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1. MEG and EEG: Historical and Technical Background 

2/14/20 2 



Historical and Technical Background of EEG 

•  1780: Galvani’s demonstration of muscle-nerve 
interactions 

•  1870: Hitzig and Fritsch stimulated cortex in a dog 
and found that the contralateral muscles moved 

•  1873: David Ferrier built on Hitzig-Fritsch’s work 
and topographically mapped motor function in 
various animals 

Understandable that electrical stimulation of the 
brain produces a response, but can a spontaneous 
brain activity be recorded? 
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Historical and Technical Background of EEG 

•  1875: Richard Caton did the first invasive recordings of 
brain activity and used a galvanometer to detect electrical 
signals in rabbit and monkey cortex 

•  1929: Hans Berger recorded the first human EEG by 
measuring electric potentials between two electrodes 
placed at the scalp. 

•  1934: Edgar Adrian reproduced Berger’s findings.  

2/14/20 4 



Historical and Technical Background of EEG 

•  1935-36: The first unambiguous sensory (auditory) evoked 
potentials” were recorded (in Boston) by Hallowell and Pauline 
Davis. 

 

•  Much excitement and research focused on identifying various cognitive ERP components and developing methods for 
recording and analyzing the ERPs in cognitive experiments.  
Various auditory, visual, somatosensory evoked potentials have been identified 
Specific peaks/troughs have been labeled as either P or N followed the time in milliseconds when they are seen.  

•  Note that these are single trial data – no averaging across trials till 
1962 (Galambos, Sheatz)! 
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Historical and Technical Background of MEG 

•  Back in the mid 60s, David Cohen started constructing an 
elaborate 5-layer magnetically shielded room. First started 
recording the heart signal (MCG) and then signals (alpha rhythms) 
from the brain. Early measurements were done using a copper 
induction coil. 

•  First brain MEG measurements required thousands of averages with concurrent phase-locked EEG measurements. 

•  Late 1960s: Jim Zimmerman developed the first practical SQUIDs 
for biomagnetism 

•  SQUID = Superconducting Quantum Interference Devices 

•  By 1971, David Cohen and Jim Zimmerman were able to record 
from the brain 
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2. Neural Sources of MEG and EEG 

2/14/20 7 



Pre-synaptic and post-synaptic potentials 
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Neurons as current dipoles 

2/14/20 9 

Based on  
EEG: Basic Principles, Clinical Applications and Related Fields  
by Niedermeyer & Lopes da Silva 



Neurons as current dipoles 
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Neurons as current dipoles 
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Neurons as current dipoles 
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Neurons as current dipoles 
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current sink 

current source 

Note: Current sources and sinks are defined wrt a viewer in the extracellular space 



Neurons as current dipoles 
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•  Current dipoles 
•  Separation of charge over distance 
•  Unit: nA.m 
•  Fundamental to measuring  

and recording activity  
with EEG and MEG 

•  Note that current dipole ≠ magnetic dipole 
•  magnetic dipoles are equivalent to a small current loop  
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Fields from different currents 
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Population activity 
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Neuron populations 
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Neuron populations 
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Right Hand Rule 



MEG ≠ 0 
EEG ≠ 0 

MEG = 0 
EEG ≠ 0 

Radial and Tangential Dipoles 
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Numbers 

•  EEG:  0.1-100 µV 

•  MEG: 1 fT – 3 pT 
Earth’s magnetic field: 10-6 Tesla (~ µT) 
Fridge magnets: ~ mT 
MRI scanners: ~ 3 Tesla 

•  Current density  = Current dipole moment density 
Current density in brain tissue is constant across species and across brain regions ≈ 1 nA.m/mm2 
Invariance in current dipole moment density across brain structures and species: Physiological constraint for neuroimaging, Murakami & Okada, Neuroimage 2015 

•  Dipole moment for measurable cortical generators in humans Q ≈ 10 nA.m 
(Hamalainen 1993) 

For a single pyramidal neuron, q ≈ 0.2 pA.m 
(Murakami & Okada 2006) 

