on previous findings in the healthy subject 
sample. MS patients showed a smaller maximum theta 
power increase in the right hippocampus between 0 
and 400 ms than healthy subjects (p = .014). This theta 
power increase value correlated negatively with reac-
tion time on the task in MS (r = -.32, p = .029). Evidence 
was provided that this relationship could not be ex-
plained by a 'common cause' confounding relationship 
with MS-related neuronal damage. This study provides 
the first neurophysiological evidence of the influence of 
hippocampal dysfunction on WM performance in MS.

Keywords: hippocampus, magnetoencephalography, 
multiple sclerosis, n-back, theta, working memory
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ABSTRACT The pathophysiology of cognitive dys-
function in multiple sclerosis (MS) is still unclear. This 
magnetoencephalography (MEG) study investigates 
the impact of MS on brain resting-state functional 
connectivity (rsFC) and its relationship to disability and 
cognitive impairment. We investigated rsFC based on 
power envelope correlation within and between differ-
ent frequency bands, in a large cohort of participants 
consisting of 99 MS patients and 47 healthy subjects. 
Correlations were investigated between rsFC and out-
comes on disability, disease duration and 7 neuropsy-
chological scores within each group, while stringently 
correcting for multiple comparisons and possible con-
founding factors. Specific dysconnections correlating 
with MS-induced physical disability and disease dura-
tion were found within the sensorimotor and language 
networks, respectively. Global network-level reductions 
in within- and cross-network rsFC were observed in the 
default-mode network. Healthy subjects and patients 
significantly differed in their scores on cognitive fatigue 
and verbal fluency. Healthy subjects and patients 
showed different correlation patterns between rsFC 
and cognitive fatigue or verbal fluency, both of which 
involved a shift in patients from the posterior default-
mode network to the language network. Introducing 
electrophysiological rsFC in a regression model of 
verbal fluency and cognitive fatigue in MS patients sig-
nificantly increased the explained variance compared 
to a regression limited to structural MRI markers (rela-
tive thalamic volume and lesion load). This MEG study 
demonstrates that MS induces distinct changes in the 
resting-state functional brain architecture that relate 
to disability, disease duration and specific cognitive 

functioning alterations. It highlights the potential value 
of electrophysiological intrinsic rsFC for monitoring the 
cognitive impairment in patients with MS.

Keywords: cognitive fatigue, cognitive impairment, func-
tional connectivity, magnetoencephalography, multiple 
sclerosis
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ABSTRACT We have previously demonstrated that 
pediatric-onset multiple sclerosis (POMS) negatively 
impacts the visual pathway as well as motor processing 
speed. Relationships between MS-related diffuse struc-
tural damage of gray and white matter (WM) tissue and 
cortical responses to visual and motor stimuli remain 
poorly understood. We used magnetoencephalogra-
phy in 14 POMS patients and 15 age- and sex-matched 
healthy controls to assess visual gamma (30-80 Hz), mo-
tor gamma (60-90 Hz), and motor beta (15-30 Hz) corti-
cal oscillatory responses to a visual-motor task. Then, 
3T MRI was used to: (a) calculate fractional anisotropy 
(FA) of the posterior visual and corticospinal motor WM 
pathways and (b) quantify volume and thickness of the 
cuneus and primary motor cortex. Visual gamma band 
power was reduced in POMS and was associated with 
reduced FA of the optic radiations but not with loss of 
cuneus volume or thickness. Activity in the primary 
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motor cortex, as measured by postmovement beta 
rebound amplitude associated with peak latency, was 
decreased in POMS, although this reduction was not 
predicted by structural metrics. Our findings implicate 
loss of WM integrity as a contributor to reduced electri-
cal responses in the visual cortex in POMS. Future work 
in larger cohorts will inform on the cognitive implica-
tions of this finding in terms of visual processing func-
tion and will determine whether the progressive loss 
of brain volume known to occur in POMS ultimately 
contributes to both progressive dysfunction in such 
tasks as well as progressive reduction in cortical electri-
cal responses in the visual cortex.

Keywords: MEG, diffusion tensor imaging, magnetic reso-
nance imaging, multiple sclerosis, pediatrics, postmove-
ment beta rebound, visual gamma band
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Cross-network coupling of neural oscillations in 
the dynamic pain connectome reflects chronic 
neuropathic pain in multiple sclerosis (2020)
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ABSTRACT Sensory perceptions are coded by complex 
neural dynamics of regional communication in the 
brain. Thus, sensory abnormalities such as chronic pain 
may occur when neural dynamics go awry. Previous 
studies of cross-network dynamic functional connectiv-
ity in chronic pain identified abnormalities but were 
based on functional MRI which only captures slow tem-
poral features. Here we conducted a magnetoencepha-
lography (MEG) study to investigate fine temporal 
dynamics of aberrant cross-regional and cross-network 
communication of the dynamic pain connectome in 
patients with chronic pain. We also introduced a novel 
measure, dynamic functional coupling, to quantify 
the variability of brain communication. The study was 
performed in 33 people who had chronic pain associ-
ated with multiple sclerosis and 30 healthy controls. We 
found that patients with chronic pain exhibited abnor-
malities in cross-network functional coupling across 
multiple frequency bands (theta, alpha, beta, gamma), 
between the salience network and 3 other networks: 
the ascending nociceptive pathway, descending anti-
nociceptive pathway, and the default mode network. 
However, these cross-network abnormalities involved 
different frequency bands in patients with neuropathic 
versus non-neuropathic chronic pain. Furthermore, 
cross-network abnormalities were linked to pain sever-
ity and pain interference. Our findings implicate broad-
band cross-network abnormalities as hallmark features 
of chronic pain in multiple sclerosis.
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ABSTRACT To identify and validate the neural signa-
tures of resting-state oscillatory connectivity for chronic 
migraine (CM), we used machine learning techniques 
to classify patients with CM from healthy controls (HC) 
and patients with other pain disorders. The cross-
sectional study obtained resting-state magnetoen-
cephalographic data from 240 participants (70 HC, 100 
CM, 35 episodic migraine [EM], and 35 fibromyalgia 
[FM]). Source-based oscillatory connectivity of relevant 
cortical regions was calculated to determine intrinsic 
connectivity at 1-40 Hz. A classification model that 
employed a support vector machine was developed 
using the magnetoencephalographic data to assess the 
reliability and generalizability of CM identification. In 
the findings, the discriminative features that differenti-
ate CM from HC were principally observed from the 
functional interactions between salience, sensorimotor, 
and part of the default mode networks. The classifica-
tion model with these features exhibited excellent 
performance in distinguishing patients with CM from 
HC (accuracy ≥ 86.8%, area under the curve (AUC) ≥ 0.9) 
and from those with EM (accuracy: 94.5%, AUC: 0.96). 
The model also achieved high performance (accuracy: 

89.1%, AUC: 0.91) in classifying CM from other pain 
disorders (FM in this study). These resting-state magne-
toencephalographic electrophysiological features yield 
oscillatory connectivity to identify patients with CM 
from those with a different type of migraine and pain 
disorder, with adequate reliability and generalizability.

Keywords: Chronic migraine, Machine learning, Magneto-
encephalography, Pain disorders, Resting-state oscillatory 
connectivity
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ABSTRACT Neuronal populations in the brain are 
engaged in a temporally coordinated manner at rest. 
Here we show that spontaneous transitions between 
large-scale resting-state networks are altered in chronic 
neuropathic pain. We applied an approach based on 
the Hidden Markov Model to magnetoencephalogra-
phy data to describe how the brain moves from one 
activity state to another. This identified 12 fast tran-
sient (~80 ms) brain states including the sensorimotor, 
ascending nociceptive pathway, salience, visual, and 
default mode networks. Compared to healthy controls, 
we found that people with neuropathic pain exhibited 
abnormal alpha power in the right ascending nocicep-
tive pathway state, but higher power and coherence in 
the sensorimotor network state in the beta band, and 
shorter time intervals between visits of the sensorimo-
tor network, indicating more active time in this state. 
Conversely, the neuropathic pain group showed lower 
coherence and spent less time in the frontal attentional 
state. Therefore, this study reveals a temporal imbal-
ance and dysregulation of spectral frequency-specific 
brain microstates in patients with neuropathic pain. 
These findings can potentially impact the development 
of a mechanism-based therapeutic approach by identi-
fying brain targets to stimulate using neuromodulation 
to modify abnormal activity and to restore effective 
neuronal synchrony between brain states.
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ABSTRACT Phantom limb pain is attributed to abnor-
mal sensorimotor cortical representations, although 
the causal relationship between phantom limb pain 
and sensorimotor cortical representations suffers from 
the potentially confounding effects of phantom hand 
movements. We developed neurofeedback training to 
change sensorimotor cortical representations without 
explicit phantom hand movements or hand-like visual 
feedback. We tested the feasibility of neurofeedback 
training in fourteen patients with phantom limb pain. 
Neurofeedback training was performed in a single-
blind, randomized, crossover trial using two decoders 
constructed using motor cortical currents measured 
during phantom hand movements; the motor corti-
cal currents contralateral or ipsilateral to the phan-
tom hand (contralateral and ipsilateral training) were 
estimated from magnetoencephalograms. Patients 
were instructed to control the size of a disk, which was 
proportional to the decoding results, but to not move 
their phantom hands or other body parts. The pain 
assessed by the visual analogue scale was significantly 
greater after contralateral training than after ipsilat-
eral training. Classification accuracy of phantom hand 
movements significantly increased only after contralat-
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eral training. These results suggested that the proposed 
neurofeedback training changed phantom hand 
representation and modulated pain without explicit 
phantom hand movements or hand-like visual feed-
back, thus showing the relation between the phantom 
hand representations and pain. PERSPECTIVE: Our work 
demonstrates the feasibility of using neurofeedback 
training to change phantom hand representation and 
modulate pain perception without explicit phantom 
hand movements and hand-like visual feedback. The 
results enhance the mechanistic understanding of 
certain treatments, such as mirror therapy, that change 
the sensorimotor cortical representation.

Keywords: Phantom limb pain, brain–computer interface, 
magnetoencephalography, neurofeedback training, sen-
sorimotor plasticity
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Headache-related circuits and high frequencies 
evaluated by EEG, MRI, PET as potential biomarkers 
to differentiate chronic and episodic migraine: 
Evidence from a systematic review (2022)
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BACKGROUND The diagnosis of migraine is mainly 
clinical and self-reported, which makes additional ex-
aminations unnecessary in most cases. Migraine can be 
subtyped into chronic (CM) and episodic (EM). Despite 
the very high prevalence of migraine, there are no 
evidence-based guidelines for differentiating between 
these subtypes other than the number of days of mi-
graine headache per month. Thus, we consider it timely 

to perform a systematic review to search for physiologi-
cal evidence from functional activity (as opposed to 
anatomical structure) for the differentiation between 
CM and EM, as well as potential functional biomarkers. 
For this purpose, Web of Science (WoS), Scopus, and 
PubMed databases were screened.

FINDINGS Among the 24 studies included in this re-
view, most of them (22) reported statistically significant 
differences between the groups of CM and EM. This 
finding is consistent regardless of brain activity acquisi-
tion modality, ictal stage, and recording condition for a 
wide variety of analyses. That speaks for a supramodal 
and domain-general differences between CM and EM 
that goes beyond a differentiation based on the days 
of migraine per month. Together, the reviewed studies 
demonstrates that electro- and magneto-physiological 
brain activity (M/EEG), as well as neurovascular and 
metabolic recordings from functional magnetic reso-
nance imaging (fMRI) and positron emission tomog-
raphy (PET), show characteristic patterns that allow to 
differentiate between CM and EM groups.

CONCLUSIONS Although a clear brain activity-based 
biomarker has not yet been identified to distinguish 
these subtypes of migraine, research is approaching 
headache specialists to a migraine diagnosis based not 
only on symptoms and signs reported by patients. Fu-
ture studies based on M/EEG should pay special atten-
tion to the brain activity in medium and fast frequency 
bands, mainly the beta band. On the other hand, fMRI 
and PET studies should focus on neural circuits and 
regions related to pain and emotional processing.
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ABSTRACT Racial ingroup favoritism in empathic brain 
activity has been widely observed and is associated 
with biased behavior toward same-race and other-race 
individuals. We investigated whether racial outgroup 
favoritism in neural responses to others' pain - an 
objective measure of empathy - may emerge during 
sociocultural interactions in a new social environment. 
We recorded magnetoencephalography to pain and 
neutral expressions of Asian and White faces from 
White students who had stayed in China for 6-36 weeks 
(Experimental group) or 2-4 weeks (Control group). The 
experimental group showed better neural decoding of 
and greater insular/sensorimotor responses to pain vs. 
neutral expressions of Asian compared to White faces. 
By contrast, the control group showed better neural 
decoding of pain vs. neutral expressions of White than 
Asian faces. In addition, participants of the experi-
mental group who had stayed longer in China showed 
greater sensorimotor responses to pain (vs. neutral) 
expressions of Asian faces but weaker sensorimotor 
responses to pain (vs. neutral) expressions of White 
faces. Our findings revealed emerging racial outgroup 
favoritism in brain activities associated with sensorimo-
tor resonance and affective sharing of others' pain 
during sociocultural interactions.

Keywords: Empathy, Insula, MEG, Pain expression, Racial 
outgroup favoritism
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BACKGROUND Spinal cord stimulation (SCS) is an ef-
fective therapy for patients with refractory chronic pain 
syndromes. Although studies have shown that SCS has 
both spinal and supraspinal effects, the current under-
standing of cortical effects is still limited. Neuroimaging 
techniques, such as magnetoencephalography (MEG) 
and electroencephalography (EEG), combined here as 
M/EEG, can reveal modulations in ongoing resting-state 
cortical activity. We aim to provide an overview of avail-
able literature on resting-state M/EEG in patients with 
chronic pain who have been treated with SCS.

MATERIALS AND METHODS We searched multiple 
online data bases for studies on SCS, chronic pain, and 
resting-state M/EEG. Primary outcome measures were 
changes in spectral features, combined with brain 
regions in which these changes occurred.

RESULTS We included eight studies reporting various 
SCS paradigms (tonic, burst, high-dose, and high-
frequency stimulation) and revealing heterogeneity in 
outcome parameters. We summarized changes in corti-
cal activity in various frequency bands: theta (4-7 Hz), 
alpha (7-12 Hz), beta (13-30 Hz), and gamma (30-44 Hz). 
In multiple studies, the somatosensory cortex showed 
modulation of cortical activity under tonic, burst, and 
high-frequency stimulation. Changes in connectivity 
were found in the dorsal anterior cingulate cortex, dor-
solateral prefrontal cortex, and parahippocampus.

CONCLUSIONS The large heterogeneity observed in 
outcome measures is probably caused by the large 
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variety in study designs, stimulation paradigms, and 
spectral features studied. Paresthesia-free paradigms 
have been compared with tonic stimulation in multiple 
studies. These studies suggest modulation of medial, 
lateral, and descending pathways for paresthesia-free 
stimulation, whereas tonic stimulation predominantly 
modulates lateral and descending pathways. Moreover, 
multiple studies have reported an increased alpha peak 
frequency, increased alpha power, and/or decreased 
theta power when SCS was compared with baseline, 
indicating modulation of thalamocortical pathways. 
Further studies with well-defined groups of respond-
ers and nonresponders to SCS are recommended to 
independently study the cortical effects of pain relief 
and SCS.

Keywords: Chronic pain, Spinal cord stimulation (SCS), 
cortical activity, electroencephalography (EEG), magneto-
encephalography (MEG)
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ABSTRACT Phantom limb pain (PLP) is a complicated 
condition with diverse clinical challenges. It consists of 
pain perception of a previously amputated limb. The 
exact pain mechanism is disputed and includes mecha-
nisms involving cerebral, peripheral, and spinal origins. 
Such controversy limits researchers' and clinicians' abil-
ity to develop consistent therapeutics or management. 
Neuroimaging is an essential tool that can address this 
problem. This review explores diffusion tensor imaging, 

functional magnetic resonance imaging, electroen-
cephalography, and magnetoencephalography in the 
context of PLP. These imaging modalities have distinct 
mechanisms, implications, applications, and limitations. 
Diffusion tensor imaging can outline structural changes 
and has surgical applications. Functional magnetic 
resonance imaging captures functional changes with 
spatial resolution and has therapeutic applications. 
Electroencephalography and magnetoencephalog-
raphy can identify functional changes with a strong 
temporal resolution. Each imaging technique provides 
a unique perspective and they can be used in concert 
to reveal the true nature of PLP. Furthermore, research-
ers can utilize the respective strengths of each neu-
roimaging technique to support the development of 
innovative therapies. PLP exemplifies how neuroimag-
ing and clinical management are intricately connected. 
This review can assist clinicians and researchers seeking 
a foundation for applications and understanding the 
limitations of neuroimaging techniques in the context 
of PLP.

Keywords: DTI, EEG, MEG, fMRI, phantom limb pain
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ABSTRACT The chronic pain of knee osteoarthritis in 
the elderly is investigated in detail in this paper, as well 
as the complexity of chronic pain utilising neuroimag-
ing recognition techniques. Chronic pain in knee osteo-
arthritis (KOA) has a major effect on patients' quality of 
life and functional activities; therefore, understanding 
the causes of KOA pain and the analgesic advantages of 
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different therapies is important. In recent years, neuro-
imaging techniques have become increasingly impor-
tant in basic and clinical pain research. Thanks to the 
application and development of neuroimaging tech-
niques in the study of chronic pain in KOA, researchers 
have found that chronic pain in KOA contains both 
injury-receptive and neuropathic pain components. 
The neuropathic pain mechanism that causes KOA pain 
is complicated, and it may be produced by peripheral 
or central sensitization, but it has not gotten enough 
attention in clinical practice, and there is no agreement 
on how to treat combination neuropathic pain KOA. 
As a result, using neuroimaging techniques such as 
magnetic resonance imaging (MRI), electroencepha-
lography (EEG), magnetoencephalography (MEG), and 
near-infrared spectroscopy (NIRS), this review examines 
the changes in brain pathophysiology-related regions 
caused by KOA pain, compares the latest results in pain 
assessment and prediction, and clarifies the central 
brain analgesic mechanistic. The capsule network 
model is introduced in this paper from the perspec-
tive of deep learning network structure to construct an 
information-complete and reversible image low-level 
feature bridge using isotropic representation, predict 
the corresponding capsule features from MRI voxel 
responses, and then, complete the accurate reconstruc-
tion of simple images using inverse transformation. 
The proposed model improves the structural similarity 
index by about 10%, improves the reconstruction per-
formance of low-level feature content in simple images 
by about 10%, and achieves feature interpretation and 
analysis of low-level visual cortical fMRI voxels by visu-
alising capsule features, according to the experimental 
results.

Computational and mathematical methods in medicine 
(2021), Vol. 2021 (34876922) (1 citation)

Exploring sex differences in alpha brain activity as a 
potential neuromarker associated with neuropathic 
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ABSTRACT Alpha oscillatory activity (8-13 Hz) is the 
dominant rhythm in the awake brain and is known to 
play an important role in pain states. Previous studies 
have identified alpha band slowing and increased pow-
er in the dynamic pain connectome (DPC) of people 
with chronic neuropathic pain. However, a link between 
alpha-band abnormalities and sex differences in brain 
organization in healthy individuals and those with 
chronic pain is not known. Here, we used resting-state 
magnetoencephalography to test the hypothesis that 
peak alpha frequency (PAF) abnormalities are general 
features across chronic central and peripheral condi-
tions causing neuropathic pain but exhibit sex-specific 
differences in networks of the DPC (ascending nocicep-
tive pathway [ANP], default mode network, salience 
network [SN], and subgenual anterior cingulate cortex). 
We found that neuropathic pain (N = 25 men and 25 
women) was associated with increased PAF power 
in the DPC compared with 50 age- and sex-matched 
healthy controls, whereas slower PAF in nodes of the 
SN (temporoparietal junction) and the ANP (posterior 
insula) was associated with higher trait pain intensity. 
In the neuropathic pain group, women exhibited lower 
PAF power in the subgenual anterior cingulate cortex 
and faster PAF in the ANP and SN than men. The within-
sex analyses indicated that women had neuropathic 
pain-related increased PAF power in the ANP, SN, and 
default mode network, whereas men with neuropathic 
pain had increased PAF power restricted to the ANP. 
These findings highlight neuropathic pain-related and 
sex-specific abnormalities in alpha oscillations across 
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the DPC that could underlie aberrant neuronal commu-
nication in nociceptive processing and modulation.

