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Introduction

This Tutorial is created to guide you through a complete data analysis from preprocessing of
individual datasets to cross-subject statistics of source analysis, time-frequency analysis or
source coherence results. We will work with simulated datasets that help to understand basic
mechanisms. Further we will be working with a real dataset of an auditory intensity
experiment located in the BESA Examples folder

.In
this experiment 10 subjects listened to tones (1000 Hz) of different intensity (60, 70, 80, 90,
and 100 dB).
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Tutorial 1 — Preprocessing

What does BESA Research provide?

v" Paging through your data screen by screen or jumping to selected time-points /
events

Adjusting signal amplitude and time-scale

Interpolation of bad channels, changing the channel status

Marking of Artifacts

3-D mapping of the topography at the selected cursor position

Remontaging in sensor and source space

Fast-Fourier-Transform (FFT) of the selected data block

Density Spectral Array (DSA) view of the whole data set

D N N N N N N N

Filtering

BESA Research 7.1 Tutorial Page 7 of 446
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A. Data Review

1. Start BESA Research. From the File
menu, choose Open. In the Select
Data Files box, select folder

in the
folder. Change the file type to ERP files
(*.edf, *.bdf, *.cnt, *.avg) and open file

2. This is a dataset recorded from a 32-
channel electrode cap with Cz as
reference and one EOG channel. Blue
electrodes are over the left side of the
head, red electrodes over the right
side, black electrodes are over the
midline. Triggers are coded as vertical

black bars at the bottom of the screen.

3. To see the 3D-coordinates of the
electrodes and additional head surface
points, select File / Head Surface
Points and Sensors / View (or press
V on the keyboard). Fiducials are
displayed as pink cubicles, electrodes
as red discs. If you click on an electrode
its label will be displayed. If you select
an electrode in the main window, it will
be highlighted in the surface points
view. Close the surface points window.

BESA Research 7.1 Tutorial
Copyright © 2024

| [ setect Data Files

Date modified

1998-09-29 12:28 PM
1998-07-10 6:22 PM

[ o= |
| Cwcw |

Lok i || ERP-Audtony intensty s ~®&erE-
* MName g Size Type
ek :SI.:m 15044 KB CNT File
S2.ent 15965KB  CNT File
Desktop
m
Librasies
This PC
<
Rlea cfppe
Friders [Data Foider -

2|

RN R P ——

© Mortse Preces KA UP it Sercr T Goto Ophom Ve
W | BAT | ERP | TpV | ICA | DSA | TFC | ESI [[Rec _Vir | Src | Usr | Opt | Edm [ LF

W | NF | EdF | EEG

[T surface points

Center (mm]: 0.0 0.0 35.9 {using head coords)
Head radius [mm): 85.00
Electrode thickness [mm]: 0.00

BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany
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4. Select File / Head Surface Points and

e
v [ Sre [ Usr | Opt | Eam

Sensors /| Load Coordinate Files...

(alternatively: ctrl-L) A window opens

showing all auxiliary information that is

associated with the data file.

5. This dialog window allows to specify M&m :
additional information on channel “m'f”ﬁ“";m e v

fles i the

ase enter
P‘eas:dm!fwgenndmnkma radio buttons!

configuration (*.ela), digitized head s

Sp:ufymh:tfmwm!vwwmtm mu:ﬂgasdm new fle:
Yes No File name found

surface points (*.sfp, *.eps) and labels e ) & o
(*.sfn) and more. Here, no additional ”"‘”“,7"’“"’“”"“ ==
files need to be loaded as all the | === oo
relevant information is stored within the %m;s"m,mi e 2 ;,_w
data file. If BESA finds auxiliary files | =~ = ° e e

Clear 0B Clear Events

with the same basename as the data
file, they will be automatically loaded.

Close the window.

6. In order to page through your data, you FCB s i e S A A
FCB e st gt o s bt
can either hit the space bar or use the L i T T

. T2 WMWWW
arrows in the bottom left corner of the CP5 e ey e

. . . CP6 WMW
main window. The arrows with the cz ; —

vertical bar allow you to move half a ( ‘ IR AT
!

page forward or backward. T %o 53750

BESA Research 7.1 Tutorial Page 9 of 446
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7. You can also jump directly to a certain

time-point by pressing Goto / Time...

You might also add markers or
comments to your data by right-clicking
into the data and selecting Marker or
Comment. You can then jump directly
to these events via the Goto menu as

well.

To the

amplitude scaling button on the right

rescale your data, use
side of the main window (just below the
button Scp). In the present case, the

scaling of 50 pV is appropriate.

In order to change the length of the
data window that is displayed at a time
use the time-scaling button at the
bottom right of the main window. In the
present case 10.0 s is an appropriate

viewing window.

BESA Research 7.1 Tutorial
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

Search Tags

D$A|TF

—~

Goto Options Help

Event Log G Usr
Next Tag <tab> b
Prev. Tag shift+<tab> b
Next Marker s
Prev, Marker
bt
Next Comment
Prev. Comment Lass
Next Segment
eg P
Prev. Segment L iy
Begin Segment L
End Segment Mty
e
1‘““ et A
Position in Data
Go Back T

| Scalp Chns. Scale

5
v

v

TITTITTIITTIN

v Update

10.0
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10. If you only want to view a sub-set of d: ACT— P
your electrodes use the button Scp on ;
~ Fpl to Cz All
the right of the main window. You can 4| 3131
. . Numberof  Channel ST
either choose the first / second half or Wiaticl Smip Sepl 1
|| o 31431 |
the 1%t to 4™ quarter of the recorded | =] j | tanar | -r=’
2nd half
channels. You may also adjust the 7 Q =
number of electrodes you want to have M o
2nd quarter
displayed by using the sliders. In the #
rd quarter
current case, change to the all-channel e ]
view. j =]
Al Bottam Close
WMWWWW
B. Interpolation, Marking of Artifacts, 3-D Mapping, Remontaging
1. Electrodes that display a faulty recording & » - S
. . ol Define this channel as bad
can either interpolate or set as bad. o1 Interpolate this channel e
02 ™

Interpolation is based on spherical

AT P s g, AN e itnn
splines, i.e. the information of all other A2 et A 8Nt
electrodes is used to compute the BT ol s e h V0, i s S

F8
interpolated signal. If a channel is set as TT Ao e W b Bttt tordg
bad it will be ignored. To interpolate or set T8

a channel as bad right-click onto the
according channel label and select
Define this channel as bad or Interpolate
this channel®. Interpolated channels will
be displayed in pink, bad channels in grey.
In the current dataset, there are no bad
channels and no interpolation is needed.

" Important note: in case a channel is at located at the rim of the electrode cap it is recommended to set it as bad
rather than interpolate it as interpolation might be inaccurate. The position of an electrode can be checked
following step A3 of this tutorial.

BESA Research 7.1 Tutorial Page 11 of 446
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2. BESA uses amplitude, gradient and low-

signal thresholds when scanning for
artifacts (see Tutorial 2). Still, you might
want to specify artifacts in your data by
hand. This can be useful for e.g. muscle
artifacts that are high-frequent and small
in amplitude. In the current dataset Goto
Time 00:04:28. You will see a muscle
artifact. Left-drag a window across it,
right-click into it and select Define as
Artifact. A red bracket will appear at the
bottom of the main window marking the
artifact. It will be ignored for further
analysis. The artifact marker can be
deleted by right-clicking on a bracket and
choosing Delete. Please delete the artifact

marker in the current dataset.

BESA Research 7.1 Tutorial
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

=) py4
=) O1

F7 WWW

F8
7 N i & YT SV
T8

Search Tags Gote Options Help
DSA | TFC | ESI [[Rec Vir | Src [ Usr | Opt | EdM

I ARadtiaain s oY
s B i Top View of Data

hm ettt b

A s it FFT

WWWW Linear Correlation

I — ) Source Analysis

(PSS — Define as Epoch

ettt At it Define as Artifact

A ey A el Write Segment —

bt A ot e S Copy to Buffer >
. WM Define Artifact Topography

e

dewwm Time-Frequency Plot

: s a1 A
I T
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3. GOtO Time 00:05:49 YOU W|” see an £ |Fe ;VVSJ“W!BATVéVJATpYJ muﬁsa #cjsslr;' Vir | src | Usr | opt | sau]'Tr

eyeblink that is mainly picked up by

electrodes Fp1 and Fp2. Double-click on
it to open the 3D-Mapping window. You
will see a strong frontal positivity that is
typical for eye-blinks in EEG data. We will

not deal with eyeblinks at this stage.

‘I""])l’l” — . - T

Time 000549 01602 Mark 33495 Cur 04853 Fp1 170V Filters of

4. It is possible in BESA Research to remontage the recorded data using virtual standard
electrode caps (Vir-Button) (international 10-10-system) or source montages. In the former
case, you can view the data as if they had been recorded using a standard electrode cap.
In the latter case, data are translated into source space using source montages provided
by BESA (Src-Button) or created by the user (Usr-Button, see Tutorial 9) so that you can

get an immediate display of activity in the respective sources in the continuous recording.

tions Help
“Rec Vir | Src | Usr |

a) Select Vir / Reference Free. This virtual montage consists of 27 standard EEG channels.
The reference was computed as the average signal of an interpolation over the complete
head surface (approximated by a sphere). Since the physical head model assumes a zero
integral over the head surface, this type of referencing removes the bias of the reference
electrode. Note that the Cz electrode carries signal in this montage. Also note that the signal
becomes cleaner as the noise that is common to all electrodes gets subtracted by average

referencing.

BESA Research 7.1 Tutorial Page 13 of 446
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BESA Research 7.1 - Ci\...esearch_T_1\Examples\ERP-Auditory-Intensity\S1.cnt - [m] X
P! Y ity

File Edit View Filters Montage Process ICA ERP Artifact Search Tags Gote Options Help
-F |F+| WrS | SAW | BAT | ERP | TpV | ICA | DSA | TFC | ESl | Rec [ Vir Src [ Usr [ Opt [EdM | LF [ HF [ NF [ EdF | EEG |

virtual Reference Free
F9_rfr
Ad_rfr
P9_rir
Fpi_rfr
F7_rfr
T7_rfr
P7_rir
o1_rfr
F3_rfr
©3_rfr
Pa_rir
Fpz_rir
Fz_rfr
Cz_rfr
Pz_rir
Oz_rfr
Fa_rfr
ca_rfr
P4_rir
Fp2_rir
F8_rfr
T8 _rfr
Pa_rir
02 rfr
F10_rfr
A2_rfr
P10_rfr

Add

1z : 5 : 4t : 5 : L L2
‘ Auto ’ * » I\I‘IHII\IHIII\HHIIHIIHII\HHIIIIIII\HHII\IIII\IHIIIIIIIHH\II\IIIIIII\HIIII\II\HHIIHIII\HI\HHIII\HHIIII\IIHHIIHIIIIIIIHHIHIIIIHIIIIIIIII\HHII\I\HIIIIIII\HIII\IHHIIIHIIIIIIII I 00000 OO IR | 1 0.0
d »

[Time: 00:00:00 [Total: 00:16:02 Offs: 00:00:00 Cur: 5818 s: C3_rfr:-1.19 v Filters off Buffer: 1 Niew: Original Correct: Off

b) Select Src / BR_Brain Regions. Paging through the data you can immediately see that

the left and right temporal sources carry more signal than the other sources.

[ BESA Research 7.1 - Ci\...esearch_7_1\Examples\ERP-Auditory-Intensity\ST.cnt m} X
File Edit View Filters Montage Process ICA ERP Artifact Search Tags Goto Options Help

-F | F+| Wrs | sSAW | BAT | ERP | TpV | ICA | DSA | TFC | ESI | Rec | Vir | 'src Usr [ Opt [EdM [ LF | HF | NF | EdF | EEG |

source BR_Brain Regions ; : ; ; ; ; ; : Add

o e,

TAL ottt st b1 - A o
TPL WWW
TR A Y o S

TPR ettt kst b AR b A e g "

et

i i Is i Lo 1 |
‘ Auto > | * | »2 . ‘II\l\HIHIH\IIIIIIII\IIIII\IIIIIIHHIIIHHHHHHHIIIIII\IIIIIII\HIIIIIIIIII;\HI\HHH\HHH\IHHHIIIIIII\HH\IIHHHHH\I\HHHIHH\IIIIIIIIIH\IIIIIII\I\ AT LT HHIIIHHHIIIII\IIIIIIIHIIIIHHHIH-I\\\IIIIIIIIIIIIIIII\HHI\IHI\IIII\\\IIIIII\\@\I\\\IHHI\I\IIHHH’ 12]]
[Time: 00:00:00 [Total: 00:16:02 (Offs: 00:00:00 Cur:5.921 = FpM : 20.2 nAm Filters off Buffer: 1 Wiew: Original Caorrect: Off
BESA Research 7.1 Tutorial Page 14 of 446
Copyright © 2024

BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany



BESA®

Tutorial 1 — Preprocessing

5. It is possible to view the current montage ==
by pressing the EdM button (alternatively
you can press Edit / Montage). In the
current case we see a source montage that
consists of 15 sources covering the whole
brain. If you click on a source label in the

middle panel BESA will slice the standard

MRI to the position of the source. Youmay '!—

change to a coronal or saggital view by

pressing the according buttons P 5@.

To see different views at the same time, o P\ fQ. P\
@ &

as
press the button 3’? .

H Monta Options  Hel
6. In the montage editor press Montage / e
. Virtual » Reference Free
Virtual / Reference Free to change back Source ) 1010 Avwmge
LUser [ CSD-Laplacian
to sensor level. Now you see the position Aaauioalchamels ' Doudle ganana
Display "Edit’ Montage E Triple Banana
Horzontal Bipolar
of the 27 standard electordes. Note that i
Combined Ears
you can create your own montages or re- S
ference Free | /]
C5D-Laplacian {10-10)

reference your electrodes in the montage

editor as well. Return to the raw data using

the current montage by pressing the .

button located in the top left corner of the @ @J
S ® o © Ll -
montage window. - “ " »

BESA Research 7.1 Tutorial Page 15 of 446
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C. FFT and DSA

1. BESA allows you to calculate an FFT on a

marked datablock? to get a quick idea of

the amplitude or power in different

frequency ranges. Start the FFT by left-

dragging a window in your raw data,

right-clicking into it and selecting FFT.

Please mark a block in the first data

window that covers the eyeblink.

2. In the FFT window the electrodes of the = - .

|virtual  Amp. Spectrum Peak

current montage are listed along with their """ i L
amplitude spectrum from 1 to 30 Hz e %
(default). Beside every electrode the | :Ejj o
frequency is displayed that carries the j
peak amplitude in the specified time- ... - =
range. The current view shoes that the e — %
frontal electrodes are characterised by .. . -
high-amplitude low frequencies. Click into .l:f;:'.:.. vy ;;:j
the low-frequent activity to open the 3-D
Mapping window. i - e 7

e
10

2 |n case you want to look at longer data periods or the whole dataset it is recommended you use the option
Process / Mean FFT-Spectrum

BESA Research 7.1 Tutorial Page 16 of 446
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sie
w S8 W

3. Scale up the the voltage map by using the

~ e
28

upper arrow-key on your keyboard or

+ 3
using the button 4 |t becomes clear that > ) s

the high low-frequent amplitudes are

caused by an eye-blink in the current

example. Note that you can change the

frequency-range you want to view or

change from amplitude to power spectrum

;;;;;

in the View menu. In the Map menu you -

|sRERREEREERREREREREERERERE

can choose the frequency band you want
see a voltage topography of in the 3D-
Mapping window. Close both the FFT and

Mapping window.

4. The DSA view is also based on an FFT Artifact | Search _Tags (
ICA 1| DSA |!TFC |

o —— -

and allows you to quickly get a feeling for

the whole dataset. To start it press the

DSA button in the main window.

5. The default DSA window is divided into left and right hemisphere. It shows a condensed
FFT view of the whole dataset subdivided into blocks of 2 seconds. If you click into an
event in the DSA window, BESA Research will jump to the according timepoint in the data

in the main window.

=] [or TL|FP[s6| [D B| &|F|% | | % B 00:00-00:16 2| &=
Power . = T T 3 T T 1] 5 31T TRNT = T ™ T L TR =7 = =117
e e
wooLE ; !
| RIS e e VR T AT T Y -t PRV bt R ot B s L ‘l - > .
I L1

Ll
f R 4
i (WY L PR 1" WSS Y B T B I TN o R g et o ST I P S N SO e N R P T T W AT VR ey Lo ey
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6. Change the view of the DSA window to

multiple brain regions by pressing the

button ﬂ in the top left corner of the DSA
window. In this view it is possible to see
that the left and right temporal regions
show activity in the alpha / low beta band
that is not present in the other brain
regions.

The DSA view is valuable to quickly
identify time-windows in the dataset that
are characterised by high signal power.
This can be very useful for e.g. epilepsy
research to identify seizure periods and
get a rough idea of the origin of the

seizure. Close the DSA view.

D. Filtering

| TmpR
"

bl s Ao d nt.

SagMm
| e m
154 "
| 1o} "
[ 6 JLRPIRIS B A S TSI LR R T TP

(l i

fPow. o9 0% -

Important note: You will need the program “BESA Simulator” for the further steps.

BESA Simulator is a free program written by Dr. Patrick Berg for the simulation of EEG or
MEG activity generated by model sources.Please download it from
https://www.besa.de/home/downloads/besa-simulator/, and install it on your computer

(administrator rights are required).

1.

It is possible to specify Low Cutoff, High
Cutoff Notch and Bandpass filters in
BESA. This can be done via Filters / Edit
Filter Settings (also: EdF button) or the
buttons LF, HF and NF.

LF | HF | NF | EdF |

BESA Research 7.1 Tutorial
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

Filters Montage Process ICA ERP Artifact Search
- Edit Filter Settings...
Reset to Default Settings

Low Cutoff Filter ]
High Cutoff Filter |
Notch Filter »
Band Pass Filter Enabled

Polygraphic / Additional Chns...
L View Filter Response

('« Baseline Correction Over Whole Trace/Segment
Baseline for Segments..
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2. For Low and High Cutoff filters the filter |vansieritersemings IS =)

[+ Low Cutoff Fiter!
Cutet Frequency Mzl | 01 Type ]furward | sipe BB ¥

type can be set to forward, zero-phase, or

backward. The slope of the filter can also || 1 tign cucsrirer

be edited. In order to understand the | = i B e e

properties of filters better we will now | = [ 2 |

switch to the program “BESA Simulator”. || = *™™ —

Please close the filter menu without | oo 250 g
|

setting any filters. _

3. Open the program BESA Simulator

Besasimulator

(that you have installed, as
mentioned in the note at the beginning of

this topic).

On the left of the window you see the

BESA head schemes, on the right you see R

an electrode layout.

4. Press File /| Load Model and select the
model
located in the

Examples Folder

(

)- You will see two dipoles
representing activity in the left and right = ms & copme = s b o e o
hemisphere along with their source
waveforms, i.e. their activity over time in
the middle panel. Press the button Filters
to show the filter settings. Specify a High
Pass (Low Cutoff) filter of 5 Hz, 6
dB/Octave, forward and make sure that
the box On is only ticked for the High

Pass filter.
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5. The grey waveforms show the effect of the filter. In the below of the topographic maps, the
filter response is displayed. You can see that the High Pass (Low Cutoff) filter as specified
in the previous step has an effect on both the amplitude and the shape of the waveforms.

Amplitudes become smaller and the peaks get shifted forward.

BESA Simulator - EEG: C:\Users\Public\Documents\BESA\Simulator\defauitelp - o x
Eile Edit View Options Help
) 7 7 . {3
D ¢ @ & M & r 2% ? BESA
NewModel LoadSensors LoadModel Load Source Waveforms ~ SaveModel SaveData Undo Redo  Print | Settngs  Heb Contents :
+ % &*1 A A A == 7] T M [ | MWehPass  Frea.0w Sope Type LowPass:  Freq. (H2) Sope Type
InsertSource Delete Source | Reference HeadModel | Fiters | Wovefom Suate RowDota | Standerd Dota SourceWove Custom |- 8 0" - Bk~ ke Uon ) b
| | 3 I g
oK /??,\;\ ////,?\a\ Sh Avengerd, | Nose #ipha 0,50 =
S Cart: v v 3 // \ Uit
/ \ / \ 1 5w
Source 1 ‘ =
( ( ) ) ( ?\ > 50 nAm
Label: on \
= (A ) ({LDD
044 locx ) q
0048 locy <\ ) > o P
ot A S l Fl‘ﬁsﬂ FL,\ n'\/ s
0.184 orix Y RN Vo N 2 L
0454 ony // \ S =3 RS, el ch& FCG&'
\ p— Pl
0.872 oriz p [ % f
FEE ¢ {
Node 5 d ( » ' /n’ J \ , ()R >> T 11' cafl, cff, T
\ y ™ 0
0.0 nAm \ Kie 7 \ I /) b J\; e o _\/\_
25.0 ms N——N— AR s JL_ P s,
Rt ek
g == =
e o e P3 PLAPA,
LA O\ V& 4 ] \\\ 97“/\ P
/ N\ // \ 100 0 650 ms o (\_ 'me‘_
(P 1R ' )) - y 1
s e \ || Low: 5.0Hz, order=1 o1 02
0\ L AT 4 02
\ @l @ / / \\ / / + v
K ; § \ - ’
() Map Sequence < J/ |
orthograhic . ) 0 E) E) o E)
Current folder:C:A 7. b E£G: Spt 33 electrodes

6. Change the filter type to zero-phase. Note that the filter

. High Pass: Freq. (Hz) Slope Type

response changed as well as the filtered waveforms. @on 5 12bjoctave

— [T CR—
While the amplitude of the filtered waveform is still j
diminished, the peaks of the filtered waveforms are
closer to the ones in the unfiltered data. However, a small
new “component” was caused by the filter at waveform
onset and another one at the waveform offset.
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{8 BESA Simulator - EEG: C:\U:

p - o x
| Ele Edt View Options Help
e ] 3 /-\
0 M = ra % ? ) BESA
|* NewModel LoadSensors LoadModel LoadSourceWaveforms  SaveModel SaveData Undo Redo  Print  Settngs  Heb Contents 4
+ X 8 @& A ) == | [l (W (] | toheass  Feeq 0w sope Type LowPass:  Freq. () Sope Type
InsertSource DeleteSource | Reference HeadModel | Fiters  Wavefom SmuateRawData | Standard Data SoirceWave Custom |~ 8O 5 |R2dbfOcave v mrophase v|on » COcteae Lot
| | Pl I g
oK | S #ipha 0.50 =
US Cart.: v } Urfkered
B Sw
Source 1 v orin
Label: Bon Fplp Fp2p
0.444 e x >
008 lcy A PO,
7 8
0.111 loc.z 22 _'V_Fz_&,_"l ‘ e r_J\’_
0.184 orix X d
o4t oy Fesy Fc!ﬂ’ Fczﬂ Fcs)
0872 enz )
NGais S ' ‘ o) al o ﬂ ca R )
) et
120 nam A 2
2300 ms [ c’_’lﬂ[_ c"_’ﬂlf o5,
67 sample P3 P: P4
z )
P PLV\_ “_‘/\_
100 0 ss0ms b 10,
|| Latency 595.0 ms (sam mp 0.0 (-0.0) “VL ‘VL
|| ow: 5.0Hz, order=2 o1 02 4
@/J\@
() Map Sequence <
orthographic v 0 © E 3 0 El
Latency 595.0 ms (sample 140); S1amp 0.0 (-0.0) Current i 57 by EEG:

7.

Increase the amplitude of the red source waveform by dragging up the second node with

the mouse. Note how the “component” at waveform onset also increases.

&8 BESA Simulator - EEG: C: p - a X
File Edit View Options Help
Nzwlij'odd Load Sensors m?;u Load Source Waveforms Saveuh;dd s;ﬂm Lhdnmv:m;z’lnﬁde) R:d:: ﬁ si?i Mpcgmnu 1 BESA
'% _w,_ % I ] i :\ High Pass: Freq. (Hz) Slope Type Low Pass: Freq. (H2) Sope Type
lnsenttce Delegxc: R:@ne na&dd Piers | Waveln Simdate Fim Dot || [Stamiit] ota Seirce viwve Gt || D 5 udjoctave v zeophase v (JOn " Sdoce forkiars
| JE== 3
| Avergunet, | Nose #6ha 0.5
= () () b
1 S
Label: Bon S0nAm FplAf-r Fny\’_ﬁ
0444 loc x > q e
=1 o o
0.111 locz — A F4 A—
w‘ onx 2 i ‘&(_‘&,7
0454 ony FCSA— K‘Aﬁ Fc%r FC_G!\ri
== l{(~) ol
125.0 ms s ey cr_%__o,&\’_
56 sample /\ . . Pap
AAYAR| .. =S
@/J\@ Low: 5.0 Hz, order=2 0!_‘!\_ UI_‘/\_
(0 Mep sequence <
orthographic v o 0 E EJ W %
Current vz e 33 electrodes
8. Change the filter slope to 48 dB/Octave. Note that the  Hehrass  Frea ¢ siope Trpe
Bon 5 12 dbfOctave | zerophase -
filter response suggests better filtering properties, i.e. it T2 o

filters out frequencies below 5 Hz more effectively. The
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downside is that this creates greater artifacts, distorting

the waveform even further.

B BESA Simudator - EEG:C ; i P

ip - o X
File Edt Yiew Options Help
5 = = ; » 5 G ? B
J;ﬂ u.?::?m Lndvliﬂ Mwﬁmhm Smu;;éd BEH ndo Move node 2ndgcle 2 Fedo ::\'IJ w:%:u ne\:c;m : BESA
+ % ﬁ‘f g A == L MighPass:  Frea. bl Sope Troe LowPass  Frea. (M) Sooe Tiee
JsertSarce DeleteSource | Refeence HeadModel | Fiters | Waveform mm_;:uuan Standard Data  Source Wave Custom B = Bdfoome © teoshse - [l i s
: o == i 3
oK ! j Averge . l Tose: Mipha 050 =
US Carts - | L
LI
e LT Pl Fh_
| o ecx
0.:;':‘ :: b s . - '!J:E_w_
0184 onx “u-i_jbj_‘_ﬂ{:l_ﬁl’_._
048 ony Pl e - P
2.873 oz u IIr_j FIJ
:a:? = - ':’_-‘Ir - CJJ‘L,..-_ & I.J_ b L‘_ L. 5 e
n § Ueu_."’—"ﬁv— Wp—om,
o Scte ] Py P4
P?_f__""‘_ 'J\"_N -
LTI
1 %
o1 f OT_\I.L-_
[ s Sequence
orthographe |
Currert L2 Smlatiors. FEG:
9. Disable the High Pass (Low Cutoff) filter and enable  rihpass  Fica. (i) slope Trpe
Jon 5 43 db/Octave zero phase
a Low Pass (High Cutoff) filter of 30 Hz, 12 dB/Octave,
zero phase. Note that the original waveform was not  iowpasss  fre. ) siope Type
@on 30 12 dbfOctave ~  zerophase

changed by the filter. This is the case because evoked

potentials are generally lower in frequency.
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[ BESA Simulator - EEG: C:\U:

= o X
File Edit View Options Help I )
New@oﬂ Load Sensors. Lﬁdﬂ Loadsouc!ajavdoﬂw Save#l;dé SaveData  Undo Move node 2indipole 2 Redo IE :g; Mcg\mts /_1 BESA
msut:m D&ﬁru ﬁ ﬂagdd ;: w;x';m smu;%mmm s;;;‘a Da! Seu:wwe lem‘: ;’m’m =i :p:"’“"” Y::"’“SP :'O:E F:q‘ ofz) T:"W Y r::“‘*"* ¥
" [ |~
= <i> @ = .
Label: 8o Fp1 Fp2j|
oa kex > g / stanlie. o
008 locy L Fg—\/; & Fh—
—— = S R Y e
f?:fi‘i"jy FC_SJ\I_FC_J'V_ Fc%/ix_sﬂv_
= r— | ) \ ] W#jﬁj\ﬁn%
— o Wf\i cps "_‘1" o s —\/‘—
125.0 ms —_— — gk, W—
) . P7 Pa"\’—h—,\/_w—,\’_va
@ 6‘(5 u:’: ::Dmm.‘:r:": rEmie W!\; o1 02 #L
(0 Map Sequence -~
orthographic v 0 10 20 30 0 50
10. Change the Low Pass (High Cutoff) filter to 10 Hz, 12  towpass:  rrea. (i) sope Tyee
Bon 10 12dbfOctave ~ zero phase -
dB/Octave, zero phase. The amplitude of the
waveforms get decreased, while the shape of the
waveform is not as distorted as in the example of the High
Pass (Low Cutoff) filter.
(& BESA Simulator - EEG: ! - [a] X
File Edit View Options Help B
Ncwlgndd m%;m u-déal mdsﬂmaimm Saveur;dd s.v;Hnm Undo Move node 2 in dpole 2 Red: ﬁ sigi I'Hpcgwan! j BESA
+ x &? . A A % [ ] [EH] D“":ﬂ Frea. () s::bm“ r:v::mc :-v;-n Fv:;«x) s:;mn : T,:.,n.,e :
gEmL .t g
Unfitered i
Fony P2

r‘ 50 nAm
——

Fs_‘/_ 0
FL"FBJ\HH J\/J‘J\/:u#‘
KEMK—AF F#FC_EA]_

. UW/;CSJ\/;CLA/;CJKI;TLA:E\/\_
”i_o-“ﬂ/— cd\/—"&\_

P3

27 n J‘ﬁh_l\’_pu\ﬁps

100 0 650ms ps P10
Latency 645.0 ms (sample 150); 1 amp 0.0 (0.5) “ !
High: 10.0 Hz, order=2 o1 02
jl\i _‘/\*
() Map Sequence -~
orthographic v [ 10 E E) 0 50
Current 7. EEG:
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11. Increase the slope to 48 dB/Octave. Note that the filter ~ towpass  rea. ¢io) Sope Tipe

'On 10 48 db/Octave ~
12 dbfOctave
24 db/Octave

sise PR S ic co/Octave g

zero phase

response again suggests better filtering properties

[+

suppressing activity > 10 Hz more effectively. The
consequence is a slightly distorted waveform. Still, the

effect is not as extreme as in the High Pass (Low Cutoff)

1 BESA Simuiator - EEG: C:\Users\Public\Documents\BESA\Simulator\default.elp - o X
File Edit View Options Help
o) 5 e & S ~
D P @ & W W S@® 7 BESA
NewModel  Load Sensors LoadModel Load Source Waveforms | SaveModel SaveData  UndoMovenode 2indpole2 feds  Print  Settngs  Hep Contents
) =X= HighPass:  Freq. (Hz) Skpe T Low P: Freq. (Ha) Si T
+ % rfs“'} “ A A == B W 'voﬂ ass: eq. ¢2) pe .wonas: eq. (H2) Slope yoe
InsertSource DeleteSource  Reference HeadModel  Filters  Waveform SimulateRawData  Standard Data Source Wave Custom = < el e - Mchociare & 2= pluee
= - i | 4
oK T p = _J oise #oha 0.50 =
/ NN A SN
Us Cart.: v / \ \
/ / \\ / \\ i S
Source 2 [ /\» \ ] ( g \ \
Label: Bon ( N— \ I o1 2)\
\ < = —_L ) / 50 nAm LA, oz,
0.39 locx /r\;- / \ ',‘( —
0.063 locy < ‘ | g . G
— \ | / er | | ora
0.127 ez A . A ey FZJ‘ i
0.324 orix VI AN Y N\ 2 V v
0337 oy /'/ A\ /, 3 l —\\ ‘Cj e \
J \ { AR
0884 oz {[ \ w[ ,/‘ V \-) \| ‘
Node 2 v }i\ ® 1 /,‘ /k ;‘ »\ \ , @ “‘/ k s T = CU‘; C’J‘ C‘_ﬂ L SR
Vv
%0 lim \ /) \\L l /, LN J TN
\ / / \ V
o N A/ A~ ' ... O < \*CP\:\
S
sample - b e 8 5 ik %
N ~3N 2 | P4
S i 7 - ] N -y P72 v I
/ \ / \\ 100 0 550 ms ™ P10
/ / \ / ? ‘ N -
| ! | | )1 = =
\‘ \ n A\t W, ) righ: 10.0 Hz, order =8 ! 01/ 02 5
“-\\ © l =@ G X\ Z \\
(0 Map Sequence \ _— | \ | \
orthographic 0 0 E) E) ) E)
Current folder:C: 1 _7_1/Examlesi\ EEG: Spherical model 33 electrodes

Things to keep in mind when filtering

e The closer the frequency of the filters to your signal of interest, the greater the effect of
the filter on your signal of interest.

o Filters affect both amplitude and shape of your waveforms.

e High Pass (Low Cutoff) filters usually have a greater impact on evoked potentials than
Low Pass (High Cutoff) filters as evoked potentials are relatively low in frequency.

e The application of a filter can lead to the introduction of false “components”, the effect
being the greater, the greater the signal amplitude of your waveforms.

e If you are interested in early components (< 100 ms) you should not use High Pass
(Low Cutoff) filters that are zero-phase, as the signal of later components will be
projected onto the earlier components.
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Tutorial 2 — Basic Artifact Correction, Triggers, Averaging

What does BESA Research provide?

Automatic and user-defined artifact correction
Definition of conditions based on trigger values, names and attributes
Artifact rejection based on amplitude, gradient and low-signal criteria

Averaging

N N N NN

Classic ERP analysis
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A. Basic Artifact Correction

1. In case you have closed the data file as

used in Tutorial 1, reopen file S1.cnt

located in the Examples folder ERP-

Auditory-Intensity and switch on the

virtual Reference-Free view (Vir button

- Reference Free).

"
LD (1

Time W0RI0 Mowl (UTAN__ Commoni  w—— Fmaa B 1 S Grgnal Eomeas 01

2. On the first screen, an eye-bliNK ¢ rws sw| s e wv] calos e s | o v e Uar | o5 Ean

% P
PO A i At i @ 30 Mapping: EEG - Voltage o x [

dominates the data. Double click onitto . ?::::::;i:’::;““’;z (Flo ) mElaGaRaal
open the 3D Mapping window and view
the associated typical strong frontal
positivity.
|T‘I‘(::1!I:I‘]*T.].TIOT:2 Mark: 2794 Cur -1196's . F9_ 037 Fil
3. Close the mapping window and select Automatic Artifact Correction X
H H i — Artifact
Artifact / Automatic. In the dialog box ,;320.3 ok |
make sure that only the option EOG is HEDG Ampltude 1500 v o

VEOG/Blink Thieshold ~ [2500 uv
ticked and leave the settings at default.

[~ EKG
After pressing OK, BESA will now E"fﬂ "
automatically scan the data for eye =)= =]

i H EKG litude: Threshold "
movements using an internal model of SRS Tesshelt 1000 K

~Range
artifact topographies. @ Whole EEG
" Between Markers
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4. No horizontal eye movements were found so only a virtual VEOG channel was created by

BESA Research. The eyeblink that was clearly visible in the data before correction is

prepresented in the virtual VEOG channel. Note that “corrected” is displayed in the top left

corner of the main window when artifact correction is switched on. You may switch artifact

correction on and off by pressing ctrl+E or by pressing Artifact / Correct.

[ BESA Research 7.1 - Ci\...esearch_7_T\Bxamples\ERP-Auditory-Intensity\S1.cnt
File Edit View Filters Montage Process ICA ERP Artifact Search Tegs Goto Options Help

- o x

-F | F+| wrs | saw | BAT|ERP\Tpv\ |CA|DSA\TFC| ES|\Rer.| vir

virtual corrected Reference Frae
Fo_rir
A1_rfr WMWM’\N-‘\
Pa_rfr

Src [ Usr | Opt [EdM [ LF [ HF | NF | EdF | EEG |
: Add

FDAT o e e b el

F7_rir
T7_rir

P7_rfr

c32_rir

DT ot ot msmie e i o it At i P P e o P e e e T e At iy o A o == e A sty
FB AT oot et st e e e g p e et im0t et i bt e e et ettt ettt et

e S e i i i R e e

I i VW SRS el
Fz_rfr
Caz_rfr
OZ_HE i et et omei e o s e,
L i i e e

c4_rfr
L i e M

T 0 G g SO VU VU U U NSOV DN

Fp2_rir
F8_rir

T8_rir
P8_rfr »—-—wwu‘—-—-—v—-:r*——-ﬂ—w«—-—--—in«—nw—f
Lo e R E
FADITE  mroeeetep o o b e e o e o
AZ_rfr ; :
PAD_FT ot e e

VEOG w/m"_'

PHH

Auto

5 H H z
I\IIIIIHIH\HHHIII\HIHIIIIIIIIIHIIIIIIIIIIHHHI\HIIHHH\HHIIIIIHIIIIIIIIIHH\HHIII\HHIIIIIIIIIIIIIIII\HIIIIIIIIH\HIIIIHHIIIIIIIIIIII\IIHHHHII\IIHHHIIIIIIIIIIIIIIIIIIIIIIII\HIII\I\I\IIIIIHI\IIIIIIHHI\IIHHHHHIIIIIII\IIIIIIHHHHIII\IHHII\IIIIIIIIII\IIIIIIIIIIIIHHIIII\\\IIIIIIII\\\IIIIIII\HIIIIIIIIHI\HHIIIHH\I\HHHIIIIIIIIII\I\IIIIIIH | 10.0
v s

157

[Time: 00:00:00 Tntﬁ\ DD 16:02 Mark: 2.802 = Cur: 3104 s Fpz_dr: 1.42 v

Filters off Buffer: 1 Miew: Original Carrect: PCA

5. Next we will do the eyeblink correction by hand. For this purpose, switch off the automatic

artifact correction and hide the virtual VEOG channel by pressing Artifact / View. Switch

back to the original data by pressing the Rec button and selecting Original Recording.

You can see that an EOG electrode was used in this experiment. Scale it up to 20 pV using

the according amplitude scaling button.
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[E) BESA Research 7.1 - Ci\...esearch_7_1\Examples\ERP-Auditory-Intensity\S1.cnt

File Edit View Filters Montage Process ICA ERP Arifact Search Tags Gete Options Help
-F|F+| wWrs | saw | BAT |ERP | TpvV | ICA | DSA | TFC | ESI | Rec | Vir [ Src [ Usr [ Opt [EdM [ LF | HF | NF [ EdF | EEG |

Fp1
Fpz
F3
Fd
ca
ca
=]
P4
o1
oz
a1
Az
F7
F8
T
T8
PT7
Pg

Pz
P3
EOG
P10
FC1

Fc2 i ' - . ‘ + - - ; -
e s S SR SOV P ; ; ; : ; : Lo
ros ; : ; ; ; BRI RSNSOI A RS SV

- -

T
T2 . .
PSRt
cPe -

cz

iz
R

[Tirne: 00:00:00 [Total: 00:16:02 Mark: 2.802 5 Cur:1.0005: Fz:-9.62 pv Filters off Buffer: 1 Miew: Original Correct: Off

: 1s : la | H 5 H L le
|I\I‘IIIIHIHHHH\IIIH\IHIIIIIIIIII\IIIIIIIIIIHHHIH\IIH\HHHHIIIIIHIIIIIIIIHHHHHIII\HHIIIIIIIIIIIIIIIIH\IIIIIIIIHH\IIIIHHIIIIIIIIIIII\IIHHHHII\IIHHHIIIIIIIIIIIIIIIIIIIIIIIIH\III\I\I\|IIIIHI\IIIIIIHHI\IIHHHHHIIIIIII\IIIIIIHHHHIII\IHHII\IIIIIIIIII\IIIIIIIIIIIIHHIIII\H-IIIIIII\HIIIIIIIH\IIIIIIIIHI\HHIII\HHIHHH\IIIIIIIIII\I\IIIIIIH
»

100
5

Auto

6. Use the button Add in the top right corner of the main window and select EOG-HB. This
will add virtual electrodes for picking up horizontal eye movements (H_EOG) and eyeblinks
(B_EOG). Scale up the B_EOG channel to 200 nAM by using the according amplitude
scaling button. Note that the eyeblink is reflected in the EOG electrode as well as the virtual
B_EOG electrode. Thus, virtual electrodes can be very useful for the identification of

eyeblinks if an EOG was not specifically recorded.

[ BESA Research 7.1 - Ci\...esearch_7_1\Examples\ERP-Auditory-Intensity\51.cnt - a e
File Edit View Filters Montage Process [CA ERP  Arifact Search Tags Goto Optiens Help
-F [F+| Wrs [ SAW | BAT | ERP | TpV | ICA | DSA | TFC | ESI | Rec [ Vir | Src | Usr [ Opt [EdM [ LF | HF | NF [ EdF | EEG |

: : i : : : ; | Add

Fp1

Fa
c3
ca
P3
P4
o1
o2
A1
A2
F7
Fa
T7
T8
P7
[
Fz
Pz
P9
EOG
P10
FC1
FC2
FC5

: 5 . 4. . 5 . L e
Auto O O 000 R
4] »

.
DKL

Time: 00:00:00 [Total: 00:16:02 Mark: 2.814 s Cur: 3.2155:B: 0.61 nAm Filters off Buffer: 1 Miew: Original Correct Off
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7. Now we will apply filter settings that are | varsbiefiter seing: ' - X

optimal for the identification of blinks. | * towcusffrite

‘ Cutoff Frequency [Hz]:l 0.5 Type: Iforward ;I Slope: IG dBjoct ;I

Press the EdF button to open the filtering

¥ High Cutoff Filter

dialog. Choose a Low Cutoff filter of 0.5 | | cetreamatal & e feopae <] sove [2opc <]

. . ™ Notch Filter
Hz, forward, 6 dB and a High Cutoff filter ‘ B

™ Band Pass Fiter

‘ Frequency [Hz]: I 80 ‘width [Hz]: I 5

of 8 Hz, zero-phase, 12 dB.

Sampling Rate: 250 Hz oK
8. Before marking an eyeblink, we need to
define a default block epoch that will later
be used for the pattern search. To do so Default Block Epoch X
press Edit / Default Block Epoch and
Pre cursor: -100 ms
choose the settings Pre cursor: -100 ms
. . Post cursor: |4UU ms
and Post Cursor: 400 ms. This time
window is usually sufficient to cover the ok | cancel|
whole extension of the blink signal.
9. Right-click on the onset of the blink (you | ——————~"— """~
(7] —————— e S
. SRS ———— &
may use the virtual B_EOG channelasa |[» —  —— ——— — "~ """ u
w o ——— 1T o
reference) and select Default Block. o T T T e —
Fz _——————”____"__2 Atifact Start =
: S S M . N
06 _‘—"L/Mx_;“‘\//\—t—x/_’“‘n_/h‘\_ﬂ}k Comment |-
e Rl e i P R ) T | -
FC2 _ e ——— Pattem 2 -
FC5 e E R ey ot A SR Pattern 3 |
g R S ] o n
T2 S e i Pattem 5 |
E:: :_,-___.::_.__, ___,,,__,___ _L requency Plot :
Cz —
H_EDG = 0 e
BEOG —— e = —— 5 e —
{ |M| b | * I * llI[IlIIlIIIIIIIIll.illIIIIIIIIIIIIIIIII.III[IIIIIIIIIIIIIIIIE
Time: 00:00:00 Tatal: 00:16:02 Mark: 2701 5 Cur: ———
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10. You may select the channels that piCk Up & s s s | e mov | 1oa | bsa| e | £s [ Fee i | e [ s [ om [€

the eyeblink most clearly by holding down

the ctrl-key and left-clicking on the
according electrode labels. Select Fp1,
Fp2 and the virtual B_EOG channel.

BESA Research will only use the selected

channels for the pattern search. However,

when data are filtered it is often not

necessary to specify channels, the search

algorithm may be run using all channels. LA

|
Time: 00:00-00 Total: 00:16:02 Mark:2717 5 Cur.

Fiters: 05-8Hz

11. Before we Start the pattern search’ we Wi" File Edit View [Sltem ﬂaqage Process ICA ERP Arifact Search Tags Goto Options Help
-F |F+| Wrg]| SAW | ;BAT | ERP | TpV | ICA '« Pattem 4

tell BESA Research to stop everytme a = r—m——m——————

i H o Triggers

Az

Average — Write) to start the pattern |

Search, Average, View
Reject Artifacts

-~

. ) . Whaole Data Set -

pattern is classified as a blink. To do so  * R -
c4 Between Maskers .

press Search / Query. ” Totetom .
o1 o bnd of Segmeni ?__

Next press the button SAW (Search — % :::ww -

L Options...

search. o7
12. Whenever BESA Research finds a pattern Avera.. X
that correlates high with the blink we have Accept
i
just defined, it will ask you if you want to ave?ags?

accept it to average. Click Yes to move on

to the next pattern. If you are confident

may select Stop Asking. BESA Research

No |
that the pattern search works well you |

will now automatically scan through the

rest of the data.?

3 If your data are contaminated by many other artifacts, it is recommended to only accept blinks that do not
coincide with another artifact event in order to receive a clean eyeblink topography.
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13. When prompted whether to save the

average buffer, choose cancel.

14. On the left of the main window, an
average segment consisting of all blink
events that were accepted during the
pattern search is displayed with a baseline
of -100 ms and a window length of 400 ms
as specified by the default block epoch.
Left-drag a window in it, right-click and
select Whole Segment.

Right click again and specify Define
Artifact Topography. (If you click next to

the buffer window, it disapears. It can be

displayed again by pressing View /

Average Buffers.)

