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Can EEG Biofeedback Improve
Performance”?

The literature is mixed on this question (Vernon, 2005)

Study Protocol
changed

Beatty et al,
1973

Egner &
Gruzelier 2001

Egner &
Gruzelier 2004

Vernon et al
2003

Suppress 3-7 Hz

Enhance 3-7 Hz
+C3 15-18 Hz
-(4-7, 22-30 Hz)

+Cz 12-15 Hz,
-(4-7, 22-30 Hz)

+Cz 12-15 Hz,
-(4-7, 22-30 Hz)

-Cz 0-4 Hz,
-8-12 Hz

suppressed
enhanced
10 No
10 No
8 No
8 Increased
12-15 Hz

Better radar perf.

Worse radar perf.
Reduced errors in
TOVA

Increased d’,
TOVA, less error

No change in
attention CPT

Increased
memory recall
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Background W

Problem: stress, fatigue, inattention, overload

Approach: neuroergonomic models and control systems

— Create useful definitions of cognitive states
— Measure, model and optimize cognitive states

Model Development

— EEG-based models of mental states (PLS, KPLS)
— Successes and failures: +Fatigue +BCIl +Engagement -Workload

Current Research
— Multiway sensor-process models (PARAFAC, N-PLS)
— Real-time countermeasures

— Neurofeedback for hemispheric resource management and
adaptive self-control




Hemispheric Specialization and
Interaction

Dual-Core
Processor

 Left and right brain hemispheres process
task information differently, independently
and simultaneously

* Modes of hemispheric interaction

« There is complementary hemispheric specialization
« The left hemisphere is linguistic, numerical, analytic, individualistic
« The right hemisphere is visuo-spatial, synthetic, social, emotional

« Complex tasks can be optimized by division of labor
* When resources are limited each hemisphere can monitor
errors in the other

« Conditions of overload and fatigue can be ameliorated by
modulating attention in the two hemispheres




Lateralized Attention Network Test (LANT) W

<

 UCLA developed the LANT for measuring selective attention in each
hemisphere. It includes:

« Conflict Resolution, Spatial Orienting, Alerting
« The LANT is sensitive to individual differences

* In Handedness and in Gender

* In Personality. E.g., anxiety, empathy

* In Social Relations, e.g., Sensitivity to discrimination , Conditions of
teamwork

« Performance can be optimized by:

» Adapting to the diurnal rhythms of the attentional networks in the two
hemispheres

* Providing individually emotionally relevant background and spatial cues

« Modulating the attention networks of the two hemispheres, e.g., by
using EEG Biofeedback




EEG “Atoms’ W

Basic Sources
“atoms”

Coherent
/ Systems
“molecules’
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Coherence Bonds
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Atomic Decomposition of EEG with
PARAFAC

Parallel Factor Analysis Model:

» We treat EEG spectra as a tensor product of three modes:
frequency, electrode, and time (+ error)

» We simultaneously decompose the modes into
a unique set of latent variables or “atoms.”

» The EEG itself uniquely determines the atoms
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Do EEG Atoms inform us about W
Mental States?

Yes, they do!
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EEG Atoms Track Mental Fatigue W

v

PARAFAC power atoms during first and last 15 minutes of a 3-hour mental
arithmetic task performance in one participant. Atom 1 (blue) did not change
over time. Atom 2 (red) reflected the development of mental fatigue.
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EEG Atoms Track Mental Workload W

<

PARAFAC EEG coherence atoms during UAV task
performance in one participant
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EEG Atoms Gauge Mental Fatigue
inthe LANT

EO/EC >
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Are EEG Atoms Reliable? W

Yes, they are!
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Reliability of EEG Atom
Measurement

S128 EO/EC Spectra
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Do we know where in the brain W
EEG Atoms come from?

Yes, but only roughly ...

It's impossible to know for sure where EEG
sources come from using scalp electrodes, but
we can make reasonable educated guesses with
pseudo-inverse methods like LORETA or surface
Laplacians
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Sources of EEG Atoms Estimated with
sLORETA

(X.Y.Z)(5.55.,70) o] ; (1.4E2)  (ST27CED ;7.813ms] SLORETA| Spectra
" Fla [ "la | o6
5 5
04
Theta o 0
02
5 5
3 0
(Y) o5 0 em Sem (X) 0 10 20 30 40
(X.Y.Z)e(25,-95,10) o) ; (1.882) [S127ECEQ ; Oms] SLORETA
& P T 2 06
%
04
Alpha .
f 02
5
o 5 10 0
e ® 0 otd 0 10 20 30 40
(X.Y.Z)(-20.50.70) [mm)] ; (1.38€-2) [S127-ECED :15.63ms] SLORETA|
v v
/ Fla | "l | o6
g M
5 5
04
SMR
0 0
0.2
5 5
0
QRS0 ) 0 10 20 30 40
(X.Y. 220, 65.65) (o] ; (B5BE-2) [S127-ECED : 31.25ms] il
P Pl [ fl | 06
2
- s | o4
Beta 1 . .
02
5 5
0 ya ey
A0em 5 0 5em (X) 0 10 20 30 40
(X.Y.Z)e(45.-70. 45) ) ; (1.22£1) [S127:6CEO ; 46 88ms] SLORETA|
& Pl [ "2 06
5 < | 04
Beta 2
U o102
5 5 0
o 5 0 em (X) ° g e o 10 Frequeznc::y (Hz) * “




What happened in the W
Neurofeedback Experiment?