Pain (2022), Vol. 163, No. 7 (34711764) (4 citations)
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BACKGROUND Dorsal root ganglion (DRG) stimulation, 
an invasive method of neuromodulation, and transcra-
nial direct current stimulation (tDCS), a non-invasive 
method of altering cortical excitability, have both 
proven effective in relieving chronic pain.

OBJECTIVE We employed a randomized, sham-con-
trolled crossover study design to investigate whether 
single-session tDCS would have an additive therapeutic 
effect alongside DRG stimulation (DRGS) in the treat-
ment of chronic pain.

METHODS Sixteen neuropathic pain patients who 
were previously implanted with DRG stimulators were 
recruited. Baseline pain scores were established with 
DRGS-OFF. Pain scores were then recorded with DRGS-
ON, after paired sham tDCS stimulation, and after 
paired active anodal tDCS (a-tDCS) stimulation. For 
active tDCS, patients were randomized to 'MEG (mag-
netoencephalography) localized' tDCS or contralateral 
motor cortex (M1) tDCS for 30 min. EEG recordings and 
evaluations of tDCS adverse effects were also collected.

RESULTS All participants reported the interventions to 
be tolerable with no significant adverse effects dur-
ing the session. Paired DRGS/active tDCS resulted in a 
significant reduction in pain scores compared to paired 
DRGS-ON/sham tDCS or DRGS alone. There was no 
difference in the additive effect of M1 vs. MEG-localized 
tDCS. Significant augmentation of beta activity was ob-
served between DRGS-OFF and DRGS-ON conditions, 
as well as between paired DRGS-ON/sham tDCS and 
paired DRGS-ON/active tDCS.

CONCLUSION Our results indicate that a single session 
of tDCS alongside DRGS is safe and can significantly re-
duce pain acutely in neuropathic pain patients. Paired 
invasive/non-invasive neuromodulation is a promis-
ing new treatment strategy for pain management 
and should be evaluated further to assess long-term 
benefits.

Keywords: Chronic pain, Dorsal root ganglion stimulation, 
EEG, Transcranial direct current stimulation

Brain stimulation (2021), Vol. 14, No. 6 (34673258) (2 
citations)

Migraine chronification is associated with beta-
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ABSTRACT Pain disorders are associated with aber-
rant oscillations in the pain-related cortical regions; 
however, few studies have investigated the relationship 
between the functional cortical network and migraine 
chronification through direct neural signals. Magneto-
encephalography was used to record the resting-state 
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brain activity of healthy controls as well as patients 
with episodic migraine (EM) and chronic migraine (CM). 
The source-based oscillatory dynamics of the pain-re-
lated cortical regions, which comprises 10 node regions 
(the bilateral primary [SI] and secondary somatosen-
sory cortices, insula, medial frontal cortex, and anterior 
cingulate cortex [ACC]), were calculated to determine 
the intrinsic connectivity and node strength at 1 to 
40 Hz. The total node strength within the pain-related 
cortical regions was smaller in the beta band in patients 
with migraine (70 EM and 80 CM) than in controls (n = 
65). In the beta band, the node strength and functional 
connectivity values of patients with CM and patients 
with EM differed from those of controls in specific corti-
cal areas, notably the left SI (EM < control) and bilateral 
ACC (CM < control); moreover, the node strength was 
lower in patients with CM than in those with EM. In 
all patients with migraine, negative correlations were 
observed between headache frequency and node 
strength in the bilateral ACC. In conclusion, migraine is 
characterized by reduced beta oscillatory connectivity 
within the pain-related cortical regions. Reduced beta 
connectivity in the ACC is linked to migraine chronifica-
tion. Longitudinal studies should verify whether this 
oscillation change is a brain signature and a potential 
neuromodulation target for migraine.

Pain (2021), Vol. 162, No. 10 (34534180) (6 citations)
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OBJECTIVES Dorsal root ganglion stimulation (DRGS) 
has become a popular neuromodulatory treatment for 
neuropathic pain. We used magnetoencephalography 
(MEG) to investigate potential biomarkers of pain and 
pain relief, based on the differences in power spectral 
density (PSD) during varying degrees of pain and how 

these oscillations change during DRGS-mediated pain 
relief.

MATERIALS AND METHODS Thirteen chronic pain 
patients with implanted dorsal root ganglion stimula-
tors were included in the MEG analysis. MEG Record-
ings were performed at rest while the stimulator was 
turned ON or OFF. Numerical rating scale (NRS) scores 
were also recorded before and after DRGS was turned 
OFF and ON. Power spectral and source localization 
analyses were then performed on preprocessed MEG 
recordings.

RESULTS With DRGS-OFF, patients in severe pain had 
significantly increased cortical theta (4-7 Hz) power and 
decreased cortical alpha (7-13 Hz) power compared to 
patients reporting less pain. This shift in power toward 
lower frequencies was contrasted by a shift toward the 
higher frequency power spectrum (low beta 13-20 Hz 
activity) during DRGS-mediated pain relief. A significant 
correlation was found between the increase in low beta 
activity and the degree of reported pain relief.

CONCLUSION Our results demonstrate increased 
low-frequency power spectral activity in chronic pain 
patients in the absence of stimulation which shifts 
toward higher frequency power spectrum activity in 
response to therapeutic DRGS. These cortical changes 
in response to DRGS provide support for the use of 
neuroimaging in the search for potential biomarkers of 
pain.

Keywords: Case series, DRG stimulation, MEG, chronic 
pain, complex regional pain syndrome, failed back surgery 
syndrome, neuropathic pain, neurostimulation, peripheral 
nerve stimulation, postherpetic neuralgia
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ABSTRACT Expectation can shape the perception of 
pain within a fraction of time, but little is known about 
how perceived expectation unfolds over time and 
modulates pain perception. Here, we combine mag-
netoencephalography (MEG) and machine learning 
approaches to track the neural dynamics of expecta-
tions of pain in healthy participants with both sexes. 
We found that the expectation of pain, as conditioned 
by facial cues, can be decoded from MEG as early as 
150 ms and up to 1100 ms after cue onset, but decod-
ing expectation elicited by unconsciously perceived 
cues requires more time and decays faster compared to 
consciously perceived ones. Also, results from tem-
poral generalization suggest that neural dynamics of 
decoding cue-based expectation were predominately 
sustained during cue presentation but transient after 
cue presentation. Finally, although decoding expecta-
tion elicited by consciously perceived cues were based 
on a series of time-restricted brain regions during cue 
presentation, decoding relied on the medial prefrontal 
cortex and anterior cingulate cortex after cue presenta-
tion for both consciously and unconsciously perceived 
cues. These findings reveal the conscious and uncon-
scious processing of expectation during pain anticipa-

tion and may shed light on enhancing clinical care by 
demonstrating the impact of expectation cues.

Keywords: Conditioning, Conscious and unconscious, 
Expectation of pain, Machine learning, Neural dynamics, 
Temporal decoding, Temporal generalization
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ABSTRACT Objective. Neural communication or the 
interactions of brain regions play a key role in the 
formation of functional neural networks. A type of 
neural communication can be measured in the form 
of phase-amplitude coupling (PAC), which is the 
coupling between the phase of low-frequency oscilla-
tions and the amplitude of high-frequency oscillations. 
This paper presents a beamformer-based imaging 
method, beamformer-based imaging of PAC (BIPAC), 
to quantify the strength of PAC between a seed region 
and other brain regions.Approach. A dipole is used to 
model the ensemble of neural activity within a group 
of nearby neurons and represents a mixture of multiple 
source components of cortical activity. From ensemble 
activity at each brain location, the source component 
with the strongest coupling to the seed activity is 
extracted, while unrelated components are suppressed 
to enhance the sensitivity of coupled-source estima-
tion.Main results. In evaluations using simulation 
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data sets, BIPAC proved advantageous with regard to 
estimation accuracy in source localization, orientation, 
and coupling strength. BIPAC was also applied to the 
analysis of magnetoencephalographic signals recorded 
from women with primary dysmenorrhea in an implicit 
emotional prosody experiment. In response to negative 
emotional prosody, auditory areas revealed strong PAC 
with the ventral auditory stream and occipitoparietal 
areas in the theta-gamma and alpha-gamma bands, 
which may respectively indicate the recruitment of 
auditory sensory memory and attention reorientation. 
Moreover, patients with more severe pain experience 
appeared to have stronger coupling between audi-
tory areas and temporoparietal regions.Significance. 
Our findings indicate that the implicit processing of 
emotional prosody is altered by menstrual pain experi-
ence. The proposed BIPAC is feasible and applicable to 
imaging inter-regional connectivity based on cross-
frequency coupling estimates. The experimental results 
also demonstrate that BIPAC is capable of revealing au-
tonomous brain processing and neurodynamics, which 
are more subtle than active and attended task-driven 
processing.

Keywords: beamformer, cross-frequency coupling (CFC), 
emotional prosody, magnetoencephalography (MEG), 
neural communication, phase-amplitude coupling (PAC), 
primary dysmenorrhea (PDM)
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BACKGROUND Pain sensitivity may determine the risk, 
severity, prognosis, and efficacy of treatment of clinical 
pain. Magnetic resonance imaging studies have linked 
thermal pain sensitivity to changes in brain structure. 
However, the neural correlates of mechanical pain 
sensitivity remain to be clarified through investigation 
of direct neural activities on the resting-state cortical 
oscillation and synchrony.

METHODS We recorded the resting-state magnetoen-
cephalographic (MEG) activities of 27 healthy individu-
als and 30 patients with episodic migraine (EM) and 
analyzed the source-based oscillatory powers and 
functional connectivity at 2 to 59 Hz in pain-related 
cortical regions, which are the bilateral anterior cingu-
late cortex (ACC), medial orbitofrontal (MOF) cortex, 
lateral orbitofrontal (LOF) cortex, insula cortex, primary 
somatosensory cortex (SI), primary motor cortex (MI), 
and posterior cingulate cortex (PCC). The mechanical 
punctate pain threshold (MPPT) was obtained at the 
supraorbital area (the first branch of the trigeminal 
nerve dermatome, V1) and the forearm (the first tho-
racic nerve dermatome, T1) and further correlated with 
MEG measures.

RESULTS The MPPT is inversely correlated with the 
resting-state relative powers of gamma oscillation in 
healthy individuals (all corrected P < 0.05). Specifically, 
inverse correlation was noted between the MPPT at V1 
and gamma powers in the bilateral insula (r = - 0.592 
[left] and - 0.529 [right]), PCC (r = - 0.619 and - 0.541) and 
MI (r = - 0.497 and - 0.549) and between the MPPT at T1 
and powers in the left PCC (r = - 0.561) and bilateral MI 
(r = - 0.509 and - 0.520). Furthermore, resting-state func-
tional connectivity at the delta to beta bands, espe-
cially between frontal (MOF, ACC, LOF, and MI), parietal 
(PCC), and sensorimotor (bilateral SI and MI) regions, 
showed a positive correlation with the MPPT at V1 and 
T1 (all corrected P < 0.05). By contrast, in patients with 
EM, the MPPT was not associated with resting-state 
cortical activities.
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CONCLUSIONS Pain sensitivity in healthy individuals 
is associated with the resting-state gamma oscillation 
and functional connectivity in pain-related cortical 
regions. Further studies must be conducted in a large 
population to confirm whether resting-state cortical 
activities can be an objective measurement of pain 
sensitivity in individuals without clinical pain.

Keywords: Episodic migraine, Functional connectivity, 
Gamma, Magnetoencephalography, Oscillation, Pain 
sensitivity, Resting state
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ABSTRACT Neural dynamics can shape human experi-
ence, including pain. Pain has been linked to dynamic 
functional connectivity within and across brain regions 
of the dynamic pain connectome (consisting of the 
ascending nociceptive pathway (Asc), descending anti-
nociceptive pathway (Desc), salience network (SN), and 
the default mode network (DMN)), and also shows sex 
differences. These linkages are based on fMRI-derived 
slow hemodynamics. Here, we utilized the fine tempo-
ral resolution of magnetoencephalography (MEG) to 
measure resting state functional coupling (FCp) related 
to individual pain perception and pain interference in 
50 healthy individuals (26 women, 24 men). We found 

that pain sensitivity and pain interference were linked 
to within- and cross-network broadband FCp across the 
Asc and SN. We also identified sex differences in these 
relationships: (a) women exhibited greater within-net-
work static FCp, whereas men had greater dynamic FCp 
within the dynamic pain connectome; (b) relationship 
between pain sensitivity and pain interference with 
FCp in women was commonly found in theta, whereas 
in men, these relationships were predominantly in the 
beta and low gamma bands. These findings indicate 
that dynamic interactions of brain networks underly-
ing pain involve fast brain communication in men but 
slower communication in women.

Keywords: functional connectivity, magnetoencephalog-
raphy, network dynamics, pain, sex differences
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ABSTRACT Neural oscillations play an important role 
in the integration and segregation of brain regions 
that are important for brain functions, including pain. 
Disturbances in oscillatory activity are associated with 
several disease states, including chronic pain. Studies 
of neural oscillations related to pain have identified 
several functional bands, especially alpha, beta, and 
gamma bands, implicated in nociceptive processing. In 
this review, we introduce several properties of neural 
oscillations that are important to understand the role 
of brain oscillations in nociceptive processing. We also 
discuss the role of neural oscillations in the mainte-
nance of efficient communication in the brain. Finally, 
we discuss the role of neural oscillations in healthy and 
chronic pain nociceptive processing. These data and 
concepts illustrate the key role of regional and inter-

https://pubmed.ncbi.nlm.nih.gov/33691295
https://pubmed.ncbi.nlm.nih.gov/33691295
https://doi.org/10.1002/hbm.25245
https://doi.org/10.1002/hbm.25245
https://doi.org/10.1002/hbm.25245
https://pubmed.ncbi.nlm.nih.gov/33198621
https://pubmed.ncbi.nlm.nih.gov/33198621
https://doi.org/10.1177/1073858420958629
https://doi.org/10.1177/1073858420958629


248 Contents  Index

regional neural oscillations in nociceptive processing 
underlying acute and chronic pains.

Keywords: chronic pain, connectivity, magnetoencepha-
lography (MEG), oscillations, pain
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Neural dynamics of pain expression processing: 
Alpha-band synchronization to same-race pain but 
desynchronization to other-race pain (2021)
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ABSTRACT Both electroencephalography and func-
tional magnetic resonance imaging studies have 
revealed enhanced neural responses to perceived pain 
in same-race than other-race individuals. However, 
it remains unclear how neural responses in the sen-
sorimotor, cognitive, and affective subsystems vary 
dynamically in the first few hundreds of milliseconds 
to generate racial ingroup favoritism in empathy for 
pain. We recorded magnetoencephalography signals to 
pain and neutral expressions of Asian and white faces 
from Chinese adults during judgments of racial identity 
of each face. We found that pain compared to neutral 
expressions of same-race faces induced early increased 
alpha oscillations in the precuneus/parietal cortices 
followed by increased alpha-band oscillations in the 
left anterior insula and temporoparietal junction. Pain 
compared to neutral expressions of other-race faces, 
however, induced early suppression of alpha-band 
oscillations in the bilateral sensorimotor cortices and 
left insular cortex. Moreover, decreased functional con-

nectivity between the left sensorimotor cortex and left 
anterior insula predicted reduced subjective feelings of 
other-race suffering. Our results unraveled distinct pat-
terns of modulations of neural dynamics of sensorimo-
tor, affective, and cognitive components of empathy 
by interracial relationships between an observer and 
a target person, which provide possible brain mecha-
nisms for understanding racial ingroup favoritism in 
social behavior.

Keywords: Alpha oscillation, Empathy, MEG, Race, Pain 
expression
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BCI training to move a virtual hand reduces 
phantom limb pain: A randomized crossover trial 
(2020)
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OBJECTIVE To determine whether training with a 
brain-computer interface (BCI) to control an image of a 
phantom hand, which moves based on cortical currents 
estimated from magnetoencephalographic signals, 
reduces phantom limb pain.
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METHODS Twelve patients with chronic phantom limb 
pain of the upper limb due to amputation or brachial 
plexus root avulsion participated in a randomized 
single-blinded crossover trial. Patients were trained 
to move the virtual hand image controlled by the BCI 
with a real decoder, which was constructed to classify 
intact hand movements from motor cortical currents, 
by moving their phantom hands for 3 days ("real train-
ing"). Pain was evaluated using a visual analogue scale 
(VAS) before and after training, and at follow-up for an 
additional 16 days. As a control, patients engaged in 
the training with the same hand image controlled by 
randomly changing values ("random training"). The 2 
trainings were randomly assigned to the patients. This 
trial is registered at UMIN-CTR (UMIN000013608).

RESULTS VAS at day 4 was significantly reduced from 
the baseline after real training (mean [SD], 45.3 [24.2]-
30.9 [20.6], 1/100 mm; p = 0.009 < 0.025), but not after 
random training (p = 0.047 > 0.025). Compared to VAS 
at day 1, VAS at days 4 and 8 was significantly reduced 
by 32% and 36%, respectively, after real training and 
was significantly lower than VAS after random training 
(p < 0.01).

CONCLUSION Three-day training to move the hand 
images controlled by BCI significantly reduced pain for 
1 week.

CLASSIFICATION OF EVIDENCE This study provides 
Class III evidence that BCI reduces phantom limb pain.

Neurology (2020), Vol. 95, No. 4 (32675074) (5 citations)

Disturbance of somatotopic spatial cognition and 
extra-territorial pain in carpal tunnel syndrome 
(2020)
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BACKGROUND Several studies on carpal tunnel 
syndrome have reported pain that exists beyond the 
median nerve territory of the affected hand. However, 
the mechanism is unknown.

PURPOSE We investigated the cause of extra-territorial 
pain by the analysis of clinical assessments and cortical 
activity using magnetoencephalography.

METHODS To compare patients with and without 
extra-territorial pain, fourteen patients with carpal tun-
nel syndrome were assessed using clinical examination, 
such as patients' profile, paresthesia, physical tests, and 
psychological tests. The physical assessment included 
tactile threshold and static and moving two-point 
discrimination sensations on digital pulp. Neural activa-
tion in the cerebral cortex was also measured using 
z-scores calculated by magnetoencephalography.

RESULTS Among fourteen patients, ten patients had 
pain in the affected median nerve territory only and 
four patients had extra-territorial pain. When com-
paring the groups, the static and moving two-point 
discrimination sensation values in patients with 
extra-territorial pain were larger than those of patients 
without the pain (p < 0.05). The supra-marginal gyrus, 
mid-part of the precentral sulcus, angular gyrus in the 
left hemisphere, bilateral sensorimotor areas for legs, 
and bilateral isthmus-cingulate areas showed larger 
z-scores in patients with extra-territorial pain than in 
patients without the pain (p < 0.05).