~50,000 synchronously firing cortical neurons generate a detectable signal 
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3. Practicalities of EEG and MEG acquisition 
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Practicalities of recording EEG 

2/14/20 22 



Practicalities of recording MEG 

•  MEG measures magnetic fields with highly sophisticated sensors 

•  SQUID = Superconducting Quantum Interference Devices 

•  SQUID-based MEG sensors need to be shielded, cooled and tuned 
•  SQUID noise ~ 2.5 fT/√Hz 

•  Instrumentation is expensive 

•  Magnetic fields can originate from: 
•  Magnetic materials (let’s keep these out of the MEG) 
•  Electric currents (neuronal currents) 
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Practicalities of recording MEG: MEG sensors 
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Since magnetic fields are so small, amplify the field with a flux transformer 
Whole thing is made of a superconducting metal  

Pickup coil                                   Input coil 



Practicalities of recording MEG: MEG sensors 
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magnetic field 
Liquid He 
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Practicalities of recording MEG: MEG sensors 
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Practicalities of recording MEG: MEG sensors 
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SQUID 



Practicalities of recording MEG: MEG sensors 

•  Sometimes magnetic material is accidentally brought close to the SQUID 
•  The SQUID gets a “flux trap” (MEG jargon!) 
•  Need to transiently heat the sensor above the critical temp by applying  

an electric heater pulse 
•  “Heating the sensor” is a super-common first step prior to MEG  

acquisition. 



Magnetometers vs Gradiometers 
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Magnetometers vs Gradiometers 
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Magnetometers vs Gradiometers 
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Magnetometers vs Gradiometers 
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Neuromag MEG at Martinos Center: 306-ch system 
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Tangential, Radial and Tilted sources 
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Slide courtesy 
M. Hamalainen 



Effect of conductivities on EEG 
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Slide courtesy 
M. Hamalainen 



4. Mininum norm source estimation 
from  EEG and MEG measurements 
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Distributed source framework 

2/14/20 37 

MEEG data (measurements)

<latexit sha1_base64="fe1Zt6cW72NCfzVzCWsYzgjXeek=">AAACAXicbVBNS0JBFJ1nX2ZfVpugzZAEtpH3pKilFFKbwCA/QB9y33jVwXkfzMwLRGzTX2nTooi2/Yt2/ZvmqYvSDgwczrmHO/d4keBK2/a3lVpaXlldS69nNja3tneyu3s1FcaSYZWFIpQNDxQKHmBVcy2wEUkE3xNY9wZXiV9/QKl4GNzrYYSuD72AdzkDbaR29uC2XL6mHdBA8z6CiiX6GGh10s7m7II9AV0kzozkyAyVdvar1QlZnKSZAKWajh1pdwRScyZwnGnFCiNgA+hh09AAfFTuaHLBmB4bpUO7oTQv0HSi/k6MwFdq6Htm0gfdV/NeIv7nNWPdvXBHPIhijQGbLurGguqQJnXQDpfItBgaAkxy81fK+iCBaVNaxpTgzJ+8SGrFgnNaOLsr5kqXszrS5JAckTxxyDkpkRtSIVXCyCN5Jq/kzXqyXqx362M6mrJmmX3yB9bnDwx+lgM=</latexit>

[12345]

<latexit sha1_base64="gMWw6a8Mb/9OxcE8RKjYv4GCFE4=">AAACBnicbVDJSgNBEO1xjXEb9ShCYSJ4CjMxQY9BLx4jmAWSIfR0epImPQvdNUIIOXnxV7x4UMSr3+DNv7GzHDTxQcHjvSqq6vmJFBod59taWV1b39jMbGW3d3b39u2Dw7qOU8V4jcUyVk2fai5FxGsoUPJmojgNfckb/uBm4jceuNIiju5xmHAvpL1IBIJRNFLHPsm3JQ+wBS4U4QJKUIa2Er0+enkA6Ng5p+BMAcvEnZMcmaPasb/a3ZilIY+QSap1y3US9EZUoWCSj7PtVPOEsgHt8ZahEQ259kbTN8ZwZpQuBLEyFSFM1d8TIxpqPQx90xlS7OtFbyL+57VSDK68kYiSFHnEZouCVALGMMkEukJxhnJoCGVKmFuB9amiDE1yWROCu/jyMqkXC26pUL4r5irX8zgy5JicknPikktSIbekSmqEkUfyTF7Jm/VkvVjv1sesdcWazxyRP7A+fwC11pVz</latexit>