BESA Research 7.1 Tutorial
Copyright © 2024

BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

B Write Average Buffer - Original Channels - Binary *
Saven: [| | ERP-Audton-tensty s ~BcBE-
* Name ’ Size Type Date modified
7 A Subjects_cefsg 332KB  FSG File 2009-12-09 1:35 PM
o |51 avfsg B63KB  FSG File 2005-05-13 1:53 PM
V4 S1-blink+ERP.fsg 432KB FSGFile  2005-05-18419PM
Deskiop |52 avisg 663 KB FSG File 2005-05-13 1:55 PM
53_avfsg B6IKB  FSG File 2009-12-03 11:58 AM
™ |4 svitsg 653KB  FSG File 2009-12-03 12:09 PM
Libraries 155 avisg 663 KB FSG File 2009-12-03 12:08 PM
) | 56_av.fsg 663KB  FSG File 2009-12-03 12407 PM
| $7_avisg 663 KB  FSG File 2009-12-03 1206 PM
T PG 1 58avifsg 63KB FSGFile  2009-12-03 1204 PM
‘ 59_avfsg 663KB  F5G File 2009-12-03 11:55 AM
Bl S10_avfsg 663KB FSG File 2009-12-03 1202 PM
< >
Fie name [515:] =] e S
Ssveastype:  [Brery High Resoiion ('fag) =] 1 con |l
File Edit View Filters Montage Process ICA ERP An|
-F | F+| WrS | SAW | BAT | ERP | TpV | |
o /‘W
Y > A /\ —_— e —
F3 —1 !L/_‘—
F4 HL— ]
c3 S ————
c4
P3 1 Top View of Data —
ol ||| -
o BEE "
02 = Linear Correlation —
A1 1 Source Analysis o
A2 AR 1
7 BRI Whole Segment —
F8 - Default Block 1
w [Bli/E| Map
T8 HH— ——
p7 | L Image
P8 A Write Segment
Fz u . "
Pz _:: Copy to Buffer
L i Define Artifact Topography
06 - o
FC1
FC2
FCS
FC6 -t
T T
T2 4 — -  —————
CcPs e
c6 H——4r—- —————
Cz
H_EOG
~ =
P17 1150,
A
ol | 4]
< o]
Pattern: 1 Awverages: 150 Points: 125
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15. Note that VEOG is already ticked in the fact Correctic 7
artifact correction window. The reason is e
Selec No. of raphies
that BESA Research still remembered the coaay % veenca chan)
. . . I~ HEDG
automatic artifact correction from before. PiEe ——T e
Select Blink. An error message will ¥ Bink

Assign Artifact Topography x

appear notifying you that the blink and LS

[ Otherl BLINK and VEOG are too similar (correlation = 100%).
VEOG will be deleted!

VEOG topographies are too similar and Y —

that VEOG will be deleted. Confirm with | [ ok | _conce |
OK. oK I Cancel ] Help J

16. A 2D-mapping window opens that &

displays the topography of the first PCA

component (principal component

1r weos [ <]

analysis) that was computed on the - "= 2
IR T — Y

AT

average blink signal. The PCA - oo =

. . . ] o[ 4 -
decomposes the blink signal into @ . .., -
independent topographies. Generally the 57‘&; 7:4%
first component explains > 99% of the — ———— — —— — *

variance, so it is sufficient to only subtract ——————— ]
the first component from the data*. Open
the drop-down menu to view the other
PCA components. Make sure that only the

first component is selected and press OK.

41t is recommended to only select the first PCA component for artifact correction in order to prevent distortion of
the data.
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17. Note that another virtual blink channel was L

created. If you scale it up to 100 pV using

the its amplitude scaling button you will

see that it is almost identical to the virtual

blink channel that was created

automatically using the Add button.
Switch off H_EOG and B_EOG by
pressing Add and selecting Switch off.

Also make sure to swich off artifact

correction for now by pressing ctrl+E.

B. Definition of conditions based on trigger values, names and attributes

1. We will now use the trigger information ICA ERP | Atifact Search Tags Goto Options Help
. . . " . J__'l' Open Paradigm...
in the file to specify conditions that will | EditParadigm...

. k] Save Paradigm As...
later be used for averaging. Press ERP /

Average...

T 1T 11717 1=l

Ed it Paradig m. Combine Conditions, Channels, Find Peaks...
b Coherence
~
— Top View of Data...
N')d-‘:- Edit Triggers... B
: Insert Triggers... s
_—L  CreateTriggers From EMG/EEG... =

Open Event File...
Save Events As...

LS |

— Delete Imported Events

———— T
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Switch to the Trigger tab. 5 triggers are f“f:l e
detected in the dataset. They | == . w w .
correspond to stimuli that were 7— | | | | o]
presented at 60dB, 70dB, 80dB, 90dB l \m_‘ ‘ ‘ ‘
and 100dB. Enter 60dB in the field | & "=
under name and press Add to List. Do E i
the same with the rest of the labels. =

o corcet | v |

We will add further attributes as they will make the definition of conditions easier later
on. Change the name Attribute1 to modality and press Define. In the field below write
auditory and Add to List. Change the name Attribute2 to side and press Define. In the
field below write bilateral and Add to List. Change the name Attribute3 to frequency and
press Define. In the field below write 1000_Hz and Add to List. Change the name
Attribute4 to intensity and press Define. In the field below again add 60dB, 70dB, 80dB,
90dB and 100dB to the list. Finally, select Attribute Values/1, name/60dB,
modality/auditory, side/bilateral, frequency/1000_Hz, intensity/60dB ad press Set.
Proceed with Attribute value/2, name/70dB, modality/auditory, ...

-

Paradigm

L5

Trgger | Condition | Epoch | Filter | Artifact | Average | Coherence |

—Attributes

Icode Iname Imudality Iswde Ifrequency Iintensity Define |

—Aftribute Yalues

IBDdB Iauditury Ibilateral I1DDD_H2 IBDdB Add 1o List |
Eemove from Listl

— Current Assignment

| name | rmodality | side |frequency | intensit
G0dBE auditory bilateral 1000_Hz B0dE
70dB auditory hilateral 1000_Hz 70dB
80dB auditony hilateral 1000_Hz a0dB
90dBe auditony hilateral 1000_Hz 90de
100dB auditory hilateral 1000_Hz 100de

Cancel |
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4.

Switch to the Condition tab. First we want to specify our individual conditions. Enter the
Name 60dB. Then select Qualifier Current, Attribute intensity, Operator Is, Value 60dB
and press Insert. Do the same for Names 60dB to 100dB.

Next we want to specify the condition Low. Enter the name Low and again select
Current intensity Is 60dB and press Insert. We want the Low condition to also contain
70dB stimuli. Thus, additionally specify the condition Low to be Current intensity Is
70dB and press OR instead of Insert. Now, the Low condition contains 60dB and 70dB
stimuli. Specify condition High to contain 90dB and 100dB stimuli.

Finally we will specify the condition All by specifying Current modality Is auditory.
(Make sure your condition definition looks like in the screenshot below.)

-

. Paradigm

Trigger Condition | Epoch | Filter | Artifact | Average | Coherence |

MName Qualifier Adtribute Operatar

Al Frevious Insert
T Is Mot

Mext 1 Replace

Delete

Condition intarval -

G0dB EL Currentintensity s "
70dB 93

80dB 104 Currentintensity ls "
q0dB 85

1008 89 Current intensity ls "
Lo 188

High 174 Currentintensity ls "
u or

Current intensity [s "

Current intensity [s "
or
Current intensity Is "

Current modality |5 "auditor!!

oK | Cancel |

Note that it is also possible to specify other logic combinations using the Qualifier
Previous and Next as well as the Operator Is Not. It is also possible to define an interval

during which a previous or next event can occur under Attribute.
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5. Move to the Epoch tab. Set Averaging
Epoch to -300 : 1000, Baseline
Definition to —100 : 0, Artifact Rejection
to =300 : 1000 and choose Assign to
All. Important note: We recommend
using long pre- and post-stimulus times

to allow for optimum Low Cutoff filtering.

6. Move to the Filter tab. Specify a Low
Cutoff filter of 0.2 Hz, 6 dB/Octave,
forward. Enable it for Scan and
Averaging (i.e. the Low Cutoff filter will
be switched on for the artifact scan and
averaging). This prevents us from
having to filter the averaged data later on
and we can avoid the negative effect
Low Cutoff filters can have on relatively
short data epochs. We will not use a
High Cutoff filter here as we can apply it
later without distorting the data.

You can now save the paradigm
definition by pressing Save As. Choose
any name and add -test to it in order to

not over-write any predefined files.

digm m _ T |
Trgges | Condibon  Epoch | Fiter | Amfoct | Average | Coherence
Averaging Epoch - Baseline Definson | Artact Bejection | Shmalus Afact Deley
Stan P o o] s | [ooo ms | (3000 s oo
s 000 e e L

Paradigm

Togger | Condtion | Epoch  Fiter | Amfact | Average | Coherence |

Low Cutof

[¥ Enahled for Scan

[¥ Enabled for Averaging

Erequency B8] [Hy Slope [Bdbjoa ~|

igh Cuof

Type ffonward -]

r

-

Frequency [500  [H Sloge [zadbjoct |

Bend Pass

Fraguency [f500  [H widih

s

Type [rerophase ~|

[~ Enabled ior Ayeraging

Fiie
Loadl
SeveAs

OK

Cancel Help

C. Artifact rejection based on amplitude, gradient and low-signal criteria

1. To make sure you have the identical paradigm settings as described here, please load

the pre-defined Paradigm-file

located in the

under . Move to the Artifact tab and press Start Scan. You will see a 2-

dimensional diagram showing the channels (rows) and trials (columns) having the most

noise. By default, values based on maximum amplitudes within the predefined artifact

BESA Research 7.1 Tutorial
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epochs are shown. Epochs that exceed the amplitude threshold (default: 120 pV) will be

excluded from further processing. You can view the number of accepted trials per

condition in the Count box. As artifact correction is switched off at the moment, a

substantial number of trials will be rejected.

Trigger | Condition | Epoch | Filter Artifact | Average | Coherence |

—Rejection Method

[ Fixed Threshalds [v Adifact Scan Tool

— Thresholds and Bad Channels
Start Scan |

Usefordw, @ EEG ( MAG ( GRA

1
i |”r||lﬂ|1!:"1 R R —
R i

[

e e %

v Ampl |1ED |_D I]gu LI
T v Gredtent [75.0 I_u [0 ~]
|

m 11 v Low Sig |nm [+

1 1
! "I Bad Channels I 0

36 77 60dE
Sl 33 W 7048
[ 103 81 80dB
85 72 90dE

183 147 Law
174 148 F Hirth

—Sort by File

T
rll Trials
[ Saort Channels by Mean

o Load |

(" Gradient

Save As
[ ™ Low Signal _—I

[~ Log.Display

2. Right-click on the red channels to see
their labels. The two channels that
contain most bad epochs are FP1 and
FP2, two frontal electrodes that pick up
eyeblinks most strongly. Note that it is
also possible at this stage to change a
channel status to good, bad or
interpolated by choosing the according
option in the dialog box or by dragging
the horizontal bar up or down. We will

not do this at the moment, however.

BESA Research 7.1 Tutorial
Copyright © 2024

Trigger | Condiion | Epoch | Fiter  Amfact | Average | Coherence |

Rejaction Mathod Thrashokds and Bd Chnnels

[~ Foed Thesholds [ ArstactScan Tool Stert Soon UselorAv. @ EEG c
3 v Amg! qu ]nxzn

Color Map Auto-Scale
Show Trial
Change Channel Status (good/bad/interpolated)..

il

!
ave As
M Triols 125 | wsigna Sevos |

% SoCharaels by Moen I Log. Display
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3. It is also possible to view the result of [ .

Tigget | Condson | Epoch | Fimer  Adfact | Aversgs | Cohersnce |

sorting the data after a Gradient e s 1Ll'7:"§f‘”2“2‘éi°“|{ R
— vamgd i [0 ]

criterion (default: 75 pV), i.e. epochs will i ;F 2

be marked as bad that contain houisoud D 1

Count_Accepted_Condiion |

amplitude jumps of > 75 pyV between

two sampling points. Choose Sort by

Gradient to view this.

4. The Low Signal criterion can be useful [ T

Tiigger | Condition Epech | Fiher Adfact | Aversge | Coherence

Rejection Method Thresholds and Bsr Chennels

to identify data periods where an e Trrads [ At S Tt s |y e © oo

N [ amg  [120 "lnzn =]

electrode drops off during recording. 5y i )

[+ Low Sig inm ’71 =

color
’—.J

Epochs will be marked as bad during
which the signal is smaller than the
threshold criterion (default: 0.01 pV).
Choose Sort by Low Signal to view

this. In the present case, no epochs fall
under this criterion. Change back to the
Amplitude sorting criterion and press

OK to close the Paradigm window.

5. Switch on Artifact correction by Scan Exists
pressing ctrl+E. Open the paradigm A scan has already been performed.
Agsignments of bad channels which were done in this
window again by pressing ERP / Edit editing session will be lost if you scan again.

Da you want to scan again?

Paradigm and move to the Artifact tab. = —

Start the artifact scan again (now with
switched on artifact correction) by
pressing Start Scan.

A warning message will appear that a
scan has already been performed.
Confirm with Yes that you want to scan

anyway.
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Paradigm [

Tigger | Condibon | Epach | Fiter  Afst | Average | Coherence |

6. Note that a greater number of epochs

Repection Method Thiesholds nd Bad Chiannals

got accepted and that the two bad R I S ey

| |Famg [ [0fm =]
ol [ Gesdient (750 [ 0[50 = i

" | p—— I

1 ¥ LowSig [am 0 i ¥

El

electrodes (FP1 and FP2) that were .

contaminated with eyeblinks are not

olor

B Channsls ]

conspicuous any longer. Some epochs

7 %)
133 186 [98%) Lo
178 T (AR%) Hinh

Sortby Eile

still will be rejected as they exceed the

3 i || e [ =
threshold criteria. These epochs are o e s | i || =
contaminated by other, non-eyeblink =li== o=
related artifacts. It is possible to view
the corresponding epoch in the main
window by right-clicking into a red pixel
and selecting Show Trial.

D. Averaging and Classic ERP Analysis

1. Move to the Average tab. It is possible | T

Tigger | Condton | Eoch | Faer | Aot  Aveage | Coherence |

to restrict the number of conditions for e el
averaging by removing unwanted ‘ i‘”::::; = ol v i{
conditions from the condition list. Seomlll 2 P s
Additionally, it is possible to use w:: — |
constraints, e.g. to only average epochs Zmﬁ:” c.,%m M E
of the first or second half of the : E% ;;f” %"L_J
experiment. This can be useful to make
a split-half comparison. We will now ==
average all conditions by not changing
any settings and pressing Average.
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2. A warning message will appear that
artifact correction is switched on, which
can be problematic for later source
analysis®. We recommend switching off
artifact correction for averaging and
loading the artifact topographies again

The

topographies can be

at later stages. artifact
loaded
automatically (default option) by BESA
Research, or it can be loaded manually
button). For

teaching purposes select the second

later (second radio

option and press OK to confirm artifact
correction to be turned off during
averaging, and to not load artifact
topographies automatically for the
result file.
Note that artifact rejection-based epoch
selection that was already performed is
still valid, regardless of the choice made
in this dialog.

3. When prompted to save the *.fsg file
containing averaged epochs of the
conditions defined in the paradigm, add
a -test to the suggested filename in
order to not over-write any predefined
fles (i.e. choose the name

).

Artifact Correction >

Artifact Correction may distort brain topographies. For discrete source
analysis it is preferable to use uncorrected data and indude artifact
topographies in the source model.

" process without artifact correction, load artifact coeffidents for result

U R N N N S N N S S NN SN SN SN N SN SN N S S

I process without artifact correction, do not load artifact coefficents for result

S S R S S N R S S

" process with artifact correction

oK | Cancel |
I8 Write Average Buffer - Original Channels - Binary x
Saven: [ | ERP-Audtony-ntensty = ~&cr@-

* Name ] Size Type Date modified
All_Subjects_cc fsg 32KE FSG File 2009-12-08 1:35 PM
51_av.fsg G63KE F5G File 2005-05-13 1:53 PM

v S1-blink+ERP.fsg 432KB FSGFile  2005-05-18419PM
Deskdop 152 _av.fzg 663KB FSG File 2005-05-13 1:55 PM
53_avifsg 663KB  FSG File 2009-12-03 11:58 AM
™ 54 avifsg 663 KB F5G File 2009-12-03 1209 PM
Libraries 55_avfig B63KB F5G File 2009-12-03 1208 PM

) 56_avfsg 663KB  FSG File 2009-12:03 1207 PM

S7_avifsg 663KB  FSG File 2009-12-03 12:06 PM
This PC 1 58_avfsg 863KB FSG File 2009-12-03 1204PM
Lﬂ 59_avfsg 663KB  FSG File 2009-12-03 11:55 AM
ol 1510_avfsg B63KB F5G File 2009-12-03 1202 PM
< >

Fle game 51 ovicaied =] Save

Saveastpe:  |Binary High Reschiion (*fag) = Cancel

5 See the effect of switched on artifact correction during averaging in Tutorial 9: Source Montages.
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4. You will be prompted to specify names
for the averaged epochs. By default,
BESA will

defined in the paradigm. Unless you

suggest the names as

want to alter them, choose Stop
Asking and the original names will be
maintained.

5. The Top Data Viewer will automatically

open displaying the averaging results.
You may choose two conditions at once
to be overlaid by holding down the ctrl-
key and left-clicking on the conditions
of interest.
It is possible to change the viewing
properties (color of waveforms, labels,
etc.) by selecting Options [
Preferences or right-clicking in the
background and pressing Viewing
Preferences. The viewing epoch may
be changed by selecting View / Epoch
or right-clicking in the background and
selecting Viewing Epoch.

6. Select condition 60 dB and double click
in the waveforms at 636 ms. At this
time, strong activity in electrodes Fp1
and Fp2 can be seen. The 3-D mapping
window will open. Again, we clearly see
the frontal positivity that is typical for

eyeblinks.

-10 yv

I—SnDrls

Please Enter a Segment Comment X
60dB
60dB
Ok | Stop Asking Cancel
“. Top Data Viewer - 100dB — [m] X

File View Condition Montage Analysis Options Help
60dB 70dB 50dB 50dB 100dB Low High Al

Original Recording

——— % EEG - Voitage

T 6%ms

o

7. Close the TopViewer to return to the main window. After averaging, BESA Research

automatically opens the newly created average file. Therefore, we see a segmented file

containing segments of the conditions as defined in the paradigm. We are now going to
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10.

load the artifact topographies we defined

earlier. To do so press Artifact/ Load...and =

select file

Statf
S1-blink+ ERP.atf

. This file was automatically

written by BESA when we defined the blink

topography. Press Open.

Loading the *.aff file will lead to BESA
Research subtracting the eyeblink
topography. Note that corrected

appears in the top-left corner and a
virtual EOG channel is displayed at the
bottom. Switch off the filters by pressing
the EdF button and deselecting all
filters. Open the TopViewer again by
right-clicking in the data and choosing

Top View of Data.

Return to the 60 dB condition and note
that the large activity around 636 ms
has disappeared. If you now double-
click to bring up the 3D-mapping
window you will see that the blink
topography is gone.

Zoom electrode Fz by right-clicking on
it and selecting Zoom Waveform. Left-
drag a window over the most prominent
peak. Right-click again and select
Find and Mark Peak.
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11. The Find Peaks window will open and

12

automatically display the search results
for the marked data-block in the
specified electrode as well as all other
electrodes. A time of the large negative
peak is 88 ms. BESA also outputs the
mean amplitude in the specified time-
range as well as the Area under the
signal. These results can be saved
using the ASCII Export option. Press
OK.

Back in the TopViewer an arrow will

now mark the peak position.
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Tutorial 3 — Batch Processing, Combine Conditions

What does BESA Research provide?

Batch processing

v

v Creating grand averages

v Creating new conditions from combinations of existing conditions
v

Averaging of channels
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A. Batch Processing

In the following we will create a batch script that performs the same preprocessing, artifact

treatment and averaging in all individual datasets.

1. In BESA Research, select File / Close
All.
Scripts. This will bring up the Batch

Now select Process / Batch

Processing dialog.

2. Press Add File and select both available
(S1.cnt and S2.cnt). Press
Open.

3. The file-list now contains the raw data of
and S2. For

purposes only

subjects S1 display
two datasets were
selected, in principle, an arbitrary
number of files can be selected. We can
see that both files contain data of 32
electrodes sampled at 250 Hz. It is
possible to save or reload a file list at this

stage by pressing the according buttons.
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Montage Process ICA ERP Arifact Search Tag

S

Source Analysis ar-s  fC
Source Image |
Voltage Maps M
CSD-Laplacian Maps C
MEG Maps

Density Spectral Array

FFT-Spectrum F
Mean FFT-Spectrum

Previous FFT-Spectrum

Load FFT >
Linear Correlation L

Nonlinear Regress

Movie
Batch Scripts... Shift+R
Run Batch, R

Load Previcus Press “Add Fie” or deag fies S \Whnoers Expioner o the b to append to the b
o
o [[TEPaamny 3] - - | —
= ] - B 1E=rm]
* e Date madfied i,
Sient 01088 1228 o
““":“ e 01058 1822 am
Desbt
m
[rees
T P
Herak
Ferame o
s sftee: Carest
el
™ oty pen e e heck e s e gt ASCIE s
e R L B
Batch Processing x
Fie List | Batch |
Ll ‘ LreEms | Press "Add Fie" or drag files from Windows Explorer into the box to append to the list
Rigt file ‘options. <Del> deletes marked tem. Ctr+Cursor up/down
Save File List Add File mon items.
File [__Channels | _SampRate
C:\Users\Public'Documents BESARescarch 7_T\Examples ERP-Audion-iensity\S1 cnt 2 2500
Ci\Users\Public\Dx AN dtory-tensty\S2.cnt 2 2500
™ Donttry to openfil here (check f you wart to use ImportASCII) 2les
Cancel Heb
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4. Move to the Batch tab and press Add [==cm TR ==
General commands: Msin Frogram: Source Anakysis: Source Anakysis Imaging:
command. This will bring up the Select | ome e e e
Delete (gt
Command window that is sub-divided | e e - I
EdnDefaulEpoch FaConstraint |LORETA
into 4 command sections corresponding o oo o
@ Apply to al files :_:I::;:l ﬁh:m |userbened
to the main program, source analysis, | «umwsmmmsme e D
o _ _ o [ A
imaging, time-frequency analysis and | o e I
general commands. r— |
o

5. First, we want to apply the predefined paradigm file (cf. Chapter 2 B) to each data set,
therefore select Paradigm from the list of commands in the Main Program group to load
a defined paradigm file to each data set. Hit OK. The Load Paradigm window opens.

Select Auditory | AEP Intensity.PDG, press Open and confirm by pressing OK.

[ 8 ‘ Do 3 . )
[] Lo Paradigm
a | Lookie [ Audeory 5] =@mcrme
B heme Date modined
Instructions T B
Press Browse... to select a paradigm file name. RoceatPlaces. (™ 3ep nterty P0G 100 7
%hasename? will be replaced by the base name of i E P0G 211004 3520
the currertfile By
Leraies
File A
Compun
|%basename% pdg ‘ Q
I e Mk v
T F Fiw pama WAEP jriwna by FOG. =] [ open
I Foowe ] 1 o | concal | . X L=
1 2 Fiseatzip: ParsdigmFiss Cpidl =l Cansal
[ T T — [y =zl

6. We would like to also make sure that artifact correction is disabled. Press Add
Command, select ArtifactOn/Off from the list of commands in the Main Program group
and hit OK. Make sure that all checkboxes are unchecked and then press OK.

Note that if data is artifact corrected, the Artifact Scan is performed on artifact corrected
data, the averaging is done without correction (to not distort source analysis), and artifact

topographies are automatically loaded for the averaged file.

Artifact Correction/View On/Off x

Instructions

Select whether artifact correction is on or off, and
whether artifact correction signals should be
visible or invisible.

——
lrl- Correction On I
‘ ™ viewOn ' Cancel |
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7. Next, instruct BESA Research to perform an artifact scan on each data set. Press Add

Command, select Artifact Scan from the list of commands in the Main Program group
and hit OK. The Artifact Scan Task window opens. You may have artifact rejection run
fully automatically. However, it is recommendable to visually inspect the results of the
artifact scan in each subject, because e.g. in some data sets in might be necessary to
exclude a bad channel manually. Therefore, make sure the option Wait after scan is

selected, which will prompt for an OK after each artifact scan and allows making manual

corrections. Press OK.

Artifact Scan Task w
Instructions
Check "Wait after scan® if you want ta adjust
thresholds and check bad channels after each scan
A ——— -
: v é\l\/a\t after scan :
------ Cancel

8. Finally, press Add Command again, select Average from the Main Program group and

press OK. In the Average Task window, BESA Research allows to specify a file name
for the averaged individual data. Uncheck the option Use default target and change the
. This will create BESA binary files (*.fsg) with

a base name derived from the corresponding raw data set. The averaged segments of

File name mask to

file S2.cnt will be written to file S2_av-test.fsg, for example.

Make sure Overwrite target if it already exists is checked. You can also specify
whether artifact correction should be performed during averaging. This is relevant only if
one is working with artifact corrected data (using either the semi-automatic artifact
correction options described in the Tutorial on Artifact Correction or the automatic artifact
correction that can be executed using the ArtifactCorrect command in the command
list). Here, however, for the sake of simplicity, we will reject all artifacts from further
processing rather than performing an individual blink correction. For the grand averaged

data, enough artifact-free epochs will be available even after artifact rejection. Press OK.
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'Sdectcnmmmd Average Task .

General commands: Main Program: Source Analysis: Source Analyss Imaging:
| [eatcherror [Rrifacocomed (RddSaurce Beamformer Instuctions i
Comment |artfacmetnod (ChannefTypeForFt cLaRA File name mask defines target Mg name: § can include & subdrecion name, and he file
Comvertsource cip I M & chracto the raskis
MATLABwaitForVariable Antfactscan Delete Export & hacdin' . :
Pause AudianyFiles. DisplayMRI Gototax Y O data it unad
ot E — [ freon
Gaseiine F LaURA
(EditDafaultEpach FitConstraint LORETA For FFT use the "FFTsave’ i results.
EvertRead Fiinterval SetCrosshorr
Eventyirte Minimumiiorm storeto
B0t NewSolutor m
FrTsove opensolution 51070 r TmEmE———
@ 1o all il FileOpen FCA Useroefined g !
Apply to 2l fles rar Regulartzation Filg name mask: ‘ Fibosenome®i_omrtest I
ImportASCI SaveBitmap -
C Apply ¢ beginning of batch |y giock SaveModelvavetorm:
ntage SaveResduahVaveform: 9
 Apply at end of batch Paradign SoveRVandGFPWaveforms. Tirne-Frequency Analysis: Diawctony | Browss
PatternToTrigger SaveSoluton O
wpioy
Image "
TriggerSelect SaveSourceWaveforms Llnr chrful tawcpt (name and dingcios
SIS oY SendToMATLAB zm l—- -— -q-t L "Y)
e endTOMATLAB
Maniaverage
[¥ Crverwaite torget d it already exsts 1
SetorActateSourc
SetOnentaton - N
SwitchCandition [ Keep arifact comecon an during averaging oK
o« Cancel
_J ——J [~ FFT avarage on first condison Cancl

9. The three commands have been addedto """ x

Fil List Batch |
the command list with all specified e e BT e |

options. You may save this batch and

mmmmmmm
MAINParacigm(C:\Users Public\ Documents \BEGA\Research_7_1\Soripts Paracigm \Aucitory\AEP_Irtensty. PDG)
MAINAfactScan(Wat)

reload it for further analyses using the e DS O o Tt
Save Batch and Load Batch buttons.

Press OK to start the batch processing
with the first file (S1.cnt).

I~ Single step mode [# Changes in batch witen to Database I Leave fies inth fl lst open after umning the batch

10. BESA Research stops after the artifact = R s

Tigger | Condéon | Epoch | Fiter  Anfert | Average | Coherence |

Rerction Megod Tivesholds and Bed Chrvels

scan has been performed. You can now et Tttt 7 pans o e (R
— - - o (P B[S =]
¥ firsdisat ,Fm
W lowsg o [0~
Bad Chammels "_n i

Count_Accepted Condiion

67 (69%) 600
[ B0 () 7008
|

manually adjust the number of rejected

trials and channels. In file S1.cnt, many

Gt T R !
T i I ]
I o

Sortby ]

&
Ermpliude T

€ Gradient

L Seveds |

blinks can be observed, primarily in

channels Fp1 and Fp2. The preset

TR et Dhomals byenst [ Log Ditpley

amplitude threshold is not low enough to

T Cancel Heip

exclude all blink-contaminated trials. Drag
the vertical red bar to the left to exclude
more trials or set the amplitude
threshold manually to 80 pV. This will
reject more epochs but we can be certain

that no artifacts are retained in the data.
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11. Select Sort by Gradient. Place the | T “l-:l*:—ﬁ—'*f- )

Togger | Condiion | Epoch | Fiter  Anfect | Average | Coher

Fejection Mefgod

scrollbar to the right end of the display to e e

Theesholds and Bad Channels:
Usefordu. & EEG ¢

¥ Amgl  [50 ’_n.m -~
F oo [0 [(O[ET =]

Fogsg [0 [0 i v l

calar |

see the trials with large gradient artifacts.

Bad Channets ‘ [

The gradient threshold should be lowered

Count_Accepted _Condition

(i.e. the vertical red bar in the 2D display

should be moved to the left) to exclude all

artifact-contaminated trials. Set the
gradient threshold to 30 pV. ' —== e )

12. Select Sort by Low Signal to see |™= TN TN e

Trgger | Condiion | Epoch | Fiter Aifact | Average | Cohersnce |

Rejcion Maibod

whether there are any channels that I FonsToades 7 dmoeor o =

n =]
FF Groddent [0 ﬁ [0 -
7 tawsa 001 [T T
Bad Channals ’—u ol i

Caunt_Accepted _ Gandiion

ohn

dropped out during the measurement.

This is not the case.

o4 0]
HE TR g Doty by Mo I~ tog Dty '
oK cancel | mep |l
13. Press OK to finish artifact rejection in the | gatch compieted )

File 2: CAU._s\BESAYResearch_b5_34Examples\ERP-Auditors-Intensity, 52 cnt

first data file. BESA Research now

averages all specified conditions and

Task:  Batch Completed

Wiew Log J ‘ OK

proceeds with the next data file. In file

, adjust the artifact thresholds to
100 pV (amplitude criterion) and 50 pV
(gradient criterion). After processing the
batch on all data files, BESA Research
gives a notification and offers to view the
automatically generated log file (View
Log button). Press OK.
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B. Creating Grand Averages

As a next step we will create a grand average across subjects using individual average files.

Grand averages are useful for later source analysis and also for documenting differences

between conditions across all subjects in classic ERP analysis. Individual average files (*.fsg)

of 10 subjects (S1 to S10) are provided in the BESA Research examples folder

1. In the BESA Research main window,
select ERP / Combine Conditions to
open the according dialog window.
Press Load File List and select the
pre-defined file

and press
Open. This will load *.fsg-files
containing average data of subjects
S1to S10.

2. The number of channels, electrodes,
epochs, conditions, and the sampling
rate is displayed for each file. You
may increase or reduce the width of
the columns in the table by dragging

the column border in the title bar.
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3. Switch to the Condition List tab.
Here it can be specified how the input
conditions (the conditions available in
the loaded data files) are to be
combined to new target conditions. In
the left column, the available input
conditions are listed - in our case the
eight conditions that were defined in
the paradigm file (Tutorial 2, step B)
and averaged using the batch script
used in the present tutorial under step
A. Conditions having the same

segment comment in the different

files are grouped into one entry.

4. Right-click onto the input condition
low in the left column. A window
opens displaying information about
the condition. The bottom line

indicates that a low condition with the

specified parameters is present in all
ten input files. Press OK to close this

window.

Combine Conditions, Chaanels, Find Peaks - For Research Use Only

Fie List Condition List | Cherned Lt | Fun Serpt |

Instructions.
_loiConduonlat |  LoadProwios || Qick imanaytat

+17, 1", no operation
Click colme kabel to edl the label, delete &, or nsedt 3 new label 1o the lef or the cokumn.

Gave Condition List | New Target Condiion | | Pight click for mere options

| 6ocB] 7d8] cods| oosB] 100dB] Low| Heh] A
ol

A
10048 Bl

1 Dnide reauik by sum of PLUS
factors

Cancel Help

Condition information

Condition label: Low
Samples: 325

Zero sample: 75

Time Range: -300 to 1000 ms
Sampling rate: 250.0

Ocewrs in 10 files

5. BESA Research automatically defined new target conditions (columns 2 — 9) with the

same name as the input conditions. The numbers in the table indicate how the input

conditions are to be combined to form the new target conditions. The default entry +1 in

the column of the 60dB condition, for example, will generate an average of all input

conditions labeled 60dB. Hence, the default definitions define grand averages of all input

conditions.
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6. We will modify the default definitions.

Fle Uit Condton Lit | Charel Lt | Aun Soret |

e
Load Condbon Ut | Load Previous || Gackc i amay ok

Instead of creating a grand average of O R LI vt et

Save Condtion List | New Target Condton | | Fioht clok for more options

rpuCondbon | 60dB| 70¢8] 80B[ 90dB[ 100dB| Low| Hgh| Al
]

the All condition over subjects, we will S

create a new condition that contains

the grand averaged difference be-

™ Insest news condition o the rght

tween the High and the Low condition. 2 i
Left-click onto the label of the target I A . L
condition All in the title bar of the L P Btamitemmtrin

table. This allows to create new target —
conditions by inserting new columns,
or to rename an existing target
condition. Change the label of target
condition All to Difference and press

OK.

7. The target condition has been renamed to Difference. Left-click twice onto the +1 entry
that links this condition to the All input condition. This will remove the link and leave the
field blank. To define the Difference condition as the average of High minus Low over
subjects, left-click once into the field linking input High with target Difference to
generate an entry +1 in this field. Left-click twice into the field linking input Low with
target Difference to generate an entry -1. Note that arbitrary weights of conditions apart
from +1 and -1 can be assigned by a right-click into the corresponding field. This is not
necessary in our case. The bottom line (Weighted average?) allows to weigh each input
condition with the number of averages it contains. We will leave the default settings to
create non-weighted grand averages. Un-ticking the option Divide result by PLUS factors
allows creating a target file containing the sum rather than the average of input
conditions. We want to create a grand average, so we will not remove the tick-mark for
Divide result by PLUS factors.
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Combine Conditions, Channels, Find Peaks - For Research Use Only X
Fiie List  Condtion List | Channel List | Run Script |
—— 1~ Instructions
Load Condition List | Load Previous | Click in amay to toggle "+1”, ™-1", no operation.
Click column label to edit the label , delete it, or insert a new label to the left or the column.
Save Condition List | New Target Condition Right click for mare options
Input Condtion | 60dB| 70dB| 80dB[ 90dB| 100dB| Low|[ High | Difference |
60d8 +
7048 +1
80d8 +
9048 +1
100dB 1
ow .~ . ( [ [ [ [ 4] [ ]
High +1 +1
Al
Weichtedaverage? NO NO NO NO NO NO NO  NO
- Feedback
No restrictions on sampling rates or channels. W:.‘.Mderen.lhymdPLUS
0¢ | Cancdl | Hep |
8. Press Save Condition List to store |&lssecondion |
. . . Savejn | ) Condiiankist -] rEBo@
the defined conditions to disk. Enter B e = Date modified
Rw;{hm | ERP-Auditory-Intensity.clist 13.05.2005 15:37
ERP-Auditory-Intensity-test.clist as = frevisseningschs LS
. Draskin
file name and press Save. You may ey
=
ngm . Libearias
press Load Condition List to load the A
predefined condition list ERP- Q'
. . . Network < i b
Auditory-Intensity.clist. s T 0 =
Save o fype: [Condition Lisa (" clis | Cancel I
Directones: [Cendibon List arectary | d
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9.

10.

Proceed to tab Channel LiSt By Combine Conditions, Channels, Find Peaks - For Research Use Only X
Fie List | Condtion List  Channel List | Run Scrpt |
default, settings in this tab are ignored ﬂ“———“ L et e
m Target Channel |  Fight cick for more optons
(Checkmark at the bottom |ef‘[) It ;'E’;“q‘““ I B 2 ) 2 2 P el K R ) S Y R

-1
3 =

allows combining data of different o a
channels. To create our grand I
average, this is not necessary, 3 s )

therefore we leave the settings in this 5

tab unchanged. A BT s e e o i e o .
cfbplpiyiclul ey gyl o
Switch to the Run Script tab. Global output options can be specified here. Make sure

Combine data from source files is selected in the box Averages to generate, as we
want to create a file containing averages over subjects. The options under Spatial
Interpolation allow to handle differences in the electrode configurations of the different
source files. In our example, all subjects have the same electrode configuration and no
bad channels have been defined. Therefore, no spatial interpolation is required. The
same is true for Temporal Interpolation and Clipping: All input conditions have the same
latency range and sampling rate, therefore no temporal interpolation of the data is
necessary.

Note that the Run Scripts tab also allows analyzing peaks and mean amplitudes in
multiple data files. This is achieved by selecting Peaks and mean amplitudes, which
activates the bottom right segment of the window. Traditional peak analysis can be
performed quickly in an automated fashion, producing ASCII output files containing the

selected peak parameters (latency, amplitude, area).
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11. Click OK to start the batch. BESA
Research computes the specified grand
averages and prompts for a file name.
Enter All_Subjects cc-Test.fsg and

press Save.

12. The generated grand average file
contains the specified target conditions
60dB to 100dB, Low, High and the
Difference condition. The number of
source conditions is shown at the

bottom next to the condition label, in our

case 10, one for each subject.
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13. Right-click into the data and select Top
View of Data. Let’'s have a look at the
condition Low, High and Difference. It
becomes very clear that there is a
difference in brain activity when

listening to low and high-frequent tones.

On the one hand, we can see an
amplitude modulation; on the other

hand, we can see a change of

waveform morphology from low to high.

Close the TopViewer.
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Tutorial 4 — Discrete Source Analysis

What does BESA Research provide?

v" Fitting of single dipoles and regional sources
v' Using PCA

v Using regularization
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This tutorial is designed to teach the basic concepts of multiple source analysis. At the same
time, it can be used to get familiar with the user interface of the source analysis window in
BESA Research.

The first chapter provides the basic theoretical foundation of the concept of discrete source
analysis. The following hands-on examples introduce the source analysis interface of BESA
Research and apply the provided principles to simulated EEG data sets. A concluding chapter

summarizes the obtained results and lists some guidelines for source analysis.

A. Theoretical introduction

Equivalent current dipoles

Neuronal current in the cortex flows predominantly perpendicular to the cortical surface for two
reasons: First, the pyramidal cells in the cortical columns are aligned perpendicular to the
cortical surface. Second, the dendritic trees that are parallel to the cortical surface have near-
rotational symmetry and the electric fields of the related intracellular currents cancel to a large

degree.

Activity in multiple brain regions = postsynaptic Discrete equivalent current dipoles as model for

current flow in pyramidal cells the activity in each brain region
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The intracellular postsynaptic current vectors of nearby cortical columns sum linearly and can be
represented very accurately by an equivalent, compound dipole current vector. Areas with up to

3 cm in diameter can be very accurately (> 99%) modeled by a single equivalent dipole.

Currents at the cortical convexity have a predominantly radial orientation; currents in cortical
fissures have predominantly tangential orientation. Generally, a patch of activated cortex in a
sensory, motor or spiking area will have an oblique orientation depending on the net orientation

of the activated cortex.

Thus, an equivalent current dipole is specified by its location (the equivalent center of the modeled
gray matter patch) and its orientation (the net direction of the modeled postsynaptic neuronal
current, perpendicular to the surface of the modeled gray matter patch). The orientation of a dipole
therefore indicates the local orientation of the pyramidal cells in the gray matter — it is not to be
confused with a direction of signal propagation across the brain! The orientation of a dipole is

usually symbolized by an arrow or a short line.

The third parameter of an equivalent current dipole is its strength or amplitude, reflecting the
modeled net postsynaptic current flow. Its units are that of a dipole moment, i.e. nAm (nano-
Ampere x meter). It can be thought of as the product of the total postsynaptic current flow (in nA)
and the length over which this current is flowing (on the order of the length of a pyramidal cell in
meters). The temporal evolution of the dipole moment is called the source waveform and is in

many respects the most important outcome of source analysis.

Volume conduction and the principle of linear superposition

An ideal patch of superficial cortex creates a net radial current flow that can be very accurately

modeled by an equivalent dipole near its center.

Current loops in a conductive medium like the head are closed. Therefore, the intracellular
currents resulting from action and post-synaptic potentials are accompanied by secondary return
currents in the head volume. Since the brain and scalp have a higher electrical conductivity as
compared to the cranium, most currents return within the extracellular brain space. Only a very
small fraction flows out through the poorly conducting cranium and along the scalp before

returning to the brain.
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Inside the head: Signal on the head surface:
Primary (postsynamtic, Generated potential changes
neuronal) current in red, (= EEG maps / topographies).

secondary (volume) in green  Blue: negativity, Red: positivity

Top: Radial primary current flow
at the cortical convexity in the
right central cortex.

Bottom: Tangential primary
current flow in a cortical fissure.

Although the location of the active
brain region is nearly the same,
the different orientation of the
patch surfaces and the
associated different flow of the
secondary volume currents lead
to a completely different potential
distribution. Maximum EEG
activity is not necessarily
generated directly on top of the
active brain region.

The propagation of the volume currents to the scalp is described by the so-called head model.
The head model, or forward model, predicts the voltage at any electrode due to an equivalent

dipole with a given location and orientation within the brain.

The volume conduction results in a widespread, smeared voltage topography over the whole
scalp with a maximum over the activated cortical sheet. A corresponding activity of opposite
polarity appears on the other side of the head. By the laws of physics, the integral of the potential
over the whole head is zero. Therefore, any negativity has a corresponding positivity somewhere
else over the head. The voltage map (topography) displayed on the top right of the figure above
is typical for focal radial activities at the cortical surface. The shown maps illustrate the limited
spatial resolution of the EEG. The precise orientation of the map, and the underlying equivalent
dipole, can only be determined if inferior electrodes are present to help define the location of the
positivity on the other side of the head.
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A cortical patch in a fissure generates a tangentially oriented dipole field (bottom of the figure
above). The return currents in the scalp create a dipole map with symmetric positive and negative
poles aligned in the direction of the dipole. The potential change directly over the source is zero,
but the gradients are maximal. The source is below the site of the densest equipotential lines.
These lines and the whole shape of the topography carry more information on the location of the

underlying generators than the colorful peaks.

An EEG electrode does not record the potential at a certain location on the head surface. Rather,
it records a voltage (= potential difference), i.e. an EEG signal is always the difference between
the potential at a certain electrode location on the head surface and the potential at another
electrode - the reference electrode - or the average of several electrodes. Thus, the choice of
the reference electrode(s) determines the recorded signals, but the underlying potential
distribution (the potential map) is independent of this and solely determined by the underlying

brain processes.

Using a simulated example, we will now learn how to discriminate the scalp waveforms and
topographies due to a focal activity of one brain region and temporally overlapping activity of two

brain regions.

local current distributed activity single topography

propagation scalp waveforms similar maps
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An assumed activity in the right central sulcus produces a near-tangential dipole field with a
positive peak (shown downwards in the EEG top view in the middle) over the mid-frontal region
(Fz and FC2) and a negative more widespread peak over the right inferior parietal regions (max.
at P4). The patch is synchronously activated and there is no propagation. Accordingly, the net
orientation remains the same. The waveforms at the different electrodes have different
magnitudes but the same evolution over time. The topographic maps change only in magnitude

but not in shape. Map polarity simply reverses in the second phase following the initial activity.

local currents overlap at scalp topographies
propagation scalp waveforms rotating maps !

Now consider the situation of two brain regions separated by about 3 cm and activated within a
few milliseconds. Each of the areas has a biphasic pattern with onset, peak, and polarity reversal.
The two patches have different orientations. This is the main cause for their very different scalp
topographies. Due to the time difference in activation their maps overlap with continuously
changing magnitudes according to the instantaneous strength of the 2 compound currents. This
results in an apparent rotation of the maps over time, and it becomes difficult to identify and

separate the two sources by mere visual inspection.
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Linear superposition: d(t) = L-s(t) + n(t)

M o v ————
Nv_/;\f o —

100 ms T

data = model (Leadfields) x source activities + noise

Using the laws of basic physics, we can now formulate the principle of linear superposition. This
is illustrated here for 3 equivalent dipoles, but it would be the same for 10000 cortical current
elements: The measured data (in this example MEG sensor signals, left, generated by tactile
stimulation of the left index finger) are the sum over the contributions of all sources. In source
analysis, each active brain region is modeled by one equivalent dipole source. Each source is
fixed to the cortical patch or region it represents, and changes its total current strength over time
according to the local physiology. In 1986, this was named a source waveform (Scherg and von
Cramon, Electroenceph. Clin. Neurophysiol. 65:344). With a given volume conductor model, e.g.
a spherical head model, a boundary element model (BEM), or a finite element model (FEM), it is
now possible to predict the leadfields, i.e. the magnitude of the signal each source will contribute
to each sensor. Because the model is an approximation, both in terms of the volume conductor
and the simplification of using equivalent dipoles at the centers of activity, there is a residual.
Ideally, if we have a good model, this residue should be small and consist only of sensor noise
and brain background activity not related to the tactile stimulus.
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The inverse operator: Reconstructing brain activities

Linear inverse (spatial filter): s(t) = L-'-d(t)

-1

source waveforms

(dipole moments) - linear inverse x data waveforms

In our superposition, equation the source waveforms are the unknown, given we know the centers
(and orientations) of source activity in the brain. In this case, the source activities can by
calculated directly by inverting the leadfield matrix and multiplying from the left onto the
superposition equation. In the illustrated case, the leadfield matrix consists of the three sensor
topographies which have to be inverted. The noise contribution is neglected in this process.