CONCLUSIONS The static and moving two-point 
discrimination sensations signify the ability of tactile 
spatial acuity. Bilateral sensorimotor areas were acti-
vated in sites that were not the hand. Furthermore, the 
inferior parietal lobule in the left hemisphere, which 
synthesizes and integrates multiple sensations showed 
high activation. Our findings suggested that the 
mechanism of extra-territorial pain was associated with 
dysfunction of spatial cognition.
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Abnormal alpha band power in the dynamic pain 
connectome is a marker of chronic pain with a 
neuropathic component (2020)
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ABSTRACT We previously identified alpha frequency 
slowing and beta attenuation in the dynamic pain con-
nectome related to pain severity and interference in pa-
tients with multiple sclerosis-related neuropathic pain 
(NP). Here, we determined whether these abnormali-
ties, are markers of aberrant temporal dynamics in non-

neuropathic inflammatory pain (non-NP) or when NP is 
also suspected. We measured resting-state magnetoen-
cephalography (MEG) spectral density in 45 people (17 
females, 28 males) with chronic back pain due to anky-
losing spondylitis (AS) and 38 age/sex matched healthy 
controls. We used painDETECT scores to divide the 
chronic pain group into those with only non-NP (NNP) 
and those who likely also had a component of NP in ad-
dition to their inflammatory pain. We also assessed pain 
severity, pain interference, and disease activity with the 
Brief Pain Inventory and Bath AS Disease Activity Index 
(BASDAI). We examined spectral power in the dynamic 
pain connectome, including nodes of the ascending 
nociceptive pathway (ANP), default mode (DMN), and 
salience networks (SN). Compared to the healthy con-
trols, the AS patients exhibited increased theta power 
in the DMN and decreased low-gamma power in the 
DMN and ANP, but did not exhibit beta-band attenua-
tion or peak-alpha slowing. The NNP patients were not 
different from HCs. Compared to both healthy controls 
and NNP, NP patients had increased alpha power in 
the ANP. Increased alpha power within the ANP was 
associated with reduced BASDAI in the NNP group, and 
increased pain in the mixed-NP group within the DMN, 
SN, and ANP. Thus, high theta and low gamma activity 
may be markers of chronic pain but high alpha-band 
activity may relate to particular features of neuropathic 
chronic pain.

Keywords: Chronic pain, Default mode network, Magne-
toencephalography, Neuropathic pain, Salience network, 
Somatosensory cortex
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the dynamic pain connectome reflects chronic 
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ABSTRACT Sensory perceptions are coded by complex 
neural dynamics of regional communication in the 
brain. Thus, sensory abnormalities such as chronic pain 
may occur when neural dynamics go awry. Previous 
studies of cross-network dynamic functional connectiv-
ity in chronic pain identified abnormalities but were 
based on functional MRI which only captures slow tem-
poral features. Here we conducted a magnetoencepha-
lography (MEG) study to investigate fine temporal 
dynamics of aberrant cross-regional and cross-network 
communication of the dynamic pain connectome in 
patients with chronic pain. We also introduced a novel 
measure, dynamic functional coupling, to quantify 
the variability of brain communication. The study was 
performed in 33 people who had chronic pain associ-
ated with multiple sclerosis and 30 healthy controls. We 
found that patients with chronic pain exhibited abnor-
malities in cross-network functional coupling across 
multiple frequency bands (theta, alpha, beta, gamma), 
between the salience network and 3 other networks: 
the ascending nociceptive pathway, descending anti-
nociceptive pathway, and the default mode network. 
However, these cross-network abnormalities involved 
different frequency bands in patients with neuropathic 
versus non-neuropathic chronic pain. Furthermore, 
cross-network abnormalities were linked to pain sever-
ity and pain interference. Our findings implicate broad-
band cross-network abnormalities as hallmark features 
of chronic pain in multiple sclerosis.

Keywords: Chronic pain, Dynamic functional coupling, 
Functional connectivity, Magnetoencephalography, Oscil-
lations

NeuroImage. Clinical (2020), Vol. 26 (32143136) (15 
citations)

Noninvasive muscle activity imaging using 
magnetography (2020)

           Llinás, Rodolfo R; Ustinin, Mikhail; Rykunov, Stanislav; 
Walton, Kerry D; Rabello, Guilherme M; Garcia, John; 
Boyko, Anna; Sychev, Vyacheslav

Department of Neuroscience and Physiology, Center for Neu-

romagnetism, New York University School of Medicine, New 

York, New York, 10016; Llinas.rodolfo@gmail.com; Keldysh 

Institute of Applied Mathematics, Russian Academy of Sci-

ences, Moscow, 125047 Russia

ABSTRACT A spectroscopic paradigm has been 
developed that allows the magnetic field emissions 
generated by the electrical activity in the human body 
to be imaged in real time. The growing significance of 
imaging modalities in biology is evident by the almost 
exponential increase of their use in research, from the 
molecular to the ecological level. The method of analy-
sis described here allows totally noninvasive imaging 
of muscular activity (heart, somatic musculature). Such 
imaging can be obtained without additional method-
ological steps such as the use of contrast media.

Keywords: magnetocardiography, magnetoencephalog-
raphy, magnetomyograph, precise frequency-pattern 
analysis
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ABSTRACT Exercise affects positively on self-reported 
pain in musculoskeletal pain conditions possibly via 
top-down pain inhibitory networks. However, the role 
of cortical activity in these networks is unclear. The aim 
of the current exploratory study was to investigate the 
effects of acute exercise on cortical nociceptive pro-
cessing and specifically the excitability in the human 
sensorimotor cortex. Five healthy adults (mean age 
32.8 years) were recorded with a whole-head 306-chan-
nel magnetoencephalography (MEG, Elekta Neuromag® 
Triux™). Participant's right hand third fingertip was 
stimulated electrically with an intracutaneous non-
magnetic copper tip electrode before and immediately 
after an exercise task. Stimulus intensity was set indi-
vidually so that the stimulation was subjectively rated 
as moderately painful, 6-7 on a visual analog scale. 
The acute exercise task was an isometric three-minute 
fatiguing left hand contraction with force-level at 30% 
of maximum voluntary contraction. Data analysis was 
conducted as event-related evoked field and frequency 
analysis. Early cortical activations after stimulation were 
localized in the primary and secondary somatosensory 
cortices. The main result demonstrated modulation 
of cortical nociceptive processing in the sensorimo-
tor cortex ∼20 Hz rhythm immediately after the acute 
exercise. In conclusion, acute exercise may have an 
effect on nociceptive processing in the sensorimotor 
cortex on oscillatory level. Research on cortical oscilla-
tions analyzing interaction between nociception and 
exercise is limited. This study presents results indicating 
brain oscillatory activity as a feasible research target for 
examining mechanisms interacting between exercise 
and cortical nociceptive processing.

Keywords: brain oscillations, electrical stimulation, exer-
cise, magnetoencephalography, sensorimotor cortex
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ABSTRACT Interhemispheric transfer is necessary for 
sensory integration and coordination of body sides. We 
studied how somatosensory input from one body side 
may reach both body sides. First, we investigated with 
17 healthy adults in which uni- and bilateral brain areas 
were involved in consecutive stages of automatic sen-
sory processing of non-nociceptive peripheral stimula-
tion. Somatosensory evoked fields (SEFs) to electrical 
stimulation were recorded with 306-channel magne-
toencephalography in two conditions. First, SEFs were 
registered following sensory radial nerve (RN) stimula-
tion to dorsal surface of the right hand and second, 
following median nerve (MN) stimulation at the right 
wrist. Cortical activations were located in contralateral 
postcentral gyrus after MN and RN stimulations and in 
bilateral operculo-insular area after RN stimulation. First 
component occurred earlier after MN than RN stimula-
tion. Middle latency components had similar latencies 
with stronger activation in contralateral postcentral 
gyrus after MN than RN stimulation. Interestingly, long 
latency components located in bilateral operculo-insu-
lar area after RN stimulation showed latency difference 
between hemispheres, i.e. activation peaked earlier in 
contralateral than in ipsilateral side. Additional experi-
ments comparing novel intracutaneous nociceptive, 
RN and MN electrical stimuli confirmed bilateral long 
latency activation elicited by each stimulus type and 
highlighted latency differences between hemispheres. 
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Variations in activation of bilateral operculo-insular 
areas may corroborate their role in pain network and in 
multisensory integration. Our findings imply that these 
areas present a relay station in multisensory stimulus 
detection.

Keywords: magnetoencephalography, median nerve, 
nociception, radial nerve, sensory cortex
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MEG neural signature of sexual trauma in women 
veterans with PTSD (2022)
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ABSTRACT Previous research has documented the 
utility of synchronous neural interactions (SNI) in clas-
sifying women veterans with and without posttrau-
matic stress disorder (PTSD) and other trauma-related 
outcomes based on functional connectivity using 
magnetoencephalography (MEG). Here, we extend that 
line of research to evaluate trauma-specific PTSD neural 
signatures with MEG in women veterans. Participants 
completed diagnostic interviews and underwent a 
task-free MEG scan from which SNI was computed. 
Thirty-five women veterans were diagnosed with PTSD 
due to sexual trauma and sixteen with PTSD due to 
non-sexual trauma. Strength of SNI was compared in 
women with and without sexual trauma, and linear 
discriminant analysis was used to classify the brain 
patterns of women with PTSD due to sexual trauma 
and non-sexual trauma. Comparison of SNI strength be-
tween the two groups revealed widespread hypercor-
relation in women with sexual trauma relative to those 
without sexual trauma. Furthermore, using SNI, the 
brains of participants were classified as sexual trauma 
or non-sexual trauma with 100% accuracy. These find-
ings bolster evidence supporting the utility of task-free 
SNI and suggest that neural signatures of PTSD are 
trauma-specific.

Keywords: Biomarker, Magnetoencephalography, Post-
traumatic stress disorder, Sexual trauma
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OBJECTIVE The current study investigated the oscil-
latory brain activity of PTSD patients during directed 
and imaginal exposure to the traumatic memory using 
magnetoencephalography (MEG), in a paradigm resem-
bling exposure therapy.

METHODS Brain activity of healthy trauma-exposed 
controls and PTSD participants was measured with 
MEG as they listened to individualized trauma narra-
tives as well as to a neutral narrative and as they imag-
ined the narrative in detail. Source localization analysis 
by frequency bands was conducted in order to map 
neural generators of oscillatory activity.

RESULTS Elicitation of traumatic memories resulted 
in a distinct neural pattern in PTSD patients compared 
to healthy trauma-exposed individuals. In response to 
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trauma scripts PTSD patients showed increases in high-
gamma band power in visual areas, increased frontal 
and temporal theta as well as prefrontal alpha and 
medial temporal beta power relative to neutral scripts.

CONCLUSIONS Results suggest that when recollect-
ing and imagining traumatic memories PTSD patients 
attempt to engage control or inhibition mechanisms. 
However, these are either not successfully recruited or 
inefficient leading to heightened responses and recol-
lection.

SIGNIFICANCE Investigating the oscillatory neural dy-
namics of PTSD patients can help us better understand 
the processes underlying trauma re-experiencing.

Keywords: Imagery, Magnetoencephalography, Oscilla-
tory brain activity, Post traumatic stress disorder
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Classification of posttraumatic stress disorder 
and related outcomes in women veterans using 
magnetoencephalography (2022)
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ABSTRACT Women veterans represent a unique popu-
lation whose experiences and neurobiology differ from 
that of their male counterparts. Thus, while previous 
research has demonstrated the utility of synchronous 
neural interactions (SNI) as a biomarker of posttrau-
matic stress disorder (PTSD) in male veterans, the utility 
of SNI as a biomarker of PTSD in women veterans is 
unclear. Here we extend that line of research to evalu-
ate classification of women veterans with and without 

PTSD and other trauma-related outcomes based on 
functional connectivity using magnetoencepha-
lography (MEG). A total of 121 U.S. women veterans 
completed diagnostic interviews and underwent a 
task-free MEG scan from which SNI was computed. 
Linear discriminant analysis was used to classify PTSD 
and control groups according to SNI. That discriminant 
function was then used to classify each individual in the 
partial recovery and full recovery diagnostic groups as 
PTSD or control. All individuals were classified correctly 
(100% accuracy) according to their SNI in their PTSD 
and control groups. Seventy-seven percent of the full 
recovery group and 69% of the partial recovery group 
were classified as control. Individual staging in PTSD 
recovery was captured by the Mahalanobis D[2] dis-
tances from the center of the control and PTSD centroid 
clusters. These findings provide compelling evidence 
supporting the utility of task-free SNI as a biomarker of 
PTSD and related outcomes in women veterans.

Keywords: Biomarker, Classification, Magnetoencephalog-
raphy, Posttraumatic stress disorder, Recovery, Veterans
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ABSTRACT Post-traumatic stress disorder (PTSD) is 
a common condition in post-deployment service 
members (SM). SMs of the conflicts in Iraq and Afghani-
stan also frequently experience traumatic brain injury 
(TBI) and exposure to blasts during deployments. This 
study evaluated the effect of these conditions and 
experiences on functional brain connectomes in post-
deployment, combat-exposed veterans. Functional 
brain connectomes were created using 5-min resting-
state magnetoencephalography data. Well-established 
clinical interviews determined current PTSD diagnosis, 
as well as deployment-acquired mild TBI and history 
of exposure to blast. Linear regression examined the 
effect of these conditions on functional brain connec-
tomes beyond covariates. There were significant inter-
actions between blast-related mild TBI and PTSD after 
correction for multiple comparisons including num-
ber of nodes (non-standardized parameter estimate 
[PE] = -12.47), average degree (PE = 0.05), and connec-
tion strength (PE = 0.05). A main effect of blast-related 
mild TBI was observed on the threshold level. These 
results demonstrate a distinct functional connectome 
presentation associated with the presence of both 
blast-related mild TBI and PTSD. These findings suggest 
the possibility that blast-related mild TBI alterations in 
functional brain connectomes affect the presentation 
or progression of recovery from PTSD. The current re-
sults offer mixed support for hyper-connectivity in the 
chronic phase of deployment TBI.

Keywords: PTSD, TBI, connectome, deployment, network
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ABSTRACT We recorded magnetoencephalography 
data during a visual recognition task in participants 
with combat exposure (n = 40, age: 41.2 ± 7.2 years) to 
investigate the relationship between the evoked brain 
activity, behavioral performance, and the severity of 
their post-traumatic stress symptoms assessed using 
the PTSD Check List for DSM V version (PCL-5). In an 
initial study session, participants were presented with a 
series of images of outdoor scenes and were instructed 
to study the images for an upcoming recognition test. 
In a subsequent session, the original images were 
shown intermixed with novel images while participants 
performed the recognition task. PCL-5 scores were 
negatively correlated with discrimination performance 
and with the recognition accuracy for original images. 
During the recognition session, higher PCL-5 scores 
were associated with reduced relative power of the 
evoked response to original images from 100 ms to 
300 ms following the image onset over a distributed 
brain network including the bilateral inferior frontal 
gyri, left middle frontal gyrus, left supramarginal gyrus, 
right precuneus and the bilateral superior temporal 
gyri. These findings indicate that the lower recognition 
performance in participants with higher PTSD symp-
tom severity is associated with altered cortical activity 
in brain regions that are known to play a role in the 
elaboration on visual cues that supports recollection.

Keywords: Magnetoencephalography, Post-traumatic 
stress disorder, Predictive coding, Recognition memory
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ABSTRACT Post-traumatic stress disorder (PTSD) and 
mild traumatic brain injury (mTBI) are highly prevalent 
and closely related disorders. Affected individuals often 
exhibit substantially overlapping symptomatology - a 
major challenge for differential diagnosis in both mili-
tary and civilian contexts. According to our symptom 
assessment, the PTSD group exhibited comparable 
levels of concussion symptoms and severity to the mTBI 
group. An objective and reliable system to uncover the 
key neural signatures differentiating these disorders 
would be an important step towards translational 
and applied clinical use. Here we explore use of MEG 
(magnetoencephalography)-multivariate statistical 
learning analysis in identifying the neural features for 
differential PTSD/mTBI characterisation. Resting state 
MEG-derived regional neural activity and coherence (or 
functional connectivity) across seven canonical neural 
oscillation frequencies (delta to high gamma) were 
used. The selected features were consistent and largely 
confirmatory with previously established neurophysi-
ological markers for the two disorders. For regional 
power from theta, alpha and high gamma bands, the 
amygdala, hippocampus and temporal areas were iden-
tified. In line with regional activity, additional connec-
tions within the occipital, parietal and temporal regions 
were selected across a number of frequency bands. This 
study is the first to employ MEG-derived neural features 
to reliably and differentially stratify the two disorders 
in a multi-group context. The features from alpha and 
beta bands exhibited the best classification perfor-
mance, even in cases where distinction by concussion 
symptom profiles alone were extremely difficult. We 
demonstrate the potential of using 'invisible' neural 

indices of brain functioning to understand and differ-
entiate these debilitating conditions.

Translational psychiatry (2021), Vol. 11, No. 1 (34088901) (2 
citations)
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ABSTRACT Objective. The present study explores the 
effectiveness of incorporating temporal information in 
predicting post-traumatic stress disorder (PTSD) sever-
ity using magnetoencephalography (MEG) imaging 
data. The main objective was to assess the relationship 
between longitudinal MEG functional connectome 
data, measured across a variety of neural oscillatory 
frequencies and collected at two timepoints (Phase I 
and II), against PTSD severity captured at the later time 
point.Approach. We used an in-house developed infor-
matics solution, featuring a two-step process featuring 
pre-learn feature selection (CV-SVR-rRF-FS, cross-valida-
tion with support vector regression (SVR) and recursive 
random forest feature selection) and deep learning 
(long-short term memory recurrent neural network, 
LSTM-RNN) techniques.Main results. The pre-learn step 
selected a small number of functional connections (or 
edges) from Phase I MEG data associated with Phase II 
PTSD severity, indexed using the PTSD CheckList (PCL) 
score. This strategy identified the functional edges 
affected by traumatic exposure and indexed disease se-
verity, either permanently or evolving dynamically over 
time, for optimal predictive performance. Using the 
selected functional edges, LSTM modelling was used 
to incorporate the Phase II MEG data into longitudinal 
regression models. Single timepoint (Phase I and Phase 
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II MEG data) SVR models were generated for compari-
son. Assessed with holdout test data, alpha and high 
gamma bands showed enhanced predictive perfor-
mance with the longitudinal models comparing to the 
Phase I single timepoint models. The best predictive 
performance was observed for lower frequency ranges 
compared to the higher frequencies (low gamma), for 
both model types.Significance. This study identified 
the neural oscillatory signatures that benefited from 
additional temporal information when estimating the 
outcome of PTSD severity using MEG functional con-
nectome data. Crucially, this approach can similarly be 
applied to any other mental health challenge, using 
this effective informatics foundation for longitudinal 
tracking of pathological brain states and predicting 
outcome with a MEG-based neurophysiology imaging 
system.

Keywords: functional connectivity, long short-term 
memory, neuroimaging, neuropsychiatric disorders, neu-
roscience, post-traumatic stress disorder, recurrent neural 
network
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ABSTRACT Background: Although the default mode 
network (DMN) is a core network essential for brain 
functioning, little is known about its developmental 
trajectory, particularly on factors associated with its 
coherence into a functional network. In light of adult 

studies indicating DMN's susceptibility to stress-related 
conditions, we examined links between variability on 
oxytocin-pathway genes and DMN connectivity in 
youth exposed to chronic war-related trauma Methods: 
Following a cohort of war-exposed children from early 
childhood, we imaged the brains of 74 preadolescents 
(age 11-13 years; 39 war-exposed) during rest using 
magnetoencephalography (MEG). A cumulative risk 
index on oxytocin-pathway genes was constructed by 
combining single nucleotide polymorphisms on five 
genes previously linked with social deficits and psycho-
pathology; OXTR rs1042778, OXTR rs2254298, OX-
TRrs53576, CD38 rs3796863, and AVPR1A RS3. Avoidant 
response to trauma reminders in early childhood and 
anxiety disorders in late childhood were assessed as 
predictors of disruptions to DMN theta connectivity. 
Results: Higher vulnerability on oxytocin-pathway 
genes predicted greater disruptions to DMN theta con-
nectivity. Avoidant symptoms in early childhood and 
generalized anxiety disorder in later childhood were 
related to impaired DMN connectivity. In combination, 
stress exposure, oxytocin-pathway genes, and stress-
related symptoms explained 24.6% of the variance in 
DMN connectivity, highlighting the significant effect 
of stress on the maturing brain. Conclusions: Findings 
are the first to link the oxytocin system and maturation 
of the DMN, a core system sustaining autobiographical 
memories, alteration of intrinsic and extrinsic attention, 
mentalization, and sense of self. Results suggest that 
oxytocin may buffer the effects of chronic early stress 
on the DMN, particularly theta rhythms that typify the 
developing brain.

