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Human Functional Brain Imaging 

S.	
  Makeig,	
  2009	
  S.	
  Makeig	
  2010	
  

Some	
  human	
  brain	
  imaging	
  milestones	
  

	
  	
  	
  	
  1926	
  	
  	
  ~1st	
  	
  human	
  EEG	
  recordings	
  

EEG era	
  
	
  	
  	
  	
  1938	
  	
  	
  	
  	
  1st	
  EEG	
  spectral	
  analysis	
  
	
  	
  	
  	
  1962	
  	
  	
  ~1st	
  computer	
  ERP	
  averaging	
  (CAT)	
  

ERP era	
  
	
  	
  	
  	
  1979	
  	
  	
  	
  	
  1st	
  event-­‐related	
  desynchroniza%on	
  
	
  	
  	
  	
  1993	
  	
  	
   	
  1st	
  fMRI	
  BOLD	
  recordings	
  

fMRI era	
  
	
  	
  	
  	
  1993	
  	
  	
  	
  	
  	
  1st	
  broadband	
  ERSP	
  
	
  	
  	
  	
  1995	
  	
  	
  	
  	
  1st	
  mul%source	
  EEG	
  filtering	
  by	
  ICA	
  
	
  	
  	
  	
  2009	
  	
  	
  ~1st	
  commercial	
  dry	
  electrode	
  EEG	
  toys	
  

fEEG / BMI / MoBI era	
  …	
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Figure 1. Relative number of PubMed citations retrieved by ‘All Fields’ search terms: ‘EEG,’ ‘ERP,’ and ‘Brain 
Oscillations.’ The percent of citations for each search term relative to the total number of citations returned 
by a search for any of the three terms is plotted relative to the other two search terms. For visual clarity, 

‘Brain Oscillations’ citations are graphed with a green dotted line according to the Y-axis labels on the right; 
‘EEG’ with a blue solid line and ‘ERP’ with a red dashed line according to the Y-axis labels on the left.  
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Three Modern Eras of EEG Research 

ERSP ERD ICA 

Loo, Lenartowicz & Makeig, 2015 

EEGLAB 

ERP 

SSR 

S. Makeig, 2016 

EEG ERP EBD 



A. Akalin Acar, C. Acar & S. Makeig, 2015 

1997 

1957 

Figure 7: Estimated source distributions for independent component (IC) 5 of subject S1 using
forward models incorporating BSCR values at various SCALE iterations when iterations start
from BSCR=80 (red plot) and from BSCR=25 (blue plot). Color bar: normalized signal source
density.

18

2016 



Hemodynamic	
  imaging	
  
=	
  imaging	
  local	
  brain	
  

Energy	
  
Direct	
  3-­‐D	
  inverse	
  model,	
  
but	
  quite	
  slow	
  &	
  indirect	
  
as	
  well	
  as	
  expensive	
  

and	
  heavy	
  (non-­‐portable)	
  

Functional Brain Imaging 

ElectromagneMc	
  imaging	
  

=	
  imaging	
  local	
  cor%cal	
  

Synchrony	
  

3-­‐D	
  imaging	
  requires	
  model,	
  

but	
  quite	
  fast	
  &	
  direct	
  measure	
  	
  

of	
  one	
  aspect	
  of	
  cor%cal	
  ac%vity	
  –	
  	
  

local	
  spa%al	
  field	
  coherence..	
  

