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Magnetoencephalography
• Non-invasive, Passive, Silent 

Neural Recordings!

• Simultaneous Whole-Head 
Recording (~200 sensors)!

• Sensitivity!
• high:  ~100 fT (10–13 Tesla)!
• low:  ~104 – ~106 neurons!

• Temporal Resolution: ~1 ms!

• Spatial Resolution!
• coarse: ~1 cm!
• ambiguous      



Magnetoencephalography!

Neural processing of 
speech and complex 
auditory scenes

Advanced Neuroimaging

Neural Un-Mixing of 
Speech

Neurally Inspired Algorithms
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Figure 11: Schematics depicting models that are more complex. (a) Using the
output of a temporally symmetric (TS) neuron as sole input to another neuron
results in a temporally symmetric (TS) neuron (see equation 3.17). (b) Feedback
from such a temporally symmetric neuron whose sole source is the first tem-
porally symmetric neuron is still self-consistently temporally symmetric (see
equation 3.19). (c) Multiple examples of feedback and feedforward: The initial
neuron TS 1 provides temporal symmetry to all other neurons in the network
due to its role as sole input for the network. All other neurons inherit the tempo-
ral symmetry, and the feedback is also self-consistently temporally symmetric.

feedback:

hTS
1 (t, x) =

(
M∑

m=1

(kAm (t)gCm (x)) +
N∑

n=1

(
kθn

An
(t)gDn (x)

))

∗ kA(t) + hTS
2 (t, x)

hTS
2 (t, x) = hTS

1 (t, x) ∗ k2(t). (3.19)

Neural Modeling!

Neural Signal Processing!



But back in the day…

1028 Gott, Simon, and Alpert 
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Fig. 1. Embedding diagram for the static solution (regions I, III). For r > r,~ the embedding 
space is euclidian ds2= dxa+ @2+ dw 2. For r < rm the embedding space is Minkowskian, 
dsZ= dx a + @ 2  dw 2. We have put these pieces together to form a single diagram. The 
maximum radius is r = rc. 

where r 2 = x 2 + y2; see Fig. 1. We may combine the two diagrams as shown 
in Fig. 1. 

As will be shown in Section 3, this picture is incomplete. 

3. KRUSKAL EXTENSION 

Let us examine the behavior of the electrostatic metric in more detail. 
The metric is 

~cQ2"~ ( ~ )  ~:~d- L 2 r t  [-1 ( ~ ) ] - a  r 2 ds2= m dt2 +----A-v / n d r 2 +  d(~ (62) 

as r ~ O gtt ~ - o o  grr -'* O + 

as r ~ re--  gt t  "* O- -  grr "* O() 

as r ~ rc+  g .  ~ O +  grr"'~ --r 

as r ~ 0() g t t  "-~ O0 grr ~ 0 -  

The behavior of the metric near r = re, go0 -~ 0, and gH ~ oo is very 
similar to the behavior at the Schwarzschild radius of a black hole. 

As r becomes greater than re, t changes from timelike to spacelike, and 
r changes from spacelike to timelike. Qualitatively, it is the same as what 
happens at r = 2 G M  in the Schwarzschild metric, except the change occurs 



Topics

• The Brain!

• Magnetoencephalography (MEG)!

• Applications & Tangents !

• MEG & the “Cocktail Party”



• Neural signals  
= spikes in voltage!

• Spikes are “all-or-none”!

• Digital in amplitude!

• Asynchronous in time!

• Neural Input ≈ current

The Brain  
= Connected Neurons

Photo by Fritz Goro 
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Origin of MEG Neural Signal

Photo by Fritz Goro 

Dendritic current!
– not axonal currents!
inputs, not outputs!
!

Primary current!
– not return currents!
neural currents, not 
side-effects



Functional Brain 
Imaging!
= Non-invasive 
recording from 
human brain
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fMRI 
functional magnetic 
resonance imaging

PET 
positron emission 
tomography

EEG 
electroencephalography!

MEG 
magnetoencephalography!