Keywords: OXTR, anxiety disorders, genetics, longitudinal 
studies, magnetoencephalography, trauma exposure
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ABSTRACT Mild traumatic brain injury (mTBI) and post-
traumatic stress disorder (PTSD) are leading causes of 
sustained physical, cognitive, emotional, and behav-
ioral deficits in the general population, active-duty 
military personnel, and veterans. However, the under-
lying pathophysiology of mTBI/PTSD and the mecha-
nisms that support functional recovery for some, but 
not all individuals is not fully understood. Conventional 
MR imaging and computed tomography are generally 
negative in mTBI and PTSD, so there is interest in the 
development of alternative evaluative strategies. Of 
particular note are magnetoencephalography (MEG) 
-based methods, with mounting evidence that MEG 
can provide sensitive biomarkers for abnormalities in 
mTBI and PTSD.

Keywords: Functional connectivity, GABA-ergic, Gamma 
wave, Posttraumatic stress disorder, Slow wave, Traumatic 
brain injury
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ABSTRACT Given the subjective nature of conventional 
diagnostic methods for post-traumatic stress disorder 

(PTSD), an objectively measurable biomarker is highly 
desirable; especially to clinicians and researchers. 
Macroscopic neural circuits measured using magneto-
encephalography (MEG) has previously been shown to 
be indicative of the PTSD phenotype and severity. In 
the present study, we employed a machine learning-
based classification framework using MEG neural 
synchrony to distinguish combat-related PTSD from 
trauma-exposed controls. Support vector machine 
(SVM) was used as the core classification algorithm. 
A recursive random forest feature selection step was 
directly incorporated in the nested SVM cross valida-
tion process (CV-SVM-rRF-FS) for identifying the most 
important features for PTSD classification. For the five 
frequency bands tested, the CV-SVM-rRF-FS analysis se-
lected the minimum numbers of edges per frequency 
that could serve as a PTSD signature and be used as the 
basis for SVM modelling. Many of the selected edges 
have been reported previously to be core in PTSD 
pathophysiology, with frequency-specific patterns also 
observed. Furthermore, the independent partial least 
squares discriminant analysis suggested low bias in the 
machine learning process. The final SVM models built 
with selected features showed excellent PTSD clas-
sification performance (area-under-curve value up to 
0.9). Testament to its robustness when distinguishing 
individuals from a heavily traumatised control group, 
these developments for a classification model for PTSD 
also provide a comprehensive machine learning-based 
computational framework for classifying other mental 
health challenges using MEG connectome profiles.
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ABSTRACT We studied the relationship between elec-
trophysiological markers of memory encoding, subse-
quent recognition performance, and severity of PTSD 
symptoms in service members with combat exposure 
(n = 40, age: 41.2 ± 7.2 years) and various levels of PTSD 
symptom severity assessed using the PTSD Check List 
for DSM V version (PCL-5). Brain activity was recorded 
using magnetoencephalography during a serial presen-
tation of 86 images of outdoor scenes that were stud-
ied by participants for an upcoming recognition test. 
In a second session, the original images were shown 
intermixed with an equal number of novel images 
while participants performed the recognition task. Par-
ticipants recognized 76.0% ± 12.1% of the original im-
ages and correctly categorized as novel 89.9% ± 7.0% 
of the novel images. A negative correlation was present 
between PCL-5 scores and discrimination performance 

(Spearman rs = -0.38, p = 0.016). PCL-5 scores were also 
negatively correlated with the recognition accuracy for 
original images (rs = -0.37, p = 0.02). Increases in theta 
and gamma power and decreases in alpha and beta 
power were observed over distributed brain networks 
during memory encoding. Higher PCL-5 scores were 
associated with less suppression of beta band power 
in bilateral ventral and medial temporal regions and in 
the left orbitofrontal cortex. These regions also showed 
positive correlations between the magnitude of sup-
pression of beta power during encoding and subse-
quent recognition accuracy. These findings indicate 
that the lower recognition performance in participants 
with greater PTSD symptom severity may be due in 
part to ineffective encoding reflected in altered modu-
lation of beta band oscillatory activity.

Keywords: Beta band oscillations, Magnetoencephalogra-
phy, Memory encoding, Post-traumatic stress disorder
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BACKGROUND AND HYPOTHESIS Prior research has 
shown that patients with schizophrenia (SZ) show dis-
ruption in brain network connectivity that is thought 
to underlie their cognitive and psychotic symptoms. 
However, most studies examining functional network 
disruption in schizophrenia have focused on the tem-
porally correlated coupling of the strength of network 
connections. Here, we move beyond correlative metrics 
to assay causal computations of connectivity changes 
in directed neural information flow, assayed from a 
neural source to a target in SZ.

STUDY DESIGN This study describes a whole-brain 
magnetoencephalography-imaging approach to ex-
amine causal computations of connectivity changes in 
directed neural information flow between brain regions 
during resting states, quantified by phase-transfer en-
tropy (PTE) metrics, assayed from a neural source to an 
endpoint, in 21 SZ compared with 21 healthy controls 
(HC), and associations with cognitive and clinical psy-
chotic symptoms in SZ.

STUDY RESULTS We found that SZ showed significant 
disruption in information flow in alpha (8-12 Hz) and 
beta (12-30 Hz) frequencies, compared to HC. Reduced 
information flow in alpha frequencies from the precu-

neus to the medio-ventral occipital cortex was associ-
ated with more severe clinical psychopathology (ie, 
positive psychotic symptoms), while reduced informa-
tion flow between insula and middle temporal gyrus 
was associated with worsening cognitive symptoms.

CONCLUSIONS The present findings highlight the 
importance of delineating dysfunction in neural infor-
mation flow in specific oscillatory frequencies between 
distinct regions that underlie the cognitive and psy-
chotic symptoms in SZ, and provide potential neural 
biomarkers that could lead to innovations in future 
neuromodulation treatment development.

Keywords: phase, psychotic symptoms, resting, state MEG, 
transfer entropy
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ABSTRACT Recent empirical findings suggest that 
altered neural synchronization, which is hypothesized 
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to be associated with an imbalance of excitatory (E) 
and inhibitory (I) neuronal activities, may underlie a 
core pathophysiological mechanism in patients with 
schizophrenia. The auditory steady-state response 
(ASSR) examined by electroencephalography (EEG) and 
magnetoencephalography (MEG) has been proposed 
as a potential biomarker for evaluating altered neu-
ral synchronization in schizophrenia. For this review, 
we performed a comprehensive literature search for 
papers published between 1999 and 2021 examin-
ing ASSRs in patients with schizophrenia. Almost all 
EEG-ASSR studies reported gamma-band ASSR reduc-
tions, especially to 40-Hz stimuli both in power and/
or phase synchronization in chronic and first-episode 
schizophrenia. In addition, similar to EEG-ASSR findings, 
MEG-ASSR deficits to 80-Hz stimuli (high gamma) have 
been reported in patients with schizophrenia. More-
over, the 40-Hz ASSR is likely to be a predictor of the 
onset of schizophrenia. Notably, increased spontane-
ous (or ongoing) broadband (30-100 Hz) gamma power 
has been reported during ASSR tasks, which resembles 
the increased spontaneous gamma activity reported 
in animal models of E/I imbalance. Further research on 
ASSRs and evoked and spontaneous gamma oscilla-
tions is expected to elucidate the pathophysiology of 
schizophrenia with translational implications.

Keywords: E/I imbalance, EEG/MEG, auditory steady-state 
response, biomarker, gamma oscillations, schizophrenia
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INTRODUCTION Aberrant network connectivity is a 
core deficit in schizophrenia and may underlie many of 
its associated cognitive deficits. Previous work in first-
episode schizophrenia spectrum illness (FESz) suggests 
preservation of working memory network function 
during low-load conditions with dysfunction emerging 
as task complexity increases. This study assessed visual 
network connectivity and its contribution to load-
dependent working memory impairments.

METHODS Magnetoencephalography was recorded 
from 35 FESz and 28 matched controls (HC) during 
a lateralized change detection task. Impaired alpha 
desynchronization was previously identified within bi-
lateral dorsal occipital (Occ) regions. Here, whole-brain 
alpha-band connectivity was examined using phase-
locking (PLV) and bilateral Occ as connectivity seeds. 
Load effects on connectivity were assessed across 
participants, and PLV modulation within networks was 
compared between groups.

RESULTS Occ exhibited significant load modulated 
connectivity with six regions (FDR-corrected). HC ex-
hibited PLV enhancement with load in all connections. 
FESz failed to show PLV modulation between right Occ 
and left inferior frontal gyrus, lateral occipito-temporal 
sulcus, and anterior intermediate parietal sulcus. 
Smaller PLVs in all three network connections during 
both memory load conditions were associated with 
increased reality distortion in FESz (FDR-corrected.) 
CONCLUSION: Examination of functional connectiv-
ity across the visual working memory network in 
FESz revealed an inability to enhance communication 
between perceptual and executive networks in re-
sponse to increasing cognitive demands. Furthermore, 
the degree of network communication impairment 
was associated with positive symptoms. These findings 
provide insights into the nature of brain dysconnectiv-
ity and its contribution to symptoms in early psychosis 
and identify potential targets for future interventions.

https://pubmed.ncbi.nlm.nih.gov/36069299
https://pubmed.ncbi.nlm.nih.gov/36069299
https://doi.org/10.1016/j.jpsychires.2022.06.042
https://doi.org/10.1016/j.jpsychires.2022.06.042
https://doi.org/10.1016/j.jpsychires.2022.06.042


263 Contents  Index

Keywords: First-episode psychosis, Functional connectiv-
ity, Magnetoencephalography, Reality distortion, Visual 
working memory

Journal of psychiatric research (2022), Vol. 153 (35820225) 
(1 citation)

Altered Brain Criticality in Schizophrenia: New 
Insights From Magnetoencephalography (2022)

       Alamian, Golnoush; Lajnef, Tarek; Pascarella, Annalisa; 
Lina, Jean-Marc; Knight, Laura; Walters, James; Singh, 
Krish D; Jerbi, Karim

CoCo Lab, Department of Psychology, Université de Montréal, 

Montréal, QC, Canada; Institute for Applied Mathematics 

Mauro Picone, National Research Council, Roma, Italy; Centre 

UNIQUE, Union Neurosciences et Intelligence Artificielle - 

Québec, Montréal, QC, Canada; CUBRIC, School of Psycholo-

gy, College of Biomedical and Life Sciences, Cardiff University, 

Cardiff, United Kingdom; Division of Psychological Medicine 

and Clinical Neurosciences, MRC Centre for Neuropsychiatric 

Genetics and Genomics, School of Medicine, College of Bio-

medical and Life Sciences, Cardiff University, Cardiff, United 

Kingdom; MEG Center, Université de Montréal, Montréal, QC, 

Canada

ABSTRACT Schizophrenia has a complex etiology and 
symptomatology that is difficult to untangle. After 
decades of research, important advancements toward 
a central biomarker are still lacking. One of the miss-
ing pieces is a better understanding of how non-linear 
neural dynamics are altered in this patient population. 
In this study, the resting-state neuromagnetic signals 
of schizophrenia patients and healthy controls were 
analyzed in the framework of criticality. When biologi-
cal systems like the brain are in a state of criticality, they 
are thought to be functioning at maximum efficiency 
(e.g., optimal communication and storage of informa-
tion) and with maximum adaptability to incoming 
information. Here, we assessed the self-similarity and 
multifractality of resting-state brain signals recorded 
with magnetoencephalography in patients with schizo-
phrenia patients and in matched controls. Schizophre-
nia patients had similar, although attenuated, patterns 

of self-similarity and multifractality values. Statistical 
tests showed that patients had higher values of self-
similarity than controls in fronto-temporal regions, 
indicative of more regularity and memory in the signal. 
In contrast, patients had less multifractality than con-
trols in the parietal and occipital regions, indicative of 
less diverse singularities and reduced variability in the 
signal. In addition, supervised machine-learning, based 
on logistic regression, successfully discriminated the 
two groups using measures of self-similarity and mul-
tifractality as features. Our results provide new insights 
into the baseline cognitive functioning of schizophre-
nia patients by identifying key alterations of criticality 
properties in their resting-state brain data.

Keywords: complexity, criticality, machine-learning, mag-
netoencephalography, multifractal analysis, resting-state, 
scale-free dynamics
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AIMS Schizophrenia (SZ) is characterized by psy-
chotic symptoms and cognitive impairment, and is 
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hypothesized to be a 'dysconnection' syndrome due to 
abnormal neural network formation. Although numer-
ous studies have helped elucidate the pathophysiol-
ogy of SZ, many aspects of the mechanism underlying 
psychotic symptoms remain unknown. This study used 
graph theory analysis to evaluate the characteristics of 
the resting-state network (RSN) in terms of microscale 
and macroscale indices, and to identify candidates as 
potential biomarkers of SZ. Specifically, we discriminat-
ed topological characteristics in the frequency domain 
and investigated them in the context of psychotic 
symptoms in patients with SZ.

METHODS We performed graph theory analysis of 
electrophysiological RSN data using magnetoencepha-
lography to compare topological characteristics repre-
sented by microscale (degree centrality and clustering 
coefficient) and macroscale (global efficiency, local 
efficiency, and small-worldness) indices in 29 patients 
with SZ and 38 healthy controls. In addition, we inves-
tigated the aberrant topological characteristics of the 
RSN in patients with SZ and their relationship with SZ 
symptoms.

RESULTS SZ was associated with a decreased clustering 
coefficient, local efficiency, and small-worldness, es-
pecially in the high beta band. In addition, macroscale 
changes in the low beta band are closely associated 
with negative symptoms.

CONCLUSIONS The local networks of patients with SZ 
may disintegrate at both the microscale and mac-
roscale levels, mainly in the beta band. Adopting an 
electrophysiological perspective of SZ as a failure to 
form local networks in the beta band will provide 
deeper insights into the pathophysiology of SZ as a 
'dysconnection' syndrome.

Keywords: beta band, graph theory, magnetoencephalog-
raphy, resting-state network, schizophrenia
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Auditory driven gamma synchrony is associated 
with cortical thickness in widespread cortical areas 
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OBJECTIVE Gamma synchrony is a fundamental func-
tional property of the cerebral cortex, impaired in mul-
tiple neuropsychiatric conditions (i.e. schizophrenia, 
Alzheimer's disease, stroke etc.). Auditory stimulation in 
the gamma range allows to drive gamma synchrony of 
the entire cortical mantle and to estimate the efficiency 
of the mechanisms sustaining it. As gamma synchrony 
depends strongly on the interplay between parvalbu-
min-positive interneurons and pyramidal neurons, we 
hypothesize an association between cortical thickness 
and gamma synchrony. To test this hypothesis, we em-
ployed a combined magnetoencephalography (MEG) 
- Magnetic Resonance Imaging (MRI) study.

METHODS Cortical thickness was estimated from 
anatomical MRI scans. MEG measurements related to 
exposure of 40 Hz amplitude modulated tones were 
projected onto the cortical surface. Two measures of 
cortical synchrony were considered: (a) inter-trial phase 
consistency at 40 Hz, providing a vertex-wise estima-
tion of gamma synchronization, and (b) phase-locking 
values between primary auditory cortices and whole 
cortical mantle, providing a measure of long-range 
cortical synchrony. A correlation between cortical thick-
ness and synchronization measures was then calcu-
lated for 72 MRI-MEG scans.
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RESULTS Both inter-trial phase consistency and phase 
locking values showed a significant positive correlation 
with cortical thickness. For inter-trial phase consis-
tency, clusters of strong associations were found in the 
temporal and frontal lobes, especially in the bilateral 
auditory and pre-motor cortices. Higher phase-locking 
values corresponded to higher cortical thickness in the 
frontal, temporal, occipital and parietal lobes.

DISCUSSION AND CONCLUSIONS In healthy subjects, 
a thicker cortex corresponds to higher gamma syn-
chrony and connectivity in the primary auditory cortex 
and beyond, likely reflecting underlying cell density 
involved in gamma circuitries. This result hints towards 
an involvement of gamma synchrony together with 
underlying brain structure in brain areas for higher 
order cognitive functions. This study contributes to 
the understanding of inherent cortical functional and 
structural brain properties, which might in turn consti-
tute the basis for the definition of useful biomarkers in 
patients showing aberrant gamma synchronization.

Keywords: Auditory Steady State Responses (ASSR), Cere-
bral cortex, Cortical thickness, Gamma, Magnetoencepha-
lography (MEG), Synchrony
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ABSTRACT Gamma oscillations (30-90 Hz) have been 
proposed as a signature of cortical visual information 
processing, particularly the balance between excita-
tion and inhibition, and as a biomarker of neuropsy-
chiatric diseases. Magnetoencephalography (MEG) 
provides highly reliable visual-induced gamma os-
cillation estimates, both at sensor and source level. 
Recent studies have reported a deficit of visual gamma 
activity in schizophrenia patients, in medication naive 
subjects, and high-risk clinical participants, but the 
genetic contribution to such a deficit has remained 
unresolved. Here, for the first time, we use a genetic 
risk score approach to assess the relationship between 
genetic risk for schizophrenia and visual gamma 
activity in a population-based sample drawn from a 
birth cohort. We compared visual gamma activity in a 
group (N = 104) with a high genetic risk profile score for 
schizophrenia (SCZ-PRS) to a group with low SCZ-PRS 
(N = 99). Source-reconstructed V1 activity was extracted 
using beamformer analysis applied to MEG record-
ings using individual MRI scans. No group differences 
were found in the induced gamma peak amplitude or 
peak frequency. However, a non-parametric statisti-
cal contrast of the response spectrum revealed more 
robust group differences in the amplitude of high-beta/
gamma power across the frequency range, suggesting 
that overall spectral shape carries important biological 
information beyond the individual frequency peak. Our 
findings show that changes in gamma band activ-
ity correlate with liability to schizophrenia and sug-
gest that the index changes to synaptic function and 
neuronal firing patterns that are of pathophysiological 
relevance rather than consequences of the disorder.
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ABSTRACT The mechanisms underlying circuit dys-
functions in schizophrenia (SCZ) remain poorly un-
derstood. Auditory steady-state responses (ASSRs), 
especially in the gamma and beta band, have been 
suggested as a potential biomarker for SCZ. While the 
reduction of 40 Hz power for 40 Hz drive has been well 
established and replicated in SCZ patients, studies are 
inconclusive when it comes to an increase in 20 Hz 
power during 40 Hz drive. There might be several fac-
tors explaining the inconsistencies, including differenc-
es in the sensitivity of the recording modality (EEG vs 
MEG), differences in stimuli (click-trains vs amplitude-
modulated tones) and large differences in the ampli-
tude of the stimuli. Here, we used a computational 
model of ASSR deficits in SCZ and explored the effect of 
three SCZ-associated microcircuit alterations: reduced 
GABA activity, increased GABA decay times and NMDA 
receptor hypofunction. We investigated the effect of 
input strength on gamma (40 Hz) and beta (20 Hz) 
band power during gamma ASSR stimulation and saw 
that the pronounced increase in beta power during 
gamma stimulation seen experimentally could only 
be reproduced in the model when GABA decay times 
were increased and only for a specific range of input 
strengths. More specifically, when the input was in this 
specific range, the rhythmic drive at 40 Hz produced a 
strong 40 Hz rhythm in the control network; however, 
in the 'SCZ-like' network, the prolonged inhibition 
led to a so-called 'beat-skipping', where the network 
would only strongly respond to every other input. This 
mechanism was responsible for the emergence of the 
pronounced 20 Hz beta peak in the power spectrum. 
The other two microcircuit alterations were not able to 
produce a substantial 20 Hz component but they fur-
ther narrowed the input strength range for which the 
network produced a beta component when combined 
with increased GABAergic decay times. Our finding that 

the beta component only existed for a specific range of 
input strengths might explain the seemingly inconsis-
tent reporting in experimental studies and suggests 
that future ASSR studies should systematically explore 
different amplitudes of their stimuli. Furthermore, 
we provide a mechanistic link between a microcircuit 
alteration and an electrophysiological marker in schizo-
phrenia and argue that more complex ASSR stimuli are 
needed to disentangle the nonlinear interactions of 
microcircuit alterations. The computational modelling 
approach put forward here is ideally suited to facilitate 
the development of such stimuli in a theory-based 
fashion.
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ABSTRACT There is now consistent evidence that 
neural oscillation at low- and high-frequencies consti-
tute an important aspect of the pathophysiology of 
schizophrenia. Specifically, impaired rhythmic activity 
may underlie the deficit to generate coherent cognition 
and behavior, leading to the characteristic symptoms 
of psychosis and cognitive deficits. Importantly, the 
generating mechanisms of neural oscillations are rela-
tively well-understood and thus enable the targeted 
search for the underlying circuit impairments and novel 
treatment targets. In the following review, we will sum-
marize and assess the evidence for aberrant rhythmic 
activity in schizophrenia through evaluating studies 
that have utilized Electro/Magnetoencephalography to 
examine neural oscillations during sensory and cogni-
tive tasks as well as during resting-state measurements. 
These data will be linked to current evidence from post-
mortem, neuroimaging, genetics, and animal models 
that have implicated deficits in GABAergic interneurons 
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and glutamatergic neurotransmission in oscillatory 
deficits in schizophrenia. Finally, we will highlight 
methodological and analytical challenges as well as 
provide recommendations for future research.