S.	
  Makeig	
  2014	
  

•  	
  EEG	
  is	
  inexpensive	
  	
  
•  	
  EEG	
  is	
  well	
  tolerated	
  
•  	
  EEG	
  is	
  lightweight	
  /	
  wearable	
  /	
  mobile	
  



1960 à 
Response 
averaging 

2000 à 1993 à 

Brain Electrophysiology 

S. Makeig, TINS 2002 

? 
20?? à 

 

  ERP  ß       EEG  ßà  LFP    à  Spikes 

ß SPATIAL SCALE à 
20?? à 

20 x 10-6 m 20 x 10-2 m 



 

 

 

 

EEGLAB	
  History	
  
• 	
  1993	
  –	
  ERSP	
  (Makeig)	
  

• 	
  1995	
  –	
  Infomax	
  ICA	
  for	
  EEG	
  (Makeig,	
  Bell,	
  Jung,	
  Sejnowski)	
  

• 	
  1997	
  -­‐	
  EEG/ICA	
  Toolbox	
  (cnl.salk.edu),	
  ITC	
  &	
  ERC	
  

• 	
  1999	
  -­‐	
  ERP-­‐image	
  plots	
  (Jung	
  &	
  Makeig)	
  

• 	
  2000	
  –	
  EEGLAB	
  GUI	
  design	
  (Delorme)	
  

• 	
  2002	
  –	
  1st	
  EEGLAB	
  (sccn.ucsd.edu)	
  

• 	
  2004	
  -­‐	
  1st	
  EEGLAB	
  support	
  from	
  U.S.	
  NIH	
  and	
  reference	
  paper	
  

• 	
  2006	
  -­‐	
  1st	
  EEGLAB	
  plug-­‐ins,	
  STUDY	
  structure,	
  and	
  component	
  clustering	
  tools	
  

• 	
  2009+	
  –	
  New	
  toolboxes:	
  NFT,	
  SIFT,	
  BCILAB,	
  MPT,	
  …	
  

• 	
  2011	
  –	
  EEGLAB,	
  the	
  most	
  widely	
  used	
  EEG	
  research	
  environment	
  !	
  

• 	
  2012	
  -­‐	
  ERICA	
  (Experimental	
  Real-­‐Mme	
  InteracMve	
  Control	
  &	
  Analysis)	
  framework	
  	
  

	
   	
  for	
  Mobile	
  Brain/Body	
  Imaging	
  (MoBI)	
  	
  	
  (LSL,	
  SNAP,	
  XDF,	
  MoBILAB)	
  

• 	
  2013	
  –	
  HeadIT.org	
  online	
  

• 	
  2016	
  –	
  LIMO	
  /	
  GLM	
  integrated	
  	
   S. Makeig 2013  



 

 

 

 

EEGLAB	
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S. Makeig 2011 
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10th Anniversary SCCN Impromptu celebration 1/2/12 

Swartz Center for Computational Neuroscience, UCSD 

SIFT	
  

EEGLAB	
  

AMICA	
  

BCILAB	
  

MoBILAB	
   MPT	
  NFT	
  

SIFT	
  

EEGLAB



BCILAB	
  

DIPFIT	
  

SIFT	
  MPT	
  

	
  
EEGLAB	
  
Plug-­‐In	
  

Extensions	
  	
  

S.	
  Makeig	
  et	
  al.	
  (2011)	
  

NIST 







Who 
am I? 



Brain	
  processes	
  	
  

have	
  evolved	
  and	
  func%on	
  	
  

to	
  op%mize	
  the	
  outcomes	
  

of	
  the	
  behavior	
  

the	
  brain	
  organizes	
  

in	
  response	
  to	
  

perceived	
  challenges	
  

and	
  opportuni4es.	
  	
  

Embodied	
  Agency	
  	
  

Brains	
  meet	
  the	
  challenge	
  
of	
  the	
  moment	
  	
  
–	
  every	
  moment!	
  

S	
  Makeig	
  2010	
  

	
  	
  	
  	
  	
  	
  	
  	
  

Evaluate	
  

Perceive	
  Act	
   Perceive	
  Act	
  

Evaluate	
  



S . Makeig, 2007 

Brain	
  imaging	
  natural	
  cogni4on	
  -­‐-­‐	
  ac%ons	
  &	
  interac4ons	
  

	
  

Imaging	
  Human	
  Agency	
  
	
  



What	
  is	
  EEG?	
  
