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A clinical neuroscience research institute that recognizes the dignity 
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causes of and cures for disorders of mood, anxiety, eating, and memory

J. Bodurka 03/2012



Outline:   
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- real-time fMRI with neurofeedback (rtfMRI-nf)

- self-regulation of amygdala activation using rtfMRI-nf

- multimodal simultaneous fMRI and EEG neurofeedback

Neuroimaging Neurofeedback Opportunities for Neuroimaging Neurofeedback Opportunities for 
Self Modulation of Brain NetworksSelf Modulation of Brain Networks



Real-time fMRI with Neurofeedback
  

explore self-regulation of brain activity
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GUI display red bar shows fMRI  
signal level from red ROI.

Real-time fMRI 
signal from a 
selected ROI

L
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Real-time fMRI neurofeedback system

Besides regular fMRI data from 
the whole brain, we can also collect, 
in real time, fMRI signal values from 
selected ROIs, record/process them, 
and display them in graphic form back to 
the subject. This way one can control 
one’s own brain signal during experiment.

Implementation:
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Subject inside 
the scanner

Regions of interest
(ROIs): green, yellow, 
red circles

fMRI Real Time 
Data Processing
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Hardware
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Host 
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LIBR MR750 real-time MRI hardware architecture
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LIBR MR750 real-time MRI software architecture

TCP/IP
UDP

Real Time Data and AFNI 
Linux Server

AFNI 

RT_QA

RT_physio

RTfeed 

       Other

RTAfni

TTL, Sync Waveforms

from MRI scanner 

Scanner control software:

   -dicom image database
   -system logs
   -control variables 

 
 

MRI Scanner Host Computer

RTmri2

Dimon, ReadPool, RTss

All new software to accomplish this:
~15 000 lines of code
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Self-Regulation of Amygdala Activation Using 
Real-Time fMRI Neurofeedback

Zotev et al. PloS ONE 6:e24522, 2011
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-We investigated whether healthy individuals can learn to directly control (upregulate) 
activation in the amygdala, a region involved in emotional processing, using rtfMRI-nf. 

- Abnormalities of amygdala function are observed in patients with neuropsychiatric disorders, 
e.g. in depressed patients hyperractivation to negative stimuli and attenuated response to 
positive stimuli (Victor et al. 2010). 

- Volitional control over the neuro-physiological mechanisms that mediate emotions could 
potentially provide a different route for treating psychiatric diseases.

Amygdala rtfMRI-nf self-regulation study

LL
HIPSL

RA LA
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28 male subjects (14 experimental/14 sham group)
Whole brain single-shot GE EPI with SENSE (R=2), 
TR=2s, voxel volume 2.5×2.5×2.9 mm3

Three ROIs: Left Amygdala (LA) – real nf 
Right Amygdala (RA) 
The Horizontal Segment of the Bilateral 
Intraparietal Sulcus (HIPS) – sham nf 

Victor et al., 2010 Archives of General Psychiatry. 2010;67:1128-1138.



Single training run:

 ~8min

time

Experiment runs:

Count 100, 97, 94 … (-3)

40sec

Rest

40sec
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-nf is presented as red bar with dynamic height. The red bar height reflects BOLD signal from LA (or HIPS in 
sham) during Happy condition
-during nf subjects recall happy autobiographic memories and try to raise the red bar while the static blue bar 
serves as target level);
-because the Happy condition requires memory recall and thus rumination could potentially not be stopped 
quickly, two control conditions (Count and Rest) were implemented to “shake this feeling” or distract subjects’ 
attention and dampen the response of amygdala.  

Amygdala rtfMRI-nf self-regulation study: paradigm

40sec



 Significant increase in
    left amygdala activation
    across training runs,
    linear trend

 Ability to activate left
    amygdala persists after
    Run3 during Transfer run

 Significant difference
    between experimental
    and control groups 

Data analysis: 
-GLM-based % signal 
  change

-Mean value within ROI
 average for all Happy 
 conditions in a given run 
 and group

-Linear trend analysis

-Group ANOVA

Effect of rtfMRI-nf on amygdala
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Phillips et al.