# sensors

<latexit sha1_base64="P3eSuRYnsFj8MojbD5omyX08guE=">AAAB+nicbVA9SwNBEN2LXzFqTLTUYjEIVuFOFC1FG8sI5gOSEPY2k2TJ3t6xO6eGMz/FxkIRWwt/h53/xMLCzUehiQ8GHu/NMDPPj6Qw6LqfTmphcWl5Jb2aWVvfyG7m8lsVE8aaQ5mHMtQ1nxmQQkEZBUqoRRpY4Euo+v2LkV+9AW1EqK5xEEEzYF0lOoIztFIrl28g3GHSKFADyoTaDFu5glt0x6DzxJuSwtnu+7n7/ZUttXIfjXbI4wAUcsmMqXtuhM2EaRRcwjDTiA1EjPdZF+qWKhaAaSbj04d03ypt2gm1LYV0rP6eSFhgzCDwbWfAsGdmvZH4n1ePsXPaTISKYgTFJ4s6saQY0lEOtC00cJQDSxjXwt5KeY9pxtGmlbEheLMvz5PKYdE7Kh5f2TTOyQRpskP2yAHxyAk5I5ekRMqEk1vyQJ7Is3PvPDovzuukNeVMZ7bJHzhvPy/1l6Y=</latexit>

times

<latexit sha1_base64="O++x92uSyEUaX331K2rzcSEMlNY=">AAAB83icbVDLSgNBEJyNr7i+oh69DAbBU9gVRS9i0IvHCOYByRJmJ7PJkNnZYaZXDEt+w4sHRb36Hd69iH/j5HHQxIKGoqqb7q5QCW7A876d3MLi0vJKftVdW9/Y3Cps79RMkmrKqjQRiW6ExDDBJasCB8EaSjMSh4LVw/7VyK/fMW14Im9hoFgQk67kEacErNRqAbuHDHjMzLBdKHolbww8T/wpKV58uOfq9cuttAufrU5C05hJoIIY0/Q9BUFGNHAq2NBtpYYpQvuky5qWSmK3BNn45iE+sEoHR4m2JQGP1d8TGYmNGcSh7YwJ9MysNxL/85opRGdBxqVKgUk6WRSlAkOCRwHgDteMghhYQqjm9lZMe0QTCjYm14bgz748T2pHJf+4dHLjFcuXaII82kP76BD56BSV0TWqoCqiSKEH9ISendR5dF6ct0lrzpnO7KI/cN5/ADL3lXI=</latexit>



Distributed source framework 
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[12345]

<latexit sha1_base64="gMWw6a8Mb/9OxcE8RKjYv4GCFE4=">AAACBnicbVDJSgNBEO1xjXEb9ShCYSJ4CjMxQY9BLx4jmAWSIfR0epImPQvdNUIIOXnxV7x4UMSr3+DNv7GzHDTxQcHjvSqq6vmJFBod59taWV1b39jMbGW3d3b39u2Dw7qOU8V4jcUyVk2fai5FxGsoUPJmojgNfckb/uBm4jceuNIiju5xmHAvpL1IBIJRNFLHPsm3JQ+wBS4U4QJKUIa2Er0+enkA6Ng5p+BMAcvEnZMcmaPasb/a3ZilIY+QSap1y3US9EZUoWCSj7PtVPOEsgHt8ZahEQ259kbTN8ZwZpQuBLEyFSFM1d8TIxpqPQx90xlS7OtFbyL+57VSDK68kYiSFHnEZouCVALGMMkEukJxhnJoCGVKmFuB9amiDE1yWROCu/jyMqkXC26pUL4r5irX8zgy5JicknPikktSIbekSmqEkUfyTF7Jm/VkvVjv1sesdcWazxyRP7A+fwC11pVz</latexit>

