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Modern SQUID-based MEG machine
Neuromag Elekta: 102 sites 

2 planar gradiometers, 1 magnetometer
CTF: up to 275 sites 
1 radial gradiometer



Distance from the source

Cortical ECD magnetic field attenuation
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The magnetic field of brain sources is 
8 orders of magnitude weaker than that 

of the Earth!



SQUID, Jim Zimmerman
1965

First MEG recordings with SQUIDS
David Cohen, Edgar Edelsack

1971 г. 



Tracking thalamo-cortical propagation via axonal tracts 
with MEG

Papadelis et al., 2012



Congenital hypoplasia patient trained in EMG + VR, screened with MEG 

Train 
(3 months)



Bidirectional ECoG based BCI (2019)
Electro-tactile stimulation

+

Source localization

Decoding

Stimulating

https://docs.google.com/file/d/19WzlTU4NoMewWf-y4ZNcKLyiPbh5r8yp/preview


Bidirection ECoG based BCI (2019)
Electro-tactile stimulation

+

Source localization

Decoding

Stimulating



MEG for non-invasive seizure onset zone localization 
Cluster 1

   Cluster 2

Cluster 3



From SQUIDs to wearable OPM MEG sensors

14

Brookes, Matthew J., et al. "Magnetoencephalography with optically pumped magnetometers (OPM-MEG): The next generation of functional neuroimaging."
Trends in Neurosciences (2022); Iivanainen, J., Stenroos, M., & Parkkonen, L. (2017). Measuring MEG closer to the brain: Performance of on-scalp sensor arrays. 
NeuroImage, 147, 542-553.

OPM vs. SQUID 
SNR gain



Electrophysiological signal origin

Kai J. Miller, 2019 Nature Human Behaviour



Equivalent current dipole

Kai J. Miller, 2019 Nature Human Behaviour

gyrus



Equivalent current dipole

Kai J. Miller, 2019 Nature Human Behaviour

gyrus
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An ECD @ each cortical grid node

Structural model of the neuronal “source space”

Freesurfer



The notion of topography

Equivalent current dipole 
(our source)

Located inside the head 
surrounded by sensors 

Produces this field 
(and the corresponding 

measurements on the sensors)



Forward model (matrix) 

x

Volume conductor model

=

Sensor measurements Forward model matrix Source activity

gi = EM(r,𝜭) 
@

 r = ri , 𝜭 = 𝜭i
  



y(t)

Observation equation & inverse problem



Прямая задача
(корректно

поставленная)

Обратная задача
(некорректно
поставленная)

Истинные 
источники

ЭЭГ/МЭГ 
измерения

Предполагаемые 
источники

Поиск источников активности головного мозга

10 = s1+ s2 



Прямая задача
(корректно

поставленная)

Обратная задача
(некорректно
поставленная)

Истинные 
источники

ЭЭГ/МЭГ 
измерения

Предполагаемые 
источники

Поиск источников активности головного мозга

10 = s1+ s2 
s1 ≈ s2 



EEG\MEG inverse modelling methods 
Imaging methods (distributed source model)

Minimum Norm methods 

- Tikhonov reg-ed
   Inverse (MNE)

- LORETA

Linear Non-Linear

Parametric methods (focal source model)

- Lp norm techniques, 
e.g. MCE(L1)

-Markov random fields 
(MRF) based

-Variational Bayesian 
techniques 

-GALA

Dipole fittingScanning

Least squaresBeamformers MUSIC family

- RAP-MUSIC, 
- R-MUSIC
- TRAP-MUSIC

 sLoreta,
SAM,
WROP,
Neural Activity 
Index
ReciPSIICOS

si (ri,𝜃i,si)
i = 1,..,N, N < 10i = 1,..,N, N ~ 104

- Moving dipole
- Multistart
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Sources are not static. Cortical traveling waves.

Halgren et al. (2019). The generation and propagation of the human alpha rhythm

gyrus



Observation equation



Observation equation



Observation equation

Specify (low dimensional) spatial  
dynamics properties

Specify temporal 
dynamics properties



Observation equation

Specify multiple (low dimensional) 
spatial dynamics properties

Specify temporal 
dynamics properties



Modeling g(t) 

 **  Пространственные базисные вектора – левые 
сингулярные вектора сегмента данных

= …

…

* Динамически (медленно) меняющаяся топография 
источника, g(t)

*

**

CT=

ai

–  spatial propagation
(wondering) coeffs.