OHBM 2012 
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rtfMRI-nf:  MDD patients

Preliminary results:
EG=6, CG=3 
patients



Cardiac & respiratory rate variations

- EG and CG exhibited no statistically significant differences in mean cardiac rates for
either Happy or Rest conditions for any of the six runs, and no statistically significant
differences were observed in mean respiratory rates .
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Activation network for happy versus count contrast

Experimantal group: 
Happy>Count
fronto-temporo-limbic network:

- frontal lobe
bilateral:
superior frontal gyrus,
ventrolateral prefrontal cortex
(PFC);
right: medial frontal polar cortex,
dorsomedial PFC,
ventromedial PFC.

- temporal lobe
bilateral:
superior temporal gyrus,
middle temporal gyrus;

- limbic lobe
bilateral hippocampus;
left: amygdala, 
parahippocampal gyrus,
pregenual anterior cingulate
cortex (ACC), 
posterior cingulate cortex;
right: subgenual ACC. 



Happy vs. Rest contrast: seed selection for FC analysis

 

- The largest difference between the two groups is at locus (-17, -7, -16) within the
left amygdala (seed for functional connectivity analysis).
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Transfer run, *p<0.05 uncorrected (Size – cluster, min 20 voxels)
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Functional connectivity pattern for the left amygdala 

Fronto-temporo-limbic network: 

- frontal lobe 
bilateral: 
superior frontal gyrus, 
ventrolateral prefrontal cortex 
(PFC), medial frontal polar cortex, 
dorsomedial  PFC, 
lateral orbitofrontal cortex; 
left: middle frontal gyrus; 
right: ventromedial PFC.

- temporal lobe   
bilateral: middle temporal gyrus;

- limbic lobe 
bilateral: amygdala, 
parahippocampal gyrus, posterior 
cingulate cortex; 
left: pregenual anterior cingulate  
cortex  (ACC);  
right: subgenual ACC, 
hippocampus.

- thalamus, and bilateral insula

Transfer run



-Right medial frontal polar cortex (MFPC, BA10)
- Bilateral dorsomedial prefrontal cortex (DMPFC, BA 9) 
- Left pregenual anterior cingulate cortex (ACC, BA 24)
- Bilateral superior frontal gyrus (SFG, BA 8,6)

Data analysis:
-GLM-based correlation analysis
-Seed ROI at (-17, -7, -16) in LA
-Other ROIs are at peak connectivity
 points for the Transfer run 
-All ROIs have R=5 mm
-Linear trend analysis

 

Significant increase in functional connectivity 
with left amygdala during neurofeedback training: 

Functional connectivity changes within amygdala network

J. Bodurka 03/2012



Conclusions:
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1) Healthy subjects can learn to regulate BOLD fMRI signal of their left 
amygdala using rtfMRI neurofeedback and positive  autobiographic 
memory retrieval;  

1) The effect of rtfMRI-nf training on left amygdala persists beyond the 
actual training into sessions when no neurofeedback is provided;

3) Significant difference in BOLD fMRI activation of left amygdala is 
observed between the groups receiving rtfMRI-nf from left amygdala 
and sham neurofeedback from HIPS region;

4) Average left amygdala activation during rtfMRI-nf training with 
autobiographic memory retrieval correlates with subjects' ability to 
identifiy their own feelings;

5) rtfMRI-nf training targeting left amygdala is accompanied by 
widespread changes in amygdala functional connectivity, with six 
regions showing significant connectivity enhancements with left 
amygdala (referred to here as the amygdala network).
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Multimodal simultaneous 
fMRI and EEG neurofeedback.