Gain matrix (leadfield)

<latexit sha1_base64="27sb4O9FzBgj+znh/IS+VLb0zVA=">AAACB3icbVA9SwNBEN3zM8avqKUgiyIoQrgTRcughZYRTCIkIeztzcXFvb1jd04SjnQ29v4KGwtFbP0Ldvk3bj4KjT4YeLw3w8w8P5HCoOv2nanpmdm5+dxCfnFpeWW1sLZeNXGqOVR4LGN94zMDUiiooEAJN4kGFvkSav7d+cCv3YM2IlbX2E2gGbG2EqHgDK3UKmw1EDqYXTChaMRQiw7dk8CCUIAM9nutwo5bdIegf4k3Jjul7cbBU7/ULbcKX40g5mkECrlkxtQ9N8FmxjQKLqGXb6QGEsbvWBvqlioWgWlmwz96dNcqAQ1jbUshHao/JzIWGdONfNtpb701k95A/M+rpxieNjOhkhRB8dGiMJUUYzoIhQZCA0fZtYRxLeytlN8yzTja6PI2BG/y5b+kelj0jorHVzaNMzJCjmySbbJHPHJCSuSSlEmFcPJAnskreXMenRfn3fkYtU4545kN8gvO5zfSv5xC</latexit>

# sensors

<latexit sha1_base64="P3eSuRYnsFj8MojbD5omyX08guE=">AAAB+nicbVA9SwNBEN2LXzFqTLTUYjEIVuFOFC1FG8sI5gOSEPY2k2TJ3t6xO6eGMz/FxkIRWwt/h53/xMLCzUehiQ8GHu/NMDPPj6Qw6LqfTmphcWl5Jb2aWVvfyG7m8lsVE8aaQ5mHMtQ1nxmQQkEZBUqoRRpY4Euo+v2LkV+9AW1EqK5xEEEzYF0lOoIztFIrl28g3GHSKFADyoTaDFu5glt0x6DzxJuSwtnu+7n7/ZUttXIfjXbI4wAUcsmMqXtuhM2EaRRcwjDTiA1EjPdZF+qWKhaAaSbj04d03ypt2gm1LYV0rP6eSFhgzCDwbWfAsGdmvZH4n1ePsXPaTISKYgTFJ4s6saQY0lEOtC00cJQDSxjXwt5KeY9pxtGmlbEheLMvz5PKYdE7Kh5f2TTOyQRpskP2yAHxyAk5I5ekRMqEk1vyQJ7Is3PvPDovzuukNeVMZ7bJHzhvPy/1l6Y=</latexit>

# sources

<latexit sha1_base64="nF/2Zy8UlDmYkcG8XqIxDfGs4Qc=">AAAB+nicbVC7TsMwFHXKqxQoKYwwWFRITFWCQDBWZWEsEn1ITVQ5rtNadR6yb4Aq9FNYGECIlYHvYONPGBhwmw7QcqQrHZ1zr33v8WLBFVjWp5FbWl5ZXcuvFzY2t4rbZmmnqaJEUtagkYhk2yOKCR6yBnAQrB1LRgJPsJY3vJj4rRsmFY/CaxjFzA1IP+Q+pwS01DVLDrA7SJ0yzp5U465ZtirWFHiR2DNSru6/16zvr2K9a344vYgmAQuBCqJUx7ZicFMigVPBxgUnUSwmdEj6rKNpSAKm3HS6+hgfaqWH/UjqCgFP1d8TKQmUGgWe7gwIDNS8NxH/8zoJ+OduysM4ARbS7CM/ERgiPMkB97hkFMRIE0Il17tiOiCSUNBpFXQI9vzJi6R5XLFPKqdXOo0aypBHe+gAHSEbnaEqukR11EAU3aIH9ISejXvj0XgxXrPWnDGb2UV/YLz9ACJul50=</latexit>