Accordingly, unmodeled noise will be projected onto the calculated source waveforms.

The linear inverse operator acts like a spatial filter that deblurs the measured waveform to unfold
and separate the underlying source waveforms (Scherg and Picton, EEG Suppl. 42, 1991). In
other words, source waveforms are calculated by combining the temporal information in all
channels giving specific weights to each signal. Each row in the matrix L' is a linear operator

reconstructing one source waveform.
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source topographies EEG data source waveforms
source 1 e

montage
filter
operator

q

source montage red active blue active  red -> blue

(L), ~ 3 > 3

The above example demonstrates the full separation of the source activities 1 & 2 in three
simulated cases and illustrates the absence of activity in source area 3 since its source waveform

shows only EEG background signal.

Thus, multiple sources can mutually contrast and separate the activities of the brain areas that

they represent.

The displayed circles on the left illustrate that separation of the activity from several brain areas
is principally possible, if they are sufficiently remote from each other (> 3 cm). However, precise
localization within each region is not possible in typical data because of the EEG background

noise.

In the overdetermined case, i.e. if there are less sources than measured channels, the linear
inverse operator L™ is constructed to fully separate the different source activities. The vector
operator for source 1 will fully recover source activity 1, but will not be sensitive to any activity at
sources 2, 3... and vice versa. This sharp separation has a drawback, if some of the sources have
a high spatial correlation in the sensor space. Then the inverse operator will have large entries
and the noise will be amplified accordingly. However, this problem is easily handled by modest
regularization (default in BESA Research is 1%) when calculating the inverse of the topography
matrix. How regularization effects the source waveforms will be demonstrated in Chapter B (Step
16).
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If we apply a two-dipole model to our simulated data set, they separate the two activities in their

source waveforms provided that appropriate equivalent locations and orientations had been

selected. If we try to model the data with a single dipole only, we obtain an incorrect localization

intermediate between both sources. The source waveform combines both underlying activities

into a broader pattern which has a latency intermediate between the original activities. Therefore,

care must be taken to create a multiple source model that is appropriate for the current data set.

In the following we will see how this can be achieved. The following section shows how a source

model can be created by fitting discrete sources to the EEG or MEG data.
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incorrect!

single source model
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The fit procedure

We assume that a single dipole will explain the early onset phase (i.e. initial source model
hypothesis is a single equivalent dipole). Using the head model, the forward model topography
(= leadfield) is estimated. The inverse of this leadfield matrix is applied to the data to estimate the
source waveform. The source waveform is projected back to the scalp using the forward
coefficients of the map to estimate the model signals (blue curves in the figure below). Measured
and modeled data are subtracted to estimate the residual waves. In an interactive process, dipole
location and orientation is adjusted and the calculation process is repeated until the residual

difference between scalp and model waveforms is minimized. The equivalent dipole locates in or

near the active cortex if the hypothesis, head model, and data are sufficiently accurate.

<

head model

source model: 1

forward

model

—

relocate dipole

source waveform

14—

minimize
difference

inverse
model

scalp waveforms
model waveforms

Al 5

N
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Fitting strategy for multiple activities — step 1:

Use the 3D maps to define the fit interval from the time when a clear dipole field emerges until it
starts changing. Perform a principal components analysis (PCA) over this interval: The PCA
decomposition should show one dominant component. The percentage of variance it explains

should decrease, if the interval is extended further. Fit the first dipole over this interval.

source model: 2 source waveforms scalp / residual
model ~ scalp

CP2

model

"
;f'(\
A
P& /\\f
e N
~NS
P S

Fpil

head model

Fitting strategy for multiple sources — step 2:

Display the residual waves and maps. Perform a PCA on the residual waves and repeat the same
procedure to mark the next onset interval in the residual data. Fit a second dipole to this interval
while keeping the first dipole fixed in location and orientation. In the simulated example with good
signal-to-noise, this results in the separation of the underlying active areas and their source

waveforms.

Finally, we should check the homologous brain region in the other hemisphere for a potential

spread of activity using a probe source at the mirror location of dipoles 1 and 2.
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different compound activity right & left

1 forward

- A~

overlapped scalp waveforms
have symmetric topography

R R

Thalamus?

I

single dipole mislocalization to center source waveforms are separated

left activity picked up by right dipole

incorrect! incorrect! correct

The above figure shows a simulated example that illustrates the need to create an appropriate
source model in order to obtain correct source waveforms. We assume a situation where both
auditory cortices are active. Their topographies on the scalp surface overlap, and the recorded
signal at each electrode is a superposition of the contributions of the two sources. If we apply a
source model with one dipole in the right auditory cortex only, its source waveform will not only
pick up the right hemispheric activity. It will rather contain some contribution from the left
hemisphere as well, which is not properly modeled. An attempt to fit a single equivalent dipole to
this data results in a mislocalization in the head center close to the thalamus. The reason is that
the ACpL and ACpR sources generate a symmetric topography on the scalp surface with largest
signals over the scalp midline. The obtained source waveform is a linear superposition of the
activities of both brain regions. The correct source activities are reconstructed only when two
equivalent current dipoles are used to model the data. Only with this two-dipolar model, the spatial

filter can separate the activities of the two brain regions.
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B. Single Dipole Fitting with Simulated Data

Before we will create a source model for the auditory intensity data we have been working on

so far, we will work with three simulated datasets to understand the principles of dipole fitting.

1st simulated data set: In the first example, non-overlapping (asynchronous) activity in both
auditory cortices is simulated. Current flowing in the depth of the Sylvian fissure is oriented
orthogonal to the temporal plane, because pyramidal cells are perpendicular to the cortical
surface. Therefore, the net effective dipole is oriented vertically and orthogonal to the fissure.
This source is nearly tangential to the scalp surface. Because the current flows into the cortex,

the dipole is pointing downward. The resulting voltage topography shows a fronto-central

negativity and an associated positivity over the right infero-temporal posterior scalp.

1 BESA Simulstor - EEG: C\Users\Public\Documents\BESA\Simulator\default elp - 0 x
Ele fda Yiew Qptions Help

D v ¢ & W H =% ? BESA
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+ X & @& & 4 = -
Imert Source Deete Source  Reference MeadModel  Fitos  Woveform  Smulete Row Dote Stndwrd Deta  Sowrce Wave Cuntom
2l
;l
) Map Sequence - | ‘ 00 0 6S0ms
erthograghic
Curent folder :C: Users Pubic Documents SESA Research_7_1/Exampies A earn-by-Samistors BEG: Sphercal model 1) dlectrodes
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Lookn: [ Leamby-Smuatons x| e ®ckEEr
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subfolder of the Examples folder to iz CTF-MEG143 2018-03-2111:08...  Filefol
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H Desktop AC-2D-biphasic- hronous.avr 2002-03-2911:29.. AVRFil
Ioad the SlmUIated data Set AC'ZD-b-:h::n:-::::m:n:u;-nonse.nvv 2002-03-29 11:30 A:RF.I
) ™ [_TAC-20-no-overlap.avr 2002-02-121228..  AVRFil
. YOU mlght need tO Change Libraries AC-2D-no-overlap+noise.avr 2002-02-121231..  AVRFil
() RegionalSource2D.avr 2002-02-085:55PM  AVRFil
the file-type to Averaged Files (*.a??, BAR | [ own vo-coke epepeiinsinlipit
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2. We want to perform source analysis on this data .. . v e s socs 8 o0 At s 108 6ot
. . L. £ |F+| Wrs | SAW | BAT |ERP | Tpv | ICA | DSA| TFC | E
now to see if we can recover the brain activity , =S E=T

————— Top View of Data

that is underlying the recorded signals. Source o |———— ok g

Source Anabysis.

Define 25 Epoch

analysis is performed in a separate window of [ [ — "~ |l

BESA Research. To start source analysis, left-

Define a5 Artifact

Write Segment

drag over the data to mark a block. Then right-

Copy to Buffer

Define Artifact Topography

click into the block. From the popup menu select

Time-Frequency Plot

Source Analysis.

3. A dialog window appears which allows Block Size and Posiion——| ~Fiter Setings

5 Status [ Enabled
@ iWhole Segment Low Cutoff

specifying the time range of the data to be | « cwenpemer Feserey [ Jtia o [odbiest =) Trrelioned =]
’—4|Pveﬂ\‘/r\'nggs High Cutoff Status [ Enabled

sent into the source analysis window. Select @ wsmeeen * | Py [BT 1 Sope [pidoas]  Towe e <
[26207 (ms) postEvent

Whole Segment. It is also possible to

[ All Conditions Source Analysis et Block ‘ Cancel ‘

specify temporal filters to be applied before
source analysis to remove slow drifts and noise from the data. For our simulated data sets
we don’t need to apply filters. Press Source Analysis to open the source analysis window
with the specified data segment.

4. On the left of the source analysis window, the

recorded channels are displayed in average

reference: The top row shows a butterfly plot
of all channels; below that, the PCA
decomposition is shown by default, indicating

the number of components that can be

expected in the data. In the top middle box,

the global field power (GFP; the sum of ==
squares of all channels, normalized to 100%) is displayed in a logarithmic scale. The
central and right-most sections of the window are dedicated to the model that describes
the data; as there is currently no model defined yet, they are empty at this point. On the
right, the head sketches are shown analogously to the BESA Simulator program
(https://www.besa.de/home/downloads/besa-simulator/). The parameters of the applied

head model are shown at the upper right. Double-click into any of the 6 heads to insert a
first dipole.
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5. This defines a first (still inappropriate)

GFE| cangus |06 [

source model. The source waveform in R VA VAN
the middle box is calculated from the @@ ol s ]

recorded data using the head model (=

model for the distribution of the electrical
conductivity inside the head) and the

source model on the right as a

hypothesis. Source waveforms are =R ﬂ‘
dependent variables. Source locations

and orientation are independent

variables.
6. Based on the source waveforms and the 71" [ P e e
. . [ Data | MA  Res. | |IDJ] | P.CA | EEG Data Model | Res. _|IDJ| | P.CA. | EEG
source leadfields (as defined by source ol pememenis s a || ACZDno-owdap o

location, orientation, and head model), %_ ng

the model waveforms can be computed, — “——=~<_~ . e e i

i.e. the data that would be generated by X>°< 1 M\/%
the current source model. First of all, by RS G INEN
un-checking the P.C.A. button above the - = - $
waveform display, you can visualize the
measured data for each channel (sorted
by variance). Now you can visualize the
model waveforms (blue) by hitting the
Model button in the upper left corner.
The difference between recorded
(purple) and modeled (blue) waveforms
is the residual. It can be displayed in red
by hitting the Res. button.
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7. The normalized sum of squares over channels
of this residual activity is the residual variance
(RV), i.e. the unexplained fraction of the data
variance. It is displayed in the top middle box
(red) together with the GFP. Note the inverted
logarithmic scale for the RV. The goal of the

| Res.Var. | Energy | Min. Dist. Image

R.V.: 97.336%
Best: 0.000%

100

0.1

________________________

GFP
RC: 1

source fitting process is to find a source model that minimizes this residual variance.

8. Left-drag over the data approximately
from the onset of the first EEG activity to
the first peak. Then hit the Start Fit button

in the waveform box to determine the
optimum location and orientation for our
first dipole in order to explain the data in
the marked fit interval. The result is

independent of the initial dipole position

and confirms the simulated generator of ™

tervat + 3625 .. 12124 ms

I
£

the brain activity in this time range in the right auditory cortex. Use the scaling buttons at

the bottom right of the middle panel to increase the source waveform scaling.

9. Note that it is arbitrary if the dipole is !
represented with its flag pointing in one
direction or in the opposite direction. If f
you wish, you can invert the source

orientation by right-clicking onto the

2

I

|

Write Sphere Center File (*.cot)...

Save Solution As...

Image

Display MRI

Fit Enabled Sources over Interval

Fit Enabled Orientations

Invert Orientation

Convert to Regional Source C

Delete Source

Ctrl+S

B O m | >

Del

source and selecting Invert

Orientation.
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10. Release the Data button in the upper left

corner to show the residual activity only.

In our marked initial fit interval, the dipole
in the right auditory cortex explains the
recorded data without any remaining
residual. However, its source waveform is

not correct — it shows activity also during

the later time range of simulated activity in

lllede
}
LLk

the left hemisphere. This is so because = st
the required source accounting for this activity is not included in our source model. This is
also reflected in the high residual variance in this latency range. Therefore, left-drag to

mark a second fit interval across this later time range.

11. Double-click into the head to insert a [

second dipole. The button next to its

source waveform will automatically show

Fit to indicate that its location and
orientation will be optimized in the next

fitting step; in contrast, the button of the

first dipole says No Fit, because it will held

fixed — its location and orientation has

already been determined by the first fitting =
step. Press Start Fit to start the fitting process. As expected from our simulation, the
second dipole localizes in the left auditory cortex. The flat residuum indicates that this two-

source model perfectly explains variance in the data.

The fit results in a complete separation of the activities of the right and left AC. The addition
of the left dipole has changed the calculation of the right source waveform. It is now blind
to activity from the left source, and does not show any activity in the later interval when the
left source is active. The analogous statement is true for the source in left AC. Therefore,
an appropriate source model that should reconstruct the correct source activities must
contain dipoles representing at least all active brain areas. Otherwise, activity in

unmodeled brain areas will be projected onto the source waveform of the modeled sources.
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2" simulated data set: Severe overlap and high synchrony between hemispheres is what

we must expect in auditory evoked potentials. Furthermore, cortical source activities are

more complex and often biphasic. Therefore, the next simulated data set,

, contains biphasic source waveforms which are synchronous in both

auditory cortices. Negative source waveforms represents postsynaptic current flow into the

direction of the flag of the dipole symbol; positive source waveforms reflect current flow in

the opposite direction. Remember that the source waveforms reflect the local current flow

within the modeled gray matter patch — it does not represent the direction of signal

propagation within the brain!

(8 BesA Simulator - EEG: C

Ele Edt View Options Help
2 2 5 &
0D ¢ # W & =% ? BESA
NewModel  Load Sensors  LoadModel Load Source Waveforms  Save Model  Save Data Prit  Setings Help Contents
3 == =
+ X & ® oA 4 = n
InsertSowce DeleteSource Reference HeadModel Fiters Wevefor SmubteRawDats  Standerd Dats SourceWave Custom
(== | S|
oK Avesgerd, | Dose #oha 0.50 8
Us Cart.: .
sw
Source 1
Label: Bon N
‘ LN
044 lcx
0048 oy L2 e
7 8,
o0 bz *‘ﬁsj.ip,_j\ 1
0.184  orix v P

0.454 oy

0872 oz |
Node 2 C,_ﬂ‘

S ], .
-20.0 )
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File Edit View Filters Montage Process ICA ERP Artifact Search Tags G

12. Minimize the source analysis window and _-F|F+| wrs | saw | BAT | ERP | TpV | ICA | DSA | TFC |
. . . . _;_‘—‘g_ Top View of Data
select File / Open in the main window to load 1, IR S e
) P ——
the second simulated data set 7
F. *'_/\\_P— ource Analysis
Left-drag to rn | "\ U
8 —_—— Define as Epoch
mark a block and right-click into it. BESA 0 [ = fefnesia
. . FC1 . ; : Write Segment
Research remembers the previous settings «c: ——/\\; fomrlefitte 2
. . E‘F:’GA _f_/_\}ﬂ:‘*ﬁ Define Artifact Topography
used for source analysis that you can quickly - . ee———
c3 :: : - o
re-apply by selecting it at the bottom of the « —{f\\v S e

popup menu.

P S ——— ~ o x

13. The source analysis window appears with the --

| Data . [ Energy | Min.Dist._image
I« G

new data set, the previous dipole model still | T

applied. Press the Data button to show the %m
biphasic EEG signals of this data set. Since — 45—

the data set has been simulated with the 5~

same active brain regions, the source model | — v~ [ A z
o __UQ— 5 5
is correct for this data, the residual variance = ~—5~——|
, A i
being nearly zero. The source waveforms are ... =5 4

now computed from the new data and
therefore reflect the synchronous bilateral

biphasic activity.

ot 100...+348 - Sounce anayss

14. We could have obtained this source model by

Energy | Min. Dist, _ Image
o

fitting both dipoles simultaneously to the —69— (E(_\ o |
data. To see that, left-drag to mark a fit |~ é e P

interval over the time range of EEG activity. —%E

5 = Y

Then hit the All fit button — this turns both === |

sources into the Fit state. When pressing the . E— R\ —
raﬁg

Start Fit button now, location and orientation | == .
T S 2. VO

of both sources will be optimized. The result ™™ " e 27
does not differ from the previous model.
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15. Let's see what happens if we had tried to -

model this data (incorrectly) with a single |

dipole only. Deactivate the two dipoles by
hitting their On buttons. This effectively
removes them from the source model.
Double-click to add a new dipole and press

Start Fit. This results in a dipole in the middle

of the head, compromising to explain the left-

and right-hemispheric activities. Although the
result is incorrect, the residual variance is
less than 1% (as displayed as R.V. at the
top)!

16. How can one decide whether the one-
source or the two-source model is g
correct? This can be done by
contrasting the two source models.
Switch back On the two first dipoles.
Now the three source waveforms
should be able to contrast and mutually

separate the activities in the three

modeled brain regions. The reason for =3 =

the still non-vanishing source activity of

B
mn1
J

lE‘s L [z

AL

the third dipole is a parameter called regularization constant. Select the corresponding

entry from the Options menu.
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17. Reduce the regularization constant to

GFP

[0 [@3 [ 43 [ a3

PCA | EEG [ s var | Encrgy | Min DSt image | Dip2
e : Ir

oo zdoc xon yon zan |
73 [@3 [ 43 [ a9

x

zero. With this setting, the separation

capability of the source waveforms is

optimal, and the flat source waveform of % @
the third dipole indicates that there is no _f_g = 2T\
brain activity in the middle of the head. ‘—e—— [ A, ‘ﬁp
Rather, the two-dipoles in the bilateral ﬁ |
E r1Q

auditory cortices correctly represent the

truly active brain regions.  So if "t de
regularization blurs the spatial filter and increases crosstalk between sources, what are

the benefits of it? We will see the answer in the next simulation. Click OK to close the
regularization dialog.

3" simulated data set: Finally, the third simulated data set has been designed to be even more

realistic by adding background noise to the same simulated brain activity as before (

B BEsA Snutator - E6G: € 0 efaultelp - 0 X
Ele Edt Yiew Qptions Help
~ =3 =7 K $ 9K
0 » # & M H &% 2 BESA
NewModel  Load Sersrs LoadModel Losd Source Waveforms  Save Model  Save Data Redo Pl Seltngs  Heb Contenis
+ X O @ 4 4 = . w
IoertSouce DeeteSouwce  Refeexe MeadModel Fitws  Waveform SmusteRawDats  Standwd Dats Source Wave Cusiom
o == ]
e S et | e 01500 Moha0.50 =
\‘\'\‘ S
"'L-'\pw— "«V\rw-
0.0% locy rq\/\‘r‘wvv e ST
2 F7. F8
== i
. x v
)
::‘ iy "ol ot ‘wﬁvn F‘U&m"ﬁ/‘"m
2 oz
Node § 11.)\"”_ U‘J\f’” C:‘jll = \1 L]
0.0 nam w\ };\ s : ™, ‘(‘w
250 " V s "JA{W. "JJ‘V,... w5,
= sampie
L] Wwﬂ Pe
0% e "
A\ - P9 N P A
A \m’\)(— e
| | R
~—/) TP B
1y, } j\ W w
[ \A '\,
[ SRE, z
) Map Sequence | d\ j \/\j\v\.//\\ LA A
orthographic 0 0 » x « €2
o U R

ch_7_1/Exaemples ) earm by Smuatons EEG: Spherical model 33 electrodes |
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File Edit View Filters Montage Process ICA ERP Arifact Search Tags G

18. Minimize the source analysis window. Inthe . | F+| wrs | saw | BAT | ERP | Tpv | IcA | DsA | TFC |

Time-Frequency Plot

Epoch: -100.0...549.5 ms, Filters off h

analysis window: left-drag to mark a block,

main window select File / Open to load the [} [T v droas
fI W*L\\,_\_,/q: Whole Segment
lne : i FFT
the same ' =1 Linear Correlation
’ . .///_, Source Analysis

simulation as the previous one, but with ; © Defineas Epoch

i Lo | Define as Artifact
some small background noise added to the : |~ Wiite Segment

. . ! Copy to Buffer >

data. Again, send the data into the source : 4 ,

H M Define Artifact Topography

R

right-click into it and select the bottom- ¢

most entry.

19. The previous solution is now applied to the

Vor. [ Eneray [ Wm0t _lmage | ez wise yibe
GFP| canus |[0% [ 006
- Loe [re <]
O free =

| W Flj...,\,.“. nodked)

il als
A\ pornns

zioc wor  yed zod |
03 | a3 [ 43 [ 43

noisy data. The channel noise is strongly

projected onto the source waveforms when

the regularization is set to zero. Select

D

Db e T e el
caryus |[ 0% [am [o3 [ 03 [ 03 [ 0
i T

Options / Regularization constant again
and see how increasing the regularization
constant affects the reconstructed source

waveforms.

Ll

20. As regularization is increased, crosstalk

increases as in the previous example, i.e.

the third source waveform reflects activity

that is truly generated in the brain regions
represented by the other two sources.
However, as a positive effect, the source
waveforms are substantially cleaned from

noise. This positive effect in noisy data

implicitly stabilizes source fitting results in
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regularization is recommended in real data

sets. The default regularization of 1% is

usually an appropriate compromise and
does not need to be changed. Crosstalk
between source waveforms is usually
smaller than in the current simulation, in

which the correlation between the leadfields

of the modeled sources is especially high. ...

21. Set back the regularization to 1% and hit |set regularization constant x

OK. Then close the source analysis | . Reqularization Constart {n %)

window (confirm with OK that the 7 4 | | _Detau ]

developed source model does not need to

be saved to disk). |—|
OK Cancel |
BESA Research 7.1 Tutorial Page 82 of 446
Copyright © 2024

BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany www.besa.de



BESA®

Tutorial 4 — Discrete Source Analysis

C. Single Dipole Fitting in Real Data

1_ BaCk |n the ma|n BESA W|ndOW the f||e File Edit View Filters Montage Process ICA ERP Artifact Search Tag
Open... ctrl-0
should still be Close

Close All

available at the bottom of the File menu. If |{ “reeatrie. 0 >
- -

it is not, please select it pressing File / Load Channel Configuration..

Head Surface Points and Sensors b
Recent Files / . MRI Coregistration...

Export...
Left-drag a block in condition Low, right- st

. L. . i Import and Convert ASCI File...
click to send it into Source Analysis with Print.. ctr-p
. g . Print Preview
custom definition settings —50 to 250 ms, i
{
a Low Cutoff filter of 0.5 Hz, 12 dB/oct, I'u T C\. xamples\ ERP-Auditory-Intensity\All Subjects_ccfsg I
zero-phase shift, and a High Cutoff
Block Size and Position Filter Settings o —— T

filter Of 40 HZ (keep the default (: fﬂ:;zj’:::n Erequency [15 [Hg Slg;& [12dojoct =] Type [zerophase ~|
parameters 24 dB/oct, zero-phase). The e i ot Siatia ¥ Enables

B meipre-cvert Freguency [400  [Hz] Slope [24dbjoct v | Tvpe [zer0 phase v |
low cutoff filter will create an improved oS ) postvent

baseline and reduce the Overlapping SIOW [ All Conditians Source Analysis SetBlock Cancsl

activity.

2. It is not possible to fit a good source

model for the P50 as its signal-to-noise T f - [#
ratio is poor. Therefore, we will focus on W,P\ 4’/’?\ i
the N100, which has the largest amplitude S%A( =
in our signal. Mark a time-window fromthe "~ /L‘ \\
beginning to the maximum of the auditory _._\__,_____ ? (
N100 (76 to 100 ms). As we are dealing w—F — &
with auditory data, we know that we need ! “’r“"
to fit at least 2 dipoles to obtain a correct =~ ﬂ
source model. Double-click in the heads
twice to place 2 initial dipoles. Press All
fit and Start fit.
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Fitere 05 - 40 H, -8 . +282 .- Source analy — o\ o=

3. Both sources will fit in auditory areas, the

elp

oip 2 i

Energy | Min, Dist. _ Imay

wlot yloe zloe xan z
Contgss [[ o3 [0 [om [ oz [ 05 [ @5

o [

right source being located further anterior

= A0 off| Al 0] Start W) MSPS || SESAME —

than the left source. The right source

seems located slightly too medial.

tereak <7600 .. - 00 ms

Lo 10 83, Fiters: 0.5 20 b, 48 .« 262 ma - Souree anshyss -

w8 Sl
Selution1 Fg |mage Qptom Help Saltiore
Energy | Min, Dist. _ Imay Oip2  wlot yloe rloe xan
% Contgus |[ o3 [ 013 [om | 02 |

Loc

4. The fit can be improved by introducing a .

symmetry constraint. This can be very

useful for stabilizing a fit, particularly when == S s
data are noisy. To do so click on one of !
the sources and select symmetric to in
the Loc.: drop-down menu. Press All fit

and Start fit again.

Data Resual PCA-Data (5 of 5

5. Both dipoles are located symmetrically in

the auditory cortex. Note that the residual

variance is slightly bigger using the
symmetry constraint. However, the
solution with the smallest residual
variance is not always the correct
anatomical solution. You should keep in

mind that deeper dipoles explain more

variance. Therefore, in noisy data dipoles e
will have a bias to localize deeper to

explain more variance.
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282 - Souree analys - o x
Sobutiors New sausion 1

6. Release the Data button and the PCA

button to only display the residual

[ Energy [Min Dist _image | Dip2 i yle e xm zon
. P _catgss |[6& [ 0w [om [0z [ o5 [ a8
Loc  [ominis ][0 7| oiyaczs

|

variance (if it is not activated, click on the —-‘*_—",M/‘\ﬁim# @ @
Res. Button). Note that our source model -——w—— gw F

explains the data very well for the given

time-range. Keep in mind for later that the

source model does not explain the P50 or i e J“/\/\ @

the N150 sufficiently. This can be seenby = =

the higher residual variance in the S S
according time-ranges. You may click on

the ||D|| button to change channel sorting.

(A1 Subjects cedyg - Low 10 mes, Fiters: 15 - 40 He: 45... <252 .- Source anaysis - o x
ptions Help

P s s

7. Save the current source solution for later

[“Enerny [ Win Dist_Image
7| Ca
A1

by pressing File / Save Solution As...

o PR [T

o] AN fit| Start titl MSPS_|v| SESAME |

under the name

G

Close the source analysis

window.
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D. Fitting Regional Sources in Simulated Data

In order to understand the concept and advantages of regional sources we will again work with

a simulated dataset.

Simulated dataset: Two extended square surfaces (~10-15 cm?) of planar cortex are
modeled, each represented by four equivalent dipoles. The dipoles are approximately 2

cm apart. Each dipole can be thought to represent a smaller square surface (2x2 cm).

The first simulated brain region is thought to represent supplementary motor area
(SMA). The four dipoles are located symmetrical to the interhemispheric cleft with nearly
tangential orientation, reflecting a planar fissure to both sides of the interhemispheric
cleft. The modeled time-course is the same in each dipole, representing synchronous

monophasic activity in the SMA (dipoles 1-4 in the above figure).

Similarly, four nearly radially oriented dipoles are simulated, representing cingulate

gyrus activity (dipoles 5-8).

Thus, the two modeled extended brain regions are in close proximity to each other, but
differ from each other by the direction of the neuronal current flow (i.e. the
orientation of the active gray matter surfaces). The time courses of the two activities are
simulated to be partly overlapping, with the activity of the SMA starting earlier than that

of the cingulate gyrus.

BESA Simulator - EEG: CAUsers\ \ elp - o X
Flle Edit View Options Help
= = e » & 9
D ¢ @ & W H 2% 7 BESA
NewModel  Load Sensors LoadModel Load Source Waveforms ~ Save Model Save Data R Print  Settings  Help Contents
AT
+ X & ® A 4 = L
Insert Source Delete Source  Reference HeadModel  Fiters Waveform  Simulate Raw Data Standard Data Source Wave Custom
. - [Refwancaien | | +)
X T 8 P T =) | avwagare. | s 0.00 Aoha 0.50 =]
US Cart.: f i ; p \ \ // ﬂ \ i
Source 7 f > 4 \ [ \\
|\ / J1 (! )}
| Labe: Bon ~( ) | \ N 1| Fp2f
0100 locx )T - / \ o \
0.100 locy [ | > | o)
|
oS ez A R N LY N A
0.000 o x YN ¢ TN e o
0.174 oy N IAe ’ NN 4 cs \ \ Fcén
// \\ [ — cif | peaf | R
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- A 4 . \ - s cPL r‘\ 011\ o6
sanple == ) . .u !
— . < Py P N\ P4
/ O\ 7 ! | | ]
/ “ // u \ 7 =y ‘.( ‘j W
/L i »9 P10
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\ L V V
= - /
arthographc
Current folder:C: A _7_1Examples/L EEG: Spherical model -
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1. Load this data set in BESA Research:
File /

RegionalSource2D.avr.

Select Open and open

2. You may increase the amplitude scaling
by pressing the amplitude scaling
button at the right of the window.
Change the scaling to 2 pV. It is evident
that due

conduction,

to the effect of volume
each electrode records
signals from both modeled brain regions

to some extent.

distribution of the EEG

activity at the scalp surface can best be

3. The overall

observed by viewing a 3D whole-head
map. Open the map window by double-
clicking into the data approximately
where a polarity reversal is observed in
electrode Cz. A cursor is set and the map

window appears.
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4. To obtain a time sequence of maps,

click onto one of the heads, e.g. the view
of the right side (left head in the middle
row). The display changes, and maps
from 35 ms before to 35 ms after the
cursor are shown in steps of 5 ms. The
map seems to rotate from an early
the
tangentially oriented SMA) to a later

tangential map (activity of

nearly radial map (cingulate gyrus
activity). Note that this apparent rotation
is not generated by the rotation of one
active brain region, but by the differential
activity of multiple fixed gray matter

patches with different orientations.

In order to model the underlying activity,
we will perform source analysis again:
Left-drag to mark a block, right-click
into it and send the whole segment into

the source analysis window.

Tutorial 4 — Discrete Source Analysis

File Edit View Filters

-F J FOJ ers \ SAW |

Montage Process
BAT | ERP | TpV | IG" | mea Ieea i mar Iom—
= - 0

ICA ERP Afifact Search Tags Goto Options Help

A d[L o)

FT
I

3

3
i3

L

Far [

1020ms 107.0ms

1.0ms

()
©'@®:

1320ms 137.0ms

D
'@

U0 ms 1520 m:

@
@

1620ms 167.0ms

137.0ms.

120ms

>

127.0ms

(@0

157.0 m:

1720ms
reference free

“ le’l‘l”‘l‘iimw . 020V 1 step

Time: 00.00.00 Total: 00.00.01 Mark 0137 s Cur-0216s: Fp1:-0.00 iV Filters oft
Block Size and Position Filter Settings
5 Mhmg = Low Cutoff Status | Enabled
(~ Custom Definfion Eroquency [i8 (g Siope [Bdbiodt 2] Typlimerd T+
|—4| Previous High Cutaff Status | Enabled

Settings

T e pre e Frecuency [f00 [Hz Slope [zddb/oct ~ ] Twpe[zero phase ~ |
[r5547 tms) postEvent

[~ All Conditions

Source Analysis

SetBlock

Cancel

The PCA button should already be 57

pressed. This means that a principle el

component analysis of the data is
computed. A PCA decomposes the data
into contributions of mutually orthogonal
topographies (i.e. topographies that are
maximally dissimilar to each other in a
mathematical sense). In this process, the
first PCA topography is selected to
the

second topography the largest part of the

explain the most data variance,

Dats PCA-Data (2012
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remaining variance etc. The curves at the

left indicate the associated time courses.

The variance explained by the corresponding component is displayed next to it. It
becomes obvious from the time courses, that a PCA does not provide a separation of
the multiple brain activities (they were simulated to be monophasic, but the PCA time
courses show two peaks each). However, the PCA provides a good estimate for the
minimum number of brain regions that are contributing to the EEG data: A single brain
region cannot generate EEG data that contains contributions of two mutually orthogonal
topographies. We can therefore immediately conclude that we are dealing at least with
two active brain regions in the current data set. Since synchronously active brain
regions cannot be separated by a PCA, we only obtain a lower, but no upper bound on

the number of sources required to model the data.

Note that in real data, there are as many PCA components as there are recording
channels, most of them solely representing noise activity. The ones relevant for our
considerations are those with a substantial contribution to the data variance and a time-

course that indicates activity that clearly emerges from the background noise.

Next, we will see how we can also employ the PCA to estimate the appropriate duration

of a fit interval.

7. If a fit interval is marked, the PCA -, -—-—,,e -

lIbata] [ Data Model | Residual || Data
o <] 520 avT

decomposition is computed for the

A
marked data segment only. Mark a fit

interval that starts at the onset of

observable EEG activity and vary its
duration. Note that every time you
change the length or position of the fit

interval, the PCA waveforms and

explained variances change.

8. We want to apply a sequential fitting strategy, i.e. first fit a dipole to represent the earliest
brain activity. For that purpose, we should make the fit interval short enough not to include
any brain activity from other brain regions that starts at higher latencies. Therefore, the fit
interval should be chosen such that one topography dominates the data, i.e. one PCA
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topography should explain the majority of the variance. If this is not the case, this would
indicate that at least two brain regions contribute to its generation. We would get incorrect
fitting results if we tried to fit a single dipole to the data. On the other hand, the fit interval
should not be shorter than necessary either, so that the effect of channel noise on the fit
result gets reduced. In our example, an appropriate first fit interval is e.g. approximately
from the onset of EEG activity to the first peak — in that time range, the SMA region is
active, whereas there is no cingulate gyrus activity yet (PCA topographies show 100%
and 0% contribution, respectively). Then double-click into the heads to create one dipole
and hit Start Fit. The dipole localizes in the center of the simulated SMA activity. Note
that the SMA region was modeled with 4 dipoles to represent activity of a relatively large
cortical patch. Still it is possible to reconstruct its activity with only 1 dipole with near

perfect explanation of the variance.

BESA - C:\...mulations\RegionalSource2D.avr - Condition 1, Filters off, -100 ... + 346 ms - Source analysis - o X
File Condition1 Solution1 Fit |mage Options Help Solution: New solution 1

Data Mode! | Res. Order [P.CA EEG | Res.Var. | Energy | Min. Dist. _ Imags Dip1 xloc yloc zloc xcoi yoi  zoi
RegionalSource?D awr Filters off <] RV 0.007% GFP| cartus | [ cor [o17 [os [ a0 | 10 | 03
Org| 9959 ms +54558 ms| [Best: 0.006% RC:1
o o loc e -
/ \\/\ ori fiee -

Il \ Model: 4 shell ellipsaidal
New solution 1 dified)
[y \ D e

0 EEG +
01 m
| anoff] anfit| Startfit| _MSPS [ +| SESAME |
7 @ < @
12 q
N LA
o -

Data Residual PCA-Data (10f1) > |Source waveforms ZI Source locations
Fit Interval: +56.29 ... +95.26 ms

—

Ll

Release the Data button in the upper left corner to display the residual (i.e. unexplained)
activity only. Now mark a second fit interval to include the left-over residual variance.
Because the data is not displayed anymore, the PCA is computed for the residual activity
only. For the second and all additional fitting steps, this is our criterion for the selection of

the fit intervals. In this simulated example, there is only one additional brain activity, i.e.
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10.

no matter how long you choose the fit interval, it will result in one additional PCA

component with substantial contribution®.

BESA - C:\...mulations\RegionalSource2D

File Condition1 Selution1 Fit Image Optians Help

aur - Condition 1, Filters off, -100 ... + 546 ms - Source analysis

100

Image
GFP|

Data | Model | Res. Order [P.CA _EEG | Res.Var. | Enmergy | Min. Dist.
RegionalSource2D av Filters off « [R.\V.: 74.838%
Org| 9959 ms 454558 ms|  |Best: 0.323% RC: 1

. VN

[ ]

1

\

[m} *

Solution: New solution 1
Dip.1  xloc  yloc  zdoc xoi y-ori zori
Cart,JUS 0o 017 o061 on 1.0 03
Loc free ~
ori: free B

Model: 4 shell ellipsoidal

\

New solution 1 (modified) EEG

74.8%

-

é s |
Al ——
x| AN off] Al fit| Startfitf MSPS [v| SESAME |

Fit

@20f2) E‘Snur:s waveforms

Fit Interval: +108.25 ... +281.45 ms

Residual PCA - Residual

e
SEyYah

@/L@)
—_

Ll

Source locations E‘

After deciding on a fit interval, add a

second dipole by double-clicking into |

the heads. Hit Start Fit to localize it into
the cingulate gyrus area. Note the
vertical orientation of this source, in
agreement with our simulation. The two-
dipole model now separates the activities
of the two brain regions. The source
waveforms reconstruct the correct time
courses, indicating the earlier activation

of the SMA as compared to the cingulate
gyrus.

Fares o, <100, + 388 i - Source syt

6 The PCA variances computed for the residual do not sum up to 100%, but rather to the total residual variance in

the marked block
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11. Open the Options menu. Currently the |Options| Help

default source type is set to Dipole (2nd

Regularization Constant: 1 %

Default Source Type: Reg. Src.

row). Please click onto this entry. When

you open the Options menu again, the

Brain Voyager Source Plot Size: 45

default source type has been set to
Regional Source. With this setting, a
the

automatically add a regional source as

double-click into

opposed to a dipole.

heads

will

Colors
Reset Colars in Solution

Hot Keys...
Preferences...

Reset All Settings to Default

Shift+C

12. A regional source has a location and three (MEG: two) orthogonal orientations, in order

to model all activity that stems from a particular brain region, no matter in what direction

the current flows. To model the two simulated brain regions with a single regional source,

switch off the two single dipoles in the model. Double-click into the heads to insert a

regional source. Because it consists of three orthogonal dipoles, the corresponding

source waveform consists of three curves, each representing the source waveform of one

underlying dipole. Mark a fit interval over the whole time range of activity and hit Start

Fit. The fitted source location compromises between explaining the SMA and the

cingulate gyrus activity. The obtained residual variance is less than 1%, indicating that

this source models the data very accurately.

y-ori  z-ori

BESA - C:\...mulations\RegionalSource2D.avr - Condition 1, Filters off, -100.... + 546 ms - Source analysis — u]
File Condition1 Solution1 Fit Image Options Help Solution: New solution 1
Data | Model | Res. Order [P.CA. EEG | Res.Var. | Energy | Min. Dist. _ Image 3 xloc  ydoc  zloc  xeori
RegionalSource2D aw Filters off «[R V.- 0.621% GFP c;npus am [ 010 [ 0%
Org| [-99.59 ms 454558 ms|  |Best: 0.619% RC: 1
- s Loc fies
§ TAVZaN) S
’ \ Model: 4 shell ellipsoidal
| \ New solution 1 (modified) EEG +
.
Al
| anon| Anfit| Startfit| MSPS |v| SESAME \ .g .e
04% /\
off 1
No fit
0.3% a N
on |7 i !
No fit
on VAN
Fit
o -
Residual PCA - Residual Source waveforms ZISnur:e locations
Time: +311.76 ms Fit Interval: +56.29 ... +281.45 ms

BESA Research 7.1 Tutorial
Copyright © 2024

BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

Page 92 of 446



BESA®

Tutorial 4 — Discrete Source Analysis

13. The three mutually orthogonal dipoles of a ’B\E—Lﬁ*’/
Add Spatial Component at Cursor
. . e L
regional source models current flow in any il ‘ R |
. . . . . . . ot Imece g //« G
arbitrary direction in a certain brain region. = " [ i (\\\
. . . i Set Orientation o[ SetOrientarion 1 a1 Curser o
Mathematically speaking, we will get exactly ; S u‘
om| o] Convert 1o Single Dipole (s !
the same representation of activity if we ™" i T \\JL//
i S e
rotate the axes from the initial x-, y- and z- [ e
o o — NV RN
direction to new orientations such that the & / (7 ‘
: : : \ \ / _
1st dipole of the regional source represents | \ N/ .
L . [ '
the initial peak of activity. To do that, W/ v d !

double-click onto the source waveform to set a cursor at the first peak (around 100ms). Right-

click and select Set Orientation / Set Orientation 1 at Cursor.

14. This rotates the regional source so that the first of its =
dipoles points into the direction of current flow at the
cursor latency. Note that as a consequence its source
waveform picks up all activity at the cursor latency;
the other two source waveforms show zero activity at
the cursor. The second and third dipole components

are rotated with it so that they remain mutually

orthogonal. The second dipolar component is %" i i
automatically set to model the largest current flow perpendicular to the first source. As a

consequence, the source waveform of the third component is flat in this simulated example.

This means that we can apply regional sources for the purpose of modelling the activity of a
specific brain region, and, by orienting the components, also for the purpose of separating
activities with different orientations of cortical patches. Note, however, that a full separation of
differently oriented components is only possible if their orientations are indeed orthogonal to
each other, like in this simulated example. We will see the strengths and drawbacks of regional

sources again shortly when we apply them to real data sets.
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15. With the cursor still set at the first peak, you | © Voliase map-daia Lo [
8 [% Qlb| ~[] )] Ral'a[fa"] 0l
can hit the M key on the keyboard (or right- | o= 2t +69.59 ms

click and select Display 3D Maps) to view
the voltage topography at that latency. It
reflects the tangential dipolar topography of
the SMA region.

2:5

00

16. Use the arrow keys or the mouse to drag B3 o e e
the cursor to the second peak and e d
observe the radial EEG map generated by \}/
the cingulate gyrus with the large central & !'
negativity. Close the source analysis A

window without saving the solution.

E. Fitting Regional Sources in Real Data

We will now use regional sources instead of single dipoles to reconstruct activity in our real

auditory intensity dataset.

1. We will now return to the dataset |[File Edit View Fiters Montage Process ICA ERP Artifact Search Ta
. Open... ctrl-0
f Wh|Ch ShOU|d Close
. . . Close All
still be available at the bottom of the File e ,
menu. If it is not, please select it pressing AT R
Head Surface Points and Sensors >
. Left'drag a bIOCk MRI Coregistration...
. " . - . Export...
in condition Low, right-click to send it Vst
into Source Analysis with settings —50 to Import and Convert ASCII File..
Print... ctrl-P
250 ms, a Low Cutoff filter of 0.5 Hz, 12 Print Preview
dB/oct, zero-phase shift, and a High et
[V 1c\.xamples\ERP-Auditory-Intensit\All Subjects_ccfsg

Cutoff filter of 40 Hz, 24 dB/oct, zero-
phase.
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2. With pressed P.C.A. button, a principal

component decomposition of the data is

displayed. Condition Low is dominated by
one large PCA topography, mainly
representing the N100 activity. Create an
initial source configuration with two
sources by double clicking onto the right

and left head scheme.

3. As regional sources can explain activity - I
with up to three brain orientations at the ™ W |

it MEPS_|v]

same time we can expect the two sources

SESAME

to model the three main components inthe |-
auditory cortex area (P50, N100 and

N150). Therefore, we will not set a short fit = J/
interval comprising only one component, | «+————— tmv?% A NAR
L : £ o)

but rather mark a fit interval over the #‘ o / il
J— 4

activity range of these three AEP [ i

components. Drag the cursor over the source waveforms to mark the interval from 40 ms
to 172 ms. You may set the interval by right-clicking and selecting Set fit interval. Press
All Fit and Start fit to fit both sources simultaneously. Use the arrow buttons in the source
waveform box to adjust waveform scaling.

4. The sources are quite symmetric with a seb o ied

RS 2 X-loc y-loc z-loc X-ori y-ori

_CartdUs |[[ o4 [ om | o015 | - [
loc:  free — +]
ori:
Model: 4 sheEYiTnET =

slightly more anterior source in the right

hemisphere. As stability might be much

worse in individual data, we will impose a
symmetry constraint on the source

location again. Activate the second

L 2
source by clicking onto its waveform. In N —
. . <
the upper right box, select symmetric to
from the drop-down menu next to Loc.
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5. Press All Fit and Start fit again. Note that

the residual variance (Res. button needs

to be pressed to view this) and the source

waveforms only change marginally.

| e <800 T2 s

6. We want to identify the direction of current  |Auetlane]|serf] uses |r| sesae | @
flow of the N100 component. To do so, @

activate source one by clicking onto the

Display MRI A
On
it Fit Enabled Sources over Interval F ol

source. Right-click and select Set » S Orenaton st Magmum
. . . . Invert st Orientation 1 /t @®
orientation / Set orientation 1 at Comiet o Single Dipoe c

Maximum. This rotates the source such

that the peak around 100 ms is now fully
accounted for by the first component

(source waveforms for orientations 2 and

3 are now zero at this latency).