Базис 
подпространства 
сигналаСегмент данных

Разложение по сингулярным числам



g(t) - spatial wandering process, subspace confined walk

– slowly evolving linear 
combination coefficients

ui, i = 1,...,R – span the subspace



Two different temporal dynamical patterns

Brain rhythms Interictal spikes (epilepsy)



Two different temporal dynamics patterns

Brain rhythms Interictal spikes (epilepsy)



Two different temporal dynamical patterns
Brain rhythms Interictal spikes (epilepsy)

http://www.youtube.com/watch?v=XNRg61bNbNI


Observation  model 

 **  Пространственные базисные вектора – левые 
сингулярные вектора сегмента данных

= …

…

* Динамически (медленно) меняющаяся топография 
источника, g(t)

*

**

CT=

ai

–  electrical activity evolution

–  spatial propagation (wondering) 



s(t), electrical activity model - brain rhythm as a frequency modulated 
process

–  electrical activity evolution

Ритм мозга — это частотно-модулированный 
процесс: 

Matsuda & Komaki (2017) Time Series Decomposition into Oscillation Components and Phase Estimation

Аналитический сигнал

s2(t)

s1(t)

r(t)



Our model summary

State evolution (process) models 

–  electrical activity evolution (fast)

–  spatial dynamics (slow propagation) 

Observation  model 



Unscented Kalman Filter

Use sigma points and see 
how they propagate through 
non-linearity at each step



Results: wave path reconstruction

True path

Reconstructed path 
(sequential dipole fits)

Reconstructed path 
(UKF)



Оценка пространственных коэффициентов Оценка электрической компоненты

* Коэффициент корреляции между
   временным рядом истинного сигнала и его оценкой

Точность восстановления пространственной и временной динамики



Оценка электрической компоненты

Оценка пространственных динамических коэффициентов

ROI: 59 канала

CTF MEG System
состояние покоя 
(глаза закрыты)

Результаты анализа МЭГ данных



Оценка электрической компоненты

Результаты анализа МЭГ данных



Traveling wave or a pair of dipoles ?

Расширенная модель для двух источников (волна vs статика)

* Статические источники
   с разностью фаз π/2

Смоделированные
пути

Восстановление 1-го 
пути

Восстановление 2-го 
пути

* Волны

Оценка электрической компоненты



Two different temporal dynamics patterns

Brain rhythms Interictal spikes (epilepsy)



Epilepsy and interictal activity
● 30% of epileptic patients suffer from intractable epilepsy

● Identification of the initiation zone of epileptogenesis is 
the main goal of presurgical diagnostics

● Analysis of large scale propagation dynamics of interictal 
and ictal activity holds promise in identifying the primary 
epileptogenic foci (Ossadtchi et al. 2005) 

● Local interictal spike dynamics is overlooked, yet modern 
MEG instrumentation allows for its noninvasive 
exploration  using appropriate computational techniques

● Parameters of local dynamics may appear useful for a 
more detailed classification of epilepsy and guide 
surgeons to a more sparing resection 46



Non-invasive seizure onset zone localization 
Cluster 1

   Cluster 2

Cluster 3

Ossadtchi et al., 2004,2005, 2010; 
Kuznetsova et al., 2022, Kleeva et al, 2023



Non-invasive seizure onset zone localization 
Cluster 1

   Cluster 2

Cluster 3

Ossadtchi et al., 2004,2005, 2010; 
Kuznetsova et al., 2022, Kleeva et al, 2023



SOZ

local propagation via cortical 
waves mechanism in the vicinity 

of the SOZ

IZ 1

IZ 2

Distal propagation to IZs 
via long axonal connections

Traveling waves - predictors of the EZ

+ оба вида распространения мы можем видеть неинвазивно при 
помощи МЭГ и, возможно, ЭЭГ

Distal propagation to IZs 
via long axonal connections

ictal activity propagation direction

Ossadtchi et al., ASClin, 2022

no local propagation

no local propagation



Multidirectional wave propagation model

— MEG data with interictal spike (40 ms duration)

— generated basis waves (20 ms duration) for chosen speed

— number of propagation directions from chosen cortical location 

50Kuznetsova et al., 2019



5%

Results example:

3%

14%

10%

15%

10%

R-squared 
value

R-squared 
value

Number of 
nonzero 

coefficients

Number of 
nonzero 

coefficients

67%

51Kuznetsova et al., 2019



Статистика по n = 9 пациентам



Smith et al., 2022

Tomlinson et al., 2016 Ossadtchi et al., 2005

Kuznetsova et al., 2021-22

+ Stead et al. 2010, Vanleer et al. 2016

Analysis of propagation dynamics reveals dyagnostic patterns   non-invasively   



Conclusions

● MEG is a fantastic time-resolved brain imaging modality. New sensor types mounted on scalp 
allow for even more detailed functional neuroimaging than it has been possible with cryogenic 
sesnors located relatively far from the head. 

● Inverse problem remains ill-posed. Physiological priors derived from the phenomenological 
properties of nominal activity of the nervous tissue need to be employed to constrain an MEG 
inverse solver. Cortical traveling wave is one of such apriori models.

● Modeling dynamical properties of spatial and electrical components of activity allows for 
improved tracking of dynamic cortical sources.

● Looking for traveling waves in the interictal MEG data of patients with epilepsy allows for 
pinpointing (our of several EZ candidates) the seizure onset zone, something that has been so 
far possible only invasively.   
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F(x, t) – spatiotemporal activation of the cortex
S(t) – time course of the activation  
G(x) or G(x, t) – topography of the activation 

Alexander et al. (2015) Donders is dead: cortical traveling waves and the limits of mental chronometry in cognitive 
neuroscience

F(x, t) = S(t)⋅G(x, t)F(x, t) = S(t)⋅G(x)

Spatial-temporal non-separable activation 



y(t)

Observation equation