“forward” field for a single dipole 
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<latexit sha1_base64="gMWw6a8Mb/9OxcE8RKjYv4GCFE4=">AAACBnicbVDJSgNBEO1xjXEb9ShCYSJ4CjMxQY9BLx4jmAWSIfR0epImPQvdNUIIOXnxV7x4UMSr3+DNv7GzHDTxQcHjvSqq6vmJFBod59taWV1b39jMbGW3d3b39u2Dw7qOU8V4jcUyVk2fai5FxGsoUPJmojgNfckb/uBm4jceuNIiju5xmHAvpL1IBIJRNFLHPsm3JQ+wBS4U4QJKUIa2Er0+enkA6Ng5p+BMAcvEnZMcmaPasb/a3ZilIY+QSap1y3US9EZUoWCSj7PtVPOEsgHt8ZahEQ259kbTN8ZwZpQuBLEyFSFM1d8TIxpqPQx90xlS7OtFbyL+57VSDK68kYiSFHnEZouCVALGMMkEukJxhnJoCGVKmFuB9amiDE1yWROCu/jyMqkXC26pUL4r5irX8zgy5JicknPikktSIbekSmqEkUfyTF7Jm/VkvVjv1sesdcWazxyRP7A+fwC11pVz</latexit>

# sources

<latexit sha1_base64="nF/2Zy8UlDmYkcG8XqIxDfGs4Qc=">AAAB+nicbVC7TsMwFHXKqxQoKYwwWFRITFWCQDBWZWEsEn1ITVQ5rtNadR6yb4Aq9FNYGECIlYHvYONPGBhwmw7QcqQrHZ1zr33v8WLBFVjWp5FbWl5ZXcuvFzY2t4rbZmmnqaJEUtagkYhk2yOKCR6yBnAQrB1LRgJPsJY3vJj4rRsmFY/CaxjFzA1IP+Q+pwS01DVLDrA7SJ0yzp5U465ZtirWFHiR2DNSru6/16zvr2K9a344vYgmAQuBCqJUx7ZicFMigVPBxgUnUSwmdEj6rKNpSAKm3HS6+hgfaqWH/UjqCgFP1d8TKQmUGgWe7gwIDNS8NxH/8zoJ+OduysM4ARbS7CM/ERgiPMkB97hkFMRIE0Il17tiOiCSUNBpFXQI9vzJi6R5XLFPKqdXOo0aypBHe+gAHSEbnaEqukR11EAU3aIH9ISejXvj0XgxXrPWnDGb2UV/YLz9ACJul50=</latexit>

Source amplitudes (unknown)

<latexit sha1_base64="SR1AcMZK/1jm4IAiKILxIoOJHbQ=">AAACC3icbVC7SgNBFJ31GeMramkzJAgRIeyKomXQxjKiUSFZwuzkJhkyO7vM3FWXJb2Nnd9hY6GIrT9gl79xklj4OjBwOOc+5p4glsKg6w6dqemZ2bn53EJ+cWl5ZbWwtn5hokRzqPNIRvoqYAakUFBHgRKuYg0sDCRcBv3jkX95DdqISJ1jGoMfsq4SHcEZWqlVKDYRbjE7G8+jLLQ7MWmDoeVE9VV0o7YHrULJrbhj0L/E+yKlarG58zCsprVW4aPZjngSgkIumTENz43Rz5hGwSUM8s3EQMx4n3WhYaliIRg/G98yoFtWadNOpO1TSMfq946MhcakYWArQ4Y989sbif95jQQ7h34mVJwgKD5Z1EkkxYiOgqFtoYGjTC1hXAv7V8p7TDOONr68DcH7ffJfcrFb8fYq+6c2jSMyQY5skiIpE48ckCo5ITVSJ5zckUfyTF6ce+fJeXXeJqVTzlfPBvkB5/0TuaKedQ==</latexit>