_Mﬁ-vw:ﬁ&? KK%P ];55\\
TR Jmm

i il oterat 4000 .- L0 s

-@ |
m,an» l}

BESA Research not only sets the first orientation, but also automatically adjusts the
second orientation of the regional source to explain the maximum activity perpendicular
to orientation 1 in the whole time interval. Thus, the second orientation accounts for the
N150 component (second largest component). The orientation of N150 is close to radial
and reflects current flow at the lateral surface of the supratemporal gyrus. Alternatively,
the second component of a regional source could be set at a specified latency by double-
clicking to set a cursor, right-clicking and selecting Set orientation / Set orientation 2 at

Cursor.
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7. Next, we will orient the second source as

i}

e [es [
[ranyomeis

GFR
AC 1

described in step D6. If necessary, Right-

click onto its waveform and select Set

Orientation / Invert Orientation 3 to

make orientations of source one and two

consistent. (This 2-source model has '

been saved in file LowIntensity 2RS.bsa. .- Ly ST
You may load this file from the menu entry | koot

Recet Orientatioes o X, ¥, 2

File / Open Solution.)

8. Let us compare the solution using

— O o=

A8 Aoy ks Lowdensy 50
s zibe sy med
[os [ow [ 53 [ o8 [ a8
| [ e

regional sources with the solution using =%

single dipoles we saved earlier on. Please

press File / Open Solution and select —-e-qﬁﬁﬁm/EM'

Release
the Data button to only display the
residual variance. You can toggle
between the two solutions using the arrow

buttons in the top left corner of the head

scheme field. Note again that the single
dipole solution does not explain the P50
and N150 components, while the regional

Energy | Min, Dist. _ Imay

source solution explains all activity from

the temporal region very well. | wae]_es T s
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9. Make sure you switch back to the regional
source solution and minimize the source
analysis window (don’t close it) to return
to the average data in the main window.
Select condition High and send it to
source analysis with the same settings as
the Low condition by left-dragging a
block, right-clicking and selecting the
according entry at the bottom of the

dialog.

10. If the Data button is still released and the

Residual button is pressed we can
immediately see that the source solution
that explained the data in the Low
condition very well is not satisfactory in

the High condition.

11. Mark a fit interval from 68 to 200 ms that
covers the unexplained activity. Double-
click into the head schemes to place a

third regional source. Press Start Fit.

BESA Research 7.1 Tutorial
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12. Right-click on source waveform 3 to set T o x|

orientation 1 at the maximum or hit the O | ¢| &|C|4 [ 5|98 e85 |%| &| 4] .|
key, the short cut for this action. Scale

down the source waveforms if necessary
by using the arrow buttons in the bottom
right corner of the source waveform field.
Right-click on the source waveform and

select Display MRI (or press the A key).

Press the £ button to change to multiple

view. The third source localizes frontally,

representing activation in the cingulate R L

gyrus or frontal cortex. Close the standard MRI window.

Esa -

13. Switch back to condition Low by using the fE

e 1 a:
arrow buttons in the top left corner of the FA _ -~
channel field. Note that the ACC/frontal = [ P o ,,/:\j /ﬁ\

( { )
source is silent in the Low condition. Its VAN e /I Zﬁg‘ﬂ g%;
presence does not alter the source : /@ *"\)3 i}ﬂ%\
waveforms of the auditory sources. You S S U = ' E\\J/) Qj/’
can probe this by switching the frontal = e @ 7 @
| i *-)f ‘gl@ J
source on and off. Close the source | 4 =
analysis window and save the current T
solution as
(This source solution has already been
saved as Highintensity 3RS.bsa.)
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F. Conclusions

General guidelines for source analysis

We can conclude this tutorial with the following general results and guidelines:

1.

The idea behind source analysis is to place or fit sources into the brain at all regions
contributing to the data. Localization/fitting is hypothesis testing: The computed source
waveforms separate the modeled brain activities and answer the question if and when
activity takes place in the modeled brain region. Thus, BESA Research reconstructs the

brain activity with high temporal resolution.

Synchronous activity over several square cm can be modeled by a single equivalent

source.

Sources that are close together, have the same orientation and synchronous activity are

indistinguishable.

Sources that are close together but have different orientations and non-synchronous

activity can well be separated by a discrete source model.

Source waveforms are relatively insensitive to variations in dipole location. Therefore, a
single regional source can accurately model activity of multiple gray matter patches in its
vicinity. Regional sources should have a mutual distance of approximately 3 cm or more

between each other to prevent crosstalk of their source waveforms.

Regional sources tend to provide more reliable solutions in noisy data as compared to
single dipoles, because during a fit of a regional source only its location needs to be

determined (no orientation has to be fitted).

Very often the brain responds to a stimulus with bilateral symmetrical activation. Therefore,
a pair of symmetrical regional sources is often a good initial source configuration. The

resulting source waveforms will then indicate if the activity is really bilateral.

The criterion for a good source model is not solely the residual variance. Rather, the

following criteria should be met:

e The source model should be in agreement with proven knowledge about the underlying
brain activity (e.g. bilateral activation of the auditory cortex after an auditory stimulus

as opposed to a single central brain area).
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The source waveforms are an important indicator for the quality of a source model:
When the time course of the obtained source waveforms for a (pair of) source(s) are
distinctly different from those of other sources, this indicates that the corresponding
source correctly models distinct brain activity. On the contrary, when two source
waveforms show nearly the same time course, it should be checked if they pick up
activity of a brain region that is not part of the model, rather than truly modeling brain

activity generated at their source locations.

PCA can be helpful in determining the minimum number of sources required to

adequately model the data.

What does BESA Research provide?

Although source analysis is the core of the program, BESA Research provides comprehensive

and excellent tools for complete data analysis. This includes among others:

Data review and mapping

Preprocessing: Paradigm definition, artifact detection and correction
Averaging

Traditional ERP analysis

Interactive source analysis and source imaging

Coregistration with MRI/fMRI

Time-Frequency and coherence analysis

It is recommended to perform preprocessing of your raw data with BESA Research, to secure

that your averaged files match the quality requirements for source analysis. This is not

guaranteed if you import averages from other systems.

What should you provide?

Independent of the analysis capability of the software, good analysis results also depend on

the experimenter. Make sure to:
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o Define the goals of your experiment/measurement
o Acquire data of appropriate quality

¢ Understand the basic principles of source imaging
e Utilize knowledge on brain anatomy and function

o Appreciate the limits of source localization. For example, in data with low signal-to-
noise ratio, source fitting might not provide reliable results. In that case, it is preferable
not to fit dipoles at all. Rather, the source model can be created by seeding dipoles or

regional sources into the brain based on knowledge e.g. from anatomy or fMRI.

e Do not try to determine parameters if they cannot be estimated reliably (e.g. dipole

localization in depth)
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Tutorial 5 — Source Montages

What does BESA Research provide?

v" Pre-defined source montages
v Resting state montages

v User-defined source montages
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The present chapter will introduce the concept of source montages. In BESA Research,
source montages can be created by the user, e.g. by a fitting process or by placing sources

in regions of interest. Alternatively, it is possible to use pre-defined source montages.

Source montages (Scherg et al., 2002) are especially useful for reviewing high density data.
They are provided to facilitate the detection of focal source processes in the brain by
reversing the overlap from different brain regions seen at the scalp. If brain activity is focal,
i.e. represented predominantly in one source waveform, a large amount of the recorded
scalp activity reflected in this trace will originate in the related brain region. If source activity
is distributed over several traces, the origin is likely to be more widespread or in areas not
precisely modeled by the combination of sources in the selected source montage. Each
channel in a brain source montage can be viewed as a 'gross virtual electrode' placed onto
a particular brain region. Using either pre-defined or user defined source montages allows
to evaluate data at the source level, rather than sensor level. This transition allows for in
example allows for faster and more precise epilepsy assessment (Beniczky et al., 2016;
Rodin et al., 2004). It may allow for observation of brain physiology that is not clearly visible
with the traditional approach and might be helpful to monitor activity in deep brain structures
where it is not possible to use classical montages (Scherg et al., 2002). Source montages
are highly beneficial for connectivity studies as well (see Tutorial 12 — Time-frequency

Analysis, Connectivity Analysis and Beamforming).

The resting state montages are a special case of pre-defined source montages. Resting
state network nodes are well-established in fMRI studies (Damoiseaux et al., 2006) and have
been related to functional patterns in many publications over the last years. In BESA
Research the resting state montages contain regional sources in brain regions associated
with the Default Mode Network — DMN (Raichle et al., 2001), fronto-parietal task control
system as well as the dorsal attention system and the ventral attention system (Power et al.,
2011). They allow investigating resting state EEG and MEG data in a swift and straight-
forward manner. They can be also used to compare EEG data directly with fMRI results
(Rusiniak et al., 2018).

More details about how these pre-defined montages were created can be found in the BESA

Research help documentation.
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A. Pre-defined Source Montages

1.

The file

be open.

should still
If it isn’t, open it from your

recent file list: File / Recent Files...

Make sure the button Rec is pressed to

display the original recorded data.

From what we see on the screen at the
moment, we cannot infer which brain
regions might be responsible for creating
the evoked potentials that can be seen

across all electrodes.

We will now load a source montage that
is part of the BESA installation and was
created for auditory evoked potentials.
Press the Scr button and select Evoked
Potentials / AEP.

the

automatically translated on the sources

Now sensor-space data are
in the source montage. As discrete

sources have good  separation
properties we can immediately see that
activation is not distributed over all
channels any longer but mainly reflected
by the temporal sources. You might
notice that some sources are displayed

with a head scheme, while others only
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have a label. We want to look at the

montage in more detail to find out why.

Press Edit / Montage to open the
montage editor window. The current

montage will automatically be loaded.

In the montage editor window press the

button *®!to display a multiple head
view. The sources are listed in the
middle panel. Have a look at the different

sources by clicking on the label.

You will note that the first 6 sources are
single dipoles with an orientation while
the other sources are regional sources
that have not been oriented. The idea
behind this montage is that it was
optimized to model auditory data.
Therefore, the auditory cortex sources
have an orientation to reflect activity in
the different major temporal Ilobe
surfaces (see graphic), while the
regional sources were placed to increase
the sensitivity of the auditory cortex
sources. Thus, any activity that does not
originate in the temporal lobe will be

projected on the regional sources.
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9. Close the montage editor window and
right-click on the first of the head
schemes on the left of the main window.
A window will pop up that displays the
cortical area that is covered by the
according source. You can view the
associated brain regions of all sources

displayed on the left of the main window.

10. Note that BESA Research provides predefined source montages for auditory,

somatosensory and visually evoked potentials as well as montages for central, frontal,

parietal and temporal brain regions. The according brain regions are modeled by

oriented dipoles, while the regions that are not of interest are modeled by un-oriented

regional sources. The source montage BR_Brain Regions does not contain any oriented

dipoles and was designed to get a quick overview about activity in the whole brain.

Note that source montages can not only be applied on average data to get a quick

impression about the active sources. Their particular strength is that they can be applied

on raw data. We will do this in the next step.

11. We will return to the dataset of
the auditory intensity experiment that
should still be available in your recent file
list: File / Recent Files...

12. Next, we will filter to the data by pressing
the EdF button or (Filter / Edit Filter
Settings). Define a Low Cutoff filter of
0.1 Hz, forward, 6 dB/oct and a notch
filter of 50 Hz, Width: 2.
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13. Now we will load the artifact definition file
that contains the blink information we
created earlier. Press Artifact / Load
and select the file . Make sure the

artifact correction is switched on (a blue

corrected should be displayed in the top

left corner of the main window).

14. We will now apply the source montage
AEP again by pressing the button Src

and selecting Evoked Potentials / AEP.

15. Again, we immediately see — even in the

raw data! — that the majority of variance
in the data is produced by temporal lobe

sources.

16. Make sure you are in the first screen and
switch off artifact correction by pressing
ctrl-E. Note that a large signal now
appears in the frontal sources (mainly
FpM). Also note, how the eyeblink has
an effect on auditory cortex sources.
This demonstrates the necessity to
control eye artifacts by either rejecting
them. Switch

them or correcting
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correction back on by pressing ctrl-E

again.

B. Creating a source montage

1.

We will now create our own source
montage based on the source model
we created using the grand average
the

Return to the dataset

data of auditory  intensity
experiment.
All_Subjects cc.fsg that should be
available in the file menu. Ifitisn’t, open
it from your recent file list: File / Recent
Files...

Select condition High, right-click and
send it to source analysis with settings
-50 to 250 ms, a Low Cutoff filter of 0.5
Hz, forward, zero-phase, 12 dB/oct.
and a High Cutoff filter of 40 Hz, zero-

phase, 24 dB/oct.

Open the source solution we created
earlier on in step D of Tutorial 4. Press
File / Open Solution and select the file
Highlntensity_3RS.bsa.

,,,,,,

e St Poits i S

I
[t i, iy
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4. We will use this source model as a
source montage for our raw data. In the
present case, this source model is
sufficient, but when data are very noisy,
it is advisable to add probe sources to

the model.

BESA - CA\..Intensity\All_Subjects_cc.fsg - High: 10 avs, Filters: 0.5 - 40 Hz, -48 ... +248 ms - Source analysis.

File Condition1 Solution1 Fit Image Options ESA\Research_7_
Data Mod. | Res. |ID|| |P.C.A.| EEG | Res.Var.| Energy |Min. Dist. _Image |liiodel

Filters: 0.5 - 40 Hz a|R.V.- 3.383% GFP
Best: 1
0

High: 10 avs

org| |48.00ms
=
Al ———%

+248.00 ms|

Help  Solution: C: B

- o X

C: 1

Rad /Thickn.-[ 850000 | 60000 [ 7.0000 | 1.0000
Conductivity: [ 03300 [ 03300 [ 0.0042 [ 1.0000

/_3RS.bsa

di gl
4 shell ellpsoidal -
head  scalp bone  CSF
brain

scalp bone  CSF

cz

FEE E*—Q?
=

Fz

B
0

N
L e e
- = ™ @@
e —— e ‘
Data Residual (1-16 of 31) ~| Source waveforms j Source locations j

Time: +200.00 ms

= )»‘;II ] Al it Start fit]_MSPS v - J 3RS bsa EEG »
=l Ano it Start f v ’:D £
ch——-&v; Hid

e R\ ,@. ,.
P e

Remember that activity in any brain region that is not modeled by a regional source will be

projected on the sources of interest. l.e. any noise or unsystematic brain activity that is not

related to the stimulation would be projected on our three sources.

5. As we are interested in auditory cortex

activity and activity in the frontal area that

becomes active in the high

condition, we need to make sure that BESA

uses oriented sources in

montage. In order to make the orientations
of the auditory cortex and frontal sources
available for the source montage, we need
to convert the according sources to single

dipoles. Select source AC_Left in the head

intensity

the source

schemes, right-click and press Convert to

Single Dipole.
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6. You will now see three individual traces for
AC_Left, AC_Left2 and AC_Left3. They
correspond to orientation 1 to 3 of the
regional source. Repeat the previous step

for source AC_Right and Frontal.

7. Save the source montage by pressing File
| Save Source Montage As... and specify
the name
Close the source analysis window. Press
OK to terminate without saving the source
solution.

Note that the created source montage is
only available for datasets located in the
current folder as we saved it in the data
folder. To make it globally available you
may save it in folder which
is easily accessible via the Folders drop

down list at the bottom of the save dialog.

) BESA - €\ Atages\ AEP AN SUbJect_cc fog - HIgh: 10 avs, FINErs 05 - 40 HE -48  +252 1 - SSUFce analysis

File| Condition1 Solution 1 Fit Image Options Heip

Save Solution As.

Save Source Waveforms
Save Source Waveforms As_.

Save Sours

Send to MATLAB...

1 CABESA Workshop\Data Source Mantages\AEP_3RS bsa

20 .. \MEG Adults\mspilot03_QS\RS.bss

3 D4 - \MEG Adults\mspilot03 Q5\4Rabsa
4CA,...\Bxamples\ERP-Auitory-Inteasity\Highlntensity_3R5.bsa
5\ ... \Examples\fMRI + EEG-RT-Exy
6D\ .. \EEG Coregistration Test Da RS bsa
7 G \Examples\IMRI+ EEG-RT- Experiment\RT-4RS-20-seeded.bisa
8.CA\.. \Examples\IMRI+ EEG-RT-ExperimentiRT-4D-seeded bso
9.C4,...\ExamplesMRl+ EEG-RT-Experiment\RT-2R5.bsa

Display Complete Paths
Exit

] A off] Alfit] Start it Mult.ProbeSca

[ on T

Nofit|

on -
Nofit -

| on
Nofit]

fon | T

e

.| [ moit]

lemm
Noit|

e —

on

FP1

Mo fit!

Now we have created our own source montage for the auditory intensity condition that

includes the fitted sources along with probe sources. We will now apply this montage on

our grand average data and the raw data of subject 1.

8. Return to the main window. The newly
generated source montage was already
applied to the grand average data. Please
note that the activity increase from 60 to
100 dB in the frontal source can clearly be

observed using this montage.
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9. We will now return to the raw data of
subject 1 ( ). It should still be
available in your recent file list: File /
Recent Files...

10. Press the Usr button and select our
source montage Highlntensity_3RS-
test. We will use this source montage later

on for coherence analysis.

11. Note that the source montage was
created based on the current channel
configuration. BESA Research
automatically checks if a source montage
is matching the current data channel
configuration. If not, the particular source
montage will be not available. It is possible
to create a source montage that can be
loaded for any EEG channel configuration.
To do so you need to press the Org button
in the left top corner of the channel
waveforms window to switch from original
montage to Standard 81 channel montage
(the button should display Std). When a
source montage is saved now it will be
available for all datasets (as long as they

have EEG sensor type).
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Tutorial 6 — MRI Segmentation, Coregistration and Individual Head
Modeling (FEM/BEM)

What does BESA Research provide?

v' Automated MRI segmentation (in BESA MRI) using T1 and optionally T2 sequence
data:

Loading MRIs in DICOM, NIFTI or ANALYZE format

Guided definition of landmarks for AC/PC and Talairach transformation

Automatic inhomogeneity correction

Automatic segmentation of skin and cortex

© O O O O

Automatic setup of 4-layer FEM model (skin, skull, CSF, and brain)
0 Automatic setup of 3-layer BEM model (skin, skull, and brain)

v' Co-registration with and without individually digitized electrode positions

v Display of individual cortex and skin in source analysis window

v Source Localization with Individual Head Model (FEM/BEM)
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A. Introduction

Co-registration of EEG and MRI data allows mapping a source position to an actual cortical
area. Without co-registration it can only be roughly estimated, which cortical area a certain x-
y-z position corresponds with. Further, individual anatomy can be used for seeding sources or

verifying source localizations.

When EEG and MRI data are co-registered using BESA Research and BESA MRI, data are
transformed into a coordinate system, which is based on internal landmarks of the individual
subject. First, a transformation into the AC/PC (anterior / posterior commissure) coordinate
system is performed. Data are then transformed into standard Talairach space. This ensures
that the same standard coordinate space based on individual anatomical landmarks is used

when different subjects are compared.

Using the same standard coordinate space based on internal landmarks is essential when

source localizations are to be compared across several subjects:
a. between two groups of subjects (e.g. patients vs. control subjects)

o0 Anatomy can vary considerably between subjects and a different x-y-z
localization in two people can still be in the same anatomical region. Not taking
individual anatomy into account when constructing the coordinate system would

disregard this fact.

b. at two measurement time-points within the same group of subjects (e.g. pre vs. post

treatment, test vs. retest)

o If an EEG (and more so MEG) is measured at two instances in the same
subject, electrodes (MEG sensors) are likely positioned slightly differently at the
two instances. Here, not taking individual anatomy into account when
constructing the coordinate system can lead to higher variance in source

localization within the same subject.
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The above image illustrates the variance of Heschl’s gyrus positions across 15 subjects. The

PAN (PreAuricular points + Nasion) coordinate system is based on the fiducials only without

using any internal landmarks. The same positions are displayed in the AC/PC coordinate

system on the right. It is apparent that the variance across subjects is greatly reduced merely

by using internal landmarks when defining the coordinate system.
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The reduction in variance using the
AC/PC coordinate system compared to

the PAN is statistically significant (see

image on the right). The effect is
particularly prominent in the right
hemisphere (p < 0.0001), but also

apparent in the left hemisphere (p < 0.05).
This illustrates that it is important to use
the individual anatomy for defining the

coordinate system whenever possible.

Distance to the mean point in mm

Left hemisphere Right hemisphere

Distance to the mean point in mm
s

PAN ACPC PAN ACPC

Coordinate system Coordinate system

Usually, good co-registration depends on digitized electrode positions to precisely fit the

measured electrodes to the skin of the subject (as segmented from the MRI). Using BESA

Research and BESA MR it is possible to co-register EEG with MRI data even if no individual

electrode positions were digitized as long as there were some electrodes that coincide with

positions of the standard 10-10 system. The idea is that if some standard electrode positions

are known in a subject, positions of other electrodes of the 10-10 system are also known and

can be used for co-registration purposes only (not for any signal analysis). This procedure

makes co-registration much more precise than only relying on fiducial positions.

Before starting the co-registration, MRI data must be segmented. The segmentation in BESA

MRI is fully automatic after setting up anatomical landmarks. Entire procedure is described

below.
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B. MRI segmentation

1. Start the BESA MRI program and press |

Start Mew Segmentation

Accept on the welcome screen. Press the

Start New Coregistration

Start New Segmentation button in the R e

interaction window Open Coregistration Project

2. In the next screen additional features can _
Steps required to process MR data

be added, like Cortex Inflation or Volume
Load T1 MRI data

Conductor Segmentation. Press Next [ |qad T MRI data

button to proceed to the next screen. Set ACPC Orientation
Set Talairach Transformation

Run Inhomogeneity Correction
Tip: A T2 sequence can be also added to Run Scalp Segmentation

improve the quality of segmentation. RIS n TELZ AL

Please read the BESA MRI manual for Run Volume Canductor
further details. Segmentation for FEM

] Run Volume Conductor
Segmentation for BEM

Run Cortex Inflation

OO

3. Press Load T1 Data in the interaction | oeefi X
. . . Look in: MABESA Research Workshop -0 0 0 @& =)
window. A new dialog box will be opened. [ - — Sze  [Type [Date Modiied
‘ P MRI_PB_2010_09_29 Fil...der  2021-03-15 5:07
Navigate to folder 7 Dounloads
'ﬁ Documents

and then change the Files of type to
DICOM Folder (.). Select  the
MRI_PB_2010_09_29 folder and then

press Choose.

<

>

Directory: |MRI7PBJU1UJS?29

| | Choose

Files of type: |DICOM Folder ()

'l Cancel

7 The folder will be provided by the presenter during the tutorial.
BESA Research 7.1 Tutorial
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4. In the next displayed window, the MRI

series detected in the folder will be
presented. For this particular case only, the
sequence named is
available. On the right part of the screen,

you will see the series details.

Press the OK button to advance.

5. Now the main window of BESA MR is filled
with MRI acquisition details that were read
from the DICOM header. Note that there is
a green checkmark beside the button Load
T1 Data.

Press the Next button to proceed to the

next step.

6. Mark the anterior commissure (AC)
point on the MRI slices using the crosshair.
The bottom views provide higher detail for
easier navigation to the correct location.

Note the head schematic image in the

interaction window that shows the rough
location of AC. Press Next to continue.
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7. Set rotation of MRI slices by placing the

mouse in the bottom views and dragging

the cursor to the desired position while the
left mouse button is pressed. Start with the

left view (coronal) to align left and right

hemisphere. The rotation should be set
such that axial and coronal view are
symmetric; in the sagittal view, the rotation
is set such that commissures are aligned
horizontally (both visible in the coronal

view). Press Next to continue.

8. Mark the posterior commissure (PC)
point on the MRI slice using the crosshair.

Press Next to continue.

9. Review if all landmarks’ definitions (shown
as blue lines) are correct and press Next to
continue if so. Press Previous if you need

to make any adjustments.

BESA Research 7.1 Tutorial Page 120 of 446
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany www.besa.de



BESA®

Tutorial 6 — MRI Segmentation, Coregistration and Individual
Head Modeling (FEM/BEM)

10. Mark the anterior point (AP) on the MRI
slice using crosshair. Note the head
schematic image in the interaction window
that shows roughly where the AC is

located. Press Next to continue.

11. Repeat step 10 for posterior point (PP),
superior point (SP), inferior point (IP),
rightmost point (RP), left most point
(LP)Mark anterior point (AP) on the MRI
slice using the crosshair. Note the head
schematic image in the interaction window
that shows roughly where each landmark is

located. Press Next to continue.

12. When all points are defined you can again
review them (note green checkmarks
beside the buttons). The brain should be
inscribed in a blue box. Press Next to

continue.

13. Mark the nasion on the sagittal slice as
indicated in the head scheme. Press Next

to continue.

BESA Research 7.1 Tutorial Page 121 of 446
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany



BESA®

Tutorial 6 — MRI Segmentation, Coregistration and Individual
Head Modeling (FEM/BEM)

14. Mark the inion on sagittal slice as indicated
in the head scheme. Press Next to

continue.

15. Mark 3-5 Brainstem markers on the
sagittal slice as indicated in the head
scheme. The markers have to be located
within the brainstem, but there is no rule
about exactly where to place them. Press

Next to continue.

16. When all points are defined you can again
review them (note green checkmarks
beside the buttons). Press Next to

continue.

17. Finally set cutting plane on the sagittal
slice as indicated in the head scheme.
Dragging the left arrowed circle moves the
cutting plane up and down, dragging the

right one changes the angle. Set the cutting

plane such that it includes visible MRI data;
the inion needs to be above the cutting

plane. Press Next to continue.
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18. A new window will pop up. Here you can
decide whether you want to:
a. Start automatic segmentation
b. Perform step by step segmentation
c. Quit to prepare another subject
d. Finalize all unfished projects
By default, the first option is selected.

Press OK to start segmentation.

Note: This process may take a while.
During segmentation, the current step and
overall progress is presented on the

screen.

19. When segmentation is finished the results
can be reviewed by pressing buttons in the
interaction window at the right. Press the

Finish button to save it.

BESA Research 7.1 Tutorial
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=) BESAMRI

MR data preparation is complete.
Please select the next action:

f* Start automatic finalization of the segmentation.
" Continue the current segmentation step by step.
" Quit to prepare MRI data of another subject.

" Finalize all unfinished segmentation projects.

Detailed description of the selected item:

Starts the automatic finalization of the current segmentation project using default
parameters.

Mote: You may start finalization of all unfinished segmentation projects later using

the menu item "Edit — Start Automatic Finalization'.

Ok Cancel

T1 Inhomageneity Correction

CR

BESA

Fe (&3]

Calculate and Verify Results
e

Veorkan Ovensen
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20. A popup window for saving will be

displayed. Press the Save button to save
with default settings (Project name:
MRI_T1).

After saving the segmentation workflow will
be closed. The segmentation results will

now be available for co-registration.

(&) save Project As.

Subject

Selected Subject
Selected Project

Project Type:

Birthday Project

Date Modified

[ac (1946-04-01)
[MRTH] Cancel
[Segmentation Projects |

. Co-registration of EEG and MRI data using BESA Research and BESA
MRI

. Creating electrode coordinates on the individual scalp surface by following
the 10-10 EEG placement rule

In the following, we will co-register the EEG data of subject S1 (Auditory Intensity Experiment)

with an MRl image by following the 10-10 EEG placement rule, as we do not have individually

digitized electrodes available. Electrode coordinates can be automatically generated on the

subject’s scalp surface by following 10-10 placement rules in BESA MRI.

1.

In BESA Research please open the

example dataset (located here:

BESA Research 7.1 Tutorial
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[ Select Data Files

Look in ‘

*
ERP-Audtory-Intensity x| « @&k Er

Name . Type Size &
[ All_Subjects_ccfsg FSG File 332 KB

i| S awfsg FSG File 663 KB

| ] S1-blink+ERP fsg FSG File 432 KB

[ $1-exportfsg FSG File 1,893 KB

() 51-export_testfoc FOC File 30,111 KB

| |52 awfsg FSG File 663 KB

| 153 av.fsg FSG File 663 KB

[ 54 avfsq FSG File 663 KB

| |55 awfsg FSG File 663 KB

[ s6_av.fsq FSG File 663 KB

| |57 av.fsg FSG File 663KB
< - T
File name |S1_au fsq j \g;_enl
Files of type: |BESA Einary Files (" foc. “fsg. *besa) j Cancel
Folders: |Examplss Folder ﬂ
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2. Press File / MRI Coregistration_ File Edit View Filters Montage Process ICA ERP Artifact Search
Open... ctrl-0
Close

Close All

Recent Files... >

Load Channel Configuration...

Head Surface Points and Sensors »
Export...

Send to MATLAB...

Import and Convert ASCII File...

Print... ctrl-P

Print Preview

Exit

~ 1 C\.arch_7_0\Examples\ERP-Auditory-Intensity\S1_av.fsg

3. You will be prompted to create and save an | =

|« BESA » Research 53 » Examples » ERP-Auditory-Intensity |49 | ‘search ERP-Auditory-In B |
*.sfh file, which will be used to store all | =" " - —
coregistration information necessary for the mm
interaction between BESA Research and _IMW
BESA MRI. BESA Research will | i
automatically suggest the filename of the :"“‘Di * _
current subject plus the extension .sfh e —
(51 _av.sfth). Confirm the suggested name — ——
by pressing Save.

4. BESA MRI will open. Press Accept in the BESA® Verson 3 tay 202

welcome screen. MRI om0 sty e Germany
Important: Do not close BESA
Research! P-lutlur‘magnuslu: use in the leledst- of Americal -

Read the User Manual before first use!
Please make sure that the data folder is set
to the BESA MRI Example projects folder
(File / Select Data Folder).
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5. New coregistration project is started
automatically.
Check the Place 10-10 Electrode system
checkbox and then press Next on the

bottom right (or hit the space bar).

6. Press Select Input Project in the

interaction window.

7. Choose the project MRI_T1 of subject QC.
Press Open.

BESA Research 7.1 Tutorial
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Steps for coregistration

Skip electrode and fiducial fit
Place 10-10 electrode system
Generate FEM EEG |eadfield
Generate FEM MEG leadfield
Generate BEM EEG leadfield
Generate BEM MEG leadfield

ODoodrd

' 1YBESA

Select Input Project |

Y
Select Nasion

Set Masion
Set Left Preauricular Point

Set Right Preauricular Point

10 setect gt Project *

| Subject Buthday || Pragect Dhate Moddbed 1
& oc TMEM0 | S MRITY 20210309 34T PM

Selected Subject: 010 (13450401
Selected Projoct: MR
Project Type:

t
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8. Mark Nasion on the segmented skin |- o™
surfaces as indicated in the head scheme. | ...

Press Next to continue. i

‘SatHazon ooaticn by @ singe chck on the 3D sudca,
To contm posiion. press Ba Spsce bat the Entar key Noxi o Sat Nasion

9. Mark LPA (Left preauricular point) as
indicated in the head scheme in the
interaction window. In this subject LPA
position can be identified quite well by the
shadow that is cast in LPA’s dent. Press

Next to continue.

10. Mark RPA (Right preauricular point) and |-« e ™™ s
press Next to continue. |

‘Set gkt Praauectar Part by 3 s chek on the 20 susce
o contrms pesten, fess the Spoce b he Encer ey, Next. o Sat Right Preauricutar Polea

M Mo
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11. All fiducials are now positioned. Press Next |2 = S
. i 1BESA

to continue. = . :
ws:t::-r;x . ‘Seac il Prgpet v
S dason 1«

Satmprreir ] f
[ Se gt Preascin Fort__| of

Fidials have base s suceasshdy
To comtnos, press the Spec

e e T e
12. Press Select Coregistration File to load | @ :scea corismaionsic %
. . + “« Exa.. » ERP-Auditory-Intensi... v O O Search ERP-Auditory-Intensity
the Si-av.ish file we created in the | o e
previous step. It is located in the Examples | mmsc " " e e =
_J 3D Objects |51 avsth 2021-03-10 5:28 PM SFH File
folder under Auditory Intensity. Press = pesrep Confim save As
Docurnents
4 Downloads | St_avsfh already exists. -
Save J; M Do you want to replace it?
. . « . [=] Pictures No
Click on the Yes button in the “Confirm B videos
- 05(C) Q =
Save As” dialog. e e SR :
Save astype: | Coregistration Files (*.5fh) v
~ Hide Folders Save Cancel
13. The electrode coordinates are automaticaly ===« """
created on the scalp surface by following | =
the 10-10 EEG placement rule. e
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14. Press Run Surface Point Fit and then

press Finish.

15. Please save the coregistration project ”

Bithday | Project Date Modified ]
| ac 1946.04-01
under the suggested name.
Selected Subject: QC (1946-04-01
Selected Project: [COR_MRI_T1_S1_ov Cancel

Project Type Coregistration Projects

2. (Optional section) Surface point fit using standard electrodes

Note — this approach is recommended for EEG datasets that contains electrodes not labeled

according 10-20/10-10 international system.

It is also possible to co-register the EEG data of subject S1 (Auditory Intensity Experiment)
with an MRl image using the coordinates of standard electrodes when individually digitized

electrodes information is not available.
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1. In BESA Research please open dataset

S1_av.fsg (located here:
C:\Users\Public\Documents\BESA\Rese
arch_7_1\Examples\ERP-Auditory-

Intensity). Press File / Head Surface
Points and Sensors / Load Coordinate

Files (or press ctrl-L).

In the section Digitized head surface points

press Browse.

3. Under the Directories drop-down list,

please select the option Standard

electrode folder.

Note: In the Channel Directory you can
find more standard channel definition for

different vendors.

BESA Research 7.1 Tutorial
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Select Data Files X
Lookin: | || ERP-Audiory-Intensity x| & e @~
* Name . Type Size &)
) [ All_Subjects_cc.fsq FSG File 332KB
Quick access
[ T8 awfsg FSG File 663 KB
Vad [ S1-blink+ERP fsg FSG File 432KB
Deskton [7] 51-export.fsg FSG File 1,893 KB
- [@)51-export_testfoc FOC File 30,111 KB
m [752_avfsg FSG File 663 kB
Libraries [ 53 av.fsq FSG File 663 KB
5 [ 54_av.fsq FSG File 663 KB
e []55_avfsg FSG File 663 KB
WolRE [ 56_avfsg FSG File 663 KB
@ [ 57_av.fsq FSG File 663 KB
= - _—— ———— 4
Network i By
File name IS1_au fsg j Open I
Files of type: |BESA Binary Fies (*foc. “fsg, *besa) ~| Cancel
Folders: IExampIEs Folder LI

Channel and digitized head surface point information
Intemal data fie nformation

Data fle: C:\sersy 7] uditory ¥iS
Format: BESA 5.06.0002; Database file: 00000002 fst

Ho. of channels: 32: ; 31 elecirodes; 1 polygraphic

Information should be compiete for this data file. No audiary fies required.

1f a *.¢la file defines EEG, you must use 10-5/10-10/10-20 labels or supply digitized coordinatest

‘Suggestions

_av.fig

x

Please enter electrode thaness.
Yes Mo  Fienome found
o:m Tﬁgnbm e mor
Digitized head surface paints (*.sfp, ®.eps) and labels (*.sfn)
‘s o 3 points in data fie -
c @ ro bt e Good Browse... Edt
I~ Eletrode labels non-conforming to 10-10 or 10-5 standard Hectrode thdmess (wr):  [000 |
‘Coregistraton fle: {*.5#) or head center {*.00)
CaEEi o fie Good Browse... Edit/Coreg.
MEG sensors (*.pos, =pmg)
TR ] [ — [oood : et |
Artfact coeflicents (atf, *.ar) e
c & Goad Browsa... Edit
e [l po | x| oew |
Load surface Points X
Lookin: || StandardBectrodes | e®mekE-
* Name Date modified Type
Guick acoess ]EESA-MR\-Standard-B-Electroda.sfp 2010-12-14 6:40 PM SFPF
7| BESA-MRI-Standard-Electrodes.sfp 2014-04-09 1:59 PM SFPF
74} 7 BESA-Std_20-24yrs.sfp 20150805 10:47AM  SFPF
Desktop | FEM-Standard-81-Electrode-Positions.sfp 2003-03-22 11:52 AM SFPF
m
Libraries
This PC
Network < 24
File name: I j Open
Files of type ISurlace points (~sfp) ;I Cancel
Directories [standard electrode folder =]
[Channel director

Standard electrode folder
Data directory
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Select the file BESA-MRI-Standard-

Electrodes.sfp and press Open.

contains 96 standard electrode positions.
Some of the S1’s electrode names match

the labels in this standard electrode file so

BESA can match them.

Lookin | ). SwndardElecuodes »] +OctEr
. Name . Date modified
Mg B BESA-MRI-Standard-33-Electrodesstp 14.122010 1£:40
| BESA-MRI-Standard-Electrodessip 14102010 14:54
Desktop
-
Librasies
A
Computer
M ‘ i »
Fibe pame [AESAMAKStandard Excvodes s -] gpen |
Files of ype: [surtace pairts .2t =] Cancel
Directories: [Standard electiode foldes -]

The other file (EESA_MRI Standard-33-Electrodes.sfp) contains 33 standard electrode

positions. It is not suitable for us as none of the electrodes that were measured in subject S1

have names that coincide with the 33 standard electrode names. Thus, BESA cannot match

them.

4. Press OK to close the dialogue.
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Ves Mo Fisnemsloun

Channsi contguraton (it o

ce [ — e e | R

Ovgiized haa surtace ports (sfp.£0s) and labels ) T T [T T

« [CAUsers\PubiciDacuments\BESAPessarcr  found: units el mesers Gaod g

- & '7 no label fil Gaod Browse. Edit
Electiode tickness mr}  [100

Coregistration fle (* sth) or hear center (* cof

f. & nofle Gaad Brawse.. Edit/Coreg.

i MEG sensars (* pos, * pma)

FR T pee—— == [T awwe || em

Atfoct cosicints (ot o) I

- & — Gaod Brawse. Edt

|| e o Ca ) oo

Irasmmal carn g inarmation
Dista fle: C\Users|\PubliciO 5. kg

Fomet BESA5060002 Datepssetle 0000001411
Ho.of channels: 32:: 11 elechodes: | polygranhic ‘/

ot fle
" pls e defines EEG. you mustuse 10-10/10-20 1sbels or supply dized coordinsies!

Suggestions
Flassa enler slachoda thickness
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5. Press V on the keyboard to bring up the
surface points window. The 96 standard
electrodes are now displayed. Those
standard electrodes whose labels coincide
with S1’s electrode labels are marked red.
Please note that the grey standard

electrode positions are merely used for

better fitting the electrodes to the subject’s
skin. They do not carry any signal. Close

the surface points window.

6. Press File / MRI Coregistration.

7. You will be prompted to create and save an
*.sfh file, which will be used to store all
coregistration information necessary for the
interaction between BESA Research and
BESA MRI. Confirm the suggested file
name ( ) by pressing Save.

Note: If the S1_av.sth file already exists,

create new file with different file name.

Esmm points.
Cenler [mm): <1.2 2.9 39.6 jusing head coords; override: 151_av.sth)

Head radius [mm): 93.07
| Electrode thickness (mmj: 0.00

File Edit View Filters Montage Process ICA ERP Artifact Search

Open... ctrl-0
Close
Close All

Recent Files... >

Load Channel Configuration...

Head Surface Points and Sensors >
Export...

Send to MATLAB...

Import and Convert ASCI| File...
Print... ctrl-P
Print Preview

Exit

~ 1 C\..arch_7_0\Examples\ERP-Auditory-Intensity\51_av.fsg

Organize = New folder = @

% RecentPlaces = name - Date

). test ordner

Exampies
# Dropbox =

I My Documents

B Desktop
2 Libraries
Rk
A Computer
& SYSTEM (C)
> DATA (D)

Rl game -

Save as type: |Sth Files (*sfh)

A

= Hide Folders Cancel
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8. BESA MRI will open. Press Accept in the

B ESA® Version 3.0 May 2020
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany
Welcome screen - M R I Copyright & 2020 - all rights reserved.

The next steps are identical as described in
the section C.1 of this chapter, with the
difference that Place 10-10 Electrode

system checkbox should not be checked.

ept, else click ‘Cancel’

D. Utilizing the individual anatomy in BESA Research

1. Return to BESA Research. All === x
. . . . . . No coregistration file (*.sfh) defined! Besa MRI
coregistration information containing e 7 —Imm
. | S1_av.sh e
surfaces and transformations have | ... ——
I Read from sfh file Browse.

automatically been sent to BESA

Talairach-transformed MRI il (.
[ M:VDoquments BESA/02 BESA documents/07 BESA Workshop/BESA Y OK owse. ‘

’V Brow
Research. A green arrow indicates {,M " L ‘

that all necessary information is | [ o —
available. Press OK. e e e S s |
’71":::;:‘;? Sxydmates defined _-
Help Cancel
2. Send the condition 60dB to source |- i e
e e e

analysis by left-dragging a block,

right-clicking and selecting Source

Analysis.
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3. Select the custom definition -50 to
250 ms, Low Cutoff Filter 0.5 Hz, 12

Block Size and Position

 Whole Segment

@ Custom Definition

Filter Setting

Low Cutoff

Status [v Enabled

Frequency [05 [Hz Slope [12 db/oct ¥ |

Type [zer0 phase |

[ =]Previs

Seflings

dB/Oct, Zero Phase, High Cutoff . — ...

High Cutoft

Stafus [V Enabled

Frequency [400  [Hz Sloge [24 dbjoct =]

Tupe [zer0 phase ~ |

2500 (ms) postEvent

[~ All Conditions

Filter 40 Hz, 24 dB/Oct, zero phase.

Source Analysis |

SetBlack

Cancel |

Press Source Analysis.

Our source model consisting of 3

52,00 ms

regional sources will automatically

F\: Condition 1 Sv\ulrv 1 '] Image  Opti
Dah Mod.| Res. | ||D]| | PGA | EEG [Res.

»| GOGB: B4 avs Fiers: 05- 40Hz o
+25:

| Org| [46.00ms

| Eneray
RV 3 058%
ot 040"

R

51 avsa ||

[Model

|Rac muickn [ 530678 [ o000 [ 7anoo [ aomn

Conactity: [ 1330 [ o3 [ ooz [ 10000

[4sbellelipscdal -

head scalp bone  est

brain scam bone ost

open as we saved it per person in the

Alloff] Allfit]| Start it| CLARA §| BV j Hid

batch created before.

[on_ g_\_ AC_Right
Fit

[ on

[on e AL e

Mo fit]

Fpontal

No fit]

Source waveforms

]St evbea

mﬂ

EEG +]

A A
fde_Condition1 Solution1 Fit

Da|a Mod. | Res. | ||D|] | PCA | EEG

605" 64 avs Fkers: 05- 40z =
+252.00 m

org] L4000

Press A on the keyboard to bring up

the individual anatomy of the present

Sohutic A, 5.3
Energy |Min. Dist._Image [iodel
8% GFP)

subject. Since we coregistered the

EEG and MRI data, the individual

O [yt .

. ) . cz | No fit] Transparency. 100% -

MRl is now available. Without | ~——~ —— [ L] i

PN Indivicual MRI = | O 8

. . e —fon- AC Right | 9| | lf+ 10| wlB#0| 4
coregistration, only a standard MRI | < &~

Y
E.. : head scalp bone  csl ‘
s " |Rad /hickn [ 930673 [ 60000 | 70000 | 10000
o brain_scalp bone csf

Conductity: [ 330 | 03300 [ o002 [ 70000

- Allotf] Al fit] Start fit| CLARN ¥ | BV || Hid

(=) €9

=
y\S1avsa ||

can be displayed. iy - S y oy
Ffvzy-—/\/_—-—\ |
Data (1-16 of 31) ~ |source waveforms il
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@ Individual MR

6. Select the first source by clicking on ¥ 5550w v .
its source waveforms in the middle
pane and enlarge the MRI window to
get a better view. It can be seen that
the source model we created using
the grand average is located in the

auditory cortex of subject S1. The

model can still be optimized,

however.

7. Let us first drag the red regional

Ble_Condition1 Solution1_Fit_Image Qptions Melp __ Solution: C!\ments\BESA\Research_5_3\Examples\ERP-Auditory-Intensity\S1 av.bsa ||
@ Individual MRI o @R

source to left Heschl’'s gyrus. You will | * #es =i d.

notice that the position of the right

auditory  source (blue) also
automatically changes position, as
we imposed a symmetry constraint.
We will now change this constraint

back to free.

8. Minimize the MRI window and select

file Condition1 Solution1 Fit Jmage Options Help Solution: C 5. W\S1_av.bsa

| Data_Mod. | Res. | ||D|| | PCA | EEG [Res. Var.| Energy |Min. Dist. _Image | AC_Right xdoc y-oc zoc x-ori y-ori z-ori
«| »| 60dB: 64 avs Fiters

. . . i« 05-40Hz « |RV.- 3413% GFP| cartius |[057 [-004 [004 [00 [04 [3
the blue source by clicking on its |ea S " anTia s SRR Es T

Ori

Model 4

source waveform. From the drop- m»ﬁ—“ e et B'”TVS‘—M{"—&“'"

6/—-‘\/¥‘—— T =
down menu under Loc at the top | .~ _
i i Arm "on AC Left
right of the window please change | “ oy ™S

W__/\/____ :pl‘]’l"lrunﬂmlemy 100% Ll FIpL
. . . Pr~——/\/-——-— Individual MRI o [ @]®
symmetric to free. Maximize the MRI = ey L) = MRS BT R
ca Tra
. . Mu’———/\/m X
window again. T
;2‘ No fit - R
e | :
Data (1-16 of 31) ¥ |Source wavetorms >
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9.