Only one group changed performance: the C3 beta group improved
response speed for conflicting targets in the left visual field

Traditional EEG measures showed no changes due to NFT in the
trained band or at trained electrode

EEG atom analyses showed an increase in the beta 1 atom scores
for the C3 beta group only but it was not significant

We had good controls for placebo effects and tests for site of training
and site of action specificity

» Double blind concerning feedback

« Trained using C3 beta, or C3 SMR, C4 SMR

« Sham group got random mix of other’s feedback
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Atom Changes after 5 NFT Sessions

Mean Atom Change Score Day 5 vs. Day 1
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LORETA (CSD) Changes for W
Specific EEG Atoms

How can we find the LORETA solutions for EEG atoms?

* We cannot “input” atoms scores to LORETA
* We can use atom time scores to pick EEG segments in which
the atoms had high scores
« Segments can have high absolute atom time scores
« Or high scores relative to other atoms
« We use relative scores to get EEG segments that are
relatively “pure” for a given atom
« Atom scores “mine the EEG” for segments that are rich in a
given atom, like finding a pure vein of gold ore in a mine!
 Then we compare the average LORETAs of many such
pure EEG segments from different conditions
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Beta 1 Atom Estimated from Seven
C3-beta and Seven Sham Subjects
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Beta 1 Atom LORETASs Estimated from
All Seven C3 beta Subjects
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This is a parametric statistical test of the difference between the
average LORETA for pure beta-1 atom segments from Day 5 minus
same segments for Day 1 in the seven C3 Beta subjects.

The maximum t-statistic value was not significant (t = 6.2 p = 0.078),
and was located in Brodmann area 6, medial frontal gyrus, which may
correspond to a sensorimotor network.
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Beta 1 Atom LORETASs Estimated from
All Seven C3 Sham Subjects
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This is a parametric statistical test of the difference between the
average LORETA for pure beta-1 atom segments from Day 5 minus
same segments for Day 1 in the seven SHAM subjects.

The maximum t-statistic value was not significant (t = 5.1 (p = 0.32)
and was located in Brodmann area 23, posterior cingulate, which may
correspond to a default mode network.
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A Model of EEG Biofeedback for
Performance Enhancement
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Continue Doing
What Worked

1 A\:\m
Behavioral Drift Listen for still

Check State

Rewards good?

Do Something
Different

Check State
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Relate to the Neurofeedback Model?

Do EEG Atoms or Functional Networks W

k Executive

We have some ideas about this but more Default A&
Mod 3 Control

research must be done...

1. EEG alone may not inform us about
functional network activity

2. Clinical EEG oscillations are not clearly |
related to fMRI BOLD signals

3. Some EEG oscillations may be Ryt
inversely related to fMRI BOLD signals

4. EEG ISF activity correlates with fMRI
activations and may modulate faster
oscillations by phase-amplitude cross-
frequency coupling

5. However, we CAN relate fMRI networks
to the model on purely functional
grounds

Sensori-
motor

[ & :
X2/

Auditory
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A (Network) Model of EEG Biofeedback
for Performance Enhancement

T T TS TS T T T T T T T T T T T T T T T T T T T T T T T

Continue Doing Check Internal
What Worked State

Motor Networks

1 A\m
Behavioral Drift Listen for still

Rewards good?

Executive
Control

Sensory Networks

Do Something Check Internal
Different State

Motor Networks DMN
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EEG atoms can track mental states and may
assess outcomes of NFT training

A beta 1 atom increased in a C3 beta NFT
training group after 5 days of training but this
was on marginally significant

This beta 1 group significantly improved
performance for conflict targets in the LVF

No other EEG atom changed and no other group
had performance changes
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Conclusions W

NFT can enhance cognitive performance without a (substantial)
change in the EEG bands and electrodes trained

However, more sensitive measures like EEG atoms suggest that
subtle EEG changes may occur at untrained sites or bands

— We need new research on sensitive measures of EEG change, including
connectivity measures

Our NFT model has a major role for the DMN in balancing and
coordinating activity in other networks (see also Leech et al 2012)

Rewarding subjects for modulating the beta-1 EEG atom may
develop, enhance and maintain a skill of network balancing and
coordination that relies on DMN

This is also consistent with prior beta-1 NFT training studies which
found performance enhancement without EEG changes
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