Keywords: EEG, MEG, neural oscillation, schizophrenia
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ABSTRACT Cognitive impairments account for sig-
nificant morbidity in schizophrenia and are present 
at disease onset. Controlled processes are particularly 
susceptible and may contribute to pervasive selective 
attention deficits. The present study assessed fronto-
parietal attention network (FPAN) functioning during 
cue presentation on a visual search task in first-episode 
schizophrenia spectrum patients (FE) and its relation 
to symptom burden and community functioning. Brain 
activity was recorded with magnetoencephalography 
from 38 FE and 38 healthy controls (HC) during blocks 
of pop-out and serial search target detection. Activ-
ity during cue presentation was compared between 
groups across bilateral FPAN regions (frontal eye fields 
(FEF), inferior frontal gyrus (IFG), midcingulate cortex 
(MCC), and intraparietal sulcus (IPS)). FE exhibited 
greater right hemisphere IFG activity despite worse 

performance relative to HC. Performance and FPAN 
activity were not correlated in HC. Among FE, however, 
stronger activity within right hemisphere FEF and IFG 
was associated with faster responses. Stronger right IPS 
and left IFG activity in patients was also associated with 
reduced negative symptoms and improved community 
functioning, respectively. Increased reliance on the 
FPAN for task completion suggests an inefficient cogni-
tive control network and might reflect a compensation 
for impaired attentional deployment during target de-
tection, a strategy employed by those with less severe 
illness. These findings represent a critical step towards 
identifying the neural substrates of negative symptoms 
and impaired neurocognition at disease onset.

Keywords: Attention, First-episode, Fronto-parietal atten-
tion network, Magnetoencephalography, Schizophrenia
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ABSTRACT An ability to build structured mental maps 
of the world underpins our capacity to imagine rela-
tionships between objects that extend beyond experi-
ence. In rodents, such representations are supported by 
sequential place cell reactivations during rest, known as 
replay. Schizophrenia is proposed to reflect a compro-
mise in structured mental representations, with animal 
models reporting abnormalities in hippocampal replay 
and associated ripple activity during rest. Here, utilizing 
magnetoencephalography (MEG), we tasked patients 
with schizophrenia and control participants to infer un-
observed relationships between objects by reorganiz-
ing visual experiences containing these objects. During 
a post-task rest session, controls exhibited fast spon-
taneous neural reactivation of presented objects that 
replayed inferred relationships. Replay was coincident 
with increased ripple power in hippocampus. Patients 
showed both reduced replay and augmented ripple 
power relative to controls, convergent with findings 
in animal models. These abnormalities are linked to 
impairments in behavioral acquisition and subsequent 
neural representation of task structure.

Keywords: cognitive map, mental simulation, model-
based inference, psychosis, schema
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ABSTRACT Long-Range Temporal Correlations (LRTCs) 
index the capacity of the brain to optimally process 
information. Previous research has shown that patients 
with chronic schizophrenia present altered LRTCs at 
alpha and beta oscillations. However, it is currently 
unclear at which stage of schizophrenia aberrant LRTCs 
emerge. To address this question, we investigated LRT-
Cs in resting-state magnetoencephalographic (MEG) 
recordings obtained from patients with affective disor-
ders and substance abuse (clinically at low-risk of psy-
chosis, CHR-N), patients at clinical high-risk of psychosis 
(CHR-P) (n = 115), as well as patients with a first episode 
(FEP) (n = 25). Matched healthy controls (n = 47) served 
as comparison group. LRTCs were obtained for frequen-
cies from 4 to 40 Hz and correlated with clinical and 
neuropsychological data. In addition, we examined the 
relationship between LRTCs and transition to psychosis 
in CHR-P participants, and the relationship between 
LRTC and antipsychotic medication in FEP participants. 
Our results show that participants from the clinical 
groups have similar LRTCs to controls. In addition, 
LRTCs did not correlate with clinical and neurocogni-
tive variables across participants nor did LRTCs predict 
transition to psychosis. Therefore, impaired LRTCs do 
not reflect a feature in the clinical trajectory of psy-
chosis. Nevertheless, reduced LRTCs in the beta-band 
over posterior sensors of medicated FEP participants 
indicate that altered LRTCs may appear at the onset of 
the illness. Future studies are needed to elucidate the 
role of anti-psychotic medication in altered LRTCs.
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ABSTRACT Current theories of schizophrenia em-
phasize the role of altered information integration 
as the core dysfunction of this illness. While ample 
neuroimaging evidence for such accounts comes from 
investigations of spatial connectivity, understanding 
temporal disruptions is important to fully capture the 
essence of dysconnectivity in schizophrenia. Recent 
electrophysiology studies suggest that long-range 
temporal correlation (LRTC) in the amplitude dynamics 
of neural oscillations captures the integrity of trans-
ferred information in the healthy brain. Thus, in this 
study, 25 schizophrenia patients and 25 controls (8 
females/group) were recorded during two five-minutes 
of resting-state magnetoencephalography (once with 
eyes-open and once with eyes-closed). We used source-
level analyses to investigate temporal dysconnectiv-
ity in patients by characterizing LRTCs across cortical 
and sub-cortical brain regions. In addition to standard 
statistical assessments, we applied a machine learning 
framework using support vector machine to evalu-
ate the discriminative power of LRTCs in identifying 
patients from healthy controls. We found that neural 
oscillations in schizophrenia patients were character-

ized by reduced signal memory and higher variability 
across time, as evidenced by cortical and subcortical 
attenuations of LRTCs in the alpha and beta frequency 
bands. Support vector machine significantly classified 
participants using LRTCs in key limbic and paralimbic 
brain areas, with decoding accuracy reaching 82%. Im-
portantly, these brain regions belong to networks that 
are highly relevant to the symptomology of schizophre-
nia. These findings thus posit temporal dysconnectiv-
ity as a hallmark of altered information processing in 
schizophrenia, and help advance our understanding of 
this pathology.

Keywords: Long-range-temporal-correlations, Machine-
learning, Magnetoencephalography, Oscillations, Resting-
state, Schizophrenia
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ABSTRACT Magnetoencephalography (MEG) measures 
magnetic fields generated by synchronised neural 
current flow and provides direct inference on brain 
electrophysiology and connectivity, with high spatial 
and temporal resolution. The movement-related beta 
decrease (MRBD) and the post-movement beta re-
bound (PMBR) are well-characterised effects in mag-
netoencephalography (MEG), with the latter having 
been shown to relate to long-range network integrity. 
Our previous work has shown that the PMBR is dimin-
ished (relative to controls) in a group of schizophrenia 
patients. However, little is known about how this effect 
might differ in patients at different stages of illness 
and degrees of clinical severity. Here, we extend our 
previous findings showing that the MEG derived PMBR 
abnormality in schizophrenia exists in 29 recent-onset 
and 35 established cases (i.e., chronic patients), com-
pared to 42 control cases. In established cases, PMBR 
is negatively correlated with severity of disorganiza-
tion symptoms. Further, using a hidden Markov model 
analysis, we show that transient pan-spectral oscilla-
tory "bursts", which underlie the PMBR, differ between 
healthy controls and patients. Results corroborate that 
PMBR is associated with disorganization of mental 
activity in schizophrenia.

Keywords: Oscillatory bursts, Post-movement beta re-
bound, Psychosis, Schizophrenia, Transient beta events
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BACKGROUND Knowledge is lacking regarding deficits 
in selective attention and their underlying biological 
mechanisms during early stages of schizophrenia. The 
present study examined the N2pc, a neurophysiological 
index of covert spatial attention, and its cortical sources 
at first psychotic episode in the schizophrenia spec-
trum (FESz).

METHODS Neurophysiological responses measured 
simultaneously with magnetoencephalography (MEG) 
and electroencephalography (EEG) during pop-out and 
serial search tasks were compared between 32 FESz 
and 32 matched healthy controls (HC). Mean scalp-re-
corded N2pc was measured from a cluster of posterior-
lateral EEG electrodes. Cortical source-resolved MEG 
activity contributing to the N2pc signal was derived 
for the intraparietal sulcus (IPS) and lateral occipital 
complex (LOC).

RESULTS Group differences in EEG N2pc varied by 
task demand. FESz exhibited reduced N2pc amplitude 
during pop-out (p < .01), but not serial search (p = .11). 
Furthermore, group differences in N2pc-related MEG 
cortical activity varied by task demand and cortical 
region. Compared to HC, FESz exhibited greater IPS 
during serial search (p < .01).

DISCUSSION Reductions in EEG N2pc amplitude indi-
cate an impairment of visuo-spatial attention evident 
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at an individual's first psychotic episode, specifically 
during conditions emphasizing bottom-up processing. 
Examination of its cortical sources with MEG revealed 
that, compared to HC, FESz engaged parietal structures 
to a greater extent during the serial search condition. 
This pattern suggests a less efficient, more resource 
intensive strategy employed by FESz in response to 
a minimal demand on attention. The greater reliance 
on this controlled attentional network may negatively 
impact real-world functions with much greater com-
plexity and attentional demands.

Keywords: First-episode, Magnetoencephalography, N2pc, 
Schizophrenia spectrum, Selective attention, Visual search
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ABSTRACT Working memory dysfunction may be cen-
tral to neurocognitive deficits in schizophrenia. Main-

tenance of visual information in working memory, or 
visual short-term memory (vSTM), is linked to general 
cognitive dysfunction and predicts functional outcome. 
Lateralized change-detection tasks afford investiga-
tion of the contralateral delay activity (CDA), a useful 
tool for investigating vSTM dysfunction. Previous work 
suggests "hyperfocusing" of attention in schizophre-
nia, such that CDA is increased when a single item is 
maintained in vSTM but reduced for multiple items. If 
observed early in the disease, vSTM dysfunction may 
be a key feature of schizophrenia or target for interven-
tion. We investigated CDA during lateralized vSTM of 
one versus three items using sensor-level electroen-
cephalography and source-level magnetoencephalog-
raphy in 26 individuals at their first episode of schizo-
phrenia-spectrum psychosis (FESz) and 26 matched 
healthy controls. FESz were unable to modulate CDA 
with increased memory load - high-load CDA was 
reduced and low-load CDA was increased compared to 
controls. Further, sources of CDA in posterior parietal 
cortex were reduced in FESz and indices of working 
memory were correlated with neurocognitive deficits 
and symptom severity. These results support working 
memory maintenance dysfunction as a central and 
early component to the disorder. Targeted intervention 
focusing on vSTM deficits may be warranted to allevi-
ate downstream effects of this disability.

Keywords: Contralateral delay activity, Electroencephalog-
raphy, First-episode schizophrenia, Magnetoencephalog-
raphy, Visual short-term memory, Working memory
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ABSTRACT Auditory working memory impairments 
feature prominently in schizophrenia. However, the 
existence of altered and perhaps compensatory neural 
dynamics, sub-serving auditory working memory, 
remains largely unexplored. We compared the dynam-
ics of induced high gamma power (iHGP) across cortex 
in humans during speech-sound working memory in 
individuals with schizophrenia (SZ) and healthy com-
parison subjects (HC) using magnetoencephalography 
(MEG). SZ showed similar task performance to HC while 
utilizing different brain regions. During encoding of 
speech sounds, SZ lacked the correlation of iHGP with 
task performance in posterior superior temporal gyrus 
(STGp) that was observed in healthy subjects. Instead, 
SZ recruited the visual word form area (VWFA) during 
both stimulus encoding and response preparation. 
Importantly, VWFA activity during encoding correlated 
with the magnitude of SZ hallucinations, task perfor-
mance and an independent measure of verbal working 
memory. These findings suggest that VWFA plasticity 
is harnessed to compensate for STGp dysfunction in 
schizophrenia patients with hallucinations.
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ABSTRACT Schizophrenia (Sz) is a chronic mental dis-
order characterized by disturbances in thought (such as 
delusions and confused thinking), perception (hearing 
voices), and behavior (lack of motivation). The lifetime 
prevalence of Sz is between 0.3% and 0.7%, with late 
adolescence and early adulthood, the peak period for 
the onset of psychotic symptoms. Causal factors in Sz 
include environmental and genetic factors and espe-
cially their interaction. About 50% of individuals with a 
diagnosis of Sz have lifelong impairment.

Keywords: Magnetoencephalography, Neuroimaging, 
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ABSTRACT Frontotemporal dysconnectivity is a key 
pathology in schizophrenia. The specific nature of this 
dysconnectivity is unknown, but animal models imply 
dysfunctional theta phase coupling between hip-
pocampus and medial prefrontal cortex (mPFC). We 
tested this hypothesis by examining neural dynamics 
in 18 participants with a schizophrenia diagnosis, both 
medicated and unmedicated; and 26 age, sex and IQ 
matched control subjects. All participants completed 
two tasks known to elicit hippocampal-prefrontal 
theta coupling: a spatial memory task (during magne-
toencephalography) and a memory integration task. 
In addition, an overlapping group of 33 schizophrenia 
and 29 control subjects underwent PET to measure the 
availability of GABAARs expressing the α5 subunit (con-
centrated on hippocampal somatostatin interneurons). 
We demonstrate-in the spatial memory task, during 
memory recall-that theta power increases in left medial 
temporal lobe (mTL) are impaired in schizophrenia, as is 
theta phase coupling between mPFC and mTL. Impor-
tantly, the latter cannot be explained by theta power 
changes, head movement, antipsychotics, cannabis 
use, or IQ, and is not found in other frequency bands. 
Moreover, mPFC-mTL theta coupling correlated strong-
ly with performance in controls, but not in subjects 
with schizophrenia, who were mildly impaired at the 
spatial memory task and no better than chance on the 
memory integration task. Finally, mTL regions showing 
reduced phase coupling in schizophrenia magnetoen-
cephalography participants overlapped substantially 
with areas of diminished α5-GABAAR availability in the 
wider schizophrenia PET sample. These results indicate 
that mPFC-mTL dysconnectivity in schizophrenia is 
due to a loss of theta phase coupling, and imply α5-
GABAARs (and the cells that express them) have a role 
in this process.
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BACKGROUND When many features and a small num-
ber of clinical data exist, previous studies have used 
a few top-ranked features from the Fisher's discrimi-
nant ratio (FDR) for feature selection. However, there 
are many similarities between selected features. New 
method: To reduce the redundant features, we ap-
plied a technique employing FDR in conjunction with 
feature correlation. We performed an attention network 
test on schizophrenic patients and normal subjects 
with a 152-channel magnetoencephalograph. P300m 
amplitudes of event-related fields (ERFs) were used as 
features at the sensor level and P300m amplitudes of 
ERFs for 500 nodes on the cortex surface were used as 
features at the source level. Features were ranked using 
FDR criterion and cross-correlation measure, and then 
the highest ranked 10 features were selected and an 
exhaustive search was used to find combination having 
the maximum accuracy.

RESULTS At the sensor level, we found a single chan-
nel of the occipital region that distinguished the two 
groups with an accuracy of 89.7 %. At source level, we 
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obtained an accuracy of 96.2 % using two features, the 
left superior frontal region and the left inferior tempo-
ral region.

COMPARISON WITH EXISTING METHOD At source 
level, we obtained a higher accuracy than traditional 
method using only FDR criterion (accuracy = 88.5 %). 
We used only the P300 m amplitude (not latency) on 
a single channel and two brain regions at a fairly high 
rate.

Keywords: Diagnosis, Feature optimization, Machine 
learning, Magnetoencephalography, Schizophrenia
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ABSTRACT Impairments in early-stage visual process-
ing are observed in chronic psychosis. However, their 
presence, localization within the brain, and contribu-
tion to cognitive symptoms remain less well estab-
lished early in disease course. The present study utilized 
magnetoencephalography (MEG) to examine sensory 
responses within primary visual cortex (V1). MEG was 
recorded from 38 individuals diagnosed with a schizo-
phrenia spectrum illness at first psychotic episode 
(FESz) and 38 matched healthy controls (HC) during 
visual search tasks. The inverse solution for cortical 
activity contributing to the M100 visual evoked field 
was derived. Task performance and V1 activation were 
compared between groups. FESz exhibited a reduced 
V1 response relative to HC. This group deficit, however, 
was selective for the left hemisphere (LH). A similar 
interaction was observed for response time with FESz 
exhibiting slower responses to right visual field targets, 
a difference not observed among HC. Among FESz, 

larger LH V1 activity was associated with larger halluci-
nation subscale scores on the Scale for the Assessment 
of Positive Symptoms. Early-stage visual processing def-
icits localized to V1 are present at disease onset in the 
schizophrenia spectrum. This impairment appears to 
be restricted to the LH, consistent with previous reports 
detailing a predominantly LH disease process in early 
psychosis, and activity within this region was associ-
ated with an increased experience of hallucinations. 
These findings detail the cortical responses contribut-
ing to visual processing impairments and their relation-
ship with symptoms at disease onset, advancing our 
understanding of their developmental trajectory over 
the course of psychotic illness.

Keywords: first-break, lateralization, schizophrenia spec-
trum, sensory impairment
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ABSTRACT Schizophrenia is a severe psychiatric dis-
order that affects all aspects of one's life with several 
cognitive and social dysfunctions. However, there is 
still no objective and universal index for diagnosis and 
treatment of this disease. Many researchers have stud-
ied language processing in schizophrenia since most of 
the patients show symptoms related to language pro-
cessing, such as thought disorder, auditory verbal hallu-
cinations, or delusions. Electroencephalography (EEG) 
and magnetoencephalography (MEG) with millisecond 
order high temporal resolution, have been applied 
to reveal the abnormalities in language processing in 
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schizophrenia. The aims of this review are (a) to provide 
an overview of recent findings in language processing 
in schizophrenia with EEG and MEG using neurophysi-
ological indices, providing insights into underlying 
language related pathophysiological deficits in this 
disease and (b) to emphasize the advantage of EEG and 
MEG in research on language processing in schizophre-
nia.

Keywords: electroencephalography (EEG), language 
processing, magnetoencephalography (MEG), neural 
oscillation, schizophrenia
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BACKGROUND Despite increased reporting of resting-
state magnetoencephalography (MEG), reliability of 
those measures remains scarce and predominately 
reported in healthy controls (HC). As such, there is 
limited knowledge on MEG resting-state reliability in 
schizophrenia (SZ).