Bodurka et al., Zotev et al.,

ISMRM 2012, OHBM 2012 
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Why bother:

- Multimodal simultaneous fMRI & EEG can enhance understanding of 
spatio-temporal dynamics of the brain 

- EEG offers independent subject “state of mind” measure during fMRI 

- fMRI & EEG can help to unravel relationship between spontaneous 
neuronal electrophysiological activity and BOLD low-frequency 
fluctuations 

- Resting state EEG laterality implicated in wide range of clinical 
disorders involving dysfunctions in emotion-related processes

- EEG neurofeedback can be successfully used in psychotherapies 

- Multimodal simultaneous fMRI and EEG neurofeedback may offer a 
novel tool for the development of cognitive neuroscience research 
paradigms and enhance cognitive therapeutic approaches for major 
psychiatric disorders.

Multimodal simultaneous fMRI and EEG 



Multimodal simultaneous fMRI and EEG 
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EEG time course with MRI artifacts

EEG time course after correctionU [uV]

data points

data points

Sampled at 5000Hz 

Sampled at   250Hz

U [uV]

MRI: GE DISCOVERY 
MR-750 3 Tesla MRI

EEG: MR-compatible
128ch Brain Product
BrainAmp MR+ amplifiers

- Excellent gradient fidelity 
    and stability
-SAR efficient RF body coil
- Modified EPI
- Hardware sync between 
   MRI master clock and the 
   clock of the EEG amplifier
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EEG microstate (MS): a topographic 
representation of quasi-stable (~100ms) 
EEG scalp electric field potentials.
Lehman D., 1980 In: Functional states of the brain: their 
determinants. Elsevier/North-Holland Biomedical Press, 
Amsterdam, pp. 189-202.

EEG MSs can be segregated based
on their spatial dissimilarity. The MS
time course can be derived using the 
spatial correlation between instantaneous 
topography and each group and then 
compared to BOLD data. Some correlation
and overlap with BOLD RSNs were found.   
Britz et al. 2010 NeuroImage 52, 1162-1170.
Musso et al. 2010 NeuroImage 52, 1149-1161.

 
We hypothesized:
The intrinsic brain networks active 
during rest would be reflected in 
both EEG and fMRI data.

ICA was applied to decompose EEG
recordings into spatially distinct 
microstates that showed maximal 
temporal independence.

Yuan et al., 2012
Neuroimage 
60:2062-2072

Multimodal simultaneous fMRI and EEG: 
spatio-temporal dynamics of the brain at rest 
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Multimodal simultaneous fMRI and EEG: 
spatio-temporal dynamics of the brain at rest 

We found:
Temporal independent 
EEG microstates and 
their combination 
correlate with all 
identified BOLD RSNs.
 

Yuan et al., 2012
Neuroimage 
60:2062-2072
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A=(F3-F4)/(F3+F4)
EEG laterality,
frontal assymetry in 
Alpha, Beta band
Moderator/mediator 
of emotions
disease:
MDD, PTSD, 
Panic Disorders,
ADHD

LA ROI mean signal

Concept: Real-time integration of independent EEG and fMRI data streams

R

Simultaneous fMRI and EEG neurofeedback

Simultaneous fMRI & EEG

rtEEG data rtfMRI data

References:
Frontal EEG asymmetry as a moderator and mediator of emotion. J. Coan (2004) Biol. Psychology 67, 7 
High-beta frontal EEG asymmetry in depression:  D. Pizzagalli et al. (2002) Biol. Psychiatry 52, 73
High-beta EEG neurofeedback in depression:  V. Paquette et al. (2009) Psychiatry Res. 174, 231
Real-time fMRI neurofeedback of left amygdala:  V. Zotev et al. (2011) PLoS ONE 6, e24522



J. Bodurka 03/2012

MRI hardware
3T GE MR750
Excellent gradient 
Fidelity & stability

MRI software
Accurate EPI timing

EEG hardware
128ch Brain Products GmbH
BrainAmp MR+ amplifiers

EEG software
Real-time MRI, CB artefact 
removal: RecView

What is needed:

Custom software for  
multimodal data integration

Custom real-time system

SYNC

SYNC

fMRI
data

EEG
dataSubject

Simultaneous fMRI and EEG neurofeedback
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MRI hardware:
3T GE MR750

EEG hardware:
128ch Brain Products

Bodurka et al.,

ISMRM 2012, 

OHBM 2012 

Implementation:

Simultaneous fMRI and EEG neurofeedback
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Experimental protocol: six healthy control subjects, whole-brain fMRI, EPI (ASSET=2) 
(3.75×3.75×2.9 mm3), 8ch RF coil, 32ch eeg cap.