times

<latexit sha1_base64="O++x92uSyEUaX331K2rzcSEMlNY=">AAAB83icbVDLSgNBEJyNr7i+oh69DAbBU9gVRS9i0IvHCOYByRJmJ7PJkNnZYaZXDEt+w4sHRb36Hd69iH/j5HHQxIKGoqqb7q5QCW7A876d3MLi0vJKftVdW9/Y3Cps79RMkmrKqjQRiW6ExDDBJasCB8EaSjMSh4LVw/7VyK/fMW14Im9hoFgQk67kEacErNRqAbuHDHjMzLBdKHolbww8T/wpKV58uOfq9cuttAufrU5C05hJoIIY0/Q9BUFGNHAq2NBtpYYpQvuky5qWSmK3BNn45iE+sEoHR4m2JQGP1d8TGYmNGcSh7YwJ9MysNxL/85opRGdBxqVKgUk6WRSlAkOCRwHgDteMghhYQqjm9lZMe0QTCjYm14bgz748T2pHJf+4dHLjFcuXaII82kP76BD56BSV0TWqoCqiSKEH9ISendR5dF6ct0lrzpnO7KI/cN5/ADL3lXI=</latexit>

am
p
li
tu
d
e
(n
A
.m

)

<latexit sha1_base64="J081U3OSQSQD6YfvDmdey5agLBU=">AAACAHicbVDLSgNBEJyNrxhfUQ8evAwJQkQIu6LoMerFYwTzgCSE2UknGTI7u8z0iiHk4jf4B148KOLVz/CWv3HyOGhiQUNR1U13lx9JYdB1R05iaXlldS25ntrY3NreSe/ulU0Yaw4lHspQV31mQAoFJRQooRppYIEvoeL3bsZ+5QG0EaG6x34EjYB1lGgLztBKzfRBHeERByywyzBuAc2pq3xwPGyms27enYAuEm9GsoVM/eR5VOgXm+nveivkcQAKuWTG1Dw3wsaAaRRcwjBVjw1EjPdYB2qWKhaAaQwmDwzpkVVatB1qWwrpRP09Ye8zph/4tjNg2DXz3lj8z6vF2L5sDISKYgTFp4vasaQY0nEatCU0cJR9SxjXwt5KeZdpxtFmlrIhePMvL5Lyad47y5/f2TSuyRRJckgyJEc8ckEK5JYUSYlwMiQv5I28O0/Oq/PhfE5bE85sZp/8gfP1A2LXmT0=</latexit>
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<latexit sha1_base64="gMWw6a8Mb/9OxcE8RKjYv4GCFE4=">AAACBnicbVDJSgNBEO1xjXEb9ShCYSJ4CjMxQY9BLx4jmAWSIfR0epImPQvdNUIIOXnxV7x4UMSr3+DNv7GzHDTxQcHjvSqq6vmJFBod59taWV1b39jMbGW3d3b39u2Dw7qOU8V4jcUyVk2fai5FxGsoUPJmojgNfckb/uBm4jceuNIiju5xmHAvpL1IBIJRNFLHPsm3JQ+wBS4U4QJKUIa2Er0+enkA6Ng5p+BMAcvEnZMcmaPasb/a3ZilIY+QSap1y3US9EZUoWCSj7PtVPOEsgHt8ZahEQ259kbTN8ZwZpQuBLEyFSFM1d8TIxpqPQx90xlS7OtFbyL+57VSDK68kYiSFHnEZouCVALGMMkEukJxhnJoCGVKmFuB9amiDE1yWROCu/jyMqkXC26pUL4r5irX8zgy5JicknPikktSIbekSmqEkUfyTF7Jm/VkvVjv1sesdcWazxyRP7A+fwC11pVz</latexit>