METHODS To address test-retest reliability in psychosis, 
a reproducibility study of 26 participants (13-SZ, 13-
HC) was performed. We collected eyes open and eyes 
closed resting-state data during 4 separate instances 
(2 Visits, 2 runs per visit) to estimate spectral power 
reliability (power, normalized power, alpha reactivity) 
across one hour and one week. Intraclass correlation 
coefficients (ICCs) were calculated. For source model-

ing, we applied an anatomically constrained linear 
estimation inverse model known as dynamic statistical 
parametric mapping (MNE dSPM) and source-based 
connectivity using the weighted phase lag index.

RESULTS Across one week there was excellent test-re-
test reliability in global spectral measures in theta-gam-
ma bands (HC ICCAvg = 0.87, SZ ICCAvg = 0.87), region-
al spectral measures in all bands (HC ICCAvg = 0.86, 
SZ ICCAvg = 0.80), and parietal alpha measures (HC 
ICCAvg = 0.90, SZ ICCAvg = 0.84). Conversely, functional 
connectivity had poor reliability, as did source spectral 
power across one hour for SZ. Relative to HC, SZ also 
had reduced parietal alpha normalized power dur-
ing eyes closed only, reduced alpha reactivity, and an 
association between higher PANSS positive scores and 
lower parietal alpha power.

CONCLUSIONS There was excellent to good test-retest 
reliability in most MEG spectral measures with a few 
exceptions in the schizophrenia patient group. Overall, 
these findings encourage the use of resting-state MEG 
while emphasizing the importance of determining reli-
ability in clinical populations.
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ABSTRACT Schizophrenia is a neurocognitive illness 
characterized by behavioral and neural impairments 
in both early auditory processing and higher order 
verbal working memory. Previously we have shown 
intervention-specific cognitive performance improve-
ments with computerized, targeted training of audi-
tory processing (AT) when compared to a computer 
games (CG) control intervention that emphasized visual 
processing. To investigate spatiotemporal changes in 
patterns of neural activity specific to the AT interven-
tion, the current study used magnetoencephalography 
(MEG) imaging to derive induced high gamma band 
oscillations (HGO) during auditory encoding, before 
and after 50 h (∼10 weeks) of exposure to either the 
AT or CG intervention. During stimulus encoding, AT 
intervention-specific changes in high gamma activity 
occurred in left middle frontal and left middle-superior 
temporal cortices. In contrast, CG intervention-specific 
changes were observed in right medial frontal and 
supramarginal gyri during stimulus encoding, and in 
bilateral temporal cortices during response prepara-
tion. These data reveal that, in schizophrenia, intensive 
exposure to either training of auditory processing or 
exposure to visuospatial activities produces signifi-
cant but complementary patterns of cortical function 
plasticity within a distributed fronto-temporal network. 
These results underscore the importance of delineating 
the specific neuroplastic effects of targeted behavioral 
interventions to ensure desired neurophysiological 
changes and avoid unintended consequences on neu-
ral system functioning.

Keywords: Cognitive training, Linguistic processing, Mag-
netoencephalography, Neuroplasticity
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BACKGROUND Little is known about neural oscillatory 
dynamics in first-episode psychosis. Pathophysiology of 
functional connectivity can be measured through net-
work activity of alpha oscillations, reflecting long-range 
communication between distal brain regions.

METHODS Resting magnetoencephalographic activ-
ity was collected from 31 individuals with first-episode 
schizophrenia spectrum psychosis and 22 healthy 
control individuals. Activity was projected to the 
realistic cortical surface, based on structural magnetic 
resonance imaging. The first principal component of 
activity in 40 Brodmann areas per hemisphere was Hil-
bert transformed within the alpha range. Non-negative 
matrix factorization was applied to single-trial alpha 
phase-locking values from all subjects to determine 
alpha networks. Within networks, energy and entropy 
were compared.

RESULTS Four cortical alpha networks were pathologi-
cal in individuals with first-episode schizophrenia spec-
trum psychosis. The networks involved the bilateral 
anterior and posterior cingulate; left auditory, medial 
temporal, and cingulate cortex; right inferior frontal gy-
rus and widespread areas; and right posterior parietal 
cortex and widespread areas. Energy and entropy were 

https://pubmed.ncbi.nlm.nih.gov/31741393
https://pubmed.ncbi.nlm.nih.gov/31741393
https://doi.org/10.1016/j.bpsc.2019.06.010
https://doi.org/10.1016/j.bpsc.2019.06.010
https://doi.org/10.1016/j.bpsc.2019.06.010


277 Contents  Index

associated with the Positive and Negative Syndrome 
Scale total and thought disorder factors for the first 
three networks. In addition, the left posterior temporal 
network was associated with positive and negative fac-
tors, and the right inferior frontal network was associ-
ated with the positive factor.

CONCLUSIONS Machine learning network analysis of 
resting alpha-band neural activity identified several 
aberrant networks in individuals with first-episode 
schizophrenia spectrum psychosis, including the left 
temporal, right inferior frontal, right posterior parietal, 
and bilateral cingulate cortices. Abnormal long-range 
alpha communication is evident at the first presenta-
tion for psychosis and may provide clues about mecha-
nisms of dysconnectivity in psychosis and novel targets 
for noninvasive brain stimulation.

Keywords: Alpha, Machine learning, Magnetoencepha-
lography, Network, Non-negative matrix factorization, 
Schizophrenia
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ABSTRACT This study investigated the magneto- and 
electroencephalography (MEG and EEG, respectively) 
resting state to identify the deviations closely associ-
ated with the deficit syndrome (DS) in schizophrenia 
patients. Ten subjects in each group (control, DS, and 
nondeficit schizophrenia [NDS]) were included. Sub-
jects underwent MEG-EEG recordings during a resting 

state condition. MEG coherence source imaging (CSI) in 
source space and spectral analysis in sensor space were 
performed. Significant differences were found between 
the 2 patient groups: (1) MEG and EEG spectral analysis 
showed significantly higher power at low frequencies 
(delta band) at sensor space in DS compared with NDS 
patients; (2) source analysis revealed larger power in 
the DS compared with NDS group at low frequencies 
in the frontal region; (3) NDS patients showed signifi-
cantly higher MEG signal relative power in beta bands 
in sensor space compared with DS patients; (4) both DS 
and NDS patients showed higher EEG absolute power 
at higher beta band compared to controls; and (5) pa-
tients with DS were found to have a significantly higher 
MEG CSI than controls in the beta frequency band. 
These data support the observation of increased power 
in the low-frequency EEG/MEG rhythms associated with 
the DS. Increased power in the beta rhythms was more 
associated with the NDS.

Keywords: EEG, MEG, coherence source imaging, deficit 
syndrome, electroencephalography, magnetoencepha-
lography, resting state, schizophrenia
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ABSTRACT The dysconnection hypothesis of schizo-
phrenia (SZ) proposes that psychosis is best under-
stood in terms of aberrant connectivity. Specifically, 
it suggests that dysconnectivity arises through aber-
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rant synaptic modulation associated with deficits in 
GABAergic inhibition, excitation-inhibition balance 
and disturbances of high-frequency oscillations. Using 
a computational model combined with a graded-
difficulty visual orientation discrimination paradigm, 
we demonstrate that, in SZ, perceptual performance 
is determined by the balance of excitation-inhibition 
in superficial cortical layers. Twenty-eight individu-
als with a DSM-IV diagnosis of SZ, and 30 age- and 
gender-matched healthy controls participated in a 
psychophysics orientation discrimination task, a visual 
grating magnetoencephalography (MEG) recording, 
and a magnetic resonance spectroscopy (MRS) scan for 
GABA. Using a neurophysiologically informed model, 
we quantified group differences in GABA, gamma mea-
sures, and the predictive validity of model parameters 
for orientation discrimination in the SZ group. MEG 
visual gamma frequency was reduced in SZ, with lower 
peak frequency associated with more severe negative 
symptoms. Orientation discrimination performance 
was impaired in SZ. Dynamic causal modeling of the 

MEG data showed that local synaptic connections 
were reduced in SZ and local inhibition correlated 
negatively with the severity of negative symptoms. The 
effective connectivity between inhibitory interneurons 
and superficial pyramidal cells predicted orientation 
discrimination performance within the SZ group; 
consistent with graded, behaviorally relevant, disease-
related changes in local GABAergic connections. Oc-
cipital GABA levels were significantly reduced in SZ but 
did not predict behavioral performance or oscillatory 
measures. These findings endorse the importance, and 
behavioral relevance, of GABAergic synaptic discon-
nection in schizophrenia that underwrites excitation-
inhibition balance.

Keywords: GABA, behavioral, dysconnection, inhibition, 
oscillatory, schizophrenia
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ABSTRACT Our understanding of post-stroke lan-
guage function is largely based on older age groups, 
who show increasing age-related brain pathology 
and neural reorganisation. To illustrate language 
outcomes in the young-adult brain, we present the 
case of J., a 23-year-old woman with chronic aphasia 
from a left-hemisphere stroke affecting the temporal 
lobe. Diffusion MRI-based tractography indicated that 
J.'s language-relevant white-matter structures were 
severely damaged. Employing magnetoencephalogra-
phy (MEG), we explored J.'s conceptual preparation and 
word planning abilities using context-driven and bare 
picture-naming tasks. These revealed naming deficits, 
manifesting as word-finding difficulties and semantic 
paraphasias about half of the time. Naming was how-
ever facilitated by semantically constraining lead-in 
sentences. Altogether, this pattern indicates disrupted 
lexical-semantic and phonological retrieval abilities. 
MEG revealed that J.'s conceptual and naming-related 

neural responses were supported by the right hemi-
sphere, compared to the typical left-lateralised brain re-
sponse of a matched control. Differential recruitment of 
right-hemisphere structures (330-440 ms post-picture 
onset) was found concurrently during successful nam-
ing (right mid-to-posterior temporal lobe) and word-
finding attempts (right inferior frontal gyrus). Discon-
nection of the temporal lobes via corpus callosum was 
not critical for recruitment of the right hemisphere in 
visually guided naming, possibly due to neural activ-
ity right lateralising from the outset. Although J.'s right 
hemisphere responded in a timely manner during word 
planning, its lexical and phonological retrieval abilities 
remained modest.

Keywords: alpha oscillations, beta oscillations, event-relat-
ed fields, language lateralisation, splenium

The European journal of neuroscience (2022), Vol. 56, No. 
8 (36028218) (1 citation)

Electrophysiological connectivity markers of 
preserved language functions in post-stroke 
aphasia (2022)

        Shah-Basak, Priyanka; Sivaratnam, Gayatri; Teti, Selina; 
Deschamps, Tiffany; Kielar, Aneta; Jokel, Regina; 
Meltzer, Jed A

Rotman Research Institute, Baycrest Health Sciences, Toronto, 

ON, Canada; Canadian Partnership for Stroke Recovery, 

Ottawa, ON, Canada. Electronic address: prishah@mcw.edu; 

Department of Speech, Language, and Hearing Sciences, 

University of Arizona, Tucson, AZ, USA; Rotman Research 

Institute, Baycrest Health Sciences, Toronto, ON, Canada; Ca-

nadian Partnership for Stroke Recovery, Ottawa, ON, Canada; 

Department of Speech-Language Pathology, University of 

Toronto, Toronto, ON, Canada; Rotman Research Institute, 

Baycrest Health Sciences, Toronto, ON, Canada; Canadian 

https://doi.org/10.1111/ejn.15813
https://doi.org/10.1111/ejn.15813
https://doi.org/10.1111/ejn.15813
https://pubmed.ncbi.nlm.nih.gov/36028218
https://pubmed.ncbi.nlm.nih.gov/36028218
https://doi.org/10.1016/j.nicl.2022.103036
https://doi.org/10.1016/j.nicl.2022.103036
https://doi.org/10.1016/j.nicl.2022.103036


280 Contents  Index

Partnership for Stroke Recovery, Ottawa, ON, Canada; 

Department of Speech-Language Pathology, University of 

Toronto, Toronto, ON, Canada; Department of Psychology, 

University of Toronto, Toronto, ON, Canada

ABSTRACT Post-stroke aphasia is a consequence 
of localized stroke-related damage as well as global 
disturbances in a highly interactive and bilaterally-
distributed language network. Aphasia is increas-
ingly accepted as a network disorder and it should be 
treated as such when examining the reorganization 
and recovery mechanisms after stroke. In the current 
study, we sought to investigate reorganized patterns of 
electrophysiological connectivity, derived from resting-
state magnetoencephalography (rsMEG), in post-
stroke chronic (>6 months after onset) aphasia. We 
implemented amplitude envelope correlations (AEC), 
a metric of connectivity commonly used to describe 
slower aspects of interregional communication in 
resting-state electrophysiological data. The main focus 
was on identifying the oscillatory frequency bands and 
frequency-specific spatial topology of connections as-
sociated with preserved language abilities after stroke. 
RsMEG was recorded for 5 min in 21 chronic stroke 
survivors with aphasia and in 20 matched healthy 
controls. Source-level MEG activity was reconstructed 
and summarized within 72 atlas-defined brain regions 
(or nodes). A 72 × 72 leakage-corrected connectivity (of 
AEC) matrix was obtained for frequencies from theta 
to low-gamma (4-50 Hz). Connectivity was compared 
between groups, and, the correlations between 
connectivity and subscale scores from the Western 
Aphasia Battery (WAB) were evaluated in the stroke 
group, using partial least squares analyses. Posthoc 
multiple regression analyses were also conducted on a 
graph theory measure of node strengths, derived from 
significant connectivity results, to control for node-
wise properties (local spectral power and lesion sizes) 
and demographic and stroke-related variables. Con-
nectivity among the left hemisphere regions, i.e. those 
ipsilateral to the stroke lesion, was greatly reduced in 
stroke survivors with aphasia compared to matched 
healthy controls in the alpha (8-13 Hz; p = 0.011) and 
beta (15-30 Hz; p = 0.001) bands. The spatial topology 
of hypoconnectivity in the alpha vs. beta bands was 
distinct, revealing a greater involvement of ventral 

frontal, temporal and parietal areas in alpha, and dorsal 
frontal and parietal areas in beta. The node strengths 
from alpha and beta group differences remained sig-
nificant after controlling for nodal spectral power. AEC 
correlations with WAB subscales of object naming and 
fluency were significant. Greater alpha connectivity was 
associated with better naming performance (p = 0.045), 
and greater connectivity in both the alpha (p = 0.033) 
and beta (p = 0.007) bands was associated with better 
speech fluency performance. The spatial topology was 
distinct between these frequency bands. The node 
strengths remained significant after controlling for age, 
time post stroke onset, nodal spectral power and nodal 
lesion sizes. Our findings provide important insights 
into the electrophysiological connectivity profiles (fre-
quency and spatial topology) potentially underpinning 
preserved language abilities in stroke survivors with 
aphasia.

Keywords: Amplitude envelope correlations, Aphasia, 
Functional connectivity, Magnetoencephalography 
(MEG), Resting-state, Stroke
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ABSTRACT Stroke is a leading cause of disability, with 
deficits encompassing multiple functional domains. 
The heterogeneity underlying stroke poses significant 
challenges in the prediction of post-stroke recovery, 
prompting the development of neuroimaging-based 
biomarkers. Structural neuroimaging measurements, 
particularly those reflecting corticospinal tract injury, 
are well-documented in the literature as potential 

https://pubmed.ncbi.nlm.nih.gov/35561556
https://doi.org/10.1093/brain/awab469
https://doi.org/10.1093/brain/awab469
https://doi.org/10.1093/brain/awab469


281 Contents  Index

biomarker candidates of post-stroke motor recovery. 
Consistent with the view of stroke as a 'circuitopathy', 
functional neuroimaging measures probing functional 
connectivity may also prove informative in post-stroke 
recovery. An important step in the development of 
biomarkers based on functional neural network con-
nectivity is the establishment of causality between con-
nectivity and post-stroke recovery. Current evidence 
predominantly involves statistical correlations between 
connectivity measures and post-stroke behavioural 
status, either cross-sectionally or serially over time. 
However, the advancement of functional connectivity 
application in stroke depends on devising experiments 
that infer causality. In 1965, Sir Austin Bradford Hill 
introduced nine viewpoints to consider when deter-
mining the causality of an association: (i) strength; (ii) 
consistency; (iii) specificity; (iv) temporality; (v) bio-
logical gradient; (vi) plausibility; (vii) coherence; (viii) 
experiment; and (ix) analogy. Collectively referred to as 
the Bradford Hill Criteria, these points have been widely 
adopted in epidemiology. In this review, we assert 
the value of implementing Bradford Hill's framework 
to stroke rehabilitation and neuroimaging. We focus 
on the role of neural network connectivity measure-
ments acquired from task-oriented and resting-state 
functional MRI, EEG, magnetoencephalography and 
functional near-infrared spectroscopy in describing and 
predicting post-stroke behavioural status and recovery. 
We also identify research opportunities within each 
Bradford Hill tenet to shift the experimental paradigm 
from correlation to causation.

Keywords: causality, connectivity, neuroimaging, rehabili-
tation, stroke
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ABSTRACT In healthy subjects, motor cortex activity 
and electromyographic (EMG) signals from contract-
ing contralateral muscle show coherence in the beta 
(15-30 Hz) range. Corticomuscular coherence (CMC) 
is considered a sign of functional coupling between 
muscle and brain. Based on prior studies, CMC is 
altered in stroke, but functional significance of this 
finding has remained unclear. Here, we examined CMC 
in acute stroke patients and correlated the results with 
clinical outcome measures and corticospinal tract (CST) 
integrity estimated with diffusion tensor imaging (DTI). 
During isometric contraction of the extensor carpi 
radialis muscle, EMG and magnetoencephalographic 
oscillatory signals were recorded from 29 patients 
with paresis of the upper extremity due to ischemic 
stroke and 22 control subjects. CMC amplitudes and 
peak frequencies at 13-30 Hz were compared between 
the two groups. In the patients, the peak frequency in 
both the affected and the unaffected hemisphere was 
significantly (p < 0.01) lower and the strength of CMC 
was significantly (p < 0.05) weaker in the affected hemi-
sphere compared to the control subjects. The strength 
of CMC in the patients correlated with the level of tac-
tile sensitivity and clinical test results of hand function. 
In contrast, no correlation between measures of CST 
integrity and CMC was found. The results confirm the 
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earlier findings that CMC is altered in acute stroke and 
demonstrate that CMC is bidirectional and not solely a 
measure of integrity of the efferent corticospinal tract.

