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Modern SQUID-based MEG machine

Neuromag Elekta: 102 sites CTF: up to 275 sites
2 planar gradiometers, 1 magnetometer 1 radial gradiometer
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Excelient resciution of deep sources




The magnetic field of brain sources is
8 orders of magnitude weaker than that
of the Earth!
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First MEG recordings with SQUIDS

SQUID, Jim Zimmerman David Cohen, Edgar Edelsack




Tracking thalamo-cortical propagation via axonal tracts
with MEG

/

Papadelis et al., 2012



Congenital hypoplasia patient trained in EMG + VR, screened with MEG
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Bidirectional ECoG based BCI (2019)

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

Bidirection ECoG based BCI (2019)
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MEG for non-invasive seizure onset zone localization
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From SQUIDs to wearable OPM MEG sensors

Magnetic
field
vectors

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

Neurolmage, 147, 542-553.



Electrophysiological signal origin

b ECoG electrode
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Equivalent current dipole

ECoG electrode MEG

d Power-spectral correction
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Equivalent current dipole

ECoG electrode MEG
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Structural model of the neuronal “source space”

Freesurfer

Coregister
to sensors

Freesurfer
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The notion of topography

Located inside the head Produces this fleld.
Equivalent current dipole surrounded by sensors (and the corresponding
(our source) measurements on the sensors)




Forward model (matrix)

Sensor measurements Forward model matrix Source activity
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Observation equation & inverse problem
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NMOoNCK UCTOYHUKOB aKTUBHOCTMU NMOJIOBHOIo Mo3ra

y(t) = Z gisi(t) + v(t) 10=s+s,

MpsamMasa 3agada O6paTHada 3apgava
(KOpPEKTHO (HEKOPPEKTHO
nocTaBfieHHas) A nocTaBfieHHaq)

NCTUHHbIE 23M/M3ar NpegnonaraeMble
NCTOYHUKM n3ImMepeHunsa MCTOYHUKM



NMOoNCK UCTOYHUKOB aKTUBHOCTMU NMOJIOBHOIo Mo3ra

y(t) = Z gisi(t) + v(t) 10=s+s,

S1 ~ S2
MpsamMasa 3agada O6paTHada 3apgava
(KOpPEKTHO (HEKOPPEKTHO
nocTaBfieHHas) A nocTaBfieHHaq)

NCTUHHbIE 23M/M3ar NpegnonaraeMble
NCTOYHUKM n3ImMepeHunsa MCTOYHUKM



EEG\MEG inverse modelling methods

Imaging methods (distributed source model) Parametric methods (focal source model)
Minimum Norm methods Scanning Dipole fitting
Linear Non-Linear Beamformers Least squares  MUSIC family
- Tikhonov reg-ed - Lp norm techniques, sLoreta, -Moving dipole | _pap_MmuUSIC
Inverse (MNE) e.g. MCE(L1) SAM, - Multistart -R-MUSIC
| WROP, - TRAP-MUSIC
- LORETA -Markov random fields Neural Activity .
; (MRF) based Index
RemPSIICOS
-Variational Bayesian 23 /
techniques =)
N\
-GALA (ri,Gi,Si) \

i=1,.,N,N~10* i=1,,N,N<10



EEG\MEG inverse modelling methods
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Sources are not static. Cortical traveling waves.

scalp wave

Propagation Direction Propagation Speed \

superior 9
n scalp
2 4

2
= Nt 1 t
posterior T 0 anterior cortex

I 0 1 2 3 cortical wave
Speed (m/s)

2
inferior

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



Observation equation




Observation equation




Observation equation

Specify (low dimensional) spatial
dynamics properties

y(t) =gl(t)s(t) + vI(T

Specify temporal
dynamics properties




Observation equation

Specify multiple (low dimensional)
spatial dynamics properties

y(t) =) gi(t)si(t) + v(t)

i=1 \

Specify temporal
dynamics properties




Modeling g(t) * DMHaMnyeckn (MeagneHHo) MeHsarLWwaaca Tonorpadums
NCTOYHMKA, g(t)