# sensors

<latexit sha1_base64="P3eSuRYnsFj8MojbD5omyX08guE=">AAAB+nicbVA9SwNBEN2LXzFqTLTUYjEIVuFOFC1FG8sI5gOSEPY2k2TJ3t6xO6eGMz/FxkIRWwt/h53/xMLCzUehiQ8GHu/NMDPPj6Qw6LqfTmphcWl5Jb2aWVvfyG7m8lsVE8aaQ5mHMtQ1nxmQQkEZBUqoRRpY4Euo+v2LkV+9AW1EqK5xEEEzYF0lOoIztFIrl28g3GHSKFADyoTaDFu5glt0x6DzxJuSwtnu+7n7/ZUttXIfjXbI4wAUcsmMqXtuhM2EaRRcwjDTiA1EjPdZF+qWKhaAaSbj04d03ypt2gm1LYV0rP6eSFhgzCDwbWfAsGdmvZH4n1ePsXPaTISKYgTFJ4s6saQY0lEOtC00cJQDSxjXwt5KeY9pxtGmlbEheLMvz5PKYdE7Kh5f2TTOyQRpskP2yAHxyAk5I5ekRMqEk1vyQJ7Is3PvPDovzuukNeVMZ7bJHzhvPy/1l6Y=</latexit>

times

<latexit sha1_base64="O++x92uSyEUaX331K2rzcSEMlNY=">AAAB83icbVDLSgNBEJyNr7i+oh69DAbBU9gVRS9i0IvHCOYByRJmJ7PJkNnZYaZXDEt+w4sHRb36Hd69iH/j5HHQxIKGoqqb7q5QCW7A876d3MLi0vJKftVdW9/Y3Cps79RMkmrKqjQRiW6ExDDBJasCB8EaSjMSh4LVw/7VyK/fMW14Im9hoFgQk67kEacErNRqAbuHDHjMzLBdKHolbww8T/wpKV58uOfq9cuttAufrU5C05hJoIIY0/Q9BUFGNHAq2NBtpYYpQvuky5qWSmK3BNn45iE+sEoHR4m2JQGP1d8TGYmNGcSh7YwJ9MysNxL/85opRGdBxqVKgUk6WRSlAkOCRwHgDteMghhYQqjm9lZMe0QTCjYm14bgz748T2pHJf+4dHLjFcuXaII82kP76BD56BSV0TWqoCqiSKEH9ISendR5dF6ct0lrzpnO7KI/cN5/ADL3lXI=</latexit>

noise

<latexit sha1_base64="CMILPNsPlgh2JsN+hHgqp3T/B8s=">AAAB7nicbVBNS8NAEJ34WetX1aOXxVbwVJKi6LHoxWMF+wFtKJvtpF262YTdjVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZqV2TMNVb6pbJbdecgq8TLSRlyNPqlr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n83On5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiaz38mAK2RGTCyhTHF7K2EjqigzNqGiDcFbfnmVtGpV77J69VAr12/zOApwCmdwAR5cQx3uoQFNYDCGZ3iFNydxXpx352PRuubkMyfwB87nD7nbjyw=</latexit>



Minimum Norm Solution 

•  We have a grid of dipoles on the surface or in a volume 

•  Underdetermined problem! 

•  Need to find an optimal solution given the data 

•  Find the current distribution with the smallest overall amplitude that 
can explain the measurements (in the L2 norm sense) 
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X⇤ = arg min||M �GX||2 + �||X||2

<latexit sha1_base64="ck0xwUg+bLElQTUvn45PPqw/HN0=">AAACH3icbVDLSgMxFM34tr6qLt1crIIolpniayMUXehGULC20BeZNG2DmcyQ3BFL2z9x46+4caGIuOvfmNYutPVA4HDOfeQeP5LCoOv2nInJqemZ2bn5xMLi0vJKcnXtzoSxZjzHQhnqgk8Nl0LxHAqUvBBpTgNf8rx/f9738w9cGxGqW2xFvBzQhhJ1wShaqZo82ipUduEUSsgfsU11AwKhutDpwBXsw0Wh06lkYA9K0o6sUasPlK1qMuWm3QFgnHhDkiJDXFeTX6VayOKAK2SSGlP03AjLdiEKJnk3UYoNjyi7pw1etFTRgJtye3BfF7atUoN6qO1TCAP1d0ebBsa0At9WBhSbZtTri/95xRjrJ+W2UFGMXLGfRfVYAobQDwtqQnOGsmUJZVrYvwJrUk0Z2kgTNgRv9ORxcpdJewfpw5tMKns2jGOObJBNskM8ckyy5JJckxxh5Im8kDfy7jw7r86H8/lTOuEMe9bJHzi9b87FoGI=</latexit>