Excellent 
Spatial 
Resolution!
(~1 mm) 
!
Poor !
Temporal 
Resolution!
(~1 s)

Poor !
Spatial 
Resolution!
(~1 cm) 
!
Excellent 
Temporal 
Resolution!
(~1 ms)

Functional Brain Imaging

fMRI & MEG can 
capture effects in single 

subjects
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Magnetic Field Strengths

Earth’s field!!!!!!!
Urban noise!!!
Contamination at lung!!!
Heart QRS!!
Fetal heart!
Muscle!
Spontaneous signal (α-wave)!!
Signal from retina!
Evoked signal!!!
Intrinsic noise of SQUID

Biomagnetic Signals
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SQUIDs

Superconductivity!

➔ Magnetic flux 
quantization!

➔ Josephson Effect!

➔ SQUID =  
Superconducting  
Quantum Interference 
Device 

B

J



MEG Usage



MEG Usage



MEG Usage



MEG SQUIDs

SQUID!
Magnetometer

SQUID!
Gradiometers!

Noise reduction from!
Differential measurement!

Planar Gradiometer Axial Gradiometer

5 cm 
baseline



Neural Signals & MEG

tissue

CSF

skull

scalp
B

MEG

V
EEG

recording!
surface

current!
flow

orientation!
of magnetic!
field

Magnetic!
Dipolar!
Field!

Projection

•Direct electrophysiological measurement!
•not hemodynamic!
•real-time!

•No unique solution for distributed source

Photo by Fritz Goro 

•Measures spatially synchronized  
cortical activity!

•Fine temporal resolution (~ 1 ms)!
•Moderate spatial resolution (~ 1 cm)



Cortex & The Brain



Neural Signals & MEG
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MEG Auditory Field
3-D Isofield Contour Map

Sagittal View Axial View

Chait, et al., Cerebral Cortex (2006)



MEG Auditory Field
Flattened Isofield Contour Map

Instantaneous!
Magnetic!
Field Sink Source

40 fT/step t = 98 ms



Neural Currents ⇒ 
Magnetic Fields

∇⋅E = ρE
∇⋅B = 0

∇×B− ∂E
∂t

= JE

∇×E+ ∂B
∂t

= 0
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Neural Source Localization

• No Unique Solution from Magnetic Field 
Configuration to Neural Current Distribution  
(“Inverse Problem”)!

• Several Widely Used Methods!

• Equivalent-Current Dipoles!

• Minimum Norm Estimation & variants!

• Beamforming & variants!

• Others



• Equivalent-Current Dipoles!

• How many dipoles to use?!

• Non-intuitive side effects

Neural Source Issues



Equivalent-Current Dipole

• “Center of Current” Dipole!

• c.f. “Center of Mass”

It is easily seen that the second term becomes zero
for

DIPOLE LOCATION TO BE INTERPRETED AS
CENTER OF GRAVITY?

565

ASIMPLE MODEL FOR PSEUDO-TONOTOPY

In Figure 26 10E, the gray dipole in the middle is
clearly dominating, and only part of it is consumed for
annihilating the gray dipole on the left and creating
the compensative dipole on the right The center of
gravity of the two gray dipoles (black arrow) evidently
corresponds to that of the middle and right of the
white dipoles The figure suggests that a second
dipole with a polarity opposite to that of the dominat-
ing one appears to push away the center of gravity,
just as a second dipole of the same polarity would at-
tract it
These considerations were made for arbitrary spatial

units. Thus, the practical relevance of the predictions
must be proved For that reason, two concrete exam-
ples, corresponding to the situation in Figure 26.10G,
are presented In Figure 2611A, the two dipoles have
the same distance hom the center of sphere, and they
are displaced in a direction perpendicular to the dipole
moments (y coordinate differing by 1 cm). The upper
three plots show topographic maps for each of the two
dipoles individually and the two dipoles together, re-
spectively The magnetic Held arising from the two
dipoles was analyzed using the model of a single dipole.
For real data, the assumption of a single dipole is prob-
lematic if the measurement area is too extended. Thus,
only some of the data were accounted for. For the sake
of simplicity, the supposed measurement area corre-
sponded to that of an older-generation MEG system
with 37 channels .. A current dipole was estimated with a
GoF of 99.4%, which is commonly considered excel-
lent The bottom panel of Figure 26.11A shows the to-
pographic map associated with the estimated dipole. A
comparison between the estimated dipole (black arc
row) and the two dipoles assumed in the simulations
(white arrows) shows a good qualitative agreement with
the prediction of Figure 2610C
Figure 2611B is analogous to Figure 26.11A, except

that the two dipoles differ regarding their distance from
the center of sphere (4 and 6 cm) and that the dipole
moments are stronger by a factor of three. Again, the
simulated data were excellently explained by a single
dipole (988% GoF) The example illustrates that two
deep dipoles may simulate a Single superficial dipole
Related examples were presented by Nunez.i''