•  A small portion of cortical brain electrical activity 
•  An even smaller portion of total brain electrical activity 

•  But which portion? 
•  Triggered and modulated how? 
•  With what functional significance? 

Cloud	
  art:	
  	
  Berndnaut	
  Smilde	
   S.	
  Makeig,	
  2016	
  



EEG (scalp surface fields) 

ECOG (larger cortical     
surface fields) 

Local 
Extracellular 
Fields 

Intracellular and 
peri-cellular fields 

Synaptic and 
other trans-
membrane 
potentials 

Brain dynamics are 
inherently multi-scale 

At each  spatial recording scale, the signal 
is produced by active partial coherence of 
distributed activities at the next smaller 
spatial scale. 

Scott Makeig 2007 



EEG (scalp surface fields) 

ECOG (larger cortical     
surface fields) 

Local 
Extracellular 
Fields 

Intracellular and 
peri-cellular fields 

Synaptic and 
other trans-
membrane 
potentials 

Brain dynamics are 
inherently multi-scale 

At each  spatial recording scale, the signal 
is produced by active partial coherence of 
distributed activities at the next smaller 
spatial scale. 

Scott Makeig 2007 

Cross-scale coupling 
is bi-directional! 

 

 

 

 

Larger 
 

 
Smaller 



Scott Makeig 2008 

Macro field dynamics are 
spontaneous emergent 

spatiotemporal dynamics 
– in both outer space 

and cortex. 



	
  Phase	
  cones	
  (Freeman)	
  

	
  Avalanches	
  (Plenz)	
  

S.	
  Makeig	
  2010	
  



=	
  Avalanches	
  (Beggs	
  &	
  Plenz)	
  

S.	
  Makeig	
  2007	
  

Local Cortical Synchronies 
are 

Effective EEG Sources 



RS	
  Anderson,	
  2007	
  

‘Event-related 
synchronization’ 



Sim
ple patterns 

C
om

plex patterns 
Delta band 

(1-4 Hz) 
in  

anesth. 
animals 

ß 4 mm à 

Spike rates were highest near the position and 
time of spirals and saddles and lowest in the 
presence of synchrony.” 

“Synchrony was associated with high delta-band 
amplitude (averaged across the recording array), 
whereas complex waves were associated with 
low average delta-band amplitude. … 

Townsend	
  et	
  al.,	
  2015	
  



MH	
  Mohajerani	
  



Alan Friedman 

 
The spatiotemporal field 

dynamics of cortex and brain 
have not yet been imaged on 

multiple spatial scales! 
 



NASA Sun Observatory 

Spatial complexity depends on frequency 



EEG (scalp surface fields) 

ECOG (larger cortical     
surface fields) 

Local 
Extracellular 
Fields 

Intracellular and 
peri-cellular fields 

Synaptic and 
other trans-
membrane 
potentials 

Brain dynamics are 
inherently multi-scale 

At each  spatial recording scale, the 
signal is produced by active partial 
coherence of distributed activities at 
the next smaller scale. 

Scott Makeig 2007 

Cross-scale coupling 
is bi-directional! 

Larger 

 

 

Smaller 




SCALE	
  

CHAUVINISM	
  









CorMcocorMcal	
  

CorMcothalamic	
  

Value	
  System	
  
ModulaMons	
  

EphapMc	
  
ModulaMons	
  

The	
  generaMon	
  and	
  modulaMon	
  of	
  EEG	
  
is	
  COMPLEX	
  and	
  not	
  well	
  studied	
  

S.	
  Makeig	
  2007	
  

Neuroglial	
  

Excitatory	
  
Inhibitory	
  



E. Halgren  et al., 2015 

IV 

I 

In Cortex:  Up ≠ Down   
and  +µV  ≠ -µV 

Cortical surface    Up 

Thalamus        
Down 

Latency (ms) à 

Layer à
 



From E. Halgren  et al., 2015 

Surface 
P 

Surface 
N 

cf. T. Elbert, ~1990 Slide: S. Makeig, 2016 



Naïve 2-D interpretation of EEG signals?   