10.

Now let us move the blue auditory
cortex source to right Heschl’s gyrus.

We now see a slight asymmetry in

this  subject with the right
hemispheric source (blue) located
more anterior than the left-

hemispheric source (red). Please

close the MRI window.

We the

positions of the auditory cortex

have now optimized
sources based on the subject’s
individual anatomy. What we still
need to do is to refit the orientations
of the regional sources based on the
new positions. The blue source is still
selected, so simply press O on the
keyboard to set the first orientation at
the maximum of the activity. Repeat

for the red source.

Besa-cr

file Condition1 Solution1 Fit Image Options Help

64 avs,

— +252 ms - Source =
Solution: CA,.ments\BESA\Research, 5.

© individual MRI

8] Qb |08 =% Ml

| Res. | jjoy) | Poa | EEG

Fillers 05 - 40 Hz = |

(2 e e S e e
Data (1-16of 31)
Time: -24.00 ms.

Iy LEX

en_5_3\Examples\ ERB-Auditory-Intensity\S1_av.bsa

Res. | AC_Left xdoc ydor zdoc wori y-ori z-on
RV 348 cartJus |[057 [004 [004 [ 04 [06 [08
Best 1 -HS? 1 e rey =
_|» O foed =]
Wodel 4 shell ellpsoidal
u [+]51_avbsa (modified) EEG +
=L off] A tit] start it cLARA Y| BV || Hid
() (2
acien | /P i
| on L AC Right .
Nofit]
on i Frantal
No fit =
o | =

We are now finished optimizing our source model based on the individual anatomy of

the subject.

BESA Research 7.1 Tutorial
Copyright © 2024

BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

Page 136 of 446

www.besa.de



BESA®

Tutorial 6 — MRI Segmentation, Coregistration and Individual
Head Modeling (FEM/BEM)

E. Individual Head Model (FEM/BEM) for Source Analysis - Introduction

Localization precision can further be increased by using a volume conductor model that is

also based on the individual subject’s anatomy.

When is localization precision critical? For example:
¢ When the precise position of a source is the leading research question
¢ Localization of epileptiform activity

e Comparison between patients and control subjects regarding the brain region involved

in a particular cognitive task
e Investigation of treatment effects on source localization

In BESA MRI, T1 (and optionally T2) images can be used for creating individual, realistic

head models using the boundary element method (BEM) or the finite element method
(FEM).

BEM modeling:

The BEM model assumes a simplified description of the head geometry on the boundaries of
head tissue. A 3-layer realistic head model (scalp, skull, and brain) is created using the volume
condcutor semgentation in BESA MRI. To compute the BEM forward solution, BESA MRI uses
the OpenMEEG (Kybic et al., 2005; Gramfort et al., 2010) which was developed within the
Athena project-team at INRIA Sophia-Antipolis. The OpenMEEG is used solving forward
problems in the field of EEG and MEG, and it consists of the symmetric BEM.

Individual BEM models can be used in BESA Research after coregistration has been

performed in BESA MRI. In the coregistration process, BESA MRI will generate a leadfield
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table, and a description of the source space. The leadfield table contains the simulated EEG
potentials or MEG signals for sources in x-, y-, and z-direction distributed on a regular grid (4
mm resolution) covering the entire source space. During dipole fitting BESA Research
computes the EEG potentials or MEG signals for any given dipole source employing cubic

Bezier-spline interpolation.

FEM modeling:

BESA MRI creates a 4-shell FEM model (scalp, skukll, brain, and CSF) also containing a CSF
compartment. Each compartment is associated with a specific conductivity value: scalp 0.33
S/; skull 0.0042 S/m; brain 0.33 S/m; CSF 1.79 S/m.

Modeling CSF is critical for source localization precision as it is yet another layer with a specific
conductivity in addition to brain, skull, and scalp (Baumann et al. 1997). Ignoring CSF leads to

wrong assumptions about the origin of the current (Ramon et al. 2003, Wendel et al. 2008).
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When current flows through a volume, it ~ N

W skin

W skull compacta
M skull spengiosa
WCSF

E gray matter
[CJwhite matter

will change direction whenever it passes
a new layer with differing conductivity

(see image on the right).

In principle, the head model can consist ~~~~~~~ A2
of even more than four layers. The skull, ‘
for example contains at least two
different  tissues  with differing
conductivities. However, this would

mean that head model generation

becomes more complex, less automated

and more heavy on computation. : ?E:
Additionally, MRI data quality needs to - 0170
be exceptionally good to model all the !2222
different tissue types and the combined

use of T1, T2- weighted MRIs as well as ;’g};z
CT data is vital. We will see in the 22?2
following that a four-layer model leads to ! 2222

very good results.

Image taken from Neuling et al., 2012, Neuroimage
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The above image displays source localization errors when using a 3-shell model (scalp,
skull, brain) neglecting CSF (a) and when using a 4-shell model including the outer CSF
layer between cortex and inner skull (b). It is apparent that including CSF in the forward
computation drastically reduces localization errors. Optimally, the CSF-filled ventricles
should also be modeled, yet BESA Research requires a homogeneous volume without gaps
for source analysis. This is why only the outermost CSF-layer is taken into account®. As the
outer CSF layer is the most critical for source analysis precision, localization errors caused

by un-modeled ventricles are negligible.

Once the FEM model is built, a new leadfield table needs to be computed for the individual
forward model and the current electrode layout. This is done during the last step of the BESA
MRI coregistration dialogue. This means that the magnitude of the signal any source inside

the head will contribute to each sensor must be calculated anew based on the individual FEM

8 BESA MRI models all CSF, BESA Research only uses the CSF layer between cortex and inner skull.
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model. The computation can take several minutes, depending on the number of electrodes in

the electrode layout. A grid resolution of 2 mm is assumed.

Individual FEM models that were created in  Vodel 1l cloida =l

4 shell ellipsoidal

BESA MRI are available in the head model ™™ Faaeimmim,

ge-appropriate Template Models

"
Conductivity: | Polnomial 4 shells
3 shell Ary approximation

drop-down menu of the BESA Research FHWOQEMWWW
T T P

source analysis module after coregistration.

By using a FEM model, the forward model for source analysis is tailored to the individual
subject and in consequence the inverse solution can become more precise (Vanrumste et al.
2002, Roth et al. 1993, Cuffin 1996). This is especially true (a) for sources in brain regions that
are not described well by a spherical head model (e.g. basal temporal lobe); (b) when individual
heads show deviations from the norm (e.g. lesions). Thus, if the research target is to achieve

maximal localization precision, an individual realistic head model is strongly recommended.

The segmentation algorithm and FEM model creation were developed in cooperation with the

research group around Dr. Carsten Wolters (University of Mlnster).
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F. Coregistration with Individual MRI and use of FEM/BEM Model for
Source Analysis

In the following, we will coregister an individual subject’s MRI with their EEG data that were
recorded in an auditory oddball experiment. We will see the improvements in source
localization precision when using an individual FEM/BEM volume conductor in contrast to a 4-

shell ellipsoidal model.

The data we will be working with are located in the BESA Research examples folder “

”. During the oddball experiment, standard and rare tones were presented that
differed in frequency. 160 standard tones were presented at 1200 Hz, 40 rare tones were
interspersed at 800 Hz. The subject pressed a button with the left index finger whenever he

heard a standard tone.
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1. Copy

then press File / Update Data Folder

Info in BESA MRI.

The FEM and BEM segmentations of the

subject's MRI has

performed and pre-saved in the copied

folder to save time.

2. In BESA Research,

RareFrequentResponselLeft.fsg

open

(located

C:\Users\Public\Documents\BESA\Re

search_7_1\Examples\ERP-P300-
Auditory).

the QC_Tutorial 19460401 °
folder to the BESA MRI Data Folder and

M

File

BESA MRI 3.0

Edit View Export Help

already been

(%]

@ Lo @i L7

Ctrl+
Ctrl+0

Create New Project
Open Project
Close Project

Save Ctrl+3

Save As...

Delete Projects. ..

Select Data Folder

Update Data Folder Info

Exit

L]

here:

Laskjre | ). ERP-P200-Audiory v *mermEr
s Name Date modified
= Rarefrequenthesponseleft 26072010 1428
Rucent Places
Deskiop
-
Libranes
A
Computar
MNuetwork . m v
File ame, Eﬂaml'mqunrm»apamnuuhg :I Open
Files ol type: |BESA Binary Files ("o, " tsg) -] Cancel
Folders: |Examptas Forser x|

° The folder will be provided by the presenter during the tutorial.
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e Edit View Fillers Montage Process ICA ERP Andact Search Tags Goto Options Help
F+| Wrs | SAW | BAT | ERP | TpV | ICA | DSA | TFC | ESI [[Rec Vir | Src | Usr | Opt | EdM

3. The file contains 3 segments containing

T e

Fil
F
<
e —
<
3
*

average data of conditions Target,

Standard, and Hit. We will be working

with condition Target, as the condition

only involved listening to tones without

any button pressing.

lencs
leca
i
et
lrree
£
leacs
len s
[ewca
Jemce
[emcs
|Bees
=2
2
[P
[eiics
lgacx
lesica
Jesscs
2
Jewrex
lesct
Jesscs
lEnes
lEs et
lesics
lEses
lEsect

————
]
—
]
=
Eeb—r
HEe—
e aaae——
e
e dard: 152 avs 127 avs
]
A > [ ]
Time 000000 Total 00:00:03 Offs: 00.00:00 Cur —— Low Filer 063 Hz

4. Press File /| Head Surface Points and [ @ v s vomse pocas s 0 antea soncn To oo st

Open.. aro [FC| ESI [[Rec _Wir | Src | Usr | Op|
Close e

Sensors / Load Coordinate Files. S

|

Load Channel Configuration..
Head Surface Points and Sensars. > Wiew v |
MRI Coregistration... View Al shift-y
Export... Load Coardinate Files... L
Send to MATLAB...

Save all files in Head Coordinates..
Import and Convert ASCI| File.. Save allfiles in Device Coordinates...
Print.., trh-P Save Electrode File for Current Montage.
Print Preview

Eit

W 1 les\ERP-PI00- v ik
2 CA..arch 7 \Examples\ERP-Auditory- Intensity\S1_av.fsg

il

5. Press the second Browse... button (for

o . eek'u\ [} ErP-P200-Audaory -] rBoEr
Digitized Head Surface Points) and B lneme ’ Date modified
] ) . mo;{hm ) P300-Aud sip 08.11.2000 10:49
choose file P300-Aud.sfp. This file =
contains individual digitization points of ey
-
g Libmrias
electrode positions. Press Open. A
Computer
NS"( “ III_ | 13
Filo pames |P300-Aud st = | Open
Filizs: of typer [Surtace points i* sfp) -] Cancel
Directones |Data aectory x|
¥ |
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6. Press the first Browse... button (for

. . Loskin: [ ). ERP-PI0C-Audaary =] B E-
Channel Configuration) and choose the B |Neme : Date modifed
~p I PI00-Aud.ela 04052000 11:12

Recant Places

file P300-Aud.ela  containing the s

electrode labels and channel :
i . Librares
specifications. Press Open. Al
conlwnw
Nﬁﬁ « 1 1
File pame: | d Dpen
Filas af fype: [Channel dafingions (* ela.  alp) | Cancal
Dwectones |Data directory =]
y

Insernel data fle information
Dess il C:

1U B
Formet BESA 2000 4000000, Dainbase fle. 00000000 fst
o of channels: 64 84 aleciodas \/

e .
¥2." pla flo definas EEG, you must use 10-10/10-20 iakals ar supply digtized coordinstes!

7. Instead of standard electrode positions,

we are now going to use the digitized

electrode positions of the subject. A | e

ves Ko Filenomsfound
‘Channel coniguration [*e17)
@

green arrow should be present indicating o — B = s
that all necessary channel informationis | © . — MRS e |
available. S —————— g G5 o |t |
In the same dialogue, press the m% : e
Edit/Coreg. Button to start coregistration cukon | ention s., | %J\ m
of the EEG data with the individual MRI.
Tip: If there is not enough time for
computing head models during the
workshop, the precomputed FEM and
BEM head model can be used by loading
the
RareFrequentResponselLeft_Tutorial.
sfh' file in the xxx folder after pressing
the Browse... button in the
“Coregistration file (*.sfh) or head center
(*.cot)” section.

10 The folder will be provided by the presenter during the tutorial.
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8. You will be prompted to save a sfh-file rEEEEsETII—— _——
that will store information about the | ™" ™ e ®
coregistration later. You can use the | moew
suggested name
RareFrequentResponselLeft.sfh.

Press Save. Ipe— K :
o o |
9. BESA MRI will open. Press Accept. BESA® Verson 30 ey 2020
MRI Comrant 52030 i g resaed o

10. BESA MRI will automatically display the
coregistration workflow. Make sure to Steps for coregistration
select the option Generate FEM EEG L Skip electrode and fiducial fit
leadfield and Generate BEM EEG L Place 10-10 electrode system
leadfield. Press Next or hit the space Generate FEM EEG leadfild

[] Generate FEM MEG leadfield
bar to continue with the workflow. Generate BEM EEG leadfield
[] Generate BEM MEG leadfield
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11. Press Select Input Project and choose 7=

| v :g:ml 'm«!i ) m lg‘mssmi
project MRI_T1 of subject QC_Tutorial. |« = ez )

Press Open.

L I
Selected Subject: GC_Tutonal (1946-04.01)

[open |
Selected Proect. MAI T1
Praject Type ‘Sagmantation Projects

(1) BESA MR 20 -G [
Elo Edt Yow top
Set Fiducials
Sodww

12. Select Nasion and press Next.

‘Sat Nasion position by a singls click on the 30 surface. &
To confiam posiion, press the Space bar, the Enter key, Next, or Set &
Nasion

13. Select LPA and press Next.

Set Fiducials

Suwe s
Workiow Overview

Set Projact Targets v
Surface Point Coregistration

Selact Ingut Proct
Saloct kfl CD

Set Fiducials c

; : it =

FEM Loadfiok! Genoration

Set Lefl Preauncular Point by a single chek on the 3D surface.
T

fo confirm pos#lion, press the Space bar, the Enter key, Next, o Set |=
Left Presuricular Point

[Prewous | (o)
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14. Select RPA and press Next. S

Workfiow Overview
Set Projact Trgets

o

v
Surface Point Coregistration
Set Fiducials

FEM Loadfiok! Genoration

by @ singie click on te 30 surface. 2
To confirm postion, press the Space bar, the Enter key, Next, or Set
Right Preauricular Point

[Prewious | (o)

Fie ot Yiow bep

15. The fiducial positions will be used as a -
first reference for a first coregistration of

the electrodes with the scalp surface. | o
Press Next to continue.

FEM Loadfiokt Genoration

Fiducials hawve been sef successtully
To continue, press the Spacs bar, or press Next

Hnts: Drag to rotat the 3D surfaca image. Move / Zoom the 3D

[ Previous, | (et

16. Press Select Coregistration File and ===~
choose

CER X
[t

5at et Targes

RareFrequentResponselLeft.sth.

[ L==r
S Fikcian

7 Surtac Farea

Press Open.
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17. In the field Electrodes, enter 0.5 mm to
indicate the distance of the digitization
points from the scalp. Then press Run
Surface Point Fit.

18. Once the surface point fit has run and the
result is satisfactory, press Next to
continue.

Note: In case the surface point fit
appears inadequate, you might consider

revisiting the definition of the fiducials.

19. Press Run Leadfield Computation to
start leadfield calculation with the given
FEM/BEM model and electrode layout.
During FEM EEG leadfield computation,
the electrode that is currently being

processed is highlighted in orange, the

electrodes that are already finished are

displayed in blue. e .
Note: The computation will take time as
the forward signal for each electrode
needs to be computed under the
assumption of activity in each brain

voxel.
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20. Once the FEM/BEM EEG leadfield
computation is done, press Finish and
save the project under the suggested
name.

Close BESA MRI and return to BESA

Research.

21

In the window Coregistration with MRI
you should now see a green tick mark
indicating that all information regarding
the coregistration and FEM/BEM models
are available to BESA Research. Close

the window by pressing OK.

22. Left-drag a block in the condition Target,

right-click and select Source Analysis.
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Coregistration with MRI X

~Coregistration files

Besa MRI
Select MRI prog
Browse...
Talairach coordinates (*.tal)

I Read from sfh file Browse... | ‘
Talairach-transformed MRI file (*.vmr)
=
Browse... I ‘

Individual BEM for EEG defined.
No individual BEM for MEG defined.

Coregistration summary in: .\RareFrequentResponseLeft.sfh

v

Surface coregistration file (*.sfh, *bhm):

| .\RareFrequentResponseLeft.sfh

I M:\/Documents_BESA /02 BESA documents/07 BESA Workshop/BESAV 0K

Talairach-transformed head surface mesh (*.srf)

I M:\/Documents_BESA/02 BESA documents/07 BESA Workshop/BESA V oK

M:YDocuments_BESA/02 BESA documents/07 BESA Workshop/BESA ¥ OK.

‘\ulguu\

Coordinate information
’VTalalrax:h coordinates defined

"Ta\aira:h-tansformed brain surface mesh (*.srf)

Individual FEM for EEG defined.
No individual FEM for MEG defined.

b O
Help Cancel

File Edt View Fiters Montage Process ICA ERP Anifact Search Tags Goto Options Help
- |F+| wrs | saw | BAT | ERP | Tpv | IcA | DSA | TFC | ESI [[Rec Wir

Src | Usr | Opt

e
ae

— = —
Top View of Data
Whole Segment

Linear Correlation
Source Analysis.
Define as Epoch
Define a5 Artifact

Write Segment
Copy to Buffer

Define Anifact Topography

Time-Frequency Plot

Epoch: -100.0..549.5 ms, Filters off

e

s b | AT

Time’ 00-00 00 Total 0000:03

Standard: 152 avs

Maik 01035 Cur -0103 2 Fiars off
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23. Select:

e Custom definition of -100 to 300 ms,

e Low Cutoff Filter of 0.5 Hz, 12 dB/Oct.,
zero-phase and

e a High cutoff Filter of 30 Hz, 24 dB/Oct.,

zero-phase.
Press Source Analysis.
24. In the SA-window, please left-drag a
block from 80 to 110 ms over the EEG
signal. You can easily select the time-
range by right-clicking into the marked

segment and choosing Set Fit Interval.

25. Make sure that the default source type is
set to Regional Source by pressing
Options. In case the default source type
is Dipole,

change it to Reg. Src.

(Regional Source).
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Head Modeling (FEM/BEM)

26. We will first try to fit the auditory N100
with two regional sources using the
default head model 4-shell ellipsoidal.
Please double-click into the head

schemes twice to place two regional

sources, one in the left hemisphere, one

in the right hemisphere.

27. We will add a symmetry constraint as
we are working with bilateral individual
activity that is heavily overlapping. Open
the drop-down menu next to Loc.: and
change the constraint of the second

source to Symmetric to.

28. Press All Fit and Start Fit to start source

localization.
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29. Press A on the keyboard to bring up the [ S e e :

© individual MRL o [ @[%2

8] Qb+ 28] wlw¥0) ¢l |

anatomical view. We will see that the two

regional sources are located in bilateral
auditory areas. We do notice, however,
that the sources are not located in
Heschl's gyrus as expected, but too

superior.

30. Close the window displaying the

RS2 ¥H0c y-oc z40C x-on y-oni  z-on|
[Talalrach || 400 [ 136 [200 | - -
C: 1

Loc:  [symmerci <][RS 1 <Gy 0800

individual MRI. Click into the empty

Oric [imd

Hew sokition 1 (modified) EEG +

area in the box in the upper right corner

that is now displaying the source
position. This will switch the contents to

the head model selection.

Dale (1-16 of 65) | source waveforms =hsource oo ations
Fit Iterval: +80,00 . +11000 ms

31. Open the head model drop-down
menu and select Individual FEM (EEG).
It might take a couple of seconds to load
the FEM model.

[y S e Sl
T
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Tutorial 6 — MRI Segmentation, Coregistration and Individual

Head Modeling (FEM/BEM)

32. Switch off both regional sources off by
clicking on the On button next to the

source waveforms.

33. Insert two new regional sources by
double-clicking in the head schemes,
one source in the left, one source in the

right hemisphere.

34. Add a symmetry constraint again by
opening the drop-down menu next to
Loc.: and changing the constraint of the

fourth source to Symmetric to.
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Head Modeling (FEM/BEM)

35. Press All Fit and Start Fit to start source

localization. It becomes apparent that

source localization with the individual
FEM model leads to more inferior
solutions compared to the 4-shell

ellipsoidal model.

36. Bring up the individual MRI by pressing
A on your keyboard. We now see that

both sources are located in Heschl's

gyrus.

37. Change the head model to Individual
BEM (EEG) and then start source
localization as the previous steps (see
the step 30-35).

Source localization with the individual

BEM model also leads to more inferior
solutions compared to the 4-shell

ellipsoidal model.

This example illustrates the superiority of an individual realistic forward model for source
localization precision. The temporal lobe is a structure that is described particularly badly by

a spherical model, so individual anatomical information will lead to obvious advantages.
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Tutorial 7 — Distributed Sources I: Volume Methods

What does BESA Research provide?

v Volume methods

(0]

© O O O O

(0}

LAURA
LORETA
sLORETA
SWLORETA
CLARA
sSLOFO

User-defined

v" Brain atlases

(0}

©O O O O o©

(0]

Brainnetome
AAL
Brodmann
AAL2015
Talairach
Yeo7

Yeo17

v" Slice view

v Atlas-based montages

v' Export of images per time-point or for time-series
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Distributed Source Imaging: Volume Methods

This tutorial introduces the principles of distributed source imaging. A short theoretical
introduction is presented, followed by hands-on examples that demonstrate the properties of

the different methods and the important effects of regularization on the obtained results.

A. Short theory of distributed source images

Discrete versus distributed source analysis

Both discrete and distributed source models use dipoles or regional sources as their basic
elements to model brain activity. However, the relationship between the number of sources
and the number of recording sensors differs between those two approaches. This has several

consequences that are listed schematically in the table on the next page.
The following abbreviations are used:

D: The recorded EEG or MEG data. The dimension of this matrix is [Number of sensors x

Number of time points].

Each row of D contains the signal of one sensor as a function of time. Each column of D

contains the recorded topography at one time point.

S: The source waveforms. The dimension of this matrix is [Number of sources x Number of

time points].

Each row of S contains the activity (in units of dipole moment, nAm) of one source as a

function of time.

L: The leadfield matrix. The dimension of this matrix is [Number of sensors x Number of

sources].

Each column of L contains the topography (the signal pattern) of one source, i.e. the signals
that normalized activity of this source generates on the different EEG/MEG sensors. L
contains all information about the source model (the multiple dipoles or regional sources)

and the head model (the assumed electrical conductivity distribution inside the head).

L™ The transposed leadfield matrix, i.e., rows and columns are swapped. Accordingly, the

dimension of this matrix is [Number of sources x Number of sensors].
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A: A regularization parameter. The formula in the table holds for Tikhonov regularization,

which is just one way of regularizing a matrix.

I:  The identity matrix, containing ones in the diagonal elements and zeroes in the off-diagonal
elements.

V: A spatial weighting matrix on source level. The dimension is [Number of sources x Number
of sources].
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Discrete source analysis

Distributed source analysis

Idea: Each equivalent current dipole
represents an extended brain region

Idea: Each current dipole represents one
small brain segment

gray matter

1/ A

g\ray matter

W

\

Number of sources < Number of sensors

Overdetermined problem

Number of sources >> Number of sensors

Underdetermined problem

Source model is defined by fitting or
seeding

D=LS

Source model is predefined (e.g. along the
brain surface or on a regular volume grid)

The leadfield L has more rows (number of
sensors) than columns (number of sources)

D=LS

The leadfield L has more columns (number of
sources) than rows (number of sensors)

Reconstructed source waveforms: S=L"-D
where L= (LT-L)"-LT

Reconstructed source waveforms: S=L"-D
where L'=LT-(L-LT)"

Regularization in source space. e.g.,
Tikhonov:

L'1=(LT'L+)\'|)'1'LT

Regularization in sensor space, e.g.,
Tikhonov:

Lt =LT.(L.LT+)\.|)-1

Spatial weighting:

L-1=V.LT.(L.V.LT+)\.|)-1
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Discrete source analysis

Distributed source analysis

Result:
Multiple source model and source waveforms

Al o] AN fit | Stan ] MSPS | 4| JlLe) FlowFisid-d0 buw

Result:
3D Volume image, one for each time point

Properties:

e Crosstalk: (+) If the source model
contains all active brain regions, the
source waveforms represent their
activity, i.e. they separate and mutually
contrast their activities with minimum

Properties:

e Crosstalk: (-) Smeared, non-focal
activity. Substantial crosstalk between
sources. Reconstructed activity at any
location is contaminated by activity from
other brain regions. Activity of brain

crosstalk. regions close to each other can hardly

be separated.

e Effort: (+) Pre-defined source model.
Source images are generated easily
and quickly. However, parameters must
be specified (V, A). They can have a
large impact on the quality of the
obtained source image.

o Effort: (-) Source model needs to be
defined by fitting or seeding. This
requires user interaction (decision on the
number of sources, fit intervals etc.).

In BESA Research, distributed source models consist of regional sources at each source
location. In the 3D volume images demonstrated in this tutorial, the sources are located on a
regular cubic grid spanning the whole brain volume. The grid spacing in Talairach units can be
specified by the user.

Spatial weighting: Minimum norm, LORETA and LAURA

Because distributed source models contain more sources than recording sensors, there are
many different source current distributions that perfectly model the recorded data. Therefore,

side constraints need to be defined that allow the selection of the optimum solution. These side
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constraints are represented in the spatial weighting matrix V (see above). Different methods

have b

een published in literature. The following is an overview of the imaging methods

implemented as standards in BESA, variations and combinations of them can be specified as

a user-defined image (see the corresponding chapter below). More detailed descriptions are

given in the BESA Help menu.

Minimum norm (Hamalainen & limoniemi 1984): In its simplest form, V is set to the
identity matrix. This results in the image with the smallest overall energy (the sum of
squares of all sources magnitudes). Usually, depth weighting is used by applying a
diagonal matrix V, whose entries are inversely proportional to some measure for the
magnitude of the respective sources lead field vector (i.e., deep sources get a larger a-

priori weight than superficial sources).

LORETA (“Low Resolution Electromagnetic Tomography”, R.D. Pascual-Marqui,
International Journal of Psychophysiology. 1994, 18:49-65): Here, V is non-diagonal
and contains both a depth weighting term and a representation of the 3D Laplacian
matrix. This leads to the image with the smoothest distribution of activity across the

source space.

LAURA ("Local Auto Regressive Average", R. Grave de Peralta Menendez 2001, Brain
Topography 14(2), 131-137): In LAURA, V is non-diagonal and contains both a depth

weighting term and a representation of a local autoregressive function.

Standardization with the resolution matrix: sLORETA and swLORETA

All distributed source images suffer from smearing and crosstalk, leading to the following

effects:

Even in data generated by focal brain activity, the reconstructed 3D image is blurred
and non-focal. Activity of the active brain region gets projected onto neighboring

sources.

Consequently, the reconstructed activity at one source location is representing not only

brain activity at the modeled location but is also reflecting activity of other brain regions.

These effects are captured mathematically by the resolution matrix R, defined as:

BESA Re
Copyrigh

R=L"L
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The diagonal elements of R are a measure for the percentage of the reconstructed activity of

the respective source that is due to brain activity at the modeled location. The idea behind

sLORETA and swLORETA is to divide (standardize) the reconstructed minimum norm activity

of each source with this measure. This serves as a compensation for the non-uniform depth

sensitivity of the minimum norm approach.

sLORETA (“standardized LORETA”, R.D. Pascual-Marqui, Methods & Findings in
Experimental & Clinical Pharmacology 2002, 24D:5-12): Unlike the name suggests,
this method is not a standardization of LORETA, but rather of the unweighted minimum
norm image. The sLORETA activity at location r: is estimated from the minimum norm

source estimate Sun, as:
SsioreTar = Ri2 - Sunyr

In simulated data sets with only one focal activity and no noise, the sSLORETA image
has its maximum exactly at the simulated location. However, this property does not
hold anymore in the realistic case of noisy data and multiple simultaneously active brain

regions.

sWLORETA (E. Palmero-Soler et al 2007 Phys. Med. Biol. 52 1783-1800) is a

standardized version of the depth-weighted minimum norm.

Iterative approaches: CLARA and sSLOFO

One approach to make distributed source images more focal is to apply them iteratively. The

spatial weighting matrix V in each iteration step contains contributions that reflect the image

obtained in the previous iteration step. CLARA and sSLOFO are such approaches:

CLARA (“Classical LORETA Analysis Recursively Applied”) is an iterative application
of the LORETA algorithm with an implicit reduction of the source space in each
iteration. First a regularized LORETA image is computed as initialization. Then in each

iteration step the following actions are carried out:
1. The obtained image is spatially smoothed (this step is left out in the first iteration).

2. All grid points with amplitudes below a threshold of 1% of the maximum activity
are set to zero, thus being effectively eliminated from the source space in the

following step.
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3. The resulting image defines a spatial weighting term (for each voxel the
corresponding image amplitude). A LORETA image is computed with this
additional spatial weighting term for each voxel. By the default settings in BESA
Research, the regularization values used in the iteration steps are slightly higher
than that of the initialization LORETA image.

After a specified number of iterations (default: 2), the computation stops, and the image

computed in the last iteration is displayed.

e sSLOFO (“standardized shrinking LORETA-FOCUSS”, H. Liu et al. 2005, IEEE
Transactions on Biomedical Engineering 52(10), 1681-1691).) is an iterative application
of weighted distributed source images with a reduced source space in each iteration.
As initialization step, an sSLORETA image is computed. Then in each iteration step the

following operations are performed:
1. The obtained image is spatially smoothed (this step is left out in the first iteration).

2. All grid points with amplitudes below a threshold of 1% of the maximum activity
are set to zero, thus being effectively eliminated from the source space in the

following step.

3. A depth-weighted, standardized minimum norm is being computed, where V has
additional diagonal weights proportional to the image amplitudes in the previous

iteration steps.

After a specified number of iterations (default: 3), the computation stops and the image

computed in the last iteration is displayed.

An overview of these methods is provided in the next page.
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Regularization

Distributed source images require the inversion of a term of the form LV-LT. This term is
generally regularized before its inversion. In BESA, selection can be made between two

different regularization approaches.

e Tikhonov regularization: In Tikhonov regularization, the term L'V-LT is inverted as

(L'V-L™+A 1)'. N is the regularization constant, and | is the identity matrix.

¢ Truncated singular value decomposition (TSVD): Here, an SVD decomposition of
L'V-LT is computed as L'V:.L"T = U-X'UT, where the diagonal matrix S contains the singular
values. All singular values smaller than the specified percentage of the maximum
singular values are set to zero. The inverse is computed as U-X""-UT, where the diagonal

elements of X" are the inverse of the corresponding non-zero diagonal elements of X.

As we will see, regularization has a critical effect on the obtained distributed source images.
The results may vary substantially with the choice of the regularization parameter (see
examples below). Therefore, it is important to evaluate the generated image critically with
respect to the regularization constant, and to keep in mind the uncertainties resulting from this

fact when interpreting the results.

B. Comparison of different distributed source imaging methods
We will now return to the grand average data of the auditory intensity experiment to compare

distributed source analysis methods with one another as well as with the regional source model

we fitted earlier on.

. Fial Cit View Fitm: Montage Proces KA R Adfact Seach Togs Goto Opions Hep
1. Select the file from Open wto [FC | ESI [[ Rec Vr | Sre | Usr | Opt | E
Closs -
. . Close Al iV e e
File / Recent Files. Recent Files.. P 1.CAxomples\ERP-Audrtory Intemsty\All Subjects cc.fsg
ac ans uration.. 2.C 300-A A et
::“: 3..,1,“;7:‘,. g d Ses 3.C:\.ach_7_O\Examples\ ERP-Auditory-Intensity\S1_sv.fsg
MRi Coregistration... 4 &
5. CAL.y-Si 2D-bigi
Erpa 6. C\...earn-by-Simulations\AC-2D-biphasic -synchronous.avr
Send o MATLAS = -
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2. Select condition Low, left-drag a block and

send it to source analysis by right-clicking
and pressing Source Analysis. f [Fop\hewof Data |
] Whole Segment =
__.__-.._ A FFT L
g Linear Correlation e
Source Analysis L
___H__\u I Define as Epoch L
el = Define as Artifact .
__h._-..-.\‘rxﬁ Write Segment e
i | | CopytoBuffer ) | S
Low: 10 avs Define Artifact Topography
I T
fiew: Original Correct: Off Bad: 0
3. Select a time range from -50 to 250 MS,  ccusizamarosion | Frrsenn —
" Whole Segment Low Cutaff =S |Ed) IEEEE
and specify a Low Cutoff filter of 0.5 Hz, ¢ c.onpemmn | =0 P8 Siwe [zsiiosx] g fimophase <]
. I—L[P;E\IT%S High Cutoff Status |v Enshled
12dB/oct, zero-phase and a High Cutoff W(ms)miﬁ | ey [T 11 Sous [rrera]  owe [ =]
filter of 40 Hz, 24 dbl/oct, zero-phase. [ w@spostcvon
Press Sou rce Analysis to Open the [~ All Conditions Source Analysig | SetBlock | Cancel |
specified data in the source analysis
window.
4. As areference and for comparison, load the [ open solution x
) . Lok n: [ ERP-udtory-eensty x| ~®crE-
regional source model we created in * — e e
. . | Highlintensity_3RS.bsa 1KB BSAFile 2009-12-09 217 PM
Tutorial 4, steps D1-7. Press File /| Open Ak oo I.:mwuity_ll&bn 1KB BSAFile  2008-12-09217PM
7  Lowlntensity_25D.bea 1KB BSAFile  2012-02-274:14PM
H 1 151b 1KB BSAFile 2005-03-29 3:32 PM
Solution... and load file R bl ot il fmrimgliamiin
™ 151-AC+SChsa 2KB BSAFile 2005-03-29 4:06 PM
Libraries | S2bsa 1EE BSAFile 2005-03-29 3:35PM
@
This PC
~ . ,
Fie name: [Lowitensty_2RS bsa =] Open
Fios of type: | BESA Sohsiorn [ bsa) =] Cancel
Folders: [Data Foider |
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5.

Set the cursor at 96 ms, at the peak of the

N100 component.

Distributed 3D
generated with a single click in BESA. They

volume images are
can be generated by selecting the
corresponding method from menu entry
Image / Volume Image, or from the
dropdown menu of the image selector
button (the arrow left of the SESAME button
in the middle of the source analysis

window).

In this chapter, we will use the default
parameters for all 3D images. The
importance and potentially large influence
of these parameters on the obtained result

will be illustrated in the next chapter.
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First, compute a LAURA image at the
cursor latency. Simply select LAURA from

the Image selector button dropdown menu.

The computation of a LAURA (and
LORETA) image is divided into 6 steps. A
dialog window informs you about the
processing stage. When computing a
LAURA image for the first time for a data
set, steps 2 and 3 can take some time to
complete (depending, among others, on the
selected grid spacing, see below). The
results of this intermediate steps are stored
to disk, however, so that these steps will be
omitted in all future LAURA images. This

speeds up the image calculation.

The result is displayed superimposed to the
anatomical MR image in the 3D window in
the lower right corner of the source analysis
window. Because for this subject,
MRI is BESA

automatically uses a standard MRI. The

no
individual available,
regional source model is also shown and

superimposed on the LAURA image. Press

the 2| button in the 3D window to geta 4-
head view. (You may also maximize the 3D
window to get a larger view of the obtained
LAURA image.)
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10. The units of the displayed LAURA images “ ™
are nAm/cm?®. The image correctly shows
activity in both hemispheres. However, the
focal activity is substantially blurred — a
9 v

negative effect inherent in all distributed

source images. It becomes evident from

T AR s 3 i R O e =]
HETERE P

this example that this does not allow to

R e R e
|8 Sl S et 4]

draw any conclusion on the extent of the

active brain regions.

The LAURA image detected 3 maxima. The
largest maximum is in the left hemisphere,

roughly in the temporal lobe. Compared to

the regional source it is located more

medial, posterior, and superior. You can

O i VT AL St R S o3 Vo 1T T
|8 HGleke SR ‘o9

jump to the next maximum using the HlF
Button (4" button from the right in the 3D @
window). The second maximum is roughly

in the right-temporal lobe and located more

medial inferior and anterior to the

corresponding regional source. LAURA

also detected a third maximum in the left
cerebellum. The regional source model

does not suggest activity there.

11. Compare the LAURA method with

LORETA: Select LORETA from the image B

selector button dropdown menu. Like e

LAURA, LORETA includes a spatial cross- oo

voxel weighting term, which increases the imi::g:q cutet

computational load, so that the first e o)

LORETA image computed for a data set ;w s
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takes a longer time to complete than
sLORETA or swLORETA. LORETA and
LAURA often produce similar results: The
first two maxima are located roughly in the
temporal lobes; a third maximum is located

in the cerebellum.

12. Compare the LORETA method with
sLORETA: Select sLORETA from the
image selector button dropdown menu. The
result is an image (units: standardized
nAm/cm3) with two maxima. The first
maximum is located roughly in the middle
of the head, the second maximum is
located in the right cerebellum. There is no
convergence between the discrete source
solution and the sSLORETA image.
sWLORETA additionally uses depth
weighting but will come up with a very
similar result; we will not pursue this

method now.

OV TR S WY S Ve § ST R
HETE T PSR

T VT e e G
Ol T Fewpl 4

O T A R W Vo TR
HETE T PR

@

&

13. lterative methods aim at combining advantages of discrete and distributed source images.
Implemented as default methods in BESA Research are sSLOFO and the new CLARA
method. Both methods iteratively apply distributed source images with a successive shrinking

of the source space. They differ from each other in the type of distributed source images

applied in this procedure.
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14.

15.

Let us try out the CLARA method, an
iterative application of weighted LORETA
images. Select CLARA from the image
selector button dropdown menu and
observe that the result is much more focal
than the previous methods, shrinking the
activity  substantially, and indicating
bilateral activation of the supra-temporal
lobes. The first two maxima are very close
to the discrete source solution. CLARA
detected a third maximum, again located in

the cerebellum.

The other iterative method sSLOFO has a
similar approach to CLARA but uses
sLORETA during the iterative refinement of
the initial result. The result is similar to
CLARA; however the two main maxima do
not coincide quite as closely with the
regional sources. You can try it at your own

discretion.

Next, we want to re-fit our discrete sources
using Image weighting. Press the Image
button in the top-right corner of the GFP
and residual variance field. By default, only

buttons for criteria Residual Variance,
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Energy and Minimum Distance are

Preferences ? X

pressed. Right-click on the Image button Fie | Dsplay | Boves | 3DWindow | Headmodel |

Constraints ic Algorithm i
and click on Weighting Factors to bring up L TR
the Preferences dialog. You can see that by Reguanzaton consart (4 [ A [Dcfait |
default  weighting factors  Residual Mininu dtance crteson fom: [ 80 Defat |
Variance, Energy, Minimum Distance and

Hide advanced options l

Image Weighting are treated equally (all are Kl TR
set to 1). This can be altered if desired. We Smoothing constant for slectrode ntempolaion:  1E]7 =] _Detau |
will leave the default settings and press OK. T RS ot et

Residual variance criterion: | 1.00

Enengy criterion: 'T -

Minimum distance critenion: | 1.00 I—]

image weighting crterion [1o0

16. Click on the right-hemispheric source and

change the symmetry constraint to free in

the Loc drop-down menu.

7—E glw%—-‘” I%JLL . Lo "5

91 21 o Bim) e ¢ B0

17. Press All Fit and Start Fit. The regional
sources are now fitted again with additional
weighting by the current image. Maximize
the MRI view to observe the new fitting-
results. Close the source analysis window

without saving anything.
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This first glance at the different imaging methods on our example dataset illustrates both the
advantages and disadvantages of distributed source images: While they allow to get a very
quick result at a certain latency, they all suffer from severe blurring (least in CLARA and
sSLOFO), which can make it impossible to separate brain regions that are located close to
each other. The different methods do not necessarily agree in their image maxima. It is not
straightforward to determine which method is the most appropriate right away — the answer
may be different in different data sets. Therefore, generally, a comparison of different methods

is advisable.

To be able to interpret distributed source images, it is essential to understand their sensitivity
towards the parameters that are applied during the computation. Especially regularization has

a crucial effect on the result; this is demonstrated in the following.
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C. Settings for distributed source images: The effect of regularization

Distributed source images apparently have a big advantage over discrete multiple source
models: They are quickly generated by a single mouse click, and the experimenter does not
have to decide on the number of sources and the respective fit intervals. However, there is an
important parameter also for distributed source images that has to be decided on: the
regularization parameter, which can have a large impact on the quality of the obtained source
images. This is illustrated in the following.

1. As an example, we will compare LORETA ~Dacliii

Help

Eile Condiion1 Folution 1 :] Image
. . . . Data _ Model [ Residual _||Data|| | P.CA | EEG [ Res Var
images  with  different  regularization ' o F5  Fm0T w07

Set Fit Interval: +72.00 _ +124.00 ms

settings. We could use images computed

it Baselne to Fil Interval

Image

for the cursor time only, as we did in the

previous chapter. Alternatively, we can

¥ Overplot Waveforms of All Channels
Owverplot Waveforms of Displayed Channels

mark an extended latency interval. By f Vﬁ

default, BESA research will then compute a Fz

mean image over that interval. This is of  * >O<f“‘—

[ on

advantage in noisy data because it reduces  ©
the noise influence. Left-drag to mark a fit
interval from 72 to 124 ms to include the
time range around the N100 peak. Note that
you can drag the edges of the interval, or
right-click into it and select Set Fit Interval

to adjust the time range.
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Regularization and  other  imaging
parameters can be specified in the Image
Settings dialog window. Open it by
pressing Image / Settings or from the
button

bottom of the image selector

dropdown menu.

The Image Settings dialog window for
volume imaging consists of three tabs:
The Standard Volume tab

adjustable parameters of the standard

lists all

distributed volume images. We will focus
here on the effect of the regularization
parameter, which has a critical influence on
all distributed source images. Parameters
can be specified separately for each
imaging method (and differently for EEG
and MEG).
parameters of one method at a time only.

The window displays the

From the upper dropdown menu, select
LORETA to LORETA

parameters only.

adjust  the
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4. We will now compute and compare images | e weee e
with different regularization constants. The R:;wasjmp‘ ] € vt rmtegsonioar WUJ_
default is an SVD cutoff of 0.005%. First € Usergeined (Tiorey).— [i * OV smositing st
observe the effect of too high :zmm;"gl v g
regularization: Increase the SVD cutoff to -

0.1%.
5. Press Go in the Image Settings dialog meseseinas i ————
General Standard Volume | UserDefined Volume | Surface Minimum Norm |
window to apply the current settings and | [ messwsising - -

[~ By previous image

compute a LORETA image with too high

regularization: In contrast to the result of the | Sposfyestingeior. - JLORETA 5|

multiple dipole model, the LORETA image
suggests a single midline generator of the

recorded signals. This is a typical result of

a too strong regularization: This tends to |9 T (o o o e amo :

Sag Cor

lead to deep, widely distributed image
maxima. In our example, the bilateral
activity of the left and right auditory cortex
are combined and mis-localized in the

P R
middle of the head. o LORETA Tra

6. Now compare too high with too low [ Ressmster

@ EEG  MEG

Fegularization for Simple Imag

regularization: Select Minimum @ Wt s s i

" CWE (Tikhonow)

L. ¢ Use non-baseline data epoch
regularization to use only the minimum € Userdsned Tkhonawy:  [601 % OVE smothingfactor
regularization required for numerical CIERlE e [ %

@ Minimum reguiarization
reasons.
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7. Press Go again to recompute the LORETA gMaT}?fjl;wRﬂlA-!SélunjeMode'-Va'=02713000'0%> o e
@ F|Kbfe 08| ol w]e

image. In contrast to a too high |

regularization constant, we now obtain a
solution with many maxima. This is a typical

effect of too low regularization.

P R
3D LORETA Tra

200
100

0
T3
namiem x10] R

The above examples were computed with SVD regularization, but the same principle holds
for Tikhonov regularization as well. You may test this by selecting the user-defined Tikhonov
regularization in the Image Settings dialog window and compute LORETA images with

different parameters.

8. How to determine the optimum | Reguesten
Regularization for Simple Images

regularization parameter for a given data & U e e e o

® CWE (Tikhonow
m ) " Use non-haseline data epoch

® EEG " MEG

set and imaging method is still an unsolved € Userdefied (Tikhonay, [ % CVE smotng factr
" SYD cutoff W o

(" Minimum regularization

problem. Minimization of the generalized
cross validation (CVE) is an attempt to gyl or rstons
achieve this. However, this method is not
guaranteed to work properly in every data
set and with every method. We will compute
a LORETA image with the regularization
determined  automatically by CVE
minimization. Select CVE and have the
regularization optimized to the Data in

marked block. Press Go.