Keywords: Afferent input, Corticomuscular coherence, 
Corticospinal tract integrity, Magnetoencephalography, 
Motor cortex, Stroke
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ABSTRACT Stroke patients with small central ner-
vous system infarcts often demonstrate an acute 
dysexecutive syndrome characterized by difficulty 
with attention, concentration, and processing speed, 
independent of lesion size or location. We use mag-
netoencephalography (MEG) to show that disruption 
of network dynamics may be responsible. Nine pa-
tients with recent minor strokes and eight age-similar 
controls underwent cognitive screening using the 
Montreal cognitive assessment (MoCA) and MEG to 
evaluate differences in cerebral activation patterns. 
During MEG, subjects participated in a visual picture-
word matching task. Task complexity was increased as 
testing progressed. Cluster-based permutation tests 
determined differences in activation patterns within 

the visual cortex, fusiform gyrus, and lateral temporal 
lobe. At visit 1, MoCA scores were significantly lower for 
patients than controls (median [interquartile range] = 
26.0 [4] versus 29.5 [3], P = 0.005), and patient reaction 
times were increased. The amplitude of activation was 
significantly lower after infarct and demonstrated a 
pattern of temporal dispersion independent of stroke 
location. Differences were prominent in the fusiform 
gyrus and lateral temporal lobe. The pattern suggests 
that distributed network dysfunction may be respon-
sible. Additionally, controls were able to modulate their 
cerebral activity based on task difficulty. In contrast, 
stroke patients exhibited the same low-amplitude 
response to all stimuli. Group differences remained, to a 
lesser degree, 6 mo later; while MoCA scores and reac-
tion times improved for patients. This study suggests 
that function is a globally distributed property beyond 
area-specific functionality and illustrates the need for 
longer-term follow-up studies to determine whether 
abnormal activation patterns ultimately resolve or an-
other mechanism underlies continued recovery.
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ABSTRACT Recent findings indicate that measures de-
rived from resting-state magnetoencephalography (rs-
MEG) are sensitive to cortical dysfunction in post-stroke 
aphasia. Spectral power and multiscale entropy (MSE) 
measures show that left-hemispheric areas surround-
ing the stroke lesion (perilesional) exhibit pathological 
oscillatory slowing and alterations in signal complexity. 
In the current study, we tested whether individually-
targeted high-definition transcranial direct current 
stimulation (HD-tDCS) can reduce MEG abnormalities 
and transiently improve language performance. In elev-
en chronic aphasia survivors, we devised a method to 
localize perilesional areas exhibiting peak MSE abnor-
malities, and subsequently targeted these areas with 
excitatory/anodal-tDCS, or targeted the contralateral 
homolog areas with inhibitory/cathodal-tDCS, based 
on prominent theories of stroke recovery. Pathologi-
cal MEG slowing in these patients was correlated with 
aphasia severity. Sentence/phrase repetition accuracy 
was assessed before and after tDCS. A delayed word 
reading task was administered inside MEG to assess 
tDCS-induced neurophysiological changes in relative 
power and MSE computed on the pre-stimulus and 
delay task time windows. Results indicated increases 
in repetition accuracy, decreases in contralateral theta 
(4-7 Hz) and coarse-scale MSE (slow activity), and 
increases in perilesional low-gamma (25-50 Hz) and 
fine-scale MSE (fast activity) after anodal-tDCS, indicat-
ing reversal of pathological abnormalities. RsMEG may 
be a sensitive measure for guiding therapeutic tDCS.

Scientific reports (2020), Vol. 10, No. 1 (33184382) (6 
citations)
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OBJECTIVE This study aimed to investigate the differ-
ential effects of bilateral and unilateral mirror therapy 
(MT) on motor cortical activations in stroke patients by 
magnetoencephalography (MEG).

METHODS Sixteen stroke patients and 16 right-handed 
healthy volunteers were recruited. All participants were 
required to perform 4 conditions: resting, no mirror 
with bilateral hand movements (Bilateral-No mirror), 
mirror with bilateral hand movements (Bilateral-Mirror) 
and mirror with unilateral hand movements (Unilateral-
Mirror). Beta oscillatory activities in the primary motor 
cortex (M1) were collected during each condition using 
MEG. The percentage change of beta oscillatory activity 
was calculated for each condition to correct the base-
line differences.

RESULTS In the stroke group, the percentage change 
of M1 beta oscillatory activity significantly decreased 
more in the Bilateral-Mirror condition than in the 
Bilateral-No mirror and Unilateral-Mirror conditions. 
In the healthy group, no significant differences in the 
percentage change of beta oscillatory activity were 
found among the 3 conditions. Further, a significant 
difference in the percentage change of beta oscillatory 
activity only in the Bilateral-Mirror condition was found 
between the 2 groups.
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CONCLUSIONS This study provides new information 
on the differential cortical activations modulated by 
bilateral and unilateral MT.

SIGNIFICANCE Bilateral MT led to greater M1 neural 
activities than unilateral MT and bilateral movements 
without a mirror in stroke patients.

Keywords: Mirror therapy, Mirror visual feedback, Stroke, 
magnetoencephalography (MEG)
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BACKGROUND Dual transcranial direct current stimula-
tion (tDCS) to the bilateral primary motor cortices (M1s) 
has potential benefits in chronic stroke, but its effects in 

subacute stroke, when behavioural effects might be ex-
pected to be greater, have been relatively unexplored. 
Here, we examined the neurophysiological effects and 
the factors influencing responsiveness of dual-tDCS in 
subacute stroke survivors.

METHODS We conducted a randomized sham-con-
trolled crossover study in 18 survivors with first-ever, 
unilateral subcortical ischaemic stroke 2-4 weeks after 
stroke onset and 14 matched healthy controls. Partici-
pants had real dual-tDCS (with an ipsilesional [right for 
controls] M1 anode and a contralesional M1 [left for 
controls] cathode; 2 mA for 20mins) and sham dual-
tDCS on separate days, with concurrent paretic [left for 
controls] hand exercise. Using transcranial magnetic 
stimulation (TMS) and magnetoencephalography 
(MEG), we recorded motor evoked potentials (MEPs), 
the ipsilateral silent period (iSP), short-interval intracor-
tical inhibition, and finger movement-related cortical 
oscillations before and immediately after tDCS.

RESULTS Stroke survivors had decreased excitability in 
ipsilesional M1 with a relatively excessive transcallosal 
inhibition from the contralesional to ipsilesional hemi-
sphere at baseline compared with controls, as quanti-
fied by decreased MEPs and increased iSP duration. 
Dual-tDCS led to increased MEPs and decreased iSP 
duration in ipsilesional M1. The magnitude of the tDCS-
induced MEP increase in stroke survivors was predicted 
by baseline contralesional-to-ipsilesional transcallosal 
inhibition (iSP) ratio. Baseline post-movement syn-
chronization in α-band activity in ipsilesional M1 was 
decreased after stroke compared with controls, and 
its tDCS-induced increase correlated with upper limb 
score in stroke survivors. No significant adverse effects 
were observed during or after dual-tDCS.

CONCLUSIONS Task-concurrent dual-tDCS in subacute 
stroke can safely and effectively modulate bilateral M1 
excitability and inter-hemispheric imbalance and also 
movement-related α-activity.
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Keywords: Magnetoencephalography, Plasticity, Subacute 
stroke, Transcallosal inhibition, Transcranial direct current 
stimulation, Transcranial magnetic stimulation
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ABSTRACT Recovery of stroke-related aphasia can 
be affected by language therapy in the early and 
chronic stage. Objectively monitoring therapy-induced 
neuroplasticity is possible by several measurement 
techniques including electro- and magneto-encepha-
lography. The obtained event-related potentials (ERPs) 
and fields (ERFs) provide insights into the neural basis 
of intact or deficient language processing with millisec-
onds precision. In this literature review, we highlight 
the sensitivity of ERPs and ERFs to logopedic interven-
tions by providing an overview of therapy-induced 
changes in the amplitude, latency and topography of 
early and mid-to-late components.

Keywords: Aphasia, Event-related fields, Event-related 
potentials, Language therapy, Neuroplasticity, Stroke
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ABSTRACT Background. Recovery of upper limb 
function post-stroke can be partly predicted by initial 
motor function, but the mechanisms underpinning 
these improvements have yet to be determined. Here, 
we sought to identify neural correlates of post-stroke 
recovery using longitudinal magnetoencephalography 
(MEG) assessments in subacute stroke survivors. Meth-
ods. First-ever, subcortical ischemic stroke survivors 
with unilateral mild to moderate hand paresis were 
evaluated at 3, 5, and 12 weeks after stroke using a 
finger-lifting task in the MEG. Cortical activity patterns 
in the β-band (16-30 Hz) were compared with matched 
healthy controls. Results. All stroke survivors (n=22; 17 
males) had improvements in action research arm test 
(ARAT) and Fugl-Meyer upper extremity (FM-UE) scores 
between 3 and 12 weeks. At 3 weeks post-stroke the 
peak amplitudes of the movement-related ipsilesional 
β-band event-related desynchronization (β-ERD) and 
synchronization (β-ERS) in primary motor cortex (M1) 
were significantly lower than the healthy controls 
(p<0.001) and were correlated with both the FM-UE 
and ARAT scores (r=0.51-0.69, p<0.017). The decreased 
β-ERS peak amplitudes were observed both in paretic 
and non-paretic hand movement particularly at 3 
weeks post-stroke, suggesting a generalized disinhibi-
tion status. The peak amplitudes of ipsilesional β-ERS 
at week 3 post-stroke correlated with the FM-UE score 
at 12 weeks (r=0.54, p=0.03) but no longer significant 
when controlling for the FM-UE score at 3 weeks post-
stroke.Conclusions. Although early β-band activity does 
not independently predict outcome at 3 months after 
stroke, it mirrors functional changes, giving a potential 
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insight into the mechanisms underpinning recovery of 
motor function in subacute stroke.

Keywords: event-related desynchronization, event-related 
synchronization, magnetoencephalography, motor recov-
ery, stroke, β-oscillations
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Central auditory processing in adults with 
chronic stroke without hearing loss: A 
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OBJECTIVE Stroke lesions in non-auditory areas may 
affect higher-order central auditory processing. We 
sought to characterize auditory functions in chronic 
stroke survivors with unilateral arm/hand impairment 
using auditory evoked responses (AERs) with lesion and 
perception metrics.

METHODS The AERs in 29 stroke survivors and 14 
controls were recorded with single tones, active and 
passive frequency-oddballs, and a dual-oddball with 
pitch-contour and time-interval deviants. Performance 
in speech-in-noise, mistuning detection, and moving-
sound detection was assessed. Relationships between 
AERs, behaviour, and lesion overlap with functional 
networks, were examined.

RESULTS Despite their normal hearing, eight patients 
showed unilateral AER in the hemisphere ipsilateral to 
the affected hand with reduced amplitude compared 
to those with bilateral AERs. Both groups showed in-
creasing attenuation of later components. Hemispheric 
asymmetry of AER sources was reduced in bilateral-AER 
patients. The N1 wave (100 ms latency) and P2 (200 ms) 
were delayed in individuals with lesions in the basal-
ganglia and white-matter, while lesions in the attention 
network reduced the frequency-MMN (mismatch nega-
tivity) responses and increased the pitch-contour P3a 
response. Patients' impaired speech-in-noise percep-
tion was explained by AER measures and frequency-de-
viant detection performance with multiple regression.

CONCLUSION AERs reflect disruption of auditory 
functions due to damage outside of temporal lobe, 
and further explain complexity of neural mechanisms 
underlying higher-order auditory perception.

SIGNIFICANCE Stroke survivors without obvious 
hearing problems may benefit from rehabilitation for 
central auditory processing.

Keywords: Auditory evoked responses, Central auditory 
processing, Chronic stroke, Hearing, Magnetoencephalog-
raphy, Mismatch negativity
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Traumatic Brain Injury

MEG measured delta waves increase in adolescents 
after concussion (2022)
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INTRODUCTION The purpose of this study is to deter-
mine if delta waves, measured by magnetoencepha-
lography (MEG), increase in adolescents due to a sports 
concussion.

METHODS Twenty-four adolescents (age 14-17) com-
pleted pre- and postseason MRI and MEG scanning. 
MEG whole-brain delta power was calculated for each 
subject and normalized by the subject's total power. 
In eight high school football players diagnosed with a 
concussion during the season (mean age = 15.8), pre-
season delta power was subtracted from their postsea-
son scan. In eight high school football players without 
a concussion (mean age = 15.7), preseason delta 
power was subtracted from postseason delta power 
and in eight age-matched noncontact controls (mean 
age = 15.9), baseline delta power was subtracted from a 
4-month follow-up scan. ANOVA was used to compare 

the mean differences between preseason and postsea-
son scans for the three groups of players, with pairwise 
comparisons based on Student's t-test method.

RESULTS Players with concussions had significantly 
increased delta wave power at their postseason scans 
than nonconcussed players (p = .018) and controls 
(p = .027).

CONCLUSION We demonstrate that a single concus-
sion during the season in adolescent subjects can 
increase MEG measured delta frequency power at their 
postseason scan. This adds to the growing body of 
literature indicating increased delta power following a 
concussion.

Keywords: concussion, delta waves, football, magnetoen-
cephalography (MEG)
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ABSTRACT Mild traumatic brain (mTBI) injury is often 
associated with long-term cognitive and behavioral 
complications, including an increased risk of memory 
impairment. Current research challenges include a lack 
of cross-modal convergence regarding the underlying 
neural-behavioral mechanisms of mTBI, which hin-
ders therapeutics and outcome management for this 
frequently under-treated and vulnerable population. 
We used multi-modality imaging methods including 
magnetoencephalography (MEG) and diffusion tensor 
imaging (DTI) to investigate brain-behavior impair-
ment in mTBI related to working memory. A total of 41 
participants were recruited, including 23 patients with 
a first-time mTBI imaged within 3 months of injury (all 
male, age = 29.9, SD = 6.9), and 18 control participants 
(all male, age = 27.3, SD = 5.3). Whole-brain statistics 
revealed spatially concomitant functional-structural 
disruptions in brain-behavior interactions in working 
memory in the mTBI group compared with the control 
group. These disruptions are located in the hippocam-
pal-prefrontal region and, additionally, in the amygdala 
(measured by MEG neural activation and DTI measures 
of fractional anisotropy in relation to working memory 
performance; p < .05, two-way ANCOVA, nonparamet-
ric permutations, corrected). Impaired brain-behavior 
connections found in the hippocampal-prefrontal 
and amygdala circuits indicate brain dysregulation of 
memory, which may leave mTBI patients vulnerable to 
increased environmental demands exerting memory 
resources, leading to related cognitive and emotional 
psychopathologies. The findings yield clinical implica-
tions and highlight a need for early rehabilitation after 
mTBI, including attention- and sensory-based behav-
ioral exercises.

Keywords: diffusion tensor imaging, hippocampus, 
magnetoencephalography, mild traumatic brain injury, 
working memory
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ABSTRACT Mild traumatic brain injury (mTBI) poses 
a considerable burden on healthcare systems. Whilst 
most patients recover quickly, a significant number 
suffer from sequelae that are not accompanied by 
measurable structural damage. Understanding the 
neural underpinnings of these debilitating effects and 
developing a means to detect injury, would address an 
important unmet clinical need. It could inform inter-
ventions and help predict prognosis. Magnetoencepha-
lography (MEG) affords excellent sensitivity in probing 
neural function and presents significant promise for 
assessing mTBI, with abnormal neural oscillations be-
ing a potential specific biomarker. However, growing 
evidence suggests that neural dynamics are (at least in 
part) driven by transient, pan-spectral bursting and in 
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this paper, we employ this model to investigate mTBI. 
We applied a Hidden Markov Model to MEG data re-
corded during resting state and a motor task and show 
that previous findings of diminished intrinsic beta am-
plitude in individuals with mTBI are largely due to the 
reduced beta band spectral content of bursts, and that 
diminished beta connectivity results from a loss in the 
temporal coincidence of burst states. In a motor task, 
mTBI results in diminished burst amplitude, altered 
modulation of burst probability during movement, and 
a loss in connectivity in motor networks. These results 
suggest that, mechanistically, mTBI disrupts the struc-
tural framework underlying neural synchrony, which 
impairs network function. Whilst the damage may 
be too subtle for structural imaging to see, the func-
tional consequences are detectable and persist after 
injury. Our work shows that mTBI impairs the dynamic 
coordination of neural network activity and proposes a 
potent new method for understanding mTBI.

Keywords: Beta bursts, Concussion, MEG, Networks, mTBI, 
mild Traumatic Brain Injury
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BACKGROUND Traumatic brain injury (TBI) can pre-
cipitate new-onset psychiatric symptoms or worsen 
existing psychiatric conditions. To elucidate specific 
mechanisms for this interaction, neuroimaging is often 
used to study both psychiatric conditions and TBI. This 
systematic review aims to synthesize the existing lit-
erature of neuroimaging findings among patients with 
anxiety after TBI.

METHODS We conducted a Preferred Reporting Items 
for Systematic Review and Meta-Analyses-compliant 
literature search via PubMed (MEDLINE), PsychINFO, 
EMBASE, and Scopus databases before May, 2019. We 
included studies that clearly defined TBI, measured 
syndromal anxiety as a primary outcome, and statisti-
cally analyzed the relationship between neuroimaging 
findings and anxiety symptoms.

RESULTS A total of 5982 articles were retrieved from 
the systematic search, of which 65 studied anxiety and 
13 met eligibility criteria. These studies were published 
between 2004 and 2017, collectively analyzing 764 
participants comprised of 470 patients with TBI and 
294 non-TBI controls. Imaging modalities used included 
magnetic resonance imaging, functional magnetic 
resonance imaging, diffusion tensor imaging, electro-
encephalogram, magnetic resonance spectrometry, 
and magnetoencephalography. Eight of 13 studies 
presented at least one significant finding and together 
reflect a complex set of changes that lead to anxiety in 
the setting of TBI. The left cingulate gyrus in particular 
was found to be significant in 2 studies using different 
imaging modalities. Two studies also revealed pertur-
bances in functional connectivity within the default 
mode network.

https://pubmed.ncbi.nlm.nih.gov/34653838
https://doi.org/10.1016/j.jaclp.2021.09.001
https://doi.org/10.1016/j.jaclp.2021.09.001
https://doi.org/10.1016/j.jaclp.2021.09.001


290 Contents  Index

CONCLUSIONS This is the first systemic review of 
neuroimaging changes associated with anxiety after 
TBI, which implicated multiple brain structures and 
circuits, such as the default mode network. Future 
research with consistent, rigorous measurements of TBI 
and syndromal anxiety, as well as attention to control 
groups, previous TBIs, and time interval between TBI 
and neuroimaging, are warranted. By understanding 
neuroimaging correlates of psychiatric symptoms, this 
work could inform future post-TBI screening and sur-
veillance, preventative efforts, and early interventions 
to improve neuropsychiatric outcomes.

Keywords: anxiety, neuroimaging, neuropsychiatric symp-
toms, traumatic brain injury
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BACKGROUND AND PURPOSE Magnetoencephalog-
raphy is sensitive to functional connectivity changes 
associated with concussion. However, the directional 
influences between functionally related regions remain 
unexplored. In this study, we therefore evaluated 
concussion-related magnetoencephalography-based 
effective connectivity changes within resting-state 
default mode network regions.

MATERIALS AND METHODS Resting-state magnetoen-
cephalography was acquired for 8 high school football 
players with concussion at 3 time points (preseason, 
postconcussion, postseason), as well as 8 high school 
football players without concussion and 8 age-matched 

controls at 2 time points (preseason, postseason). Time-
series from the default mode network regions were 
extracted, and effective connectivity between them 
was computed for 5 different frequency bands. The de-
fault mode network regions were grouped into anterior 
and posterior default mode networks. The combined 
posterior-to-anterior and anterior-to-posterior effective 
connectivity values were averaged to generate 2 sets of 
values for each subject. The effective connectivity val-
ues were compared using a repeated measures ANOVA 
across time points for the concussed, nonconcussed, 
and control groups, separately.

RESULTS A significant increase in posterior-to-anterior 
effective connectivity from preseason to postconcus-
sion (corrected P value = .013) and a significant de-
crease in posterior-to-anterior effective connectivity 
from postconcussion to postseason (corrected P value 
= .028) were observed in the concussed group. Chang-
es in effective connectivity were only significant within 
the delta band. Anterior-to-posterior connectivity dem-
onstrated no significant change. Effective connectivity 
in the nonconcussed group and controls did not show 
significant differences.

CONCLUSIONS The unidirectional increase in effective 
connectivity postconcussion may elucidate compensa-
tory processes, invoking use of posterior regions to aid 
the function of susceptible anterior regions following 
brain injury. These findings support the potential value 
of magnetoencephalography in exploring directional 
changes of the brain network following concussion.