____________ * ** MpoCTpaHCTBEHHbIe 6a3MCHblIe BEKTOPA — JIEBble
i k i CUHIYyNapHble BEKTOpa CerMeHTa JaHHbIX
*k |
t)=s1(t))_a(t)u; + v(t
y(t) = su (Y 4O (1
= | NOAMNPOCTPaHCTBA
T s 7 CerMeHT OaHHbIX cUrHana
N
g(t) s 2
a1 (t)
a(t) = | a2(t)
as(t) —

— spatial propagation
(wondering) coeffs.

J

Y
PasnoykeHune no CUHIynapHbIM Ynciam

a(t) = Aa(t — 1) + b(t)



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

a(t) = Aa(t — 1) + b(t)

combination coefficients

(am) -
a(t) = | ax(t) | —slowly evolving linear
(

3 /
y<t) - S(t) Z a; (t)ul _|_ V(t) 0.0 20.0 40.%mg’o.rgs 80.0 100.0
=1 Y,

g(1)

u,i=1,.,R —spanthesubspace




Two different temporal dynamical patterns

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

Brain rhythms

Beta (f)

13-30 Hz

Alpha (o)
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Two different temporal dynamical patterns

Brain rhythms Interictal spikes (epilepsy)



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

Observation model * DMHaMnyeckn (MeagneHHo) MeHsarLWwaaca Tonorpadums
MCTOUYHWMKA, g(t)

y(t) = g(t)s(t) + v(t) ** [pOCTpaHCTBEHHbIe 6a3MCHble BEKTOPA — fIeBble
CUHIYNAPHbIE BEKTOPa CerMeHTa AaHHbIX
L ax(t)
Z al_(t)lfi*i-k V(t) a(t) = | az(t) | - spatial propagation (wondering)
i=1 i a3 (t)

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

s(t) =Fs(t — 1)+ w(t) - electrical activity evolution

' PWUTM Mo3ra — 3TO 4aCTOTHO-MOAYIMPOBaHHbIN
: : 13-30 Hz
F— - Cf)S(27TfAt) — sin(27 f At) 20
e. sin@rfAL)  cos@rfAL) ) T spea
e e e A e e J—— 8-13 Hz
AHaNUTUYECKUNI CUTHAN
2(t) = s1(t) + jsa(t) = r(t)ed It Theta ()
: : 4-8 Hz
| o0 /\/\/
Delta (8) \
1 0.5-4 Hz

&/\/ (1) . T I | I I

: 0 2 B 6 8
S1(t) Time (s)

Matsudé'& Komaki (2017) Time Series Decompositfbn into Oscillation Components and Phase Estimation



Our model summary

Observations model

y@:w@i:%®m+v@

State evolution (process) models
s(t) = Fs(t — 1) + w(t)

— electrical activity evolution (fast)

a(t) = Aa(t — 1) + b(t)

— spatial dynamics (slow propagation)

Xk+1
Y

Fusion

F(Xk,Vk)
H(xk7 nk):



Unscented Kalman Filter

F(Xk,Vk)
H(xk7 nk)t

Xk+1
Y

Xpp1 & A +BvryrCx3+ Dny,

Fusion

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

Actual (sampling) Linearized (EKF) uT
P igma point:
: covariance e S\'O
, \ :
(<]
mean o
|
‘ 7 =f(%) Y =£(X)
T
y =1f(x) Py - A PzA we|ghted sample mean

l and covariance

transformed
true mean sugma points
' o”\ . Irue covariance
3 .: UT mean
g ol 3 A.TP A
Bl

ut covanance

Figure 1: Example of the UT for mean and covariance prop-
agation. a) actual, b) first-order linearization (EKF), c) UT.