BESA Research 7.1 Tutorial Page 178 of 446
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany www.besa.de




BESA®

Tutorial 7 — Distributed Sources I: Volume Methods

9. The resulting automatically chosen
regularization appears to be slightly higher
than the default value of 0.005% (the image
contains 2 rather than 4 maxima). The
second maximum corresponds well with the
regional source in the right hemisphere, but
the first maximum mislocalizes to a right

medial temporal area.

O TGRS ST e e VU =2 ]
HEZ e

O Vi 1073 COREVA S - Sorch e v G R
¥ ¥k 00 4

a
&

BESA uses predefined default regularization constants specific for each method and channel type.

These default values are appropriate in many situations. However, the optimum regularization

depends on the signal-to-noise ratio of the data, the number of channels and other properties of

the specific data at hand. There is no strict objective criterion for the choice of the optimum

or correct regularization parameter. However, it is generally recommended to adjust the

regularization parameter such that the obtained image neither shows too many, superficial

maxima (too low regularization) nor only one or two very broad midline maxima (too high

regularization).
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D. Other image settings

1. The Image Settings dialog window not only ,
allows to modify parameters of the Pre- | Genen | sindard Voiume | UserDefned Volme | SESAE

Voxel Size

defined imaging methods. Select the | | frstingsber e st vmeinese:

- LAURA requires a voxel size of 7mm or more

-CLARA and LORETA require a voxel size of 5 mm or more

General tab. Here the grid spacing of the

Woxel size in Talairach space: 7 mm hd

source grid used for the 3D volume imaging

Source Space
methods can be specified. The default ‘rH:_"“I“m'e"d‘”““’““““‘“”"“

image Display

setting is a spacing of 7 mm, which is e e oce o S S o e G o
'ower, or where the cursor was placed.

appropriate for the rather distributed " Display mage at maximum GFP inside ft terva

{+ Display mean image over fit interval

images in most situations.

Noise Covariance
[~ Use full baseline covariance matrix if available

INFO: No full noise covariance matrix available for the cument condttion

Another setting allows to specify which kind

Individual brain surfaces

Approx number of suface nodes in 3000
reduced meshes used for calculations: e

of image to display when a fit interval is
marked. BESA Research computes a
separate image for each latency within the
fit interval. With the default setting, the
mean image across the different latencies

in the fit interval is computed and displayed.

Alternatively, you can have BESA Ok | cance

Research to automatically set a cursor at
the latency of maximum global field
power and display the corresponding

image.
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Image Settings [} x

2. It is also possible to create a user-defined

General | Standand Volme  User-Defined Volume | SESAME |

volume imaging method: Switch to the | T | wues | worem | wiosens| woe [ | ssiom
User-Defined Volume tab. Here, a wide Resohion maix

[~ Standardkzation by FResolution Matix s)LORETA) Ga
range of parameters can be specified. ol RN -

[ Depth ) |
" Mean nom of RS leadfield

" Each component separately

e In box Resolution Matrix, specify

¥ Cross-vouel o B
whether you would like to standardize i T | F&
your image with the resolution mMatriX | s s o o oo fo s moge
. . f T i =
entries as in SLORETA. oEfem e —
( Userdefined (Thkhonov).  [001T % CVE smocthing factor

¢ In box Spatial Weighting, different types i Ans. -

™ Marsmun regulanization
of depth weighting can be selected. Raatons (Spact satting for iszafon mathod n Sancird Vokane Tab)
. . ) Mo.clfenstions  Wtskstonmethod  [750 image smoothing hal-wih (vaxel)
Cross-voxel weighting as in LORETA 2 Elfomem el e e
¥ Reguisize tarations
(3D Laplacian) and LAURA (local

autoregressive function) can be applied.

In addition, an additional spatial

weighting can be imposed by the |

ok | coance |

previously generated or imported 3D
image (e.g. an imported fMRI image). The strength of the image weighting can be adjusted
by the Factor sliding bar.

o The Regularization parameters specified in this tab are in analogy to those in the Standard

Volume tab.

¢ The Iterations box allows to define iterative methods in which the source space is shrunk
in each step, leading to more focal images. An initialization image can be selected, defining
the initial voxel weight (this image is regularized as specified in the Standard Volume tab).
In each iteration step, the image is then smoothed, and the source space clipped with the
parameters specified here.

¢ The Default buttons in the upper row set the parameters to those of the respective pre-
defined imaging method so that you can understand the details of those methods and can
easily modify them if you wish to.
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3. After specifying the settings, you can Bictindotires B

compute a user-defined image by selecting DICS
CLARA
LAURA
LORETA
sLORETA
swLORETA
sSLOFO

the corresponding entry from the list of

images.

m _ User-defined Image

Cortical LORETA Ctrl+L
Cortical CLARA
Minimum-Norm (Surface) Ctrl+M

Probe Scan 5
Sensitivity v

Settings...
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E. Brain atlases

A brain atlas can be overlaid on discrete or distributed sources in the 3D window. Please

remember that brain atlases are created using either averaged data or single-subject post

mortem data, and might not fully correspond to your subject’s individual MRI data. For details

about how each atlas is created please refer to the author’s publication. If you use a brain atlas

in your publication, please cite the corresponding work as reference. In BESA Research, the

following atlases are available:

Brainnetome (Fan, Lingzhong, Hai Li, Junjie Zhuo, Yu Zhang, Jiaojian Wang, Liangfu
Chen, Zhengyi Yang, et al. 2016. The Human Brainnetome Atlas: A New Brain Atlas
Based on Connectional Architecture. Cerebral Cortex 26 (8): 3508—26)

AAL (Tzourio-Mazoyer, N., B. Landeau, D. Papathanassiou, F. Crivello, O. Etard, N.
Delcroix, B. Mazoyer, and M. Joliot. 2002. Automated Anatomical Labeling of
Activations in SPM Using a Macroscopic Anatomical Parcellation of the MNI MRI
Single-Subject Brain. Neurolmage 15 (1): 273-89)

Brodmann (Damasio, Hanna, and Antonio R. Damasio. 1989. Lesion Analysis in
Neuropsychology. Oxford University Press, USA)

AAL2015 (Rolls, Edmund T., Marc Joliot, and Nathalie Tzourio-Mazoyer. 2015.
Implementation of a New Parcellation of the Orbitofrontal Cortex in the Automated

Anatomical Labeling Atlas. Neurolmage 122 (November): 1-5)

Talairach (Talairach, J, and P Tournoux. 1988. Co-Planar Stereotaxic Atlas of the
Human Brain. 3-Dimensional Proportional System: An Approach to Cerebral Imaging.

Thieme)

Yeo7 and Yeo17 (Thomas Yeo, B.T., Krienen, F.M., Sepulcre, J., Sabuncu, M.R.,
Lashkari, D., Hollinshead, M., Roffman, J.L., Smoller, J.W., Zollei, L., Polimeni, J.R.,
Fischl, B., Liu, H., Buckner, R.L., 2011. The organization of the human cerebral cortex
estimated by intrinsic functional connectivity. Journal of Neurophysiology 106, 1125—
1165)

F. Atlas based source montages

In addition to the atlases, we created atlas-based source montages. Montages are available

for the following atlases:
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e AAL (Automated Anatomical Labeling)

o AAL_2015 (Automated Anatomical Labeling revision 2015)

e Brainnetome

e Brodmann

e Desikan-Killiany*

e Talairach
*(Desikan, R.S., Ségonne, F., Fischl, B., Quinn, B.T., Dickerson, B.C., Blacker, D., Buckner, R.L., Dale, A.M.,
Maguire, R.P., Hyman, B.T., Albert, M.S., Killiany, R.J., 2006. An automated labeling system for subdividing the

human cerebral cortex on MRI scans into gyral based regions of interest. Neurolmage 31, 968—980.

There are three types of source montages:
¢ Regional source (RS)
o dipole-source (SD)
o Beamformer source (BF)

The sources in dipole-source based montages have radial orientations, pointing towards the

center of the brain. All sources are regularized with a regularization constant of 1%.

These montages (except Desikan-Killiany) were generated using Brain Atlases available in
source analysis. Each source in the atlas-based montage was created in the center of gravity

of the corresponding region in the atlas.

Desikan-Killiany atlas is a surface-based atlas therefore different method for defining the
position of sources had to be used. We adopted the approach proposed in brainGraph
v.3.0.0 (https://github.com/cwatson/brainGraph) that exploits graph theory analysis for brain
MRI data.

The sources in the cerebellum and deep brain as well as sources lying in very small regions,
were removed from the montages (except for Brodmann). The coloring of the sources as well
as labels correspond to the Brain Atlases. For each montage the information about exclusion
criteria together with removed sources and the corresponding solution file (*.bsa) that can be

loaded as a solution in the Source Analysis module are located in the public user documents

folder:
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The Regional source and single dipole atlas-based source montages are available in main
BESA Research window and can be enabled either from toolbar (SRC button) or from top

menu Montage\Source\AtlasMontages.

In addition to this, there is also an additional solution file for each atlas ending in the suffix
_BF located in aforementioned directory. This solution file contains Beamformer virtual

sensor sources and can be used to create a source montage from Beamformer in Time-

domain analysis results. This will be described in detail in Error! Reference source not

found.

Below it is illustrated how to turn on the brain atlas and how to change settings.

1. Use the dataset and fitting interval in source . ... ...
analysis settings from chapter C of this
tutorial (72 to 124 ms). Go to Image /

Volume Image /Settings... and switch to

settings for CLARA, then press the Default

button and Go button afterwards. Close

window by pressing OK button. The

CLARA results are displayed alongside the

discrete solution (two regional sources).

Press ﬂ on the toolbar (or Shift-A)to turn
on brain atlas overlay. A Brainnetome atlas
will be displayed using contour blending
mode. Note that the crosshair position in
Talairach coordinates along with the region

name is provided.
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2. Right click on the empty area in the 3D
window and from the popup menu select
Atlas Blending Mode / brainCOLOR.

3. Press 3 on the toolbar (or Shift-U) to

switch to Multiple view.

4. Now the icon has changed to El- Press
this icon on the toolbar (or Shift-U) to

switch to Slice view. This view can help

14
3

8
o

better visualize the results and provides a .

4

&
succinct overview over multiple slices. To @
2] CLARA (mean)

o8
Q :nl
ek

R L

return to the default single view press this «

icon |£| (or Shift-l).

e ®

Note: Multiple slice view is the preferred
display mode in scientific publication as it
gives a wide overview of the whole brain
activity. For such purposes you can also
easily switch all BESA Research windows
to a color neutral theme by unchecking the
Color Background in Result Windows
under Options\Display in the main BESA

Research window menu bar.

BESA Research 7.1 Tutorial
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

Page 186 of 446

www.besa.de



BESA®

Tutorial 7 — Distributed Sources I: Volume Methods

5. Right click on the empty area in the 3D

window again and from the popup Menu | p.eferences

? X
select Options.... Here more settings for Constrats | Rt | Genetic Agorthm |  R(APYMusic |
. . . . i 3D Wind
slice view (in green) can be adjusted. The | = | Dy | Boes rdow | Headmodel |
First and the Last slice can be selected to Bl et
. . [v¥ Scale source size with source strength at cursor a
focus on a particular area. Spacing of the ™ Gtart new session with last 30 head view
slices can be adjusted to view the desired WL s et e
[v Interpolate EEG and MEG maps on scalp surface
number of slices in a single view. Similarly, [ Temnsnansnt hesin sufane L . -
i = | I
. . . Slice Vi
more settings for brain atlas (in blue) canbe | | fa i | e
adjusted from here. From the brain atlas Spacing A 7
. . Last Slice | 70
drop-down menu, different brain atlases o
Brain Atlas
can be selected. With the slider opacity the Brsin Atlas: |Brainnetome |
opaqueness of the brain atlas overlay over Dpociy: — = | %
. . . Atlas visualization mode: brainCOLOR -
the MRI image can be adjusted. Finally, the joran kM
[ Display MNI coordinates
visualization mode can be changed here o st opiore ]
by selection of the mode from the drop-

down menu.

6. The Brainnetome atlas project provides F=S s e e ot
additional details about parcellated regions.

Please visit:

http://atlas.brainnetome.org/bnatlas.html

In the online version of the atlas the — mermmw

following information can be found about . "%%i...

[}

every brain region (indicated in BESA

Resea rCh ) “i?“; Ted Behaviorial Domains Paradigm Classes
i i - B
e Anatomical connections to the other 2 S —
brain regions (white matter) Pl fecec

Subcortical Nucler

Copyright (C) Brainnetome Center, CASIA

e Behavioral domains
e Paradigm classes
e Connectogram
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7. Go back to BESA Research Source
Analysis window. The preference dialog will
still be open. Change the Brain Atlas
option to AAL and click OK. The Brain Atlas

is now switched to AAL.

8. Press File /| Open Solution (or Ctrl-O)and
select User Montages under Folders. Go
one level up and inside the Atlas Montage
folder select the . Press

Open. A solution based on AAL Atlas is

opened with 85 sources. See how the atlas

compares with the previous solution.

9. Close the Source Analysis window. Inthe | Sr' == ' === '==*" *F | HF | NF | EdF |
main BESA Research window press the s :

BR_Brain Regions

SRC button and click Atlas Montages

option. A list of montages based on various |—

I CR_Central Region

FR_Frontal Region

PR_Parietal Region

atlases is shown. Click the AAL SD option. |—  TR_Temporal Region
. . | 23_regional >
The data is now displayed as a montage Atlas Montages ; AALRS
based on AAL. Review the data, note that | = EEG-Search-Montages > AALSD I
— Evoked Potentials ¥ AAL_2015RS =
sources in the temporal atlas region pics up | Resting State Montages > AAL 2015 SD |
: : Brai RS
more signal when compared to the other reinnetome
: Brainnetome S0 B
regions. : Brodmann RS |

Brodmann 5D

Desikan-Killiany RS
Desikan-Killiany 5D —
Talairach RS
Talairach 5D

G. Export and import options
All images obtained in BESA Research can be exported for further analysis (e.g. for averaging

and statistics in BrainVoyager or MATLAB). Images can also be imported into BESA Research.
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These will then be displayed superimposed to the available MR image (the BESA standard
MRI or the individual MRI of the corresponding subject). In addition, images can be used to
define an initial spatial weighting for the different brain regions — both for distributed 3D images

(see above) and for a discrete multiple source fit, as will be demonstrated in the following.

e Image ASCII Files (*.dat), BrainVoyager VMP Files (*.vmp) and ANALYZE files (*.hdr):
Selection of one of these three formats leads to the export of exactly the currently displayed
3D volume image. The resulting image file contains one image intensity for each grid
location (as specified in the Volume Grid Spacing tab of the Image Settings dialog window.
The ASCII format contains the image in its original resolution (as specified in the Volume
Grid Spacing tab of the Image Settings window). ANALYZE files will be interpolated to a

1x1x1mm? resolution. The BrainVoyager format allows for both options.

e Same as above but type all latencies: These options not only export the currently displayed
image at the cursor latency, but rather multiple images (one for each latency in the
available data set). In the present example, selecting one of these file types would export
LORETA images for each latency into one file. This file then contains the image intensities
for each location at each latency. This option is not available for iteratively generated

source images.

e Image Ascii Voxel Time Series (*.vts): Exports the image intensity of the voxel at the

current crosshair position at all latencies.

o Voxel values for each dipole orientation (*.dat): This generates an ASCII file that not only
contains the image intensities (i.e. the magnitude of the regional source activity at each
grid location), but rather exports the activity of all 3 components of each regional source

separately. This results in 3 activity values for each grid location.
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Tutorial 8 — Distributed Sources Il: Bayesian Source Imaging,

Surface Methods and Template Models

What does BESA Research provide?

SESAME
Cortical LORETA
Cortical CLARA

Minimum Norm

N N N NN

Age-appropriate template head models
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Distributed Sources: Bayesian Source Imaging, Surface Methods and

Age-Appropriate Template Head Models

This tutorial will explore the different methods available for surface imaging, and also introduce

the age-appropriate template models as an alternative to a realistic head model.

A. Background

Volume imaging using Bayesian methods

Bayesian source imaging uses the idea of sampling the posterior probability distribution using
assumptions about prior distributions. BESA Research implements the method Sequential
Semi-Analytic Monte-Carlo Estimation (SESAME) of sources (Sommariva and Sorrentino
2014, Sorrentino et al. 2014). It allows to automatically estimate simultaneously the number of

dipoles, their locations and time courses requiring virtually no user input.
The algorithm is divided in two blocks:

The first block consists of a Monte Carlo sampling algorithm that produces, with an adaptive
number of iterations, a set of samples representing the posterior distribution for the number of

dipoles and the dipole locations.

The second block estimates the source time courses, given the number of dipoles and the

dipole locations.

The Monte Carlo algorithm in the first block works by letting a set of weighted samples evolve
with each iteration. At each iteration, the sample (a multi-dipole state) approximates the n-th
element of a sequence of distributions ps, ..., pn, that reaches the desired posterior distribution
(pn = p(x]y)). The sequence is built as pn = p(x).p(y[x) a (n), such that a (1)=0, a (N) = 1. The
actual sequence of values of alpha is determined online. Dipole moments are estimated after
the number of dipoles and the dipole locations have been estimated with the Monte Carlo
procedure. This continues until a steady state is reached.
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Prior distribution assumptions are:

e Poisson distribution for the number of sources
e Uniform distribution for the source locations

e Gaussian distribution for the dipole moments

Dipole locations are constrained to pre-defined grid points. Perturbation of the dipole locations
exploits a neighbours matrix. The output is a posterior probability for number of dipoles, and a

3D probability map for dipole locations.
References:

Sommariva S and Sorrentino A: Sequential Monte Carlo Samplers for Semi-Linear Inverse
Problems and Application to Magnetoencephalography. Inverse Problems 30(11):114020,
2014

Sorrentino A, Luria G, Aramini R: Bayesian Multi-Dipole Modeling of Single MEG Topographies
by Adaptive Sequential Monte-Carlo Samplers. Inverse Problems 30(4):045010, 2014

Surface imaging methods

Volume imaging methods typically work on a regular grid that spans the brain, which serves
as source space for potentially active sources. There are no particular constraints as to where

in this source space a source is allowed to be, or how it should be oriented.

Surface imaging methods use a mesh which reconstructs the brain surface. The source space
is then usually constrained to this cortex region. In some cases, orientations are also
constrained to be perpendicular to the surface, or allowed to vary in a cone around the

perpendicular orientation.
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Left: In a volume image, neighborhood is defined on a grid. Right: On the surface, the

neighborhood relationship depends on the mesh.

If spatial weighting terms are used, then the neighborhood comes into play. Considering the
formulation of the inverse problem introduced in Tutorial 7 — Distributed Sources I: Volume
Methods, the spatial weighting matrix V has diagonal terms, and off-diagonal terms. The
diagonal terms can be used for e.g. depth weighting. Off-diagonal terms describe the influence

of neighboring nodes in the grid or mesh.

The cortical methods discussed here in more detail, Cortical LORETA and Cortical CLARA,
use a surface Laplacian operator. The Minimum Norm method uses no neighborhood

information — only diagonal weights are applied in the V matrix.

Cortical CLARA is a method which iteratively applies a Cortical LORETA to the data set. After
each iteration, the source space is reduced by eliminating the sources with the smallest signal.
Also, the result of the current iteration will be used as an additional spatial weighting term for
the computation of the next iteration. After several iterations, the solution approaches a focal
solution, which, if a large number of iterations are applied, may result in a focus of activity on

few individual mesh nodes, which makes it comparable to a solution using discrete sources.
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B. Source imaging with SESAME

Let us apply the Bayesian approach to the auditory data example.

1. Select the file from

the folder

2. Select condition Low, left-drag a block and
send it to source analysis by right-clicking

and pressing Source Analysis.

3. Select a time range from -100 to 250 ms,
and specify a Low Cutoff filter of 0.5 Hz,
12dB/oct, zero-phase and a High Cutoff
filter of 40 Hz, 24 dbl/oct, zero-phase.
Press Source Analysis to open the
specified data in the source analysis

window.

4. Drag a fit interval from 76 ms to 124 ms
over the data. Then press the SESAME
button in the center of the screen.
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Open... ctl-0
Close
Close All
Recent Files... v
Load Channel Configuration
Head Surface Points and Sensors »
MR Coregistration..
EXport...
Send to MATLAB...
Import and Convert ASCII File...
Print... ctrl-p
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@
5. During computation, press the ﬁl button @ Max.1 of 2- SESAME - Vak: 100% o x

B [ Qb|b| % =80 &| ubliE.8 8 =
in the toolbar of the 3D window to follow the 'SJagI@ Lb¢] 58] wl31d o A0 2]

live update (you may have to press it twice
to enforce the action). Note how the number
of maxima indicated in the title bar of the 3D

window changes over time.

6. Toggle through the maxima using the @ Max. 2 of 2 - SESAME - Val: 52% o X
:l B [& Qb 98 = @8 & .88 =
Maxima button ¥ in the toolbar. Note that = Cor

after the end of computation, there are only
two maxima; they appear in lateralized
areas, one slightly anterior and medial, the

other one very close to where the auditory

A B ER

cortex is expected.
30 SESAME +76.00 ... 12400 ms Tra
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7. Minimize the Source Analysis window. Now
drag over the condition High, right-click
and select the last entry in the popup
menu. This will send the High condition to

the Source Analysis window.

8. In the Source Analysis window, drag a

block in the global field power display to *

mark an interval from 72 ms to 136 ms,

which covers the interval where global field

power exceeds 10%, and the main activity -

in the butterfly plot. Then press the
SESAME button again.
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9. One peak shows the cingulate activity that @ i ok sesane : s
we modelled in the discrete source analysis -/ I“Qsl%’l%l ’JH l-l =] & ifilod].8[8 s
Sag Cor

earlier. Toggle through the other maxima:
Two of them represent the auditory activity;
the last one is insignificant. Note that this
result was obtained without the need for » PR

. . e . 3D SESAME +72.00 .. +136.00 ms Tra
sequential dipole fitting, in a completely

automated fashion.

10. Open the Image Settings (available from
the dropdown arrow in the centre of the
screen). When you browse to the SESAME
tab, you can see that the noise variance
computed over the baseline interval is
shown at the bottom. There are two
parameters that can be adjusted: Noise
Scale Factor, and Source Scale Factor.

Close the dialog box.

11. We have seen a very good solution ., iowizas Fiters: 0540 7%
Org |1UUUUms ‘ +248.00 ms

obtained with a fully automated approach. ‘
For the sake of argument, let us assume
that the baseline interval was not well

defined, or not defined at all (possible e.g.

if you used pattern search for finding peaks

Set baseline x

of activity in the data, and averaged these).
In this case, you can change the baseline Q”f‘—*--f—j | - | —

interval definition:

3L e

12. Above the butterfly plot, click on the left
arrow at the top left of the window to switch
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back to the previous condition. Then click
on the baseline indicator at the top left
above the butterfly plot (or use the menu
entry Condition / Baseline interval) to
open the dialog for setting the baseline.
Adjust the baseline to -48 ms ... -12 ms
using the sliders. Press OK. Note that the
horizontal line showing the baseline has

changed.

13. Open the Image settings again and
browse to the SESAME tab. Note that the
noise variance has changed from 0.12 to
0.08. This reduced noise variance estimate
would now potentially result in an image
with less regularization, which could lead to
more maxima. Similarly, increasing the
values for Noise Scale Factor, and
Source Scale Factor would have the effect
of more regularization. Leave with OK and

close Source Analysis.

Notes for using SESAME:

The noise variance is a very important parameter for the SESAME method. It should be
ensured that the data set contains a large enough baseline interval. You can manually adjust
the baseline interval by clicking on the baseline indicator at the top left. This is especially

important when pattern search was used to create an average.

Computation time rises non-linearly with the number of channels used. One measure to

reduce the computation time is to increase the spacing between grid points, e.g. to 10 mm.
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C. Comparison of different surface imaging methods

We will now compare the different surface imaging methods using the auditory intensity

experiment data. When investigating surface data, we often want to use the individual

anatomy, or a representation that is as close as possible. We will first look at one subject

from our auditory intensity pool.

1. Open the file

2. Press CTRL-L on the keyboard and ensure
that the additional files we loaded in a
previous tutorial will not be used to begin
with — we will use these again later. So,
please make sure that the rows for Digitized

Head Surface Points and Coregistration file

are set to “No”. Leave with OK.

3. Select condition Low, left-drag a block and
send it to source analysis by right-clicking

and pressing Source Analysis.

BESA Research 7.1 Tutorial
Copyright © 2024

BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

in the folder

File | Edit View Filters Montage Process ICA ERP Artifact Search Tag

Open... ctil-0
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v/

00
Please enter electrode thickness.
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Chamel
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co® l—
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[ mlbdfe
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Good Bromse
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CorEglshahun file (*.5fh) o head center (%, —
p [Etmsh Fewlegoed (o rowse.. | Eatjcores, |

M

G sensnrs( pos,

~
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Ar

2

ifact wEFﬁuents (=atf, *.

A
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Clear DB Clear Events

b | [k | ol |
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Block Size and Position Filter Setting

Status [v Enabled

4. Select a time range from -50 to 250 ms,
. .  Whole Segment Low Cutaff
and specify a Low Cutoff filter of 0.5 Hz,  « c..onpemion Erecusney [16 ey Siape [1Zdjos ] Type [ phase v

. I—L[P;E\IT%S High Cutoff Status |v Enshled
12dB/oct, zero-phase and a High Cutoff w(ms)miﬁg sy [T 11 Sone =] Tove =]
filter of 40 Hz, 24 db/oct, zero-phase. & @Jpostton
Press Source Analysis to Open the [~ All Conditions Source Analysig | SetBlock | Cancel |
specified data in the source analysis
window.

5. Ensure that the head model is set to “4- Beamformer B
. - DICS
shell ellipsoidal”. Then use the arrow CLARA
button in the centre of the Source Analysis LAURA
LORETA
window to select Minimum Norm from the SLORETA
swlLORETA
popup menu. sSLOFO
User-defined Image
Cortical LORETA Ctrl+L
Cortical CLARA
| Minimum-Morm (Surface) Ctrl+M
Probe Scan S
Sensitivity v
Settings...
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6. A cursor is automatically set at the peak of
the global field power at 92 ms. A minimum
norm estimate is computed with the default

the

surface

settings and is displayed on

standardized smoothed
reconstructed from an average of 50 brains.
The result is a broadly smeared distribution

in the left hemisphere. Use the toolbar

buttons Llil—jl to rotate the brain. A

more focal maximum is visible in the right
hemisphere, posterior to the Sylvian fissure
where we would have expected the bulk of

activity.

7. Use the arrow in the centre of the screen

again to select Cortical LORETA, or select
the entry from the menu Image and the

sub-menu Surface Image.
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8. The display changes
and now shows more
activity in lower brain

but

maximum in a central

regions, stil  a

location.

9. We will slightly adapt
regularization to get a

better separation: Click

the down-arrow ﬂ
the centre of the screen
to open the popup

menu, and select the

bottom menu entry
Settings. In the dialog,
change the
regularization to
0.004%. Then press
OK.

10. The display changes to

show two maxima
which are now more
frontal, closer to the

Sylvian fissure.
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[ Cortical map - Cortical CLARA o Lol (] Cortical map - Cortical CLARA R == |
11. Select Cortical CLARA 8| [ Q| x| )] Pal'al'al®s] | tal'alal 8] [ Q4] w]2] )] Pal'al’al’8] | ‘al'clel

CLARA +9200 ms CLARA

from the popup menu or
from the menu Image /

Surface Image.

The display now shows two clear maxima, one for each hemisphere, which are much more
focal than with the previous methods. In the right hemisphere, the location looks

approximately correct; however, in the left hemisphere the maximum is too anterior.

We now want to use the individual anatomy of this subject for the estimation of activity on the
cortex. We follow the same steps as earlier in the Tutorial on Coregistration and FEM

Modeling, part B.

12. Close the Source Analysis module. Press

. . Look in: StandardElectrodes - & |=_=f -v
CTRL-L and in the dialog box that appears, l - EpEEsE
L Name Date modified Type
. = mgwm o gEESA-MRE-Sandard-E}Ele rodes.sf 14/12/2010 18:40 SFP File
in the row for Dlgltlzed Head Surface Hecertplm MgBESA-MRI-S:andald-Elertr::!ss.sfp : 09/04/2014 13:59 SFP File
. - | BESA-Std_20-2dyrs.sfp 05/08/2015 11:47 SFP File
Points, press Browse. Then select the Desktop
Standard Electrode folder in the File e
Open box, choose A
This PC
, and open it. “w
Network < >
File name: |BESA7MR\VS|andan:I—EI|:c!mdes sfp j Open |
Files of type: ISurface points (* sfp) LI Cancel
Directories: |Standard electrode folder ~|
[Channel directory ] &
13. Close the Channel and digitized head
surface point information dialog with OK
and select File / MRI Coregistration.
14. If you had previously coregistered the file,
you will be taken again to the dialog you just
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closed. Now you simply have to check the
box for wusing the already existing
coregistration file. Leave with OK. In case
you are asked to write a surface point file,

press Cancel. Select File / MRI Start New Segmentation

Coregistration again. All information

should be there. Leave with OK. Start Mew Coregistration

If there is no previous coregistration, then you Open Segmentation Project

will be prompted to save an *.sfh file. BESA MRI
Open Coregistration Project

will start. In BESA MRI, click the button Start

New Coregistration.

Steps for coregistration
In Steps for coregistration, do not check
[~ Skip electrode and fiducial fit
[~ Generate FEM EEG leadfield
Press Next. Select the input project that we |— Generate FEM MEG leadfield

used in the tutorial on Coregistration and FEM

anything.

Modeling. Press Next.

Press Select Coregistration File and open
the file that you just saved from BESA
Research. Then simply press Next and Finish
to complete the Coregistration. Save the project
and return to BESA Research. If you click into
one of the fields in the dialog box, a green tick
mark should appear to indicate that

coregistration was successful. Leave the MRI

Coregistration dialog with OK.
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B B e e VA

15. Left-drag across condition Low again to o
. . ""’”""’W\[’ Whole Segment
mark a block, right-click and select the -
19 TV [ ecomstn
previous entry from the popup menu to start I S
; : : o It I
Source Analysis with the previous L~ i e
fw—"""\/“ Copy to Buffer v
parameters. AT oetne Attt Toposraphy
mﬂ \ Epach: -100.0...250.0 ms, Filters: 0.5 - 40 Hz

16. Now press the arrow button in the centre

of the window again and start Minimum e e

Norm.

It now shows the individual anatomy, and
the activity is estimated lower than before.
The Minimum Norm solution places the

main activity in the temporal lobe.

_H—Qlil 1-7[ Da”a 71"‘.15 _]L.l‘”rll

L2-norm +32.00 ms

100
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17. Use the arrow button again and select Cortical LORETA. The activity now moves closer
to the Auditory Cortex.

© Cortical map - Cortical LORETA =2 == (@ Cortical map - Cortical LORETA ] = (@@
B % Q| ]2]9] Pal'al"al*s] %] tal's|a B [ Q| ]3] Pal'al"al"E] | Lale
LORETA 49200 ms || LORETA +92.00 ms

100

max. % max. %

18. Use the arrow button again and select Cortical CLARA. The activity now shows in the
area of the Heschl’'s gyrus. It is actually not easy to detect — you may need to rotate and
zoom the display.

© Cortical map - Cortical CLARA [o [ /= (@ Cortical map Cortical CLARA o [-E S
B @ Q| A2 )] Paltal e8] %0 talielal B [% Q| ]2 3] Palal -’“ﬁ__l'-.:l*(‘l
CLARA +92.00 ms CLARA +92.00 ms

100 100

max. % max. %
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19. Press the inflation icon Lll on the toolbar. On the inflated brain, it is clearly visible that the

reconstructed activity is almost exactly on Heschl’s gyrus. You may want to scale up once
to see the focal spot more clearly.

'”_ Cortical map - Cortical CLARA o o=@ Cortical map - Cortical CLARA | _ﬂ@l@
_H_Q'% A2 Da‘ﬂa"éﬁ]l—L.lle B &l 2] ‘a"al¥8] [ Lal'ela

CLARA +32.00 ms CLARA +32.00 ms

60

40 40

20 20

max. % max. %

D. Settings for surface imaging methods
So far, we have worked with the default settings for the Cortical Imaging methods. We will

now explore some of the settings that can be changed, and see the effect on the source
images.

1. Select the menu entry Image / Surface

File Cendition1 Selution Fit | Image | Options Help
. . D Volume Image » H P.C.A. | MEG I Res. Var.
Image and then the first Settings... [/ Gicimg. — o
t Discrete Model Probing 3 Cortical CLARA
entry. :
ry Smooth Image | Seftings... ‘
T Hide Image Minimum-Norm (Surface) Ctrl+M
T Import Image SEilIE:
Export Image As... L —— ‘
Settings... 1 ———— ﬁ\/\/\-
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. Cortical Imaging ? X
2. Note that the dialog that appears . |
contains two tabs — one for Minimum
Specify settings for [N ~ Defaut:
Norm, and the other one for Cortical S Heip
. % EEG " MEG Ppply
Images. In the Cortical Image part, SVDoutefi [0.00500
. —Advanced settings
LORETA is selected by default. You can [ —
adjust the following parameters: i
* Unweighted graph Weighted graph ¢ Geometric mixed area weights ~ © None
e SVD cutoff
e Depth weighting on or off
e Type of Laplacian
,TI Cancel Apply

Note that SVD cutoff can be adjusted
separately for EEG and MEG.

Since Cortical CLARA is an iterative
application of the Cortical LORETA
solution, these parameters for Cortical
LORETA also affect the Cortical CLARA

settings.

© ortical map - Cortical (o &)=
3. Un-tick the Depth Weighting. Press the |g/[s g+ xc_: DI D.p'f.c*: wﬁ%tw: —

OK button. The dialog box closes and o e
Cortical CLARA is re-computed. Note
that the activity patch has moved.
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4. Press the inflation toolbar button to show
the cortex again. It is evident that the
activity has moved towards more

superficial locations on the cortex.

5. Use the arrow button in the center of
the window to select the last entry
Settings. It will automatically open the
settings for Cortical Imaging again
since the last selected image was a

cortical map.

Now change the Laplacian from
Unweighted graph to Weighted graph.
Press OK.

6. This Laplacian applies weights to the
Laplacian operator terms depending on
the distance to the respective neighbor.
The result here is that the activity moves

to another gyrus in the left hemisphere.

BESA Research 7.1 Tutorial
Copyright © 2024
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Cortical map - Cortical CLARA [o @]
_l f_glil 2[210] Pal'al"al™6| | ‘al'6l e
CLARA +92.00 ms
60
40
20
0
max. %
Cortical Imaging ? ps
Surface Minimum Norm ~ Cortical Image |
Specify settings for | ORETA - Default
— Regularization Help
FEEG MEG Ppply
SVD cuteff  |0.00500 %

—Advanced settings

© Unweighted graph &

¥ Depth weighting
Laplacian type:

h ©* Geometric mixed area weights None

o]

Cancel I Apply |

CLARA

© Cortical map - Cortical CLARA

B [% Q| Al ] Pal'al a8 "olstlo Lal'sla

= ==

+92.00 ms

B0
40
20

0
max. %

Page 209 of 446

www.besa.de



BESA® Research 7.1

Tutorial 8 — Distributed Sources Il: Bayesian Source Imaging,
Surface Methods and Template Models

7. Change the settings again to re-activate
depth weighting. Activity moves back
to the Heschl’'s gyrus.

8. Now select the third option for the
Laplacian: Geometric mixed area
weights. This changes the result again

slightly.

Open the Settings once more, and now
select CLARA from the dropdown list.

Three new sets of settings appear.

Change the Laplacian type back to
Unweighted graph, and change the
number of iterations to 2. Leave the

other settings unchanged. Press OK.

BESA Research 7.1 Tutorial
Copyright © 2024

BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

e Cortical map - Cortical CLARA q\@@‘
Bl IR b 2| 3] Pal'|"a]*8] oliloE] Lol el
CLARA +92.00 ms

Cortical Imaging ? X

Surface Minimum Norm ~ Cortical Image |

Specify settings for - Default
 Regularization D
& EES O MEG Apply

SVD cutoff Iﬂ.D[EDD %

—Advanced settings
¥ Depth weighting

Laplacian type:

% Unweighted graph  { Weighted graph ¢ Geometric mixed area weights  { None

~CLARA
i~ No of iterations Regularization Post4teration
[~ Automatic [~ Regularize iterations
J |— 2 SVD cutoff ID 0100 % |||100  Amount to clip from img (%)

o |

Cancel Apply
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9. Change scaling back to 100 and press
the inflation button on the toolbar again.
It is evident that the solution now
resembles the Cortical Loreta solution
more closely.

10.

Comcal map - Cortical CLARA I?!
_||_Qo$~ A|2| 3| Dal'al"al"8] [ ‘al'sla
CLARA +92.00 ms
100
50
0
max. %

push the lever for No of iterations to the maximum value of 25. Press OK.

Now try a larger number of Cortical CLARA iterations: Open the Settings again and now

The maximum is now smaller in amplitude, and you will need to scale the image up a few

times to see it clearly. A very focal maximum is visible on each of the two hemispheres, in

a location which closely approximates that of Heschl’s gyrus.

ﬁ

Cortical map - Cortical CLARA

_H_Qli]‘u-’ 3| Palal"al"8| [ ‘lalicla

CLARA

o [ales) (@

+92.00 ms

Cortical map - Cortical CLARA

_| 8 [ Q| 2] )| Pal'al"al"8| [0 ‘a[w]a

CLARA

EE=<

+92.00 ms

11. Close the Source Analysis module.
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E. Head models

BESA Research offers several age-appropriate template head models, which were kindly
provided by Dr. John E. Richards, University of South Carolina, USA™. We will look into the
effect of applying an appropriate head model for fitting dipole sources to an averaged epileptic
spike.

1. Select File / Open and browse to the

Iz
2

folder

x| Bzlels

L E
M

Open the file

: Fal: g

s [fe=

The file is a combined EEG-MEG

recording, where occurrences of three

different types of spikes in a 12-year

old child were averaged.

e
2. Press Shift-V on the keyboard to view L i

Head radius (mm}: 83.14
Electrade thickness (mm): 8,00 z

the sensor configuration. The red P T
*‘c -.- -. ..‘_“ ::_g \.
circles denote the electrodes. PR S R
e R TR
Coordinates were digitized. Grey P A et s
¥ - 0

donuts denote coils which were

placed on the head to coregister the .. -

electrode cloud with the MEG sensor

positions.

s you would like to publish results obtained with the use of the age-specific models, please reference the
publications below:

e Richards, J.E., & Xie, W. (2015). Brains for all the ages: Structural neurodevelopment in infants and
children from a life-span perspective. In J. Bensen (Ed.), Advances in Child Development and Behavior
(Vol 48, Chapter 1, pps 1-52)

e Richards, J.E., Sanchez, C., Phillips-Meek, M., & Xie, W. (2015). A database of age-appropriate average
MRI templates. Neuroimage, doi:10.1016/j.neuroimage.2015.04.055.
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File Edit View Filters Montage Process ICA ERP Arifact Search Tags Goto (

3. Press the Scp button on the right to - |F+| wrs | saw | BAT | ERP | Tpv | IcA | DsA | TFC | Esl

Fp1'-Pz' Top View of Data L
show only EEG channels. You can o it [
F7-Pz' L
see activity on most channels. Drag =+ o -
Fz'-P7" inear Correlation 5
. . F4'-Pz Source Analysis L
over the first segment which has the e o [
7P ne as Epoc L
most averages of spike events. Right- < Oefine s Afact r
g:"::l. Write Segment I
- . " Pz’ -
click and select Source Analysis. T8pr i s > 1
PT-PZ' Define Artifact Topography -
P3Pz’ =
P4 Pz Time-Frequency Plot L

4. Deﬁne the |nterva| and filters aS Block Size and Position Filter Settings Lo ot s | B

" whale Segment

foll 200 200 3.0 H 5 ErrEE Frequency [0 [Hz] Skepe | Babiac =|  Tepe[tomad  +|
Ollows: = ms .. ms . r4
’ ’—L|§‘|e|rious High Cutaf Status W Enabled
ettings
forward with 6dB slope, and 35 Hz | [m mimeewen | om0 [l S frzboe]  Toeejamophas <]

200 (ms) postEvent

[ All Conditions Source Analysis | Set Block Cancel

zero phase with 12 dB. The reason

for using a forward filter for the high
pass is that in epilepsy, the initial
(crucial) activity is often smaller than
the later activity, and can be
compromised by signal from later
components bleeding back into the
early components if a zero phase shift

filter is used.

Press the Source Analysis button.

5. Check that the selected model is the

4-shell ellipsoidal model. Double-

I | N

click into the head schemes to create
a dipole. Click the P.C.A. button and

mark a fit interval over the onset

L | 0 ] Saae ] WLORETA L] Bmnvemger |/ f \ S

period from -30 ms to -5 ms, such
that the first PCA component explains

more than 97% of the overall variance |...-.. .

in that interval.
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6. Start the fit. The dipole fits to a left

frontal location.

|48 ] At ] St ] s ORETA | | Braiuiyager |

7. Untick the Data button and click

outside the fit interval to remove the fit

interval. The residual variance PCA
plot is shown on the left. The largest

component holds 12.5%.

8. Double-click into the head schemes

again to set a second dipole, and
mark a fit interval over the PCA

component from -10 ms to +50 ms.
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9. Press the Start fit button. The dipole

localizes to a peripheral location.

10. Unmark the fit interval again. The

largest unexplained component now

is a rhythmic one. We will try and

explain this component by a regional

source.

11. Double-click in the head schemes and

press C on the keyboard to convert

the source to a regional source. Mark

a fit interval from -200 ms to -40 ms,
where the two sources are not yet

active. Press the CTRL key and drag | ,
from +80 ms until the end. The fit u a0 @ LD
| /

0 . . . - R i e - =
interval is now split into two. Fit the 11 “\ =L®
sk PER Rl 0 & PRy B
regional source. It moves to a
posterior location.
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12. Note that we fitted the first two
the

rhythmic activity that is present also

sources not accounting for
during the time when the two dipoles
are active. Mark the complete interval
and press the buttons All fit and Start
fit. Then invert the first source by
selecting its waveform and pressing
the | key on the keyboard. We now
have a solution with clearly separated
waveforms and a small residual

variance.

This solution was achieved using the standard 4-shell head model. However, a 12-year old

child has vastly different conductivities from an adult. We will now take this into account for an

alternative model.

13. Save the current model as

Click into the box at the top right to
display the model, and use the
list to select
Models.

When the warning concerning the

dropdown Age-

appropriate Template

source location appears, click OK.

14. A new dropdown list appears below
the first one. Select Age 12y from this
list.

BESA Research 7.1 Tutorial
Copyright © 2024

Model:

Rad./Thickn.: e

Solution: Mew sclution 2

4 shell elipsoidal -

4 shell elipsoidal

R ealistic: Appraximation
Age-appropriate Templats Modsl:
Polynomial 4 shells

3 shell Ay approximation

Conductivity- Homogeneous sphere §
4 | » | Mew solution 2 EEG +
Hid
Model: |Age-appr0piiale Template Models ll
[ age 20t0 24y Omo ~|
Age 20 to 24y Omo
&ge 18y Omao
Age 16y Omo
Age 14y Omo

4 New soluti

Hid

Age By Omo

/ Age 4y Omo

/ Age 2y Omo
Age Oy 18ma
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15. Now press the buttons All fit and

Start fit again. The two sources move
deeper into the brain volume. Press
CTRL-Z and CTRL-Y to compare the

situation before and after the fit. The

source locations differ between 2 and

3cm.

i OA . Foncis 5 o 33) o s lssacs cas =

© ar S o es
16. Press the A key on the keyboard to || a|q|+[% =g ;;m;:; %@ o s

Sag

show the sources in the anatomy.

1
Use the ﬁl button on the toolbar to
show the different views. Select the

first source to slice at that position.

(@ Max. 10f 5 - CLARA (mean) - Source Model - Val: 337 (100... = | & |

17. Now mark the interval where the first | g/ a|q |5 =latm| wiosl# 4 .
source becomes active, from -40 ms =
to -10 ms. Start CLARA to compute
the average CLARA image during
that interval.

CLARA coincides very well with the
location of the first dipole source.
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18. We will now try Cortical CLARA for
this example as well. Select the menu
entry Image / Surface Image /
Settings. In the dialog box for
Cortical Imaging, select CLARA and
re-set all settings to Default using the
button. Close the dialog box with OK.

19. Then, using the arrow button in the
centre of the window, select Cortical
CLARA. The cursor is automatically
set at 0 ms where the maximum
activity is, and the averaged brain for
the 12-year old template model is
shown. Activity centers around a
sulcus in the frontal left lobe,
consistent with the dipole and CLARA

solutions.

20. Press the inflation button on the
toolbar to check for other maxima.
There is a small activity visible at the
tip of the right temporal lobe, but it is

much smaller in amplitude.

BESA Research 7.1 Tutorial
Copyright © 2024

Cortical Imaging

Surface Minimum Nom Cﬂﬁﬁdiﬂﬂgel

CLARA

Specy settings for |CLARA - Defauit
Regularization L}
@ EEG  MEG Apply
SVDcutoff [0.00500 %
Advanced seftings
¥ Depth weighting
Laplacian type:
@& Unweighted graph Weighted graph mixed area weights  ( None
CLARA
[ No of terations ‘ Reguiarization Postteration
I~ Automatic | I Regularize terations
‘_J— 10 SVDouoff [00100 % ||[100 Amount to cip from img (%)
ok | Cancel | |
Cortical map - Cortical CLARA = .'