The beliefthat MEG is able to see cortical activity with
high spatial resolution emerged not least from MEG
studies claiming the observation of a tonotopically
organized cortical source (see Chapter 25) Recent
experiments proved that such claims are highly prob-
lematic 50, 75 In exceptional subjects, however, the ex-
perimental evidence of a tonotopically organized source
appears robust at first glance 56 Acautious interpretation
is indicated in such cases

EANALYSIS OFAUDITORY EVOKED POTENTIALS AND FIELDS
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N N

Xo=LqnXn/Lqn
Yl=l n=l

N N
d=lx(xo)Lqn +

n.=1 n=l

N

d=L lx(xn)qn
11=1

This formula is completely equivalent to that for a
center of gravity
The consequences of Equation 26.21 can be illus-

trated with a few examples In Figure 26.10, the thin ar-
rows represent distributed activity If its spread is small
compared to its distance from the sites of measurement,
the approximation in Equation 2619 is applicable As a
consequence, a single current dipole (thick arrow) is an
almost perfect model, which means that the data values

(The index k of the sensor was omitted as well, for
the sake of simplicity) If all x coordinates are suffl-
ciently close to some coordinate Xo, a linear approxima-
tion of the lead Held is applicable That is,

where is the first derivative of lx(xo) with respect to
the coordinate x, evaluated atxo Equation 26 18 may be
rewritten as

It is often said that the location estimated for a current
dipole corresponds to the center of gravity of the acti-
vated brain regions Even though this is largely true in
many situations, blind trust of this figmative notion ap-
pears problematic For the sake of simplicity, the fol-
lowing examination is conHned to a Single coordinate,
but the main conclusions can be easily transferred to
three dimensions
First motivate the idea of a center of gravity by a sim-

ple mathematical consideration, starting with Equation
26 5 Assuming that the y and z components of all dipole
moments are zero and that all dipoles have the same y
and z location coordinates, the equation can be rewrit-
ten in a simplified form as

564

Lükenhöner & Mosher (2007)



Equivalent-Current Dipole

• “Center of Current” Dipole!

• c.f. “Center of Mass” !

• BUT  
for Center of Mass, mi > 0!

• NOT so  
for Center of Current, Ii ≷ 0

It is easily seen that the second term becomes zero
for

DIPOLE LOCATION TO BE INTERPRETED AS
CENTER OF GRAVITY?
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• Equivalent-Current Dipoles!

• How many dipoles to use?!

• Non-intuitive side effects (nonetheless still valid)

Neural Source Issues



• Equivalent-Current Dipoles!

• How many dipoles to use? !

• Non-intuitive side effects (nonetheless still valid)!

• Minimum Norm vs. Beamforming !

• Advocates for each can produce datasets that 
show misleading results from the other method!

• Recommended Reading!

• Lütkenhöner & Mosher (2007)

Neural Source Issues



• All major methods are workable in practice!

• Can give physiologically plausible result!

• Can give “correct/true” result!

• Any might also get you into trouble!

• Each has weaknesses & blind spots

Neural Source Solutions?



Comparison with EEG
• High temporal resolution!

• Inexpensive, Room temperature!

• Slow, careful set-up!

• Electric fields strongly distorted !

• Brain = inhomogeneous, anisotropic, dielectric!
• Poor spatial neural reconstruction unless very 

carefully modeling of currents and entire head!
• Inverse problem: worse? better?!

• Many more neural sources!

• Complementary with MEG



MEG Auditory Field
Flattened Isofield Contour Map

Instantaneous!
Magnetic!
Field Sink Source

40 fT/step t = 98 ms



Time Course of MEG Responses
Pure Tone

Broadband Noise

Auditory Evoked Responses 

• MEG Response Patterns Time-Locked to 
Stimulus Events!