References:
Frontal EEG asymmetry as a moderator and mediator of emotion. J. Coan (2004) Biol. Psychology 67, 7 
High-beta frontal EEG asymmetry in depression:  D. Pizzagalli et al. (2002) Biol. Psychiatry 52, 73
High-beta EEG neurofeedback in depression:  V. Paquette et al. (2009) Psychiatry Res. 174, 231
Real-time fMRI neurofeedback of left amygdala:  V. Zotev et al. (2011) PLoS ONE 6, e24522

Zotev et al.,

ISMRM 2012, 

OHBM 2012 

Proof-of-concept experiment: healthy control, up-regulate BOLD left amygdala activity, 
and simultaneously up regulate frontal EEG asymmetry during happy autobiographic 
memory recall.  

Frontal asymmetry:
A=(P

F3
-P

F4
)/(P

F3
+P

F4
)

Beta band 21-30Hz

LA ROI 
mean signal

R

Simultaneous fMRI and EEG neurofeedback
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EEG-fMRI neurofeedback performance 

Results for 6 healthy subjects, mean ± s.e.m.

Conclusion: Subjects were able to simultaneously up-regulate their 
frontal EEG power asymmetry in 21-30 Hz band and their left 
amygdala fMRI activation using EEG-fMRI neurofeedback and 
emotional self-induction with positive autobiographical memories.

A=(P
F3

-P
F4

)/(P
F3

+P
F4

)
Beta band 21-30Hz

Simultaneous fMRI and EEG neurofeedback
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Analysis of EEG-fMRI neurofeedback data

Step 1: Average artifact-substraction-based removal 
of CB and MR artifacts (similar to real-time 
processing in RecView), exclusion of head motions 

Step 2: ICA-based removal of residual CB and MR 
artifacts

Step 3: ICA-based removal of muscle and eye 
movement artifacts 

Conclusion: the reported EEG asymmetry 
changes are not caused by artifacts

Simultaneous fMRI and EEG neurofeedback
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Summary:

- real-time fMRI neurofeedback offers a unique opportunity to modulate 
 and study brain network dynamics;

- the ability to self-regulate emotion-related brain areas provides an 
 interesting avenue for investigation of novel therapeutic approaches, 
 particularly for depression, PTSD, eating disorders, addiction, and autism; 

- neuroimaging neurofeedback, in particular multimodal fMRI & EEG 
 neurofeedback, may offer more efficient ways to self-regulate brain 
 regions or even entire networks.

Neuroimaging Neurofeedback Opportunities for 
Self Modulation of Brain Networks

- multimodal fMRI & EEG neurofeedback may offer a translational path toward 
 the development of rtfMRI-verified, stand-alone EEG neurofeedback 
 training for psychotherapies.



J. Bodurka 03/2012

LIBR MRI Facility & Lab

Vadim Zotev, Ph.D. Raquel Phillips, BA
staff scientist research assistant

Han Yuan, Ph.D. Maryam Falahpour, MS
postdoctoral fellow Ph.D. student

Julie Owen & Julie Welch - MRI techs

LIBR:
Wayne Drevets, MD
Patrick Bellgowan, Ph.D.
Kyle Simmons, Ph.D.
Ruben Alvarez, Ph.D.
Jonathan Savitz, Ph.D.
Kym Young, Ph.D.

Frank Krueger, Ph.D GMU
Matthew Feldner, Ph.D. UA
Patrick Ledden, Ph.D. Nova Medical
Patrick Britz, Ph.D. Brain Vision
Scott Hinks, Ph.D. GE

 Collaborators and acknowledgments:

Research supported by Laureate Institute for Brain Research 
and the William K. Warren Foundation.