AJNR. American journal of neuroradiology (2021), Vol. 42, 
No. 10 (34503943) (1 citation)
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ABSTRACT Post-traumatic stress disorder (PTSD) is 
a common condition in post-deployment service 
members (SM). SMs of the conflicts in Iraq and Afghani-
stan also frequently experience traumatic brain injury 
(TBI) and exposure to blasts during deployments. This 
study evaluated the effect of these conditions and 
experiences on functional brain connectomes in post-
deployment, combat-exposed veterans. Functional 
brain connectomes were created using 5-min resting-
state magnetoencephalography data. Well-established 
clinical interviews determined current PTSD diagnosis, 
as well as deployment-acquired mild TBI and history 
of exposure to blast. Linear regression examined the 
effect of these conditions on functional brain connec-
tomes beyond covariates. There were significant inter-
actions between blast-related mild TBI and PTSD after 
correction for multiple comparisons including num-
ber of nodes (non-standardized parameter estimate 
[PE] = -12.47), average degree (PE = 0.05), and connec-
tion strength (PE = 0.05). A main effect of blast-related 
mild TBI was observed on the threshold level. These 
results demonstrate a distinct functional connectome 
presentation associated with the presence of both 
blast-related mild TBI and PTSD. These findings suggest 
the possibility that blast-related mild TBI alterations in 
functional brain connectomes affect the presentation 
or progression of recovery from PTSD. The current re-
sults offer mixed support for hyper-connectivity in the 
chronic phase of deployment TBI.

Keywords: PTSD, TBI, connectome, deployment, network
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Teasing apart trauma: neural oscillations 
differentiate individual cases of mild traumatic 
brain injury from post-traumatic stress disorder 
even when symptoms overlap (2021)
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ABSTRACT Post-traumatic stress disorder (PTSD) and 
mild traumatic brain injury (mTBI) are highly prevalent 
and closely related disorders. Affected individuals often 
exhibit substantially overlapping symptomatology - a 
major challenge for differential diagnosis in both mili-
tary and civilian contexts. According to our symptom 
assessment, the PTSD group exhibited comparable 
levels of concussion symptoms and severity to the mTBI 
group. An objective and reliable system to uncover the 
key neural signatures differentiating these disorders 
would be an important step towards translational 
and applied clinical use. Here we explore use of MEG 
(magnetoencephalography)-multivariate statistical 
learning analysis in identifying the neural features for 
differential PTSD/mTBI characterisation. Resting state 
MEG-derived regional neural activity and coherence (or 
functional connectivity) across seven canonical neural 
oscillation frequencies (delta to high gamma) were 
used. The selected features were consistent and largely 
confirmatory with previously established neurophysi-
ological markers for the two disorders. For regional 
power from theta, alpha and high gamma bands, the 
amygdala, hippocampus and temporal areas were iden-
tified. In line with regional activity, additional connec-
tions within the occipital, parietal and temporal regions 
were selected across a number of frequency bands. This 
study is the first to employ MEG-derived neural features 
to reliably and differentially stratify the two disorders 
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in a multi-group context. The features from alpha and 
beta bands exhibited the best classification perfor-
mance, even in cases where distinction by concussion 
symptom profiles alone were extremely difficult. We 
demonstrate the potential of using 'invisible' neural 
indices of brain functioning to understand and differ-
entiate these debilitating conditions.

Translational psychiatry (2021), Vol. 11, No. 1 (34088901) (2 
citations)

Magnetoencephalography abnormalities in adult 
mild traumatic brain injury: A systematic review 
(2021)

       Allen, Christopher M; Halsey, Lloyd; Topcu, Gogem; Rier, 
Lukas; Gascoyne, Lauren E; Scadding, John W; Furlong, 
Paul L; Dunkley, Benjamin T; das Nair, Roshan; Brookes, 
Matthew J; Evangelou, Nikos

Mental Health and Clinical Neurosciences Academic Unit, 

School of Medicine, University of Nottingham, Queen's Medi-

cal Centre, Nottingham NG7 2UH, United Kingdom. Elec-

tronic address: christopher.allen@nottingham.ac.uk; Mental 

Health and Clinical Neurosciences Academic Unit, School 

of Medicine, University of Nottingham, Jubilee Campus, 

Nottingham NG8 1BB, United Kingdom; Sir Peter Mansfield 

Imaging Centre, School of Physics & Astronomy, University of 

Nottingham, University Park, Nottingham NG7 2RD, United 

Kingdom; National Hospital for Neurology and Neurosurgery, 

Queen Square, London WC1N 3BG, United Kingdom; College 

of Health and Life Sciences, Institute of Health and Neurode-

velopment, Aston University, The Aston Triangle, Birmingham 

B4 7ET, United Kingdom; Department of Medical Imaging, 

University of Toronto. 263 McCaul Street, Toronto M5T 1W7, 

Canada

BACKGROUND The global incidence of traumatic brain 
injuries is rising, with at least 80% being classified as 
mild. These mild injuries are not visible on routine 
clinical imaging. The potential clinical role of a specific 
imaging biomarker be it diagnostic, prognostic or di-
recting and monitoring progress of personalised treat-
ment and rehabilitation has driven the exploration of 
several new neuroimaging modalities. This systematic 

review examined the evidence for magnetoencepha-
lography (MEG) to provide an imaging biomarker in 
mild traumatic brain injury (mTBI).

METHODS Our review was prospectively registered on 
PROSPERO: CRD42019151387. We searched EMBASE, 
MEDLINE, trial registers, PsycINFO, Cochrane Library 
and conference abstracts and identified 37 papers 
describing MEG changes in mTBI eligible for inclusion. 
Since meta-analysis was not possible, based on the 
heterogeneity of reported outcomes, we provide a nar-
rative synthesis of results.

RESULTS The two most promising MEG biomarkers are 
excess resting state low frequency power, and wide-
spread connectivity changes in all frequency bands. 
These may represent biomarkers with potential for 
diagnostic application, which reflect time sensitive 
changes, or may be capable of offering clinically rel-
evant prognostic information. In addition, the rich data 
that MEG produces are well-suited to new methods of 
machine learning analysis, which is now being actively 
explored.

INTERPRETATION MEG reveals several promising 
biomarkers, in the absence of structural abnormalities 
demonstrable with either computerised tomography 
or magnetic resonance imaging. This review has not 
identified sufficient evidence to support routine clinical 
use of MEG in mTBI currently. However, verifying MEG's 
potential would help meet an urgent clinical need 
within civilian, sports and military medicine.

Keywords: Magnetoencephalography, Mild traumatic 
brain injury, Systematic review
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ABSTRACT Magnetoencephalography (MEG) is a 
functional brain imaging technique with high tem-
poral resolution compared with techniques that rely 
on metabolic coupling. MEG has an important role in 
traumatic brain injury (TBI) research, especially in mild 
TBI, which may not have detectable features in con-
ventional, anatomical imaging techniques. This review 
addresses the original research articles to date that 
have reported on the use of MEG in TBI. Specifically, the 
included studies have demonstrated the utility of MEG 
in the detection of TBI, characterization of brain con-
nectivity abnormalities associated with TBI, correlation 
of brain signals with post-concussive symptoms, differ-
entiation of TBI from post-traumatic stress disorder, and 
monitoring the response to TBI treatments. Although 
presently the utility of MEG is mostly limited to research 
in TBI, a clinical role for MEG in TBI may become evident 
with further investigation.

Keywords: concussion, functional neuroimaging, magne-
toencephalography, traumatic brain injury
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Resting-state magnetoencephalography source 
magnitude imaging with deep-learning neural 
network for classification of symptomatic combat-
related mild traumatic brain injury (2021)
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ABSTRACT Combat-related mild traumatic brain injury 
(cmTBI) is a leading cause of sustained physical, cogni-
tive, emotional, and behavioral disabilities in Veterans 
and active-duty military personnel. Accurate diagnosis 
of cmTBI is challenging since the symptom spectrum 
is broad and conventional neuroimaging techniques 
are insensitive to the underlying neuropathology. 
The present study developed a novel deep-learning 
neural network method, 3D-MEGNET, and applied it 
to resting-state magnetoencephalography (rs-MEG) 
source-magnitude imaging data from 59 symptomatic 
cmTBI individuals and 42 combat-deployed healthy 
controls (HCs). Analytic models of individual frequency 
bands and all bands together were tested. The All-
frequency model, which combined delta-theta (1-7 Hz), 
alpha (8-12 Hz), beta (15-30 Hz), and gamma (30-80 Hz) 
frequency bands, outperformed models based on indi-
vidual bands. The optimized 3D-MEGNET method dis-
tinguished cmTBI individuals from HCs with excellent 
sensitivity (99.9 ± 0.38%) and specificity (98.9 ± 1.54%). 
Receiver-operator-characteristic curve analysis showed 
that diagnostic accuracy was 0.99. The gamma and 
delta-theta band models outperformed alpha and beta 
band models. Among cmTBI individuals, but not con-
trols, hyper delta-theta and gamma-band activity cor-
related with lower performance on neuropsychological 
tests, whereas hypo alpha and beta-band activity also 
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correlated with lower neuropsychological test perfor-
mance. This study provides an integrated framework 
for condensing large source-imaging variable sets into 
optimal combinations of regions and frequencies with 
high diagnostic accuracy and cognitive relevance in 
cmTBI. The all-frequency model offered more discrimi-
native power than each frequency-band model alone. 
This approach offers an effective path for optimal 
characterization of behaviorally relevant neuroimaging 
features in neurological and psychiatric disorders.

Keywords: Veterans, delta rhythm, gamma rhythm, ma-
chine learning, military service members, neuropsychol-
ogy, resting-state MEG, traumatic brain injury
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ABSTRACT We studied the effects of mild traumatic 
brain injury (mTBI) in an aging population. We exam-
ined visual search with event-related potentials (ERPs) 
and event-related fields (ERF) for a lateral color single-
ton focusing on the P1 and N1 in each hemisphere. 
Forty participants (19 mTBI and 21 controls) aged 50 to 
72 performed a visual search task, while we recorded 
their magnetoencephalogram (MEG) with simultane-
ous electroencephalogram (EEG). We compared visual 
ERPs and ERFs and associated cortical activity estimat-

ed using MEG source localization. Relative to matched 
controls, participants with an mTBI had a smaller P1 in 
the left hemisphere and a smaller N1 in the right hemi-
sphere. Also, mTBI participants showed inversed activa-
tion patterns across the hemispheres during the N1 
in MEG compared with controls. This is the first study 
to investigate the impact of mTBI on neuronal source 
activations during early visual processing in an aging 
population. Results showed that when aging individu-
als suffer from an mTBI, there are perturbations in the 
amplitude and hemispheric dominance patterns in the 
visual P1 and N1 responses that are visible for months 
to years following the injury. Our findings indicate 
that mTBI can lead to modifications of sensory and/
or perceptual responses, suggesting possible adaptive 
functional reorganization following mTBI.

Keywords: EEG, MEG, N1, P1, aging, concussion, mild trau-
matic brain injury (mTBI), visual ERP
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BACKGROUND In a recent high-profile case study, we 
used functional magnetic resonance imaging (fMRI) 
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to monitor improvements in motor function related to 
neuroplasticity following rehabilitation for severe trau-
matic brain injury (TBI). The findings demonstrated that 
motor function improvements can occur years beyond 
current established limits. The current study extends 
the functional imaging investigation to characterize 
neuromodulation effects on neuroplasticity to further 
push the limits.

METHODS Canadian Soldier Captain (retired) Trevor 
Greene (TG) survived a severe open-TBI when attacked 
with an axe during a 2006 combat tour in Afghanistan. 
TG has since continued intensive daily rehabilitation to 
recover motor function, experiencing an extended pla-
teau using conventional physical therapy. To overcome 
this plateau, we paired translingual neurostimulation 
(TLNS) with the continuing rehabilitation program.

RESULTS Combining TLNS with rehabilitation resulted 
in demonstrable clinical improvements along with 
corresponding changes in movement evoked electro-
encephalography (EEG) activity. High-density magneto-
encephalography (MEG) characterized cortical activa-
tion changes in corresponding beta frequency range 
(27 Hz). MEG activation changes corresponded with 
reduced interhemispheric inhibition in the post-central 
gyri regions together with increased right superior/
middle frontal activation suggesting large scale net-
work level changes.

CONCLUSIONS The findings provide valuable insight 
into the potential importance of non-invasive neuro-
modulation to enhance neuroplasticity mechanisms for 
recovery beyond the perceived limits of rehabilitation.

Keywords: Brain vital signs, Electroencephalography 
(EEG), Functional connectivity, Magnetoencephalography 
(MEG), Motor function, Neuroplasticity, Portable neuro-
modulation stimulator (PoNS), Rehabilitation, Translingual 
neurostimulation (TLNS), Traumatic brain injury (TBI)
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ABSTRACT Mild traumatic brain injury (mTBI) is impos-
sible to detect with standard neuroradiological assess-
ment such as structural magnetic resonance imaging 
(MRI). Injury does, however, disrupt the dynamic rep-
ertoire of neural activity indexed by neural oscillations. 
In particular, beta oscillations are reliable predictors of 
cognitive, perceptual, and motor system functioning, 
as well as correlating highly with underlying myelin ar-
chitecture and brain connectivity-all factors particularly 
susceptible to dysregulation after mTBI. We measured 
local and large-scale neural circuit function by magne-
toencephalography (MEG) with a data-driven model 
fit approach using the fitting oscillations and one-over 
f algorithm in a group of young adult men with mTBI 
and a matched healthy control group. We quantified 
band-limited regional power and functional connectiv-
ity between brain regions. We found reduced regional 
power and deficits in functional connectivity across 
brain areas, which pointed to the well-characterized 
thalamocortical dysconnectivity associated with mTBI. 
Furthermore, our results suggested that beta functional 
connectivity data reached the best mTBI classifica-
tion performance compared with regional power and 
symptom severity [measured with Sport Concussion 
Assessment Tool 2 (SCAT2)]. The present study reveals 
the relevance of beta oscillations as a window into neu-
rophysiological dysfunction in mTBI and also highlights 
the reliability of neural synchrony biomarkers in disor-
der classification.NEW & NOTEWORTHY Mild traumatic 
brain injury (mTBI) disrupts the dynamic repertoire of 
neural oscillations, but so far beta activity has not been 
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studied. In mTBI, we found reductions in frontal beta 
and large-scale beta networks, indicative of thalamo-
cortical dysconnectivity and disrupted information 
flow through cortico-basal ganglia-thalamic circuits. 
Relatively, connectivity more accurately classifies indi-
vidual mTBI cases compared with regional power. We 
show the relevance of beta oscillations in mTBI and the 
reliability of these markers in classification.

Keywords: beta oscillations, concussion, machine learn-
ing, magnetoencephalography, neural activity
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ABSTRACT Mild traumatic brain injury (mTBI) and post-
traumatic stress disorder (PTSD) are leading causes of 
sustained physical, cognitive, emotional, and behav-
ioral deficits in the general population, active-duty 
military personnel, and veterans. However, the under-
lying pathophysiology of mTBI/PTSD and the mecha-
nisms that support functional recovery for some, but 
not all individuals is not fully understood. Conventional 
MR imaging and computed tomography are generally 
negative in mTBI and PTSD, so there is interest in the 
development of alternative evaluative strategies. Of 
particular note are magnetoencephalography (MEG) 
-based methods, with mounting evidence that MEG 
can provide sensitive biomarkers for abnormalities in 
mTBI and PTSD.

Keywords: Functional connectivity, GABA-ergic, Gamma 
wave, Posttraumatic stress disorder, Slow wave, Traumatic 
brain injury
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ABSTRACT Mild traumatic brain injury (mTBI) accounts 
for the vast majority of all pediatric TBI. An important 
minority of children who have suffered an mTBI have 
enduring cognitive and emotional symptoms. How-
ever, the mechanisms of chronic symptoms in children 
with pediatric mTBI are not fully understood. This is 
in part due to the limited sensitivity of conventional 
neuroimaging technologies. The present study exam-
ined resting-state magnetoencephalography (rs-MEG) 
source images in 12 children who had mTBI and 12 
age-matched control children. The rs-MEG exams were 
performed in children with mTBI 6 months after injury 
when they reported no clinically significant post-injury 
psychiatric changes and few if any somatic sensorimo-
tor symptoms but did report cognitive symptoms. MEG 
source magnitude images were obtained for different 
frequency bands in alpha (8-12 Hz), beta (15-30 Hz), 
gamma (30-90 Hz), and low-frequency (1-7 Hz) bands. 
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In contrast to the control participants, rs-MEG source 
imaging in the children with mTBI showed: 1) hyperac-
tivity from the bilateral insular cortices in alpha, beta, 
and low-frequency bands, from the left amygdala in 
alpha band, and from the left precuneus in beta band; 
2) hypoactivity from the bilateral dorsolateral prefrontal 
cortices (dlPFC) in alpha and beta bands, from the ven-
tromedial prefrontal cortex (vmPFC) in beta band, from 
the ventrolateral prefrontal cortex (vlPFC) in gamma 
band, from the anterior cingulate cortex (ACC) in alpha 
band, and from the right precuneus in alpha band. 
The present study showed that MEG source imaging 
technique revealed abnormalities in the resting-state 
electromagnetic signals from the children with mTBI.

Keywords: MEG, mild traumatic brain injury, pediatric, 
post-concussion symptoms, psychiatric disorder

Journal of neurotrauma (2020), Vol. 37, No. 7 (31724480) (5 
citations)

Anomaly Detection of Moderate Traumatic Brain 
Injury Using Auto-Regularized Multi-Instance One-
Class SVM (2020)

                  Rasheed, Waqas; Tang, Tong Boon

ABSTRACT Detection and quantification of func-
tional deficits due to moderate traumatic brain injury 
(mTBI) is crucial for clinical decision-making and timely 
commencement of functional therapy. In this work, 
we explore magnetoencephalography (MEG) based 
functional connectivity features i.e. magnitude squared 
coherence (MSC) and phase lag index (PLI) to quantify 
synchronized brain activity patterns as a means to 
detect functional deficits. We propose a multi-instance 
one-class support vector machine (SVM) model gener-
ated from a healthy control population. Any disper-
sion from the decision boundary of the model would 
be identified as an anomaly instance of mTBI case 
(Glasgow Coma Scale, GCS score between 9 and 13). 
The decision boundary was optimized by considering 
the closest anomaly (GCS =13) from the negative class 
as a support vector. Validated against magnetic reso-
nance imaging (MRI) data, the proposed model at high 

beta band yielded an accuracy of 94.19% and a sensi-
tivity of 90.00%, when tested with our mTBI dataset. 
The results support the suggestion of multi-instance 
one-class SVM for the detection of mTBI.

IEEE transactions on neural systems and rehabilitation 
engineering: a publication of the IEEE Engineering 
in Medicine and Biology Society (2020), Vol. 28, No. 1 
(31647439) (4 citations)
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ABSTRACT Combat-related mild traumatic brain injury 
(mTBI) is a leading cause of sustained impairments in 
military service members and veterans. Recent animal 
studies show that GABA-ergic parvalbumin-positive in-
terneurons are susceptible to brain injury, with damage 
causing abnormal increases in spontaneous gamma-
band (30-80 Hz) activity. We investigated spontaneous 
gamma activity in individuals with mTBI using high-
resolution resting-state magnetoencephalography 
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source imaging. Participants included 25 symptomatic 
individuals with chronic combat-related blast mTBI and 
35 healthy controls with similar combat experiences. 
Compared with controls, gamma activity was markedly 
elevated in mTBI participants throughout frontal, pari-
etal, temporal, and occipital cortices, whereas gamma 
activity was reduced in ventromedial prefrontal cortex. 
Across groups, greater gamma activity correlated with 
poorer performances on tests of executive function-
ing and visuospatial processing. Many neurocogni-
tive associations, however, were partly driven by the 
higher incidence of mTBI participants with both higher 
gamma activity and poorer cognition, suggesting that 
expansive upregulation of gamma has negative reper-

cussions for cognition particularly in mTBI. This is the 
first human study to demonstrate abnormal resting-
state gamma activity in mTBI. These novel findings 
suggest the possibility that abnormal gamma activities 
may be a proxy for GABA-ergic interneuron dysfunction 
and a promising neuroimaging marker of insidious mild 
head injuries.

Keywords: cognition, frontoparietal network, gamma 
activity, magnetoencephalography, mild traumatic brain 
injury
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