• Robust!

• Strongly Lateralized

Auditory Induced Responses 

• MEG Response Patterns not Time-Locked to Stimulus Events!

• Can be larger than Evoked Responses but cannot be averaged directly!
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Phase-Locking in MEG to 
Acoustic Modulations

Ding & Simon, J Neurophysiol (2009)!
Wang et al., J Neurophysiol (2012)

AM at 3 Hz 3 Hz phase-locked response 

response spectrum (subject R0747) 

MEG activity is precisely 
phase-locked to temporal 
modulations of sound

0 10

Frequency (Hz)

3 Hz

6 Hz



MEG Fourier Phase Analysis

Frequency Response to 32 Hz 
Amplitude Modulation

0 30 60

PS
D

PS
D

32 3331

frequency (Hz)

frequency (Hz)

400 Hz tone carrier!
100 trials @ 1 s!
  (concatenated) 

Phasor Isofield Contour Map

f = 32 Hz



Complex Magnetic Field
with / without generated contours



Example: Whole Head Transfer Function

32 Hz16 Hz 48 Hz 64 Hz



Example: Auditory Streaming

• Stream Segregation 
with Competing 
Foregrounds!

• Attentional 
Modulation of Neural 
Representation

Xiang et al, J Neurosci (2010)



Complex Neural Current Sources

Physiologically Simple!
Current Sources: η = 0

Two!
Dipole!
Fit

Orientations

Simon and Wang, J. Neurosci. Methods (2005)



Complex Equivalent-
Current Dipoles

Raw Magnetic 
Field Data

Right 
Hemisphere  

Current  
Equivalent 

Dipole

Left 
Hemisphere  
Current  
Equivalent 
Dipole

Two Dipole Fit



Magnetic Field Strengths

Earth’s field!!!!!!!
Urban noise!!!
Contamination at lung!!!
Heart QRS!!
Fetal heart!
Muscle!
Spontaneous signal (α-wave)!!
Signal from retina!
Evoked signal!!!
Intrinsic noise of SQUID

Biomagnetic Signals



Hardware Noise Reduction:  
External Noise 
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Hardware Noise Reduction:  
External Noise



Software Noise Reduction:  
External Noise
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180

48 Hz Modulated Stimulus 

Cleaned with �
Fast-LMS �
 + 3 Reference �
    channels

Frequency (Hz)

Cleaned with �
TSPCA �
 + 3 Reference �
    channels

Ahmar and 
Simon, Neural 
Engineering 
2005

de Cheveign , 
Le Roux, and 
Simon, ICASSP 
2007.

Ahmar & Simon, Neural Engineering (2005)!
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Phase-Locking in MEG to 
Slow Acoustic Modulations

Ding & Simon, J Neurophysiol (2009)!
Wang et al., J Neurophysiol (2012)
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Experiments

Ding & Simon, PNAS (2012)



Experiments

Ding & Simon, PNAS (2012)



Selective Neural 
Encoding



Selective Neural 
Encoding



Selective Neural 
Encoding



Unselective vs. Selective 
Neural Encoding



Unselective vs. Selective 
Neural Encoding



Selective Neural 
Encoding



Stream-Specific 
Representation

grand average 
over subjects

representative 
subject

Identical Stimuli!

reconstructed  
from MEG

attended speech 
envelopes

reconstructed  
from MEG

attending to!
speaker 1

attending to!
speaker 2

Ding & Simon, PNAS (2012)



Stream-Specific 
Representation

grand average 
over subjects

representative 
subject

Identical Stimuli!

reconstructed  
from MEG

attended speech 
envelopes

reconstructed  
from MEG

attending to!
speaker 1

attending to!
speaker 2

Ding & Simon, PNAS (2012)



Single Trial Speech 
Reconstruction
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Speech in Noise: Stimuli
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Speech in Noise: Results
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Summary

• Magnetoencephalography = powerful tool!

• Useful for Neuroimaging but Especially Useful in 
the Time (and Frequency) Domain!

• In auditory cortex, separates Acoustic neural 
processing from Auditory neural processing
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