_H_QlilililJ Da|Va[Ra|"| | lal'c|a

CLARA

Cortical map - Cortical CLARA

_]|—81i|_]_|_l”l”¢“-'“.1§ [ ‘alclel

100

max. %
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21. For comparison, select Minimum-
Norm (Surface) button from the
arrow drop list. It shows a wide-

spread activity, with a maximum on

the of the left temporal lobe.

Note that this type of maximum can
be an indicator of noise modelling.
We will try and change the noise

estimator for the minimum norm.

22. Select Settings from the arrow drop

list. The dialog box for Minimum
Norm settings comes up. The current
noise estimator is set to Use
baseline. However, this is not useful
when dealing with epileptic spike
averages, as there is no proper pre-
stimulus baseline. Select Use 15%
lowest values instead and change
the noise scale factor to 0.5 to

reduce regularization. Press OK.

23. Minimum Norm is recomputed, and
the result shows an improvement.
However, there is still a larger spread
of activity compared to the Cortical

CLARA method.

BESA Research 7.1 Tutorial
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Cortical map - Spatio-temporal minimum-norm 57@
_H_Qliﬂi-li]_l Pal"a|"al®8| [ ‘al'[a
L2-norm 0.00 ms

100

Surface Minimum Morm Icqmca\ Image I

Bl Drefault |
¥ Spatio-ternparal weighting
@ Subspace conelation after single source scan [p?] Dimension: I 6 3:
(" Dale & Serena 1953 Estimate dimension from data [V
i~ Noi
Estimatior: Mean[pv']:  noise sighal
" Use baseline 242 399
@ Use 15% lowest values 057 33 Help
Weighting:
& Individual channels  Moige scale factor, | 0.50 Default
" Average over channels SNR
Selected mean noise and SNR: .43 B84
Estimate mean noise from data [
[ok | cancal Apply
(3] Cortical map - Spatio-temporal minimum-norm o O]
y M ; . |
8| [+ Qb ~21)] "al'al"al®b| [0 ‘al'ala
L2-norm 0.00 ms

100

max. %
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© Max. 10f 10 - CLARA (mean) - Source Model - Val: 3027 (1... | = |-& |3

24. Finally, we want to have a look at the 8] SIS leEn] wlwlE e Yl
MEG modality. Press the button EEG o

to toggle the measurement data and

switch to MEG. Then mark an interval
from -30 ms to -5 ms again as before
and switch on the Data button to
review the P.C.A. We can see that the
variance explained by the first

component is reduced to 88.6%.

Run CLARA over this interval. The
result is almost the same as for EEG
using the age-appropriate template

model.

We have seen the influence of the head model onto the solution. In a different research project,
the dataset used here was investigated with the patient’s MRI and using a realistic head model,
and it was shown that indeed the age-appropriate head model template resulted in the closest
match to the location found with a realistic FEM, and to the anatomical lesion seen in the MRI
(Lanfer et al., 2015)"2.

F. Combined MEG-EEG modeling with realistic head models

Especially in the analysis of epileptic spikes, accuracy and interpretation of source analysis
results is of highest importance. We will now investigate how the accuracy of MEG can be
combined with the robustness of EEG.

12 Lanfer B, Spangler R, Richards JE, and Paul-Jordanov IP (2015) Age-specific Template Head Models for EEG
Source Analysis. OHBM 2015. https://www.besa.de/wp-
content/uploads/2015/07/Lanfer OHBM?2015 Poster.pdf
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The data set is another epileptic spike average, also in a child. We will again work with an age-

appropriate head model for EEG.

1. In BESA Research, select File >
Open and browse to the Examples
sub-folder Epilepsy, and to the folder
Spikes. Open the data set Spikes-

Child2-EEG+MEG-average.fsg.

The data set contains 122 MEG
channels, and 33 scalp electrodes.
Some disturbing signal in stimulus
channels can be removed by clicking
the ICR button and selecting the
highest scale vale of 10V, and
checking the x1000 box.

The first average contains 66 events.
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& Select Data Files K
Look in I Spikes j - £f B
i Name . Date medified Ty~
. uRo\and!c-Sp!ke-Ch!\dfoc 11.09.2003 12:38 FC
D Rolandic-Spike-Child.fsg 16.09.2003 09:40 F§
[V a [ Rolandic-Spike-Simulated-Propagationfsg  16.09.2003 10:07 Fs
Desktop D SpikeExamples.fsg 12.09.2003 12:26 FS
- (B Spikes-Child1.foc 30.05.2008 13:17 FC
[ | D Spikes-Child1_average.fsg 30.05.2008 13:23 FS
Libraries () spikes- Child2_FEG+MEG.foc 30.05.2008 13:17 FC
5 i ] Spikes-Child2_EEG+MEG_average.fsg 102.06.2008 00:06 Fs
= [£)) Spikes-Child3_GSW.foc 30.05.2008 13:17 FC
ke [ Spikes-Child3_GSW_averagefsg 30,05.2008 13:17 FS
@ (£ Spikes- Child4_EEG+MEG.foc 03.06.2008 10:15 FC,
= _ R, R, _
Network < e
File name ISp\kes-Chi\dZﬁEEG-fMEijemge fsg j Open I
Files of type: ICurrenI File Type {"foc, *fsg, *besa) d Cancel
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B Intracranial Chns, Scale ¢
1 5
mV | mVy
10 | 20
mV | mVy
50 | 100
mV | mV
200 | 500
mV | mV
1 10
v v
7
ter
=
5
[
¥l
(B
s
&

e Vi gl

Page 221 of 446

www.besa.de



BESA®

Tutorial 8 — Distributed Sources Il: Bayesian Source Imaging,
Surface Methods and Template Models

Double-click on the dashed line
denoting the first spike peak to start a

map. In the mapping window, use the

- |icon in the toolbar to select a

time series with 5x3 maps. Then

rotate using the Lj icons.
The map sequence shows that the
initial peak moves somewhat from
anterior of F7 (-11 ms) to between F7

and central left (14 ms).

Drag over the first segment. Right-
click and select Source Analysis.
Adjust the time to -300 ms ... 300 ms
and the filters to 3 Hz forward, 6
dB/Oct, and 35 Hz zero phase,
24dB/Oct. the

Analysis button.

Press Source

In Source Analysis, there are two
main PCA components. Adjust the
head model to Age-appropriate

template, age 12 years.

BESA Research 7.1 Tutorial
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@ 3D Mapping: EEG - Voltage

B Pl 2 )| g B

reference free

Block Size and Position

-300 (ms) pre-Event

300 (ms) post-Event

I~ all Conditions

T 32V 1 step
Filter Settings
Low Cutoff Status W Enabled
Frequency [zl Sipe |&dbjoct x|  Type [forward ¥
High Cutoff Status W Enabled
Frequency [35.0 [zl Slooe [24dbjoc v|  Tupe [zero phase v
Source Analysis SetBlock | Cancel |
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7. Let us fit the EEG first. Mark a block o] Lot e | 500,00 ms
from the onset of the butterfly plot to |
the peak (-25 ... 0 ms). The first PCA
component should now explain

almost 99% of the data in this interval. Al

8. Press the Start Fit button. This

automatically inserts a dipole and fits

it. If the initial peak of the waveform

points down, invert it using the | key.

9. Label the source “EEGonset” by

-
es. Var. Energy Min. Dist. Image
2.188% GFF
est: 1.097% RC

Then move to MEG by clicking the R
EEG button at the top.

clicking on the label “1” and editing it.

01 100--

7AIInﬂ\AIIm\S|anm| Beamformer _|v|  SESAME

10. Switch off the source by clicking the

On button. Now we can see that the
first PCA component explains about
92% of the MEG activity in this
interval. Double-click into the head
schemes to add a source. Then press
Start Fit. The location is similar, but

the orientation is not. Label the . =~ | ' o

source “MEGonset”.
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11.

12.

13.

Now we want to combine EEG and
MEG. To do this, we need to have the
baseline interval properly assigned.
The reason for this is that EEG and
MEG signals need to be normalized
to dimensionless parameters in order
to be jointly used. This is done by
dividing their signals by the baseline
signal. A good baseline is important.
Use menu Condition 1 - Set
Baseline... to open the baseline

selection dialog.

Adjust the end of the baseline to -50
ms. It should end before the onset of
the spike-related activity. Then press
OK.

The baseline indicator is now clearly
visible at the top left. Switch off the
MEG source. Then click the button
MEG in the top row. The button
changes to MEEG. Note that two
channel types are now listed at the
bottom. The model information at the
top right shows both models (EEG
and MEG model).
cannot be changed in MEEG - to

Head models

change, you will need to toggle back

BESA Research 7.1 Tutorial
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Set baseline d
4 b | Start: -300.00
4 3 End: -296.88
Cancel
[® BESA - Co\...pikes\Spikes-Child2_EEG+ MEG_average fsg
File Condition1 Solution1 Fit Image Options Help
Data _ Model [Residual [|Data|| | P.CA. _ MEG Res. Var. Energy | M
SpT: 66 avs Filters: 3 - 35 Hz_~|R V. 64.385%
-300.00 ms . +300.00 ms|
Set baseline X
‘ j Start: | 30000 | f | N A
K| ] | e s00 N \_/\
| At on| AN fit| Start fit| Beamformer
FICEET
I |
92.1% U
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to EEG or MEG, and then come back
to MEEG.

14. Double-click into the head schemes

to add another source and press the
Start Fit button. The fit comes out
with a similar location than before, but
with different orientation. Label the

source with MEEGonset.

@ i
8] S ZIMB] e W] &) 4 -

15. Now let us have a look at how the

solutions compare in the anatomy.
Click the MEEG button to toggle back
to EEG. Then switch all sources to On
and press the A key on the keyboard

to show the anatomy (please note

that in this example, we are using an

averaged brain). Maximize the view
and then zoom into the 3D brain
display using CTRL+SHIFT+Drag. It
can be seen that the localization of
MEEG (green source) follows the
MEG, but the orientation is much
closer to the EEG orientation (red
source; note that MEG is almost blind
to radially oriented components).
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. . Tra i TAL: -35.6,22.1,12.9

16. If we switch on the atlas, we can click Bramstome
0

opercular areapZtl

on the different sources and compare |
their Talairach values to estimate the
localization differences. The
difference between EEG and MEEG

is approximately 15 mm in this case.

17. To complete the source model, we

need to investigate the propagation.
Switch off the MEG and MEEG
sources. Change the channel display
at the left to Residual, and switch off

any fit interval by clicking once into an

empty space in the channel display.

One major component still needs to

be modeled.

18. Mark an interval from 50 ... 68 ms

(onset to peak of the residual PCA

component). This leaves very little

variance for other components.

Double-click into the head schemes @+~ - (S
to add a source, and fit it. The source ¥ ;"‘ﬁ"'u‘,‘ % @
fits slightly medial to the previous @ e \ } '@

source. Label the source EEGprop. (PR oA /4

19. We could now also model the
propagation for MEG and MEEG. We
will leave this for an extended
example later. For now, please save

the solution as
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G. Optional - Confidence limits

To understand the limitations, especially in accuracy, of the modeling, it is useful to investigate
the confidence limits. Confidence limits are only available for co-registered MRI data. They can
be displayed in the Source Analysis module (in the Talairach space), or also in BESA MRI (in

AC-PC space, without distortion of the anatomy).

Confidence limits are computed over the fit interval. Thus, the fit interval should be chosen to
be small enough as to only incorporate time samples where the signal is much stronger than
the noise. The confidence limits show a 95% confidence interval — however, this is computed
solely due to noise. The real error will be higher, since other things need to be taken into

account, e.g. head model errors, inaccurate electrode placement, and co-registration errors.

Here is an example on how to compute and display confidence limits in our first epilepsy

example data set:

1. In BESA MRI: Start a segmentation project. In Project Targets, leave the defaults. In work
step Read T1-weighted MRI Data, select file type VMR Files, and browse to
. Select

data file

{5} Open File ? x

Look in- C:Wsers\Public\Documents...\Examples\Epilepsy\Spikes ¥ @ © © @ [ [F

y My Computer Name Size Type
i | Spikes-Child4_TAL.vmr 16.0 MB vmr File

2 Harald
I Desktop
ﬁ Documents
‘ Downloads

< >

File name:  |Spikes-Childd_TAL vmr | I Open

Files of type: | VMR Files, 1 mm Iso (*vmr) A Cancel

2. In step Set Orientation of T1 data, leave all defaults. In step Set ACPC transformation,
leave defaults for AC and rotation, and adjust the PC position slightly. In workstep Set
Talairach Transformation, adjust to the brain boundaries. In Set Markers, set the nasion,
inion, and 4 brain stem markers. Move the red line up so that it is inside the MRI as shown

below.
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3. Then let the program automatically finalize the segmentation, and save the project upon

finishing the workflow.

4. In BESA Research: Select File / Open and browse to the folder
. Open the file

5. Co-register the data set: Use File > MRI Coregistration. Save the sfh file as required.
Then BESA MRI will open and start the co-registration workflow. In the workstep Set
Project Targets, check the boxes for EEG FEM and EEG BEM. In the next worksteps,
simply press Next and OK to use defaults. In the workstep for head model calculation,
select the age-appropriate entry for 12 years of age. Then press Next to calculate the FEM
and BEM models. Finish and save the project.

6. In BESA Research, the dialog for co-registration shows the filled values and a green tick

mark is shown (you may need to click into an edit box for it to update itself). Press OK.

7. Mark the first segment, right-click, and select Source Analysis. In the dialog, adjust the
time to -200 ms ... 200 ms and the filters to 3 Hz foward, 6 dB/Oct, and 35 Hz zero phase,
12dB/Oct. Press the Source Analysis button.
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Block Size and Position Filter Setting: =
Status [w Enabled
€ Whale Segment Low Cutoff
Frequency (30 Hz] Slope | Gdbioc | Tvpe|forward =
@ Custom Definiion Hzl [[Babroc -] Jforward ]
I o [t High Cutoff Status ¥ Enabled
Settings
I,gng (ms) pre-Event Frequency [350  [Hz] Slope [12dbvoc =] Tope[zem phase |
IEUU [ms) post-Event
[~ &l Conditions Source Analysis Set Block | Cancel |

8. In  Source Analysis, load the previously saved solution  Spikes-
Child4_EEG+MEG_average-4shell.bsa.

9. Change head model to EEG - individual FEM. Switch off the second dipole. Mark the
onset activity from -30 ms ... -10 ms. Fit the first dipole again. Then switch on the second

dipole. Mark the activity from -10 ms ...+5 ms. Fit the second dipole again.
10. Press A to open the anatomy. See the confidence ellipsoid display.
11. Select File = Save solution for BESA MRI.

12. In BESA MRI, open the segmentation project for Child4. Then click the button Load
Sources and load the file that is visible in the dialog box. The confidence limits are shown

in the ACPC view. They overlap with an area of cortical dysplasia.

0 5654401 33 Z_teryCHAE i DOR - M1 e

————

Dn ke e o

[ BESA
0@
0® @
o -
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H. Batch processing and export of cortical results

Batch processing

The methods for Cortical Imaging can also be used in batch processing. For these methods,

the following commands are available in the list of batch commands:
e CorticalClara
e CorticalLoreta
e  MinimumNorm

The parameters can be entered after selecting one of the commands.

General commands: Main Program: Source Analysis: Source Analysis Imaging:
BatchError ArtifactautoCorrect AddSource A Beamformer
Comment ArtifactMethod ChannelTypeForFit CLARA
EndFor ArtifactOnfoff ConvertSource Clip
Far ArtifactScan DICS
MATLABcommand AuxiliaryFiles CorticalLoreta Expart
MATLABwaitForvariable Average Delete GotoMax
Pause Baseline DisplayMRI Import
RunProcess EditDefaultEpach Exit LALIRA
WindowPosition EventRead Fit LORETA

EventWrite FitConstraint SetCrosshair
Expart FitInterval sLoreta
FFT Minimurmiarm Smooth

&+ Apply to all files FFTmean MNewSolution SSLOFO
FFTsave OpenSolution UserDefined

. FileOpen PCA

(" Apply at beginning of batch Filter Regularization
GoTo SaveBitmap

i~ Apply at end of batch ICA Saveleadfields
ICAsave SaveModelWaveforms
ICAselect SaveResidualWaveforms

Current Selection ImportASCIT SaveRVan_dGFPWaveForrr Time-Frequency Analysis:
MarkBlodk SaveSolution D

; Montage SaveSourceMontage ISpiay

EREE R Paradigm SaveSourceWaveforms Image
PatternToTrigger SendToMATLAB Save
SendToMATLAB SetCursor SendToMATLAB
TriggerDelete SetDefaultSourceType StartTFAnalysis
TriggerSelect SetOrActivateSource

OK I Cancel SetCrientation

Export of results

Cortical images can be exported as ASCII files. There is a choice between current latency, or

all latencies.
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Each mesh node location is provided with X, y, and z coordinates, followed by the value for
either the current latency, or for all latencies. In the case of all latencies, BESA Research

calculates the values for each latency of the current condition during the export process.
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Tutorial 9 — Beamforming and virtual sensor montages

What does BESA Research provide?

Time-domain beamforming tools
Several beamformer types
Graphical user interfaces for using the tools

Virtual sensor montages
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A. Principles of beamforming

Beamforming (Van Veen et al., 1997) is a technique for the reconstruction of source activity

that differs from other discrete or distributed modelling approaches:

o A spatial filter is used like in the other approaches, but for each brain voxel, a different

spatial filter is computed.
e The measured data are directly considered for computing the beamformer result.
o Activity is contrasted against either a reference interval, or a reference condition.

Several methods for computing beamformers exist. We will explain them and their (sometimes

subtle) differences, and work with them in the tutorial.

Beamformer ingredients are:
o Data covariance matrix
¢ Leadfield matrix derived from the head model and sensor configuration

e Spatial filters computed from the leadfield matrix and data covariance matrix

Let us start by looking at the “standard” beamformer (single-source beamformery):

If C;1 is the inverse of the regularized data covariance matrix C in the time range of interest;
L(r) is the leadfield matrix of the model containing a regional source at target location r and,
optionally, additional sources, whose interference with the target source is to be minimized; trf
] is the trace of the [3x3] (MEG: [2x2]) submatrix of the bracketed expression that corresponds

to the source at location r; then P(r) = tr[LT (r)C;1L(r)] ! is the power at location r.

Beamformers can suppress noise sources that are correlated across sensors. However,
uncorrelated noise will be amplified in a spatially non-uniform manner, with increasing
distortion with increasing distance from the sensors (Van Veen et al., 1997). For this reason,
estimated source power should be normalized by a noise power. In BESA Research, the output

power P(r) is normalized by the output power in a reference interval P,(r), defining a value

q(r):
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( C-1. -
PO _ \/tr[LT(r) Lol for P(r) = Prog(r)

Prer(T) tT[LT(l‘) : Cr_e%,r . L(r)]_l
P _ ol
Ll ~ P - 1- J B - G L] for P(r) < P.ef(T)

P.i(r) can be computed either from the baseline of the same condition or from the

q(r) = 5

corresponding range in a control condition.
Multiple source beamformer vs single source beamformer

Traditional single-source beamformers are known to mislocalize activity if several brain regions
have highly correlated activity (Van Veen et al., 1997). The BESA multiple source beamformer
tries to overcome this problem by extending the traditional single-source beamformer. The
multiple-source beamformer can implicitly account for activity from possibly correlated brain
regions (This is also called suppression beamformer (Dalal et al., 2006) or nulling beamformer
(Hui et al., 2010)). This is achieved by using a multiple-source beamformer calculation that
contains not only the leadfields of the source at the location of interest r, but also those of

possibly interfering sources.

BESA Research uses a bilateral beamformer, where specifically contributions from the
homologue source in the opposite hemisphere are considered (the leadfield matrix L(r) thus
being of dimension N x 6 for EEG and N x 4 for MEG, respectively, where N is the number of
sensors). This allows for imaging of highly correlated bilateral activity in the two hemispheres

that commonly occurs during processing of external stimuli.

Vector beamformer vs scalar beamformer

A beamformer source at position r can have 3 orientations for EEG or 2 orientations for MEG.
The beamformer can either optimize the orientation, “scalar beamformer” (Robinson and Vrba,
1998; Sekihara et al., 2004), or compute the mean amplitude over all orientations, “vector

beamformer” (Van Veen et al., 1997).
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B. Time-domain beamforming in EEG data

I 5654 Remearch 71 - CALmearch 7 1\ExamplesERP- Aucftory-Intemtyl 1 <t - o =

1. Open data set s1.cnt from the folder ’*‘1“4‘;;{“:-«[m'F;p‘i‘r..Tﬁ“:fésIl:ussHu T T T T T T T

/|Examples/ERP-Auditory-Intensity/.

It contains 32 EEG channels and one

polygraphic channel.

iy 4B ———— : ——
2. Click the ERP pushbutton. If the |8 samn *
Look . [ | Audtory = =@t E-
paradigm file for the data file was not | 4 o i _— =
. Chlch acom DWDG e s T S 3]
loaded before, a dialog box opens, B Gewors BVEA1Z PG e 1
Desitop
and you can browse to the sub-folder |
@

Auditory and open file AEP-| e

Intensity.pdg. 8 conditions are .f.;.',.k

Fin g [+ sy O =] Qoen
visible. Switch to the Artifact tab and i el ] = e
Deenctoses |Parncigm Dimctory E £
start the artifact scan.
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4. Click the Gradient radio button and
exclude some muscular activity by

moving the slider to the left.

5. Move to the Average tab. In the list of
conditions, click once on the Low

condition to select it.
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6. Click the Beamformer button. An
additional dialog box appears for
choosing the beamformer intervals for

condition Low.

7. Click the Toogle Butterfly Plot
button. The butterfly plot shows the
average signal for all channels, and
the currently defined intervals. Three

intervals can be defined:

e Baseline
e Signal
¢ Common
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Set beamformer intervals

Target condition: Low

Beamformer interval

Baseline Signal

Start |ETDEY  ms 0.0 ms

End |-70.0 ms |30.0

™ Use Control

ped

Condition

|s0ds

Comman

=l

-300.0 ms

ms 1000.0 ms

Important note: To obtain a reliable beamformer image, the number
of samples in the Baseline and the Signal intervals should be equal.
Therefore itis recommended to assign equal duration to the Baseline

and the Signal intervals.

Toggle Butterfly Plot |

Set beamformer intervals

Target condition: Low

Beamformer interval
Baseline Signal

Start |-1nn.n ms |D.D

End |-:r'o.u ms |30.0

I Use Control Condition

|s0cE

Common

=

ms -300.0 ms
ms 1000.0 ms

Important note: To obtain a reliable beamformer image, the number
of samples in the Baseline and the Signal intervals should be equal.
Therefore it is recommended to assign equal duration to the Baseline

and the Signal intervals.

oK

Cancel
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8. Using the Edit boxes, set signal to Set beamformer intervals *
[80...150] to cover the main activity of -

Target condition: Low [~ Use Control Condition
the N100. Set baseline to [-120...-50] [60ae ]
(matching duration). Common can be prmforne e - Comman
set to [-120...150] to cover the Start [-120 ms a0 ms |10 ms
Complete duration. End |—5[J ms |15[J ms 150 ms

Tip: Contrasting the same interval of
interest between two conditions

It is also possible to compare two
conditions, instead of using one condition.
Check the checkbox ‘Use Control
Conditions’ and select a condition in the
drop-down list for this purpose. When the

: Q; ' Important note: To obtain a reliable beamformer image, the number
checkbox is CheCked’ only the Slgnal of samples in the Baseline and the Signal intervals should be equal.
inverval can be set because the Signa| Therefore itis recommended to assign equal duration to the Baseline
. 2. and the Signal intervals.
interval of the selected control condition
will be used as a reference instaed of Showing Target CTTOKTTY cancel

using the 'Baseline' interval. The
‘Common’ interval is also not used for this
case since common beamformer spatial
weights are computed using the signal
intervals of the both target and control
conditions.

9. Click OK to start the beamformer |®

© Mac 1 of &- MSBF (time) - Standard MRI - Vak 2081 (1000%) o Lo

computation. The Source Analysis | &0t #l el <) e
module opens. Scale the beamformer
result up several times to visualize the

activation pattern using the scaling

toolbar buttons ’ﬂ

Loc: -0.57, 1.32, -0.67 (Cart/Us)
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10. Click the Maxima toolbar button M
to move the crosshair to the next
image maximum. Two image maxima

are close to auditory areas.

11. Click again the Maxima button to
return to the first maximum. Then
minimize the 3D window using the
Restore down button at the top right,
to visualize the data and global field
power. You can see the beamformer
intervals plotted above the butterfly

plot on the left.

BESA Research 7.1 Tutorial
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7 BESA - G \ERP- Auditory-IntensityST.cnt - Low, Low Fiter: 053 Hz, -300.. +996 ms - Source analysis

i
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file_Condition | _Solution _Fit_jmage _Options _Help

913 l+1+) o8] iull ¢ sBlgl0lel

Sag or
A P R
3D Low80 150ms Tra
x
0
a5
@ R

e
2]

|

i
L

[Loc: 057, -0.77, -003 (Cart/US)

[ Besa - €2\ \ERP-Auditory-Intensity\S1.crt - Low, Low Fiters .53 Hz, -300... »396 ms - Source analysis
e Gondtien! Sohton Fy [mage Options
| Data  Model | Res, I | PCA | EEG
s Tow Fier 053 fiz &
439 .00 ms

Help

Low
|-200 0 mg

Fea.Var, | Energy | Min.Dist _ Image [l
,,‘GFFl head scalp bane csF

- [RecMhickn [ 50000 0000 7 0000 T
brain sealp bone csF
fconductrsty [ 030 | oo [ oowz | 1o

No solution available

o x

[+l chpua

=

N

Plesse double chck on the haad
64 10 generate 4 starting
salidion wih ana sowrce

[Data {116 of 31} j

Transparency 100%

6

Fip l«v]e "
W g =Tae)
8] Sl i) wele] el 4

+
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12. Click the arrow in the center of the

display ﬂ to open a popup menu.
Then select Settings. The dialog box
for defining beamformer settings
opens. Alternatively, you can use the

menu and select Image / Settings.

13. The dialog contains settings for
regularization, and the beamformer
options. We can see that by default,
the Multipole-source beamformer is

selected, and a Vector type is used.

14. We will first try the single-source (&
beamformer. Select Single-source
beamformer and click the Go button
at the top right of the dialog. The result
changes. To check on what the new
result means, leave the dialog box
with OK, and in the toolbar of the 3D

window, activate the 2x2-view with

A
the button ﬁl Then click the Maxima
button to jump to the first maximum.
The first one is now much more central

and explains both auditory activations.

BESA Research 7.1 Tutorial
Copyright © 2024

Image Settings

General Standard Volume | User-Defined Volume | SESAME

~Image weighting

Specify settings for: Bearformer hd I

T (Time-domain)

" No covariance regularization

@+ Userdefined (Tikhonov) [%]: I 5
' SVD cutoff (Data [SVDabs]: [ 1
€ SVDoutoff Data ISVD #): [ 00001

— Beamf: Options
Beamformer type: Compute beamformer image:

" Single-source beamformer [Tl et

© Scalar

% Muttiple-source beamformer [~ Use only weights of the signal interval

Source orientation: [~ Use noise nomalized weights

@ Vector (LCMV) % of uncomelated noise varance: I 5

 erations (CLARA/SSLOFO)

— Regularization Probe Scan

oK Cancel | iy |
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15. Next, in the Settings, select Multiple-

source beamformer and Use noise

normalized weights. A Gaussian
noise distribution is assumed, and the
contribution of uncorrelated noise
variance can be adjusted manually.
Use the default value of 5, then press
OK and the Beamformer button. The
result resembles the one where the
signal interval was used. The first two
beamformer maxima with the highest

power percentage cover the auditory

areas.

Fiter: 0,53 e -300 .. +996 s - Source anwlysh - O X

16. In the Global field power display at

1;‘.. Vor. [ Energy | Min Dist. __Image

the top center of the screen, double-

click into the plot to set a cursor. .

Scale the 3D window intensity up by = mz &@

pressing the scaling toolbar button

@

several times, and then move the = wwwm oty ¢l FETT

cursor around using the cursor keys [ ‘:"":” @ a
on the keyboard. You can see that the : . T ‘

intensity display is now updated with

the cursor latency. Tesmmicmbe [ G
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C. Virtual sensor montages

We will now look at further uses of beamformer imaging. One powerful application is the ability
to create virtual sensors in a brain voxel of interest. The spatial filter that was computed for

estimating its power can be applied not just to the covariance matrix, but also to the raw data.

1. Let us reconsider the good result we |@ . o e = (@R
achieved with the bilateral vector |0 & QX|b|db| 328 (@8] & ifilsE.8 &

Sag Cor

beamformer. Once more, open the
Settings dialog on the Standard Volume
tab and select the Multiple-source
beamformer with the check box Use
common weights. Press Go and OK, and
then the Maxima button to slice at the first

maximum of the newly computed

beamformer.
2. In the toolbar, press the Insert button & == SR e

GFP|_cangus |[
s Loc: C

to insert a source at this particular location

in the brain. Press the Maxima button to

move to the second maximum. Then press

Transparency 100% -
 |Eelesle 121 Fip

the Insert button again. You have now | =) =7 [t MR
created a solution of two virtual sensors for ::)'CD\NMM - Al .

?

this data set. SRR i :
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1.2t - Low, Low Filter 053 He, 300 . 956 ms - Source anslysis o x

3. This solution can be applied to the raw data.

s
cuteo | Res.Var. | Energy | Min.Dist _ lmage |RS2@FVS) wloc  yloc  zdoc  xen  yon =z
K [a® [a% o

From the File menu, select Save Source

Montage As... In the dialog, save it with the

name

Transparancy: 100%
"!\ alele] I "!

JF ++u=;@w % & Giﬁe

— @ ﬁ

s
s e

4. Minimize the Source Analysis Window. ’
The source montage is applied to the raw
data. Two channels are visible. These show | i % T, Sy, e,
the orientation-optimized source f
waveforms of the two beamformer sources, | Ve
which consist of 3 different orthogonal .. _ i
orientations. g E————————————————— ||
Tip: All waveforms of a source can be
displayed using the Montage / Options /
Regional Sources All Traces menu entry.

5. Open the File . Then press the e T T T ST T T T e
Usr push button and select the montage :
from the dropdown menu that appears. You | |- -mm—-—?w— SO SNy  m—-— e
can now see how the source channels L
reconstruct the auditory activity in the | | | T
averaged conditions. IS I R O % T
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6. HOW doeS thlS Compare Wlth a Standard Block Size and Position Filter Settings

i whole Segment

Lowe Cutcft Status [ Enabled

Erequency |0.5 [Hz] Slope |12 db!ocﬂ L'Delzem phaseﬂ

source montage? Let us assume that we

" Custom Definition

High Cutaff Status W Enabled

had defined a source montage with just two E s
Frequency '40— [Hz] Slope |24 db#ocﬂ Tupe |zem phaseﬂ

. . . ’W [ms] pre-Event
regional sources, fitted to the auditory i woseeien
COf'teX, fOf com paI'ISOI'] [~ &l Conditions Source Analysis Set Block Cancel

7. Left-drag over the condition Low, then
right-click and select Source Analysis
from the popup menu. In the dialog that

appears, select:

e custom definition of -100 to 250 ms,

e Low Cutoff Filter of 0.5 Hz, 12 dB/Oct.,
zero-phase and

e a High cutoff Filter of 40 Hz, 24 dB/Oct.,

zero-phase.

Press the Source Analysis button.

05+ 40Hz 100 .. +350 ms - Source anabysis - o x

8. The beamformer virtual source condition i ——— !
e B e e e |

cannot be applied to these data since no

covariance matrix is present.

Fipfalale AN
. =TaiE
8] Sl i8] elal¥]w] €] vl

o1 8 This condtion do%s nat have
2 3 covaranc e inemation

w.-—J\/—————u T
w_/\/__—__
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10.

Create a new solution by pressing the N key -

on the keyboard and insert two regional

sources.

If dipoles are inserted instead, then convert

the sources to regional sources by
selecting each of them, then using the key

C on the keyboard to convert.

sources by selecting it, then using the drop-
down menu beside Loc at the top right.
Then, mark an interval from 72 =100 ms
and press the All fit and Start fit buttons.
The sources fit into an area close to the

auditory cortex.

Use the menu File / Save Source Montage |-

As... to save this as a source montage with
the file
Then

close the Source Analysis window.

You can see that the auditory activation is

also picked up by these sources as shown

in the upper screen shot on the right; |

however, if you switch back to the

beamformer virtual sensors using the Usr

button, you will see the difference: The || . |

beamformer virtual sensors pick up much
less background activity (lower screen
shot). This is due to the fact that in classical
source montages, any brain activity needs
to be modelled; otherwise, background

activity that is spatially correlated with the

BESA Research 7.1 Tutorial
Copyright © 2024
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activity of interest will be projected onto the
source of interest. In the beamformer case,
the spatial filter is already optimized for
each source, independent of the presence

of other sources in the model.
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D. (Optional section) More settings in the time-domain beamforming

The options to reduce the influence of differe

nt spatial leakage profiles of the beamformer

spatial weights for baseline and signal intervals.

Use only weights of the signal interval: Beamformer spatial weights for signal

interval is only used when a beamformer image is computed.

Use common weights: Beamformer s

patial weights for the common interval is only

used when a beamformer image is computed.
1. Open the Image Settings dialog | BeamfomerOptions
Beamformer type: Compute beamformer image:
again (hotkey: Ctrl + Shift + A). Select | @ Mutiplesource beamfomer | V' Use only weights of the signal interval |
A " Single-source beamformer I s ommon Wit

the Multiple-source beamformer, | . S ihse rebse vormaiont e

and check the box for Use only = 7 Veertciy e [T

weights of the signal interval.
2. Press Go and then OK. Click on the [§) Max. 1 of 10- MSBF (time) - Vak 1590 (100.0%) = — | = s

Maxima button. The first two cover
again the auditory activation. They are

more focal than the initial ones.

N [% K[| 928 & |E@| # €| i a’é @

P R L
80:150 ms Tra
25
0
-25
q% R L
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3. In the Image Settings dialog, | BeamfomerOptions
Beamformer type: Compute beamformer image:

uncheck the previous box and check | Mutiplesouce beamfomer [~ 1< oy eiakic of the sianel e
" Single-source beamformer [ = Use common weights |

the Common weights box instead.

Source orientation: [~ Use noise normalized weights
& Vector (LCMV) % of uncomelated noise variance: 5

4. Press OK, then press the [ Max 1of7-MSBF time)-Vak 18288 (1000%) @ — .G |

Beamformer button in the center of ﬁ o3| | ol !E‘LMHEQJ T@F@F@I"ﬁl i] %’I' d|
Sa Cor

49

the screen. The beamformer is re-
computed and automatically slices the

MRI at the first maximum.

Scalar beamformer

When vector beamformer is used, a beamformer source at position r can have 3 orientations
for EEG or 2 orientations for MEG. A single optimal orientation that gives the maximum power
output at each location is considered in scalar beamformer (Robinson and Vrba, 1999;
Sekihara et al., 2004). Therefore, single source waveform is computed for a virtual sensor of
the scalar beamformer, while three waveforms (MEG: two waveforms) are estimated for a

virtual sensor of the vector beamformer.

Note that this option cannot be used with “Multiple-source beamformer” or “Use noise

normalized weights” option.
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1. We will have a look at the Scalar [ BeamfomerOptions
Beamformer type: Compute beamformer image:

beamformer. We go back to the ’_Mvw‘ [ Use only weights of the sinal interva
. . @ Single-source beamfomer |l— Use common weights |
Settings dialog, and now select """

Single-source beamformer, with the CMV’ ”°‘“’°°'°"*°""°'““""’“°°l d
®. iar

opton Use common weights.

With these options, the Scalar
beamformer becomes available.
Select this option and press OK, then

click the Beamformer button.

2. Slice the display at the first maximum E““M L; e el
o U“ = ”: | Res.Var. | Energy | Min. Dist. Imuu;Fp Jrsacel .A::m.. sl =]

using the Maxima button on the = e oo e

= T Conductity [ 0300 | usaw IW!W

toolbar. Like in the vector beamformer
case with single source, the maximum

moves to a more medial location. The "7\~~~ m m

nspareney: 100%

Po Wl alvls] I3 IF‘F

other maxima localize outside of m . SR14FS TIMA] elH9le] ¢ 4
auditory areas. - ‘

3. You can try to go back to the Settings =~ VvV o om '

and check Common weights and Wj

noise-normalized weights at the
same time. This will not substantially

change the result, however.

BESA Research 7.1 Tutorial Page 250 of 446
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany www.besa.de




BESA®

Tutorial 9 — Beamforming and virtual sensor montages

E. Time-domain beamforming in MEG data

We will now use the beamformer to analyze MEG data, and try to find out whether propagation

of activity over time can be modelled via the beamformer.

1. Select File / Open and browse to the
folder

. Open the
data set (you may
have to change the extension filter at
the bottom of the dialog box to see
the file in the list). The Channel and
digitized head surface information

dialog appears.

In the section Coregistration, click
the Browse button. In the dialog that
appears, go up one folder, and select

file

Press OK to close the Channel and
digitized head surface information
dialog. The file opens. Display of
MEG waveforms is obscured by the
large signal of the stimulus channels,
which have been assigned to

channel type ICR.

BESA Research 7.1 Tutorial
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Channel and digitized head surface point information X

Format: Neurumag 122M; Daﬁbase ﬁ\e 00000019 fst
nels: 131: ; 121 s; 7intracranial; 3 polygraphic
Please enter channel definition and coordinate files in the spaces below.

Internal data fle
Data file: C:\Users\Public\D A I \Raw DatalF .foc
Please don't forget to check the radio buttens!

iggestion:
The Fvl\uw\ﬂg au)«hary ﬁ|ES were found.
u want to read the file or select a new file

F\ nameﬁ) ind
hanne\ e
’7 I Good Browse. Edit I
Digtized head surface points (*,5fo, *.epe) and labels (*.5fn)
,— 19 points in data file [Cood Browse. Edit
19 Ioes; fiducials found; units:
Flonfield.sh o ook ['Good Browse Edt
™ Bletrode labels non-conforming to 10-10 or 10-5 standard Electrode thickness {mm} .00
fie (*.sf) or head center (*
’V @ [CWsersubicPoamentsBEsAReseard % [Good Bronse.. Edit/Coreg. I
MEG sensors (*.pos, *.pmg)
( e e [eod  bomse .|
Artifact coefficents (%.atf, ™ e
’7 » & [Good Browse. I
Cear08 | Clear Events weo | [ el |
B Losd Consgismration Infis o Head Center Coords =
Lok i [ MEGAMES Wit ot =] @&t -
* Mame - Date mocstied Type size
Backup 030072018 1235 Fille folder
Qurck access.
Raw Dot OUOL2018 1104 Faefolder
F 1 FlowField ACPE.sth TER/010 T S Fie i
Desinp
m
Urares
Tha PC
etk
Pl e [Rewteta_scpe am =l [ |
Fies ol bypnr [Cermgmration " con, "o} | E—Imoel
Dvectones [Data dreciory -

E

I i

H
3

B b

E’g::

97-06-18 162039 Toral 000320 _OWs 000000 Cur

Fillrs-083-133H___ Bufer 1| Niew Oignal__Camect OF_Bad 0
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4. Click the scaling button of the ler |®' Intracranial Chns. Scale X
. . 1| s
channel type at the right side of the nard
screen and check the x1000 check | 10 || 20
BV | pVv
box to change scaling to 200 mV.
] ) o ] g
200 | 500
':'t ':: v w1000
mYy | m\y d

5. Now the MEG is visible. Trigger
codes 1 and 2 were applied.

P 063 130 Buber 1 Niww Ovgnal Forect 04 Bad 0

6. Pressthe ERP push button. Then, in ok [Tt 3 emom
Hame h Date modiied Type e
sub-folder  Visual, open the ¥, R T ——)
-
paradigm file Flowfield.pdg. =
ol
5
Tha PC.
o
Metwork
Fle e [Pt kg = |
Fescltwe  [Paraciom Faes [ PDG) = S I
Desctoren [Parsdim Drectory e e
* Paradigm ? X%

7. Move to the Artifact tab and press Tger | Cartion | Goch | e A | Avege | Coboers |

Rejection Method Thresholds and Bad Channels
Start Scan. The current thresholds [r Facd Thesholds [ Atfact Sean Tocl \ Stant Sean Wsem. € ££G € AR & GRA
121 p— : . e L ) e
. T e e Tt e o :I
are appropriate. You can check for | o R ] = | coten S0 ]

) W Lowsig 6400 [ 0|[s400 ~
i el re color
! Bad Channels I_u

I Count  Accepted  Condition

gradient and Low Signal criterion,

too- ol I‘ 1 131 112 (85%) Motion
i ‘ 131 116 (88%) Static
i
i ootk E]
= ¥ Amplitude
78 -  Gradient Load
O T 5 5o Charmels by Mean I Log Display 22 | ¢ Low Signal Seeto]
ok | cancel | Hep |
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8. Move to the Average Tab. Select the
first condition Motion and press the
Beamformer  button. In  the
beamformer intervals dialog, press
the Toggle Butterfly Plot button.
MEG channels are shown in a dark

purple colour.

9. From the tutorial 7, we know that the
activity related to Motion happens
later than the initial visual evoked
activity that follows the stimulus. Let
us mark a signal interval from 100 to
190 ms. Accordingly, set the
baseline interval from -100 to -10 ms
and the Common interval from -100
to 190 ms.

BESA Research 7.1 Tutorial
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Set beamformer intervals X

Target condition: Motion [~ Use Control Condition

Static -]

Beamformer interval

Baseline Signal Commaon
Start | -100.0 ms | 0.0 ms | -400.0 ms
End |-?0.n ms |30.0 ms |snn.o ms

Important note: To obtain a reliable beamformer image, the number
of samples in the Baseline and the Signal intervals should be equal.
Therefore it is recommended to assign equal duration to the Baseline
and the Signal intervals.

{Showing Target | oK Cancel

Set beamformer intervals *

Target condition: Motion [ Use Control Condition

|5tatic |

Beamformer interval

Baseline Signal Common
Start | -100.0 ms | 100 ms | -100 ms
End | -10 ms | 190 ms | 190 ms

Important note: To obtain a reliable beamformer image, the number
of samples in the Baseline and the Signal intervals should be equal.
Therefore it is recommended to assign equal duration to the Baseline
and the Signal intervals.

Showing Target Cancel
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10. Press the OK button to start the

beamformer  computation.  The

Source Analysis module opens.

11. Click the arrow in the center of the

display ﬂ to open a popup menu.

T W .
Fp a4 Le|Fe
—=

5] i) 238 ) €] lie0is)

Then select Settings. The dialog box

for defining beamformer settings

opens. Select Multiple-source
beamformer and Vector (LCMV)

options, and check the boxes for Use

common weights and Use noise ==

normalized weights. Then, click the

Go button. The results change.
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12. In the Global field power display at [ = sebe o e o

the top center of the screen, double- |

click into the plot to set a cursor.

Then move the cursor around using

£
TN
| U
1o
~

Toanspaansy 0%

T S -]
ScAh- 4] Mipl wl'elvl ¢ 3ix 8 9)

g0

the cursor keys on the keyboard. You |-

can see that the beamformer image

is now updated with the cursor

latency. Check the beamformer

L

Corer 1S

image at 122.50 ms and 160 ms.

:l—sssmri g{‘;-(jl—)?

€3

o

( EACiE
A ST+ | el e il eiel

ET

L

\

i
H

In the next steps, we will create an atlas-based beamformer source montage using the

predefined source locations based on a brain atlas.
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13.

14.

Click the arrow in the center of the

display ﬂ to open a popup menu.
Then select Settings. The dialog box
for defining beamformer settings
opens. Select Multiple-source
beamformer and Vector (LCMV)
options, and check the box for Use
common weights (uncheck the Use
noise normalized weights option if
the option is already checked). Then,
click the Go button. The results

change. Leave the box with OK.

Now we have a robust inverse
operator that covers the activation.
We want to apply it to an atlas source
that

sensors in all atlas regions. To do

montage will place virtual
this, select File &> Open solution
and select the folder

at the bottom of the dialog box.
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 herations (CLARA/sSLOFO)

Probe Scan
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Cancel

Apply

Open solution X
Lock in: I UserMontages j L] cf B~
* Name Size Date modified
Left-to-Right 2020-10-123:15P
Right-to-Left 2020-10-123:15P
Desktop
m
Libraries
This PC
Netwok < >
File name: IFInwField bsa j Open I
Files of type: IBESA Solutions (" bsa) ;I Cancel |
Folders: IUsar Montages ;I
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. Open solution X
15. Move up one folder level and into :
Look in: I Atlas Montages j = £ E-
the folder Atlas Montages. Open the & e . Date modied WA
. Qi KA BFbsa 50,04 3030 1533 B
file AAL_BF.bsa. [ AAL RS bsa 14.04.2020 10:58 B
A [ AAL SD.bsa 30.04.2020 12:43 B
Desktop @AAL_Z{HS BF.bsa 30.04.2020 14:57 Bt
- @AAL_ZOH R5.bsa 14.04.2020 10:59 BE
™ @AALJ_NS SD.bsa 30.04.2020 12:48 Bt
Libraries gBrainnatome EF.bsa 30.04.2020 14:58 B
5 gBrainnEtomE RS.bsa 14.04.2020 10:48 BS
gErainnatome 5D.bsa 30.04.2020 12:47 BE
UElE |2 Brodmann BF.bsa 30.04.2020 14:57 B
? gBrodmann R5.bsa 14.04.2020 10:59 B,
e o .- I s
File name: IML BF bsa j Qpen I
Files of type: I BESA Solutions (" bsa) ;I Cancel
Folders: I Uzer Montages LI

«0.. ™

"
[ ResVar. | Energy [ Min Dist Image *
B )

16. The beamformer solution is loaded

and shows activation mainly in the

green and blue sources. You may set

a cursor to see the symbol sizes

change over time.