Hamalainen et al 1994 



4. Processing EEG and MEG data 
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Basic MEEG Acquisition 
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Pipeline 
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Software packages 

•  Freesurfer: https://surfer.nmr.mgh.harvard.edu 

•  MNE-Python: https://mne.tools/stable/index.html 

•  MNE-C 

•  MNE-MATLAB 

•  EEGLab 

•  FieldTrip 
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MRI Preprocessing 
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•  Run Freesurfer recon-all 
•  White matter, gray matter, inflated surfaces 
  



Make the boundary-element model (BEM) 
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•  BEM surfaces: triangulations of the interfaces 
between the different tissues 

•  Head geometry, conductivities 
•  Independent of MEG data/head pos 
•  Needed for forward computation 
•  Use command line tools: 

•  mne_watershed_bem

•  mne_flash_bem

•  Or use mne Python: 
•  mne.bem.make_watershed_bem

•  mne.bem.make_flash_bem

•  mne.viz.plot_bem



Co-Register the MRI head model to the head 
position recorded during the MEG 
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•  Mne python: mne.gui.coregistration or 
•  Command line: mne coreg
•  mne_analyze

•  This will position the head and the MEEG  
sensors in a common coordinate system 

•  “-trans.fif” file  
(coordinate transformation) 



Compute the Source Space 
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Surface Source Space 

Volume Source Space 

•  Define the position and orientation of the candidate 
source locations 

•  Surface-based source space 
candidate dipoles are confined to a surface 
mne.setup_source_space

•  Volume source space 
mne.setup_volume_source_space



Compute the forward operator and the noise cov 

•  Also called the gain matrix or the leadfield matrix 

•  mne.make_forward_solution

•  Noise covariance matrix can be obtained either from the empty room or from 
the baseline period of the data 

•  mne.compute_raw_covariance

•  mne.compute_covariance

•  Should I regularize the noise covariance matrix? 
The estimated covariance might be unstable and induce correlations 
between the estimates 

•  mne.minimum_norm.inverse_operator50 



Compute inverse solution 

•  Apply the inverse operator to the MEEG data 

•  mne.minimum_norm.apply_inverse

•  Returns a source estimate (either a surface source estimate or a volume 
source estimate) 

51 



Artifacts 
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Artifact Removal Methods 

•  Signal Space Projection (SSP) 

•  Independent Component Analysis (ICA) 

•  Don’t forget that ICA assumes that the sources are 
statistically independent  
Only independence is at work  

 



4. What can I see with MEEG? 
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Time (Good temporal resolution!) 
Event Related Potentials and Fields 
Epoched Data 
Source Estimates 

TIME SPACE 
Source space 
Sensor space 

FREQ 
TIME + FREQ SPACE + FREQ 



To Summarize 
•  EEG detects electric fields due to neuronal activity, MEG detects the corresponding magnetic field 

•  They are sensitive to differently oriented sources (MEG – tangential dipoles, EEG – both radial and tangential) 

•  Goal of the neuromagnetic inverse problem is to estimate the current source density underlying the measured MEEG 
data 

•  Current density in the cortex is approximately a constant: 1 nA.m/mm2 (Murakami & Okada 2016) 

•  (Helmholtz 1953): Even if you know the magnetic/electric potential precisely everywhere outside the head, you 
cannot recover the primary current distribution uniquely 

•  Prerequisite for most localization studies is the solution of the forward problem 

•  There are ambiguities in the solution of the inverse problem – the results depend crucially on the assumptions of the 
source modeling 

•  Size of the activated region in the source images need not related to the actual dimensions of the source but rather 
reflects an intrinsic limitation of the imaging method. 

•  “Different source estimation methods give converging evidence when interpreted correctly” – M. Hamalainen 2/14/20 



THANK YOU! 
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