Results: wave path reconstruction

True path

Reconstructed path
(sequential dipole fits)
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TOYHOCTb BOCCTAaHOBJ/IEHUS NPOCTPAaHCTBEHHOM U BPeMEeHHOMN ANHAMMUKM
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Pe3ynbTtaTbl aHanusa M3IlT gaHHbIX

. CTF MEG System
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Traveling wave or a pair of dipoles ?

PacwuupeHHasa Moaenb ANa AByX UCTOYHUKOB (BOﬂHa VS CTaTMKa)
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Two different temporal dynamics patterns

Brain rhythms
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Epilepsy and interictal activity

e 30% of epileptic patients suffer from intractable epilepsy

\
@“

' @

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

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

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

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




Non-invasive seizure onset zone localization

Cluster 1
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Non-invasive seizure onset zone localization

Cluster 1
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Traveling waves - predictors of the EZ

Distal propagation to 1Zs 1Z 1
via long axonal connections

no local propagation

SOZ " ictal activity propagation direction

no local propagation

local propagation via cortical

waves mechanism in the vicinity
of the SOZ

Distal propagation to IZs

via long axonal connections
1Z 2

+ o06a BuAa pacnpocTpaHeHNs Mbl MOXXEM BUAETb HEMHBA3VBHO MpW
Ossadtchi et al., ASClin, 2022 nomow M3I™ 1, BO3MOXHO, O3l



Multidirectional wave propagation model

X=ag+ a1 Wi +aaWa+---+avyWy +e€

— MEG data with interictal spike (40 ms duration)

— generated basis waves (20 ms duration) for chosen speed
W;... Wy

— number of propagation directions from chosen cortical location

Activation order after
wave start

Speed = 0.3 m/s Speed = 0.5 m/s Speed = 0.8 m/s Speed = 1.5 m/s

" 20ms

10 ms

1ms

Kuznetsova et al., 2019 50



Results example:
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Ctatuctuka no n = 9 nauneHTam

Patient | Patient 2 Patient 3 Patient4 Patient5 Patient 6 Patient7 Patient8 Patient9

1 3% 70 % 0% 0 % 31 % 36 % 61 % 24 % 0 %
2 5 % 57 % 69 % 38 % 36 % 42 % 31 % 25 % 0 %
3 14 % 34 % 7 % 4 % 36 % 33 % 0%
4 67 % 4 % 11 % 48 % 30 % 0%
5 10 % 11 % 14 % 32 % 12 % 0 %
6 15 % 25 % 7% 58 % 38 %

7 10 % 0 % 33% 27 % 20 %

8 11 % 8 % 8 % 17 %

9 0 %

10 30 %

Table 2: The percentage of spikes well-explained with a traveling wave model in each cluster in nine patients. We
consider an interictal spike as well-explained, if R? is greater or equal to 0.6.

Surgical ~ High R? value percentage  Best cluster coincide

Area of Resection : ¢ : :
Outcome  in corresponding cluster  with area of resection

Patient 1 Right frontal I 67% Yes

Patient 2 Left temporal I 70% Yes

Patient 3 Occipital I 69% Yes

Patient 4 Right temporal I 38% Yes

Patient 5 Left temporal I 36% Yes (focal epilepsy)
Patient 6 Right temporal I 42% Yes

Patient 7 Right temporal I 61% Yes (focal epilepsy)
Patient 8 Left medial temporal I 20% No

Patient 9 Left temporal 1 No good clusters -

Table 3: Information about epileptogenic zone localization, area of resection and surgical outcome.



Analysis of propagation dynamics reveals dyagnostic patterns non-invasively

Ictal self-organization spatial patterns in IED propagation NombeLor
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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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Spatial-temporal non-separable activation

I 11

SPATIO-TEMPORALLY SPATIO—-TENMPORALLY
SEPARABLE INSEPARABLE
x— ' x —)
0 90 i \‘§
" O® g .
A B A B
F(x, 1) = S(t)- G(x) F(x, ) = S(t)- G(x, 1)

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



Observation equation
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