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Non-invasive 
Direct electrophysiological 
  measurement (not hemodynamic)

SQUID Gradiometer 

�

~ 104 neurons

 Magnetic 
 Dipole 
(Projection)



 
  

                
  

  
  

                
  

 

��������
���



 
  

                
  

  
  

                
  

 

��������
���



 
  

                
  

  
  

                
  

 

0 10 20 40 50 60
0

5

frequency (Hz)

P
S

D

31 31.5 32 32.5 33
0

5

frequency (Hz)

P
S

D

��������������
���

30
32 Hz Modulation 
400 Hz tone carrier 
100 trials @ 1 s 
  (concatenated) 

Extremely Precise Phase-Locking: 0.01 Hz 
No trial-to-trial jitter

Single MEG Channel

Stimulus Modulated at Single Frequency �Steady State Response (SSR)
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32 Hz
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Cartesian

Compass

Cartesian

Compass
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32 Hz

Raw Data

Two Dipole Fit

Left Dipole Right Dipole

Current Dipoles Complex Too!



 
  

                
  

  
  

                
  

 

90

90
ImV

MaxVReV

MinV
^

Re Im
  V =  V   + i V

Re Im
  V(θ) =  V cos(θ)  + V sin(θ)

�
"���#����������	%������	�&��
���

Two 
Dipole 
Fit

Min|V     |η =   
Max|V     |

0 < η < 1   

SharpnessMaxθ Strength

Phase

Physiologically Simple 
Current Sources: η = 0Orientations
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η = 0



 
  

                
  

  
  

                
  

 

ηL = 0 
ηR = 0.5

ηL = 0 
ηR = 1

ηL = 0 
ηR = 0.25

ηL = 0 
ηR = 0

��"���	�����������
Compound/Effective Current Sources



 
  

                
  

  
  

                
  

 

 Fully Complex MEG necessary 
  Complex Magnetic Flux�

 Generated by Complex Neural Currents�

�

 Complex Neural Current Sources 
  Six Degrees of Freedom:�
  Orientation (2), Strength, Phase, 

Sharpness, Minor orientation (1) 
  Sharpness �Compound Neural Source�

��""���

Simon, J. Z. and Y. Wang (2005) Fully Complex Magnetoencephalography, 
J. Neurosci. Methods. 149(1), 64-73. 
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Thank You
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Non-invasive recording 
from human brain 
(Functional brain imaging) 

Positron emission 
tomography 
PET

 

Functional magnetic 
resonance imaging 
fMRI

Electroencephalography 
EEG 

Excellent spatial resolution  
( ~ 1-2 mm)  

Poor temporal resolution  
( ~ 1 s)

Hemodynamic  
techniques

Electromagnetic  
techniques

Magnetoencephalography 
MEG 

PET, EEG require 
across-subject 
averaging

fMRI and MEG can 
capture effects in 
single subjects 

Poor spatial resolution 
( ~ 1 cm) 

 Excellent temporal resolution 
( ~ 1 ms) 
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Urban noise 

Contamination at lung 

Heart QRS 

Muscle 
Fetal heart

Spontaneous signal
(α-wave) 

Intrinsic noise of SQUID

In
te

ns
it

y 
of

 m
ag

ne
tic
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ig

na
l(

T
)

Biomagnetism 

EYE (retina)
  Steady activity
  Evoked activity

LUNGS
  Magnetic contaminants

LIVER 
  Iron  stores

FETUS
  Cardiogram 

LIMBS
  Steady ionic current 

BRAIN (neurons)
  Spontaneous activity
  Evoked by sensory stimulation

SPINAL COLUMN (neurons)
  Evoked by sensory stimulation 

HEART
  Cardiogram (muscle)
  Timing signals (His Purkinje system) 

GI TRACK
  Stimulus response
  Magnetic contaminations 

MUSCLE
  Under tension
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Superconductivity  
Magnetic flux quantization  
Josephson Effect  
SQUID = Superconducting Quantum 

Interference Device 

 = 
2 e 
h

 = 2.07  10  WbΦ0 -15 

 = 
2 e 
h

 =   Φ n n Φ0 
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Noise reduction from 
Differential measurement 
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SQUID 
Magnetometer

SQUID 
Gradiometer 
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Broadband Noise

Pure Tone

Evoked Responses 
MEG Events Time-Locked 
 to Stimulus Event
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c.f. Ross et al. (2000)

Right Hemisphere Dipole