? 
? ? 

? 
? 

? ? 

Cortical source current volume 
conduction patterns 

Cortical EEG signal projection 
patterns as point processes 
X



	
  	
  

Cortex	
  

Skull	
  

Local	
  
Synchrony	
  

Local	
  
Synchrony	
  

Skin	
  

	
  	
  

S.	
  Makeig	
  2007	
  

Each	
  scalp	
  EEG	
  data	
  channel	
  sums	
  the	
  projected	
  acMviMes	
  
of	
  mulMple	
  brain	
  (and	
  non-­‐brain)	
  source	
  processes.	
  

EEG	
  
Effec%ve	
  
Sources	
  



The very broad EEG point-spread function 

	
  Akalin	
  Acar	
  &	
  Makeig	
  2010	
  

Simulated parietal effective source Very broad projected scalp potentials 



One 
emergent, 
spatially 
coherent 
effective 
source 

1 million 
active 
minicolumns 

Summed 
scalp 
projection 



[Show Zeynep_1MSources_2.mov] 



One 
emergent, 
spatially 
coherent 
effective 
source 

1 million 
active 
minicolumns 

Summed 
scalp 
projection 

The effective sources of the scalp EEG 
& MEG are emergent islands of local 

synchrony / near-synchrony. 
 



Two spatially static 
cortical sources 

Scalp projection 

9  Hz 10 Hz 

Z.	
  Akalin	
  Acar	
  &	
  S.	
  Makeig	
  (2012)	
  

The very broad EEG point-spread function 



EEG Scalp Signal Illusion 

Two Effective Sources Their summed 
scalp projection 

10 Hz 9 Hz 

Summed 
scalp 
projection 



Scalp EEG Illusion 

Their summed 
scalp projection 

10 Hz 9 Hz 

Summed 
scalp 
projection 

ep· i·phe·nom·e·non: a 
s e c o n d a r y e f f e c t  o r 
byproduct that arises from 
but does no t causa l ly 
influence a process. 



The very broad EEG point-spread function 

	
  Akalin	
  Acar	
  &	
  Makeig	
  2010	
  

Simulated EEG summing 30 cortical effective 
sources (animation at 1/5th real time) 

Thirty 
spontaneously emergent, 
spatially coherent  
effective sources 



Non-brain ‘artifact’ contributions to scalp EEG 

Brain sources only PLUS non-brain sources 



NFT	
  

Proton	
  Density	
  

T1-­‐weighted	
   T2-­‐weighted	
  

MRI Segmentation 

Solve the 
forward 
problem 

using realistic 
head models 

(BEM) 

Mesh generation 

EEG/MEG 

Source  
Estimate 

Inverse 
Problem 

Signal  
Processing 

Sensor 
Localization 

Electromagnetic source localization 
                                 using realistic head models 

Zeynep	
  Akalin	
  Acar	
  &	
  Scoi	
  Makeig	
  ‘06	
  

Simple	
  
Map	
  



But	
  how	
  to	
  find	
  
EEG	
  effec%ve	
  sources?	
  

Cloud	
  art:	
  	
  Berndnaut	
  Smilde	
   S.	
  Makeig,	
  2016	
  



                 CSF 

EEG 	
  	
  	
  Cocktail	
  Party	
  

Blind	
  EEG	
  Source	
  SeparaMon	
  by	
  
Independent	
  Component	
  Analysis	
  

S.	
  Makeig,	
  S.	
  Enghoff	
  (2000)	
  

Tony Bell, 
developer of 
Infomax ICA 

ICA can find distinct EEG source 
activities -- and their ‘simple’ scalp 

maps! 



ICA	
  in	
  
prac%ce	
  

Onton	
  &	
  Makeig,	
  2006	
  



Onton,	
  Makeig	
  (2006)	
  



S. Makeig 2007 

Questions … ? 