. Savesourcemnnta 3 X
17. Now we will create a beamformer ’ ;
Savein: I Raw Data j L 5 E-
virtual sensor montage to operate on & ” Dstemodified  Type
. . o - Mo iterns match your search.
the raw data. To do this, use File > “‘;
Save Source montage as.... Desitop
Change the Folders to Data folder. s
Assign the name AAL_BF-test.mtg. T?PC
The saved beamformer virtual ,gk < >
sensors will be use in Tutorial 12 for L it = [ |
Save as type IBESA Source Montages (* mtg) LI Cancel
time-frequency and connectivity Falders [Ceta Folder =
analyses. = Lo e 2
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Tutorial 10 — Advanced Artifact Correction

What does BESA Research provide?

v Artifact correction based on surrogate models,
v Artifact correction based on adaptive artifact correction,

v ICA based artifact spatial filtration and artifact free data generation
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A. Artifact Correction

In the following we will learn about the background of artifact correction. Artifact correction
always aims at extracting unwanted signals like EOG, EKG or external noise from the data,
while leaving all brain activity of interest as undisturbed as possible. To achieve this, artifact
and brain topographies must be separated. Depending on whether one is dealing with
spontaneous or evoked activity, different approaches for artifact correction are appropriate.

These will be discussed and demonstrated in this tutorial.

Principles of artifact correction

For artifact correction, artifact and brain activities must be identified and separated. In general,
artifact and brain topographies will be spatially correlated. Hence, a simple regression or the
projection of the data onto the subspace orthogonal to the artifact topographies will severely

distort the data (see Subspace Projection approach below).

For a correction without distortion, it is not sufficient to define the artifact topographies (to be
removed), but it is equally necessary to create a model or a spatial description of the brain
topographies (to be retained). The first two of the following three methods also create a model

for the brain activity:

1) Adaptive artifact correction: (llle N, Berg P, Scherg M. Artifact correction of the
ongoing EEG using spatial filters based on artifact and brain signal topographies. J. of
Clin. Neurophysiol. 19:113-24, 2002.)

This method estimates the brain activity from the data currently displayed on the
screen. The data is scanned in specified time intervals. Those segments are
considered to represent brain activity where 1) the correlation between data and artifact
topography does not exceed a certain threshold and 2) the signal amplitudes are below
a specified threshold. Of the remaining segments a principal component analysis (PCA)
is performed. All PCA components explaining more than the minimum variance
specified in the box Adaptive Model: PCA Topography are maintained. They span the

brain signal subspace.

In a next step, the recorded data is decomposed using all topographies into a linear

combination of brain and artifact activities. Thus, the estimated artifact signals are much
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less overlapped with brain activity and can be subtracted from the original signals

without much distortion.

This approach is recommended, in particular, for the review of continuous EEG or MEG

data.

2) Surrogate Model approach: (Berg P, Scherg M. A multiple source approach to the
correction of eye artifacts. Electroencephal. Clin. Neurophysiol. 90:229-41, 1994.)

Here, brain activity is modeled by a model consisting of multiple equivalent current
dipoles. The artifact topographies are added to this model and the combined model is
then applied to the recorded data. Again, the estimated inverse signals separate the
brain activity associated with the surrogate sources from the artifacts to a high degree.
Thus, the artifact signals can be subtracted without considerable distortion of the
activities originating in the modeled regions. This approach considers the activity in

the modeled brain regions while the on-going EEG is not modeled accurately.

Therefore, the surrogate method is especially recommended for the correction of data
to be averaged if the average signal is smaller than the EEG or MEG background. In
this case a model cannot be estimated from the on-going data. Therefore, a-priori
knowledge of the involved brain regions should be employed to create an appropriate

surrogate model.

3) Subspace projection (SSP, regression): This approach has been commonly applied
in the literature. SSP does not contrast artifacts and brain activity. Rather, the complete
subspace spanned by the artifact topographies is projected away from the recorded
data. This leads to undistorted data only in the highly unlikely case when artifact and
brain activity have exactly orthogonal topographies. This is generally not the case in
real data. In the likely event that evoked brain activity has a topography correlated with
the artifact, this method removes the correlated fraction of the brain activity. As one of
the negative consequences, maps of the corrected brain activity will be severely

distorted after SSP correction, as we will see below.

Therefore, this method is not recommended.

The following chapters demonstrate the practical application of these different approaches.
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B. The Effect of Artifact Correction on Averaged ERP data

For a traditional ERP analysis (e.g. analysis of peak channel amplitudes and latencies), artifact

correction can be applied to the averaged ERP data. This chapter demonstrates how the

different correction methods affect the obtained result.

1. Please open the file S1-blink+ERP.fsg
located in the ERP-Auditory Intensity
folder. This file contains the average of
conditions 60 to 100 dB, Low, High and All
along with an averaged eyeblink. Change
to the virtual reference-free montage by
pressing the Vir button and selecting the

entry Reference Free.

2. We will demonstrate the effect of artifact |,

correction with focus on the 60dB condition.
Use the time scaling button at the bottom
right of the window to set the time scaling to

2.0 s. Press the amplitude scaling button

under the Scp button to increase the |-

displayed scalp channel amplitude to 5 pV.
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- Name Date modified
‘ - ‘"PL | Averages 21033011 1508 |
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- Sl avisg 13.05.2005 14:53
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Foldars |ata Feider =|

Page 262 of 446

www.besa.de



BESA® Research 7.1

Tutorial 10 — Advanced Artifact Correction

3. From the Artifact menu, choose Select....

4. Note that the blink artifact topography that

we defined in the raw data has been
assigned automatically to the averaged file
as well, but is not selected by default. Set

the checkmark next to the Blink category.

5. Switch to the Estimate Signal tab. We will

compare the three different approaches for

artifact correction offered by BESA
Research. First, select None (SSP-
Regression) in the Model of Brain

Activity box to correct the data by

subspace projection. Press OK.

BESA Research 7.1 Tutorial
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6. Make sure that artifact correction and view  fie Edt View Fites Montage Process ICA ERP Adifact Search Tage Goto Op
£ Fe| Wrs | SAW | BAT | ERP | ToV | suerc |
is selected in the Artifact menu. ot s oo B v =
Al —_...._.____ ¥ Comect anE |
Po_tr b———m—————  — —_ T |
o b - =
e — o —— . lOeoes B
T7_rr —— E R | MR Artifact... -
o f——— | Lo -
I i L
F3_rir _-——-——-u———-.__ e S ———
7. Press the scaling button for the Blink e e

channel to scale it up to 10 pV. The blink

activity has been largely corrected.

Remaining activity in the first segment is

due to the 0.6% of variance that is not

explained by the first PCA component.

Including a second or third PCA component
in the Select Topographies tab would
improve the correction. However, the more
artifact topographies are being defined, the
more likely the brain activities become
distorted.
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8. Double-click in the second segment at the latency of the N100 component (ca. 90 ms) to
obtain a 3D whole head map of the corrected data at this latency. The map is severely
distorted by the SSP correction: Instead of the N100 topography, a strong frontal positivity is
observed that is typical for the blink topography. The reason is that SSP is not able to contrast
the artifact topographies with the brain signals. Since the N100 topography is correlated with
the blink topography, the correlated fraction of the N100 contribution is removed from the data
by the subspace projection. The correlation can be seen in the bottom trace which depicts the
blink signal estimated using its topography throughout the data set. At the time of the N100,
it shows an upward deflection. Hence, SSP subtracts this part weighted with the blink map.
Thus, a more inferior frontal positivity is introduced. The net resulting map, however, has been

made orthogonal to the blink topography over all electrodes.

[ ]
File Edit View Filters Montage Process ICA ERP Artifact Search Tags Goto Options Help
-F | F+| Wrs | SAW | BAT | ERP [ TpV | ICA | | TFC | ESI | Rec [ Vir | Src | Usr | Opt [EdM [ LF [ HF [ NF [ EdF | EEG |
virtual c ed Reference Free ; Add
fodr —t———— """~ @) 3D Mopping: EEG - Voltage - ——
Al_rfr e
P9 _rir b
Fpi_rir [ T
F7_rfr -
T7_rfr ———
P7_rir
O1_rfr
F3_rfr
C3_rir
P3_rir
Fpz_rir [~ "~ | Sep
Fz_rfr 27127
Cz_rfr -
Pz_rfr — I+
Oz_rfr e 5
Fa_rfr .
C4 _rfr e
P4_rfi —
Fp2_rf — N
F8_rfi i —
T8_rfi -—
P8_rfi
02 rfi
F10_rf
A2 rf
P10_rf R
' corrected
BLINK |——_; T 0souvistep | T ] ll‘ol
blink: 148 avs 60dB: 32 aus . T0dB: 86 avs
[ 1 1 1 1 0 0 20
| [ 4B, | E
Time: 00:00:00 Total: 00:00:11 Mark: 0,089 s Cur:-0.315 s : BLINK.: 3.16 P Low Filter: 0.53 Hz Butfer: 1 Miew: Original Correct PCA Bad:0
9. To see how the adaptive method improves A ERP | Artifact Search Tags Goto Op
TpV Automatic... _|
the result, select Artifact / Options.
~  View L~
— [~ Correct ctri-E L
] Select... —
| : L
Options...
— =3
fMRI Artifact...
—ee P
T— Load... Fr—
H Save... —
F
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10. As Model of Brain Activity select Adaptive. [ateccoraon LGS

o . Select Topographies EsnmateS\gnal]
The Mlnlmum Varlance threShOId - Adaptive Model: Qriginal Data Topography -
) . EEG
determines the number of topographies Mo Ampliuds: 1000 | v
| Max. Corr. with Artifact
that are considered brain activity which is | sesececa B
N Scan Interval (ms) 16.0 -
ContraSted agalnSt the al’tlfaCt topography l —Adaptive Model: PCA Topography 1 Il
0 . . Min. Yariance (%3] 5.0 |
Set the threshold to 5%. To view the time :
—Model of Brain Activity
course of the brain topographies, press | —©#eis © suease © hore(sse-pemssson | yiiiatime
~ Surrogate dipole model bsa)
Brain Activity: view Waveforms_ | I.xamp\es\ERP—Audltory—lmensny\ST-ACbsa I
| i
H oK Cancel Help Il

[Er—

11. Three PCA topographies serve as model

for the brain activity. In their time courses,

the auditory N100 component is mainly | -

represented by the first component. Note =

that the 4 displayed components have topo-

graphies that are orthogonal to each other,

but they are not orthogonal to the artifact

topography. Accordingly, this approach will

retain brain activity even when it is spatially

correlated to the artifact topography.

12. TO see thIS, Close the PCA Waveforms and .Filters Montage- Process ICA ER,_D Artifact  Search Tag-s

y | SAW E Source Analysis ctrl-S :E

Estimate Signals windows. If the cursor at ST | Sourceimage .
! Voltage Maps Mo

ca. 90 ms is still set in the second condition, 4 CSD-Laplacion Maps c L

select Process / Voltage Maps or type the M oen;i.yggen,,.Array L

hot key M on the keyboard to obtain the 3D — Vi N L

map of the adaptively corrected data. e e
m Linear Correlation L |
W Nonlinear Regress. :
r—v—ﬁ Movie —
T T BatchScripts.. ShiftsR
A_'—x Run Batch... REEE
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13. The maps are nearly undistorted by the |
artifact correction and show the typical
N100 topography. As a correlate, note that

the blink waveform does not show any

interaction with

components. This indicates that blink and |-

brain activities have been very well

separated by the adaptive method.

14. Press Artifact / Options and check
Surrogate in the Model of Brain Activity
box. The surrogate model approach is
useful if evoked activity is to be contrasted
against eye movement artifacts and if the
evoked activity is small as compared to the
background EEG / MEG. In this case, the
adaptive model does not well model the
evoked activity and artifact correction is
Therefore, a
should be

established a) on the basis of a priori

likely to create distortion.

surrogate source model
functional-anatomical knowledge, or b) by
using a multiple source model or spatial
components defined by a PCA from an
average with all artifact epochs rejected

and fewer trials.

BESA Research 7.1 Tutorial
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15. Press the Browse button to load the solu- [ s sumegse Moo

. Lookjn | | ERP-Auditary-intensity e || [ e [
tion that was . Name G Date modified -
; o ) hverages 21032011 15:08
created earlier on, ConSIStIng of a CESEAT et 17.02.2011 14:31

! b test2 24.03.2011 1&50
Daskdop Highlntensity 3RS bsa 09122009 1517
Highintensity_3RS_AEP-testbsa 25032011 11:23

» LowIntensity_?RS.bea 09.12.2009 1517
Ligearies Lowdntensity 2501 T, 0. | | 17.03.2011 15:57
k Slbsa | Size: i 20032005 1632
Compuber
@
Mtk

symmetrical pair of regional sources in the

auditory cortex. The stored two regional

51 _av.bsa | Date modified: 08.12.2009 1517 04.03.2011 13:57
S1-AChsa 29.03.2005 1704
S1-AL testbsa 04.03.2011 1501

i "

sources model the bilateral brain activity in

the supratemporal region and are

Faor gane [ ] pen
combined with the defined artifact S [T = :;m.
topography to separate artifact and brain o Eias e

signals’.

16. Press OK and press M to view the 3D map Y. M

x

of the surrogate-corrected data at the
cursor latency. Similar to the adaptive
method applied to the averaged data, the

brain topographies are nearly undistorted.

The blink waveform does not show any

interaction with the auditory evoked compo-

nents.

C. Source analysis of artifact-corrected data (not recommended)

Accurate source analysis of artifact-corrected data requires knowledge of the artifact
topographies that were removed from the data. Otherwise, source activities will also be
distorted. If an (averaged) data segment has been created (and/or stored as binary segment)
by the program, BESA Research knows the artifact coefficients as indicated by corrected at

the upper left. Otherwise, an ASCII file (*.art) with the artifact topographies must be provided.

131t is not necessary to create a surrogate source model. Predefined surrogate models are provided by BESA
Research.
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1. Left-dragoverthe second segmentto mark  sesseemsposion— fierseing:
Status [¥ Enabled

(" Whole Segment Lo Cuitoff
Erequency [05 [Hz Slope [Gdb/oct |  Tupetoward |

a block. Right-click and send it to source & Custom Detrion
,—LlPrEvl us

oL
Settings

analysis with settings -50 to 250 ms, Low T e
Cutoff filter of 0.5 Hz, 6 db/oct, forward " ™=
and High Cutoff Filter of 40 Hz, 24 dbloct,

High Cutoft Staws [V Enabled
Frequency 400 [He] Sloge [24dkfoct v|  Tupe [zerphase v |

zero-phase.

BESA - €, ory-Intensity\S1-blink - ERP.fsg - 0dE: 32 avs, Filters: 0.5 - 40 Hz, -48 _ +252 ms - Source analysis Tl =

2. Load the source mode| |[E= I ——

by pressing File /
Open Solution. The letters ART in the |
status bar at the bottom right corner of the ‘

window indicate that this data is artifact- |
corrected and that BESA Research knows |

the topographies of the corrected artifacts.

lData Residual (1-12 of 31) ~lsource waveforms jsﬂ,..,‘ locations

Time: -36.00 ms

|
-
>
H =
M|
-

Depending on the correction method, a fraction (adaptive, surrogate) or the complete (SSP)
dimension of the artifact subspace is missing. Despite this fact, the source analysis window
ensures correct localization and correct source waveforms (S) of fitted sources. This is achieved
by a SSP method that projects both the data (D) and the source topographies (L) onto the
subspace orthogonal to the subspace that is spanned by the artifact topographies. Accordingly,
the display shows the SSP-corrected data, independent of the correction method used in the main
window. The fact that the source waveforms are recovered correctly by this approach can be seen

from the following equations:

Uncorrected data: D=L*S
Corrected data: (P*D)=(P*L)* S

Here, P is the operator that projects into the subspace orthogonal to the subspace spanned by

the artifact topographies.
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[ B - ory-IntensoS1 bk ERPisg  08:62 avs,Fers: 0540 e, 48 . +248ms - Source anoyrs I sl e
File Condition] Soltionl Fit Image Options Help
Solutian: T4, = iitory-Intensity|Lowlntensity_JRS bsa

hS.
Data Mod. [ Res. ||D|| | PCA | EEG [Res. Var.[ Energy |Min. Dist. |mage“ AC_Left xdoc y-oc zdoc x-on y-ori z-oni
RV 4610% GFP|

3. Double-click in the waveform box to set a

[Curs - 1.3

cursor at the N100 latency. Right-click and L B A el cws v o e 41 05 (0

select Display 3D Maps or type the hotkey | =

Save Solution As..

- [Aloffl AN StErtil  image

H - Display 30 Maps —\
M on the keyboard. e e — ) |
FC1 —-—vlt-_—, Set Orientation + -
c4 w——ﬂwl l—'—---- Invert 1st Orientation 1 >
; || Conven 1o Single Dipale ¢
FP7 s
i Eg ] Delete Source Del

BrainVoyager Cul+B

T?A—é—-—ﬁ‘g i
':J——v‘:hﬁﬂh 1 “’_{Lj" ‘:
Data Hasum]a\ (112 of 31) ~ |Source waveforms = §Source locations =
Time: +92.00 {+4.00) ms Cursor: +88.00 ms, +40.99 nAm /]
4. BESA Research displays a warning | waming.. X

message . It explalns Why the fO”OWlng map This is an artifact-corrected data set. In order to ensure correct discrete source localization,

BESA performs a subspace projection (S5P) on the data and the source leadfields.

W|" be dlstorted . Press OK to Confl rm. The S5P removes the artifact topography from the data. Due to this fact, the 30 maps and

distributed sources in the Source Analysis module will be distorted.

This will be indicated by the additional text "SSP distorted” in the header line of the 3D window.

5. The topography is severely distorted by the e -
subspace projection that was applied to the !é\ - ;\M/\/w\@ N

data. Although the source waveforms

obtained by modeling the corrected data
are undistorted, the data displayed in the
channel box and in the global field power

(GFP, blue line in the upper middle box) are

distorted. As a consequence, loading
corrected data into the source analysis
window is less recommended. Close the

source analysis window.

D. Contrasting artifact and brain topographies — the Optimizing method
(recommended)

In order to obtain correct source localization, the presence of blink artifacts in the averaged
segments must be taken into account. This is done by including the artifact topography in the
multiple source model during source analysis.

BESA Research 7.1 Tutorial Page 270 of 446

Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany www.besa.de



BESA® Research 7.1

Tutorial 10 — Advanced Artifact Correction

1. Switch off artifact correction by pressing
ctrl-E. You can confirm it is switched off as
corrected is no longer displayed in the top

left corner of the main window.

2. Left-drag over the second segment to mark
a block. Right-click and send it to source
analysis with settings -50 to 250 ms, Low
Cutoff filter of 0.5 Hz, 6 db/oct, forward
and High Cutoff Filter of 40 Hz, 24 db/oct,

zero-phase.

3. Load the

Lowlntensity_2RS.bsa by pressing File /

Open Solution.

Al b [ 4[N

Twe 100003 Toisl 3011 ek 000w 00005

T v ¥

Top View of Data -
Whole Segment
FFT

Linear Correlation
Source Analysis —

Define as Epoch
Define as Artifact —

Write Segment —
Copy to Buffer 4

Define Artifact Topography

Epoch: -50.0..250.0 ms, Filters: 0.5 - 40 Hz —

) test2
Highlntensity_3RS.bsa
Highlntensity_3RS_AEP-testbsa
Lowintensity 2RS.bsa
Lowlntensity 2SD-testbsa
Slbsa

Date modified
21032011 1508 |
17022011 1431 |
240320111650 | %
09.12.2009 15:17
25032011 1123
09122009 15:17
17.032011 1557
29.03.2005 16:32

S1avbsa 04032011 13:57
S1-ACbsa 29032005 1704
S1-AC_testbsa 04032011 1501

i »

File name: [Lowineensty_2RS bsa ~] Open

Files oftype: [BESA Solutions (* bsa) ~] Cancel

Folders: [Data Folder

4. Next, we will load the artifact topography into the source analysis window. This will create a

spatial component explaining the blink topography.
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Press File / Append Solution.... In the
drop-down menu Files of type: select
Artifact Topographies (*.atf;*.art;*.coe).

Select S1-blink+ERP . atf and press Open.

The PCA

component of the blink artifact is now

topography of the main
appended to the current solution. The
corresponding waveform and the equi-
valent location are shown in the source
analysis window. This is the component
explaining 99.4% of the artifact variance
that was selected during the artifact

definition.

Again, double-click in the waveform box to
set a cursor at the N100 latency. Right-
click and select Display 3D Maps or type
the hot key M on the keyboard. Note that
the map is not distorted but shows the
typical N100 topography.
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Lookin | O — d + @y B~
P Name . Date modified
- ':{;: ). Averages 21.03.2011 15408
St (K test 17022011 14:31
T ) test2 24032011 16:50
Deskiop S S1at 23032011 10:36
Pt = S1-blinks ERP.atf 25032011 1415
-
Libraries
A
Computer
Motwork e BT "

i 10, m e S e e e e e e e 0

Qpen

Filas oftype | - =11 Concel
Ry \—15—,-——-——-——21.1
]
1 BEsh - Ciory-Intensity o0 - 6008 52 avs,

'Ek Condition1 Solution1 Fif jmage
| Data _Mod. | Res.

~48.00 ms

D|| | PCA | EEG
60dB- 92 avs Filers. 05 - 40 Hz « |
+248.00 ms,

Options  Help
Salution: €4\

Res. Var. EV’IE"W [ Min. Dist. EQ
o

Loc
Ot

~  |Model. 4 shel elipsowdal

b
= { &l offl ANTit| Startfit]_User [4| BV

MW

_ BLINK_(99.39%)

i 'JRS.hsi.
INK. msagmnc Yo 206 wori y-ort z-0f

Cartius ru.m [usn [ [61 [18 [o1
3 Y

> | Cowintersily_2RS bsa (modinied) EEG 4]

Cursor: +88.00 ms, +50.62 nAm

01}-“-7: - \
Bl ﬂ -
Data Residual (1-12 a1 31) ~source waveforms ~ Isourca ocations -
A
7] BESA - C:\ory-Intensity\S1-blink+ ERP.fsg - 608: 92 avs, Filters: 0.5 - 40 Hz, -48 .. +248 ms - Source analysi
“cne Condition1 Solution1 Fif |mage Options Help
Solution: C: i /2RSbsa
Data Mod. | Res. D PCA | EEG Res Var Enerqy Min. Dist. Eﬁ AC_Right  x-do¢ ym z-loc x-orl y-ori z-on ||
| 5008 QZausFlsrs 05-40Hz « R GFP| Cartius WWWI—WW‘
l[org] L-48.00ms 24800ms\ <,ms osm% RC: T [ommenc=][RS 1] %00y:00.200 |
—1o = on: [oed
1| 25 * |Model: 4 shel elipsoidal
= Towlnlensity_2RS bsa (modified) EEG +
e [ Anoff| Aufit] startfit]_User [y BV, [‘u
FCt -—v—¥.=
S
o Q_vél__—._. on C_|
=N o Transparency. 100%
o Fip [«[v]«]
At ~..__<:<7..,_— [: T =
P N °H': SN e |9 alH L)) ,JJL“IEIJ
Data (volt &8.00 ms
o ~ (volt) !
BLINK_(99 39%)
c4 [on «—x(\‘:
p7 —...A7_ i
o1 _.._.Q_7,\_f-— (I o
Data Residual (1-12 of 31) ~|Source waveforms ﬁ w

/a
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r5: 0.5 - 40 Hz, -48 ... +248 ms - Source analysis =

H H H ] BESA - CAory-Intensi 1-u|mk-mv.|sg-ﬂ;ds:92avs
8. Switch off the spatial blink component by | E Erierie it
o sl

pressing its On button and close the 3D |.

ory| Leagoms

mapping window. Press All Fit and Start

Fit to see how the fit changes if we don’t
take eyeblink activity into account. Note |
that the auditory sources locate more
anterior and medial than before. Switch the

spatial blink component back on and repeat | & T

the fit for comparison. Close the source

analysis window without saving anything.

E. Artifact Correction of raw data using ICA — spatial filtration

Independent Component Analysis (ICA) allows decomposing EEG/MEG data into independent
components. Independent components (IC) can be used for artifact correction, as spatial
components in source analysis or for creating ICA-reconstructed data only containing signal
from specified IC. ICA is performed on the current screen and can be started from the ICA
entry in the menu bar or by pressing the ICA button located in the button menu. The amount
of data available in the current screen can be manipulated by using the time scaling button in

the bottom right corner of the main window (max. 1200 s).

The method behind ICA can be chosen between the extended Infomax algorithm (Lee TW et
al., Independent component analysis using an extended infomax algorithm for mixed sub-
Gaussian and super-Gaussian sources. Neural Computation 11(2), 1999, 409-433) or Second-
order blind identification — SOBI (Belouchrani A et al. A blind source separation technique
using second-order statistics. IEEE Transactions on Signal Processing, 45(2), 1997, 434-444).
Before the ICA is calculated, the dimensionality of data is optionally reduced by PCA. By
default, all PCA components are ignored that explain less than 1% variance. The use of PCA
can be switched off or the variance cutoff can be altered by pressing ICA / Options.

While ICA is being computed, the current analysis step is displayed in a dialog box along with
the changing weights. The first ICA step may take longer for many samples than the

subsequent steps. ICA analysis stops when the change of weights from 1 step to the next is
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smaller than 1.0e-6 or after max. 500 steps. ICA analysis can be stopped by pressing the
Abort button in the dialog box.

In case EEG and MEG data are both available, ICA analysis will only run on the data type that
is selected by the EEG/MEG button. Running ICA on combined gradiometer/magnetometer

data is not possible as it can only run on one channel type at a time.

1. Openfile from the
folder. Make sure,
the Rec button is pressed, that you are
displaying the first screen and that

artifact correction and all filters are

switched off.

:. Iz
il p 4]

2. Please select ICA | Current Screen to ICA ERP Arifact Search Tags
start ICA analysis. F ?‘:"‘"t_s“““ F¢
Select Components
Load Components...

[

y i

Options...

3. The results of the ICA analysis are displayed like a montage. The units of the waveforms
are nAm since ICA waveforms can be described as source activity of a spatial component
localized at the center of gravity of the corresponding map. ICA waveforms have the labels
ICA1 — ICAx. The menu item ICA / Current screen is ticked and the ICA button is pressed.
ICA components are sorted in descending order of their explained variance. The displayed
ICA montage is automatically recomputed whenever ICA options change or the data

change, e.g. when filtering, changing the time-range to display, etc.

Here, ICA decomposition delivers 21 independent components. It appears that the second
ICA component represents an eyeblink and the fourth ICA component represents a cardiac
artifact.
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[E)) BESA Research 7.1 - C:\...esearch_7_1\Examples\ERP- Auditory-Intensity\S1.cnt

- o x
File Edit View Filters Montage Process ICA ERP Anifact Search Tags Gote Options Help

F|F+|Wrs\3Aw\ BAT|ERP\ Tev |[1cA” DSA\TFc| ESl | Rec\ Vir | sre | Usr|0p:|EdM\ LF [ HF \ NF |EdF| EEG |

source

ICA1 ; I ; ‘ _Add |
ICA2 ;

ICA3 : : :

- ,ﬁ , *

ICAS d i) il

ICAG ! ;

ICAT

ICAZ

b e ,,,,,, =
on mwmmmwmm i |||I i

I
IcA12 @
“ | “ ““N“W""m‘ pteopte IﬂM
ICA15 ! ’
J. La Is L2
Auto } | * | } ! ‘IIHHIIIIHH\IIIIIII\IIIIIIIIIIIIII\IIIIIII\HIIIHH\HIIHHHIIIIHHIIIIIIIIIHIIIIIIIIIIIIIIIHIIIIIHHHHIIIII\IIIIIIHIIHHHIIIIIII\IIIIIIIIIIIIIIIIII\IHIIIHHHIIIH\IIIIIHIIIIIIH\I\II\HIIIIIIHIIIIIIIIIIIIIIHIIIIIHIIIIIHH\IIHHHIIIHIII\HHIIIII\IIIIIIIH\IIII\HIII\I\HHHIIIIIIIIIIIIIIIIIIIIIIII\H\HIHI\IHHIIIII\IIIIII\IIIIIII\HIHIIIIIIIIIIHIII\IIIIHIIII 1[|5_[|
[Time: 00:00:00 [Tatal: 00:16:02 (Offs: 00:00:00 Cur: Filters off Buffer: Mgy Original Correct: Off Bad: 0
4. Right-click on the second ICA | o
=X > Map Topography L
Define As act Topogra
component and select Map Topography. | = e N I
A4 o~ Save Topography L
ICAS Export ICA Reconstructed Data Without Selected Components: Current Screen
ICAB & Export ICA Reconstructed Data Without Selected Components: Whaole File
5. The map indicates that the second ICA il A )

component indeed reflects an eyeblink.

ICA2 reference free

EEG - Voltage it 003V /step |
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6. We can now use this topography for
artifact correction. Close the mapping
window, right-click on the second ICA
component label and choose Define As
Artifact Topography.

7. The Artifact Correction window opens.
Please check the box next to Blink.
Close the mapping window and press
OK.

8. Return to the original recording by
pressing the _Ree | button. Now press
Artifact / Correct to switch on artifact

correction.

that
disappeared. The topography of the

9. Note the eyeblink has now
second ICA component is now subtracted
from the data.

We will learn more about the background
and other methods of artifact correction

throughout the tutorial.
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ICAT e

Map Topography

Define As Artifact Topography

Sand Topography Ta Source Analysie
Save Topography

Export ICA Reconstructed Data Without Selected Compenents: Current Screen
Export ICA Reconstructed Data Without Selected Components: Whale File

Artifact Correcti

|| Select Topographies I Estimate S|gna|| N

Select MNo_ af
category topographies
(% wariance)

[~ HEOG -

[~ VEOG -

[ ik B Map
-

[~ Otherl -

[~ Other2 -

[~ EKG

Load Save
ok || canal | Hep |

ICA ERP Artifact Search Tags Goto Options

TpV Automatic...
i [l View [
Ay Correct ctrl-E i

7 [
FRCR Ay Select... i
g Options... '
““""‘":“"“"”“V‘“ fMRI Artifact... i
e Mt Load... y

i oo™
bl Save... !
et ns e

ISR T3

i c s s o opars_biew
BAT [ ERP | Tpv | ICA | DSA | TFC| ES| [Rec Vir | Sre | Usr | Opt | EdM | LF | HF | NF | EdF | EEG

Tenw 000000 Tolal 001602 M 00WM0 o ——— T
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10. Please switch off artifact correction again ICA ERP  Artifact Search Tags Goto Op
by pressing Artifact / Correct. TpV Automatic... _l
W v View -wv-‘
leie~ ¥ Correct ctr-E
Z ' ot
s Select... -
b Options... B
: fMRI Artifact... |
N " Load... l[::
A
3 Save.., l_H

F. Artifact Correction of raw data using ICA — data reconstruction

We already saw that it is possible to use ICA components for artifact correction. However, we
only used ICA to determine the artifact topography and proceeded with artifact correction also
using the adaptive or surrogate method. Thus, we used ICA decomposition as a different
technique to estimate the artifact topography (in contrast to averaging the artifact and
decomposing it using PCA). There is an alternative way to use ICA decomposition for artifact
correction by creating ICA-reconstructed data, i.e. creating a “new” dataset only consisting of

non-artifact-related ICA components.

EEG/MEG data can be considered as a summation of topographies that are differentially
active at each sampling point. Subtracting an artifact topography reduces the data by one
dimension. This can potentially lead to severe distortion of brain activity of interest (as
previously demonstrated by the SSP correction method) if the brain activity of interest is not
modeled. Creating ICA-reconstructed data leaving out artifact topographies poses the same
problem. However, ICA decomposition has the advantage that ICA components must be as
independent as possible, but they may overlap to some degree. This means that if the artifact
topography is correlated with a topography representing brain activity of interest, some other

ICA components will also most likely be correlated with brain activity of interest.
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Thus, subtracting an ICA component will not cause distortion as pronounced as SSP
correction does, as the correlated part of the signal will still be represented by the remaining
ICA components at least to some degree. Nevertheless, there will be some distortion as it
cannot be fully prevented. The distortion effect gets the more reduced, the more electrodes
are available, as the number of electrodes determines the number of ICA components. The
more ICA components are available that represent brain activity of interest, the less likely data

will be distorted after subtracting an artifact topography.

1. Make sure that file is opened and,
the Rec button is pressed. Press CTRL-E :

mmmmm

to switch off artifact correction. Check if you
are displaying the first screen and that @

artifact correction and all filters are

switched off.

A=y [4]F

2. Press ICA |/ Options and select PCA off. ~A Options %

Switching PCA off will lead to ICA PCA

decomposition running on all data. PCA on,  PCA of

" PCA on, Min. Variance: 10 ¥
" PCA on, Nr. of Components: |12

Minimum Variance of 1% (default) will
reduce the data by all PCA components
explaining less than 1% variance before Method

&+ Estended Infomax

running ICA. PCA on, Nr. of Components

. " SOBI

12 (default) will reduce the data by the

smallest 12 components before running ok | Cancel

ICA.
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3. Press ICA | Current Screen to start ICA Process BBl ERP  Artfsct Search Tegs Gi
decomposition. I | ERF Current Screen FC ]
Select :.'-'|.=-.'P.!'. h\v-)‘»—
i A Load Components... A
Ut ot |
i Options... EEz=
\-\MM-M‘\‘H—-‘uﬂ'aql.’-’ ’ " . _/': e
(8] BESA Research 7.1 - Ci\...esearch_7_1\Examples\ERP-Auditory-Intensity\S1.cnt - ] x

File Edit View Filters Montage Process ICA ERP  Artifact Search Tags Goto Options Help

Add

ICA1Z = :
Ica12 B O SN S i ¢
ICATE  Aummwn s b * Src
ICATS  mimtt st b bt : ottt * Ao e : 31/31
ICA1E ¢ > - P + SRt T d d
ICATT MWWMWMWMW«W\MMW wh: PR 1 WMWMWW I
ICATE Aot i . : - ; ; ;
TCRTD  Frmpipr gl A s er A Ao A0 M 4 wiAn AN ety SRS L A BRI n5ﬁ\l][l3|
IcA20 P e I Amae, A Foarte g - Nt e t S e )
ICAZT o At et e b S A o Al i, A At A et R b Ao b N N S NNttt A Aol o
Lo Y L At I L e e L e L e L
icaza : ; ; B S AR AR ! ;
ICRAZE st o A ot N Bt A A P AN b AN g St e At et - - i
IcAZS " ¥ A A + ¥ ; st ¥
ICRZE vt s oA it ot s P ot g bt
ICAZT st a7 v A Loyl eSO ALt g A A A Mttt AR A afn,
ICAZE  atoke bty e, smiivpingth bt om A et Iy pwrriniye, ok "
L R e et et
1cAz0 d e i e e e e et e e e e e
ICA31 - e e

iz i s . La : 1s : Ll
‘ Auto ’ | { | * ’ |I\IlH\IHII\HIIIHHI\IIIHI\IIII\HIHIII\HIIII\HIIIIH\HIIII\HI\IIIIIIIII\HIHIII\HIIIIIIHII\IIIHIIII\HIIIII\HIIIIII\H\HIIIIHIIIIII\IIII\HI\IIII\IIIHIIIIIIIHIIIIIHIII\II\III\\\IIIIIIIIIIHIIIII\HIIIHI\IIII\IHIIII\II\IIIIH\HIIIIHIIIIIIII\III\HIIII\IIII\HIIIIII\HHIH\HIIIIHIIIIIIHIIII\II\\Il\II\\\IIIIIII\IIHIIIIII\IIII\II\III\HIIIIHIIIHI\IIII\HIII\II\IIIH |1[|,[|

4 » 5

Time: 00:00:00 Total: 00:16:02 Offs: 00:00:00 Cur: 2078 5 1CA24 : 80.2 nAm Filters off Buffer: 1 Miew: Original Caorrect: Off Bad: 0

4. |ICA will output 31 ICA components, the same number as EEG channels are present on the
current screen. Some of the channels will represent brain activity, and some will represent
artifact signal. Each ICA component is associated with a topography, and a source waveform.
Source waveforms can be estimated by assuming a spatial component at the center of gravity
of each ICA topography. Multiplying the data with the pseudo-inverse of the matrix containing

the ICA topographies will yield the ICA source waveforms.
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5. ICA2 seems to represent an eyeblink and "¢t Ve fee Mewsse Boces (4 TP Anfa seech Tag oo
-F[F+| wrs | saw | BAT | ERP | TpV [[ ICA DsA | TFC | ES

ICA4 seems to represent cardiac activity, —cu : : 1
ICA2
which we had not noticed previously. o
ICAS
ICAG

Note: it is possible that in your case the ICA o,

ICA8

components representing the blink/EKG e
are not ICA2 and ICA4. If this is the case, | T i it oo

ICA12 ~nporrmrmnees e i i
ICATT  Aratermnraabrtrb o= ttscmcMhisie oAt < ;

locate the respective ICA components and ~ «can e T S VR
ICATS st Vit ‘ e ‘ “

use their according label in the following! i NI DRI S IV, S

source

6. Right-click on the label ICA2 and select i -

p—.  MapTopography ':
ICAY =~ Define As Artifact Topography L

Map Topography. syl R R
ICAS = Save Topography Ff
:E:? r Export ICA Reconstructed Data Without Selected Components: Current Screen E
ICAB * Export ICA Reconstructed Data Without Selected Components: Whaole File

- v N - - v wpd
BOAD At e b o b e 9 e e o P S et P i e

7. The map confirms that ICA2 does indeed e

represent blink activity. In the following, we
want to neglect ICA2 and create a new
dataset containing all ICA components but

ICA2. Close the mapping window.

ICA2 reference free
EEG - Voltage [ S | 0.03uV / step
8. Make sure to left-click on ICA2 only in c'- . - — :
] Dd‘:n:o.::::::‘:l Topography l"_
order to select it. Right-click and choose ' - 7Y C
. ICAS = Save Topography "\-
Export ICA Reconstructed Data Without < .o o vinou st companens curen scren E
. AR Export ICA Reconstructed Data Without Selected Components: Whole File
Selected Components: Whole File. . . B , e
BESA Research will now create a new file
containing ICA-reconstructed data.
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9. Save the file under the suggested name

savem | | ERP-Augtory inensity - ~Eem-

S1.ica.foc. ; o

Date moditiea
Mo items match your search. [

Computer

il i} b

File pama:
Save 83 fype: |BﬂarpH|ghRﬂnelwen(‘.{uJ

KIRER
E

10. As segment comment, enter without blink

and press OK.

Segment Comment

|without blinK

11. Press File / Open. Change Files of type to

Laokin [ | ERP-udsory-ionsity r] ~GcEr k
BESA Binary Files. Select S1.ica.foc and _ I |
i B SLicafoc 30042013 1409 |
H i All_Subjects_cc-testfsg 04.03.2013 14:05
hlt Open' - S1_av-testfsg 04.03.2013 1211 '
Deskiop Al Subjects_cc.fsg 09.12.2009 13:35 =
- 54_avisg 03.12.2009 12209 |
- 55_avfsg 03.12.2009 12:08 |
L i S6_avfsg 03.12.2009 1207 |
:h S7.avfsg 03.12.2009 12:06
S8_avfsg 03.12.2009 12:04
510_avfsa 03.12.2009 12:02
e 53 avisg 03.12.2009 11:58 =
Network < n y 13
File game: [s1ica toc - gpen |
Files of ype: [BESA Binary Files (*foc. “fsg} ~| Cancel |
Foldors: | Dot Fetader |
= |
i

12. We can immediately see that the eyeblink |- "

A l.ll. et Sewch Togs  Geln Opbons el
| Tov | ica |osa | TFC | ES [[Rec  Wir | Sec | Usr | Ope [ EaM [ LF 3 EEG

that was present at the position of the tag is

no longer visible. Browsing through the

data will confirm that eyeblinks are no

longer present anywhere in the data. The

question remains, if creating ICA-

_ =N, -
reconstructed data without the eyeblink ——————=—= Pt
topography distorted our N100 topography.
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To investigate, we will average the data

again to look at evoked potentials.

13. Press ERP / Open Paradigm. Browse to

the folder and
AEP_Intensity.PDG. Press Open.

Auditory

14. Move to the Artifact tab and press Start

Scan to exclude artifacts from averaging.

15. Move to the Average tab and press
Average.
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Lookin: [ (N

<] emom-

Date madified

23112004 14:19
17.12.2009 20:34
23112004 14:20
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|s1estPOG
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o AC_OscPDG
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Deaskiop
i
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Compuler
Mutwurk LRr
Fbix g
Fabes o fyp
Directories
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of 1 14}

ll‘amdigm Directory

Tigger | Condfion | Epoch | Fiter  Atfact | Average | Coherence |

Rejection Method

[~ Fed Thresholds [¢ ArfactScan Tool

Start Scan

791 Trals

[¥ SortChannels by Mean

Thresholds and Bad Channels.
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[+ Amgt [F[_nlm
F Gradent [50 [0 /[®0 <]
[+ LowSig [001 [_oim

[_0‘ color

Count Accepted Condibon

Bad Channels

ok | cancel ] Hep |
Tigger | Condiion | Epoch | Fiter | Amfact  Average | Cohersnce |

Range Condiion Consvaint Statstcs
@ Mihole EEGIMEG (608 [All Matches .

7048 Even Matches e No
 GumsntSegment s0d8 Octd Maiches Iﬂ i)

5048 FirstHalf
" Between Markers 10048 Second Half =

Low Db
 ToEndofFile =

Ene AJIFI AddioList |- Automation
" ToEnd of Segment S L
I~ Query
" ToNextMarker Bamove FramLst |
| J

Current Salaction FF] Average
Tolal Count_Accepted  Condion Constraint
% 54 (37%) ~ 50dB A
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85 84(58%) « 9008 A
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16. Save the average file under the suggested

! y
Savein [ ). ERP-Audtoryintensiy -] ~E@erm- |
name . When prompted to Name Date modifiéd |
~p All_Subjects_cc-test.fsg 04.03.2013 1405
specify a segment comment, press Stop ""’“‘.""“’ + v I oreio
- 5 54 _awt 03122009 1209
Asking to use the suggested names from — i 1220091208 |
= S6_avlsg 03122009 1207 i
1 Labranies S7_avfeg 03.12.7009 1206
the paradlgm [ 5B _av.lsg 03122009 1204
c' S10_avfsg 03.12.2009 1202
ki 53 _awilsg 03122009 11:58
e 59_avfeg 03.12.2009 11555
Maotwark S1-blink+ERP.fsg 18.05.2005 1619
File pame [Eiica av ] | Save
Save as ype |Binary High Resolution " tsg) -] Cancel

17. The new average file will be automatically |-

opened along with the TopView window.

Close the TopViewer.

18. Double-click at the N100 peak in condition | -

60dB to bring up the 3D window. Make sure |:

to move to 94 ms using the left and right

arrow keys. Scale up the topographic view |:

to 0.63 pV / step. The N100 map appears

nearly undistorted.

G. Applying the Optimizing method when using ICA-reconstructed data
for source analysis

Despite the apparent lack of distortion of the N100 component in the example of ICA-reconstructed
data in section F, it is recommended to account for the artifact topographies that were subtracted
during source analysis. Whenever artifact correction is performed, a spatial dimension of the data
(the topography) is changed. This can distort the data. To prevent this distortion from affecting
source analysis, the same distortion should be applied to the leadfields. Alternatively, the spatial
dimension can be projected out of the leadfields. As BESA Research does not save any
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information about the topographies that were subtracted when creating ICA-reconstructed data,

the artifact topographies need to be saved manually and later loaded in source analysis.

H H File Edit View Filters Montage Process ICA ERP  Arifact Search Tags Goto Options
1. Follow steps 1 to 4 of section F in the T TS TR BT TR ) D e L i
source : 1

present tutorial to run ICA decomposition e - i ' —

— Map Topography
Define As Artfact Topography

on the first screen of S1.cnt. Locate the ICA 10 © v v ovee i
ICAS = [ Save Topography
component reflecting the blink (usually ™% = epocicarecomuces uts Winou seeced Compantrts Curentscreen

Expont ICA Reconstructed Data Without Selected Components: Whole File

ICA2). Right-click on the label and select s 25
Save Topography.

2. Save the topography under the suggested

salll |. = Examples b ERP-Auditory-ntensity
name S1.ica. TEE————— =. @

MName Date mod

B Deskiop

4 Libraries No items match your search.

% Homegroup

R lsa

& Computer

i Network
B ATAS10-I5A

B Control Panel
B8 All Contral Panel ltems
N Appearance and Personalization
¥ Clock, Language, and Region
@ Ease of Access

-y Hardware and Sound - il "
File pame: -
Save as tywe: |ICA Topography Files (*ica) x|
= Hide Folders | Cancel |

3. Open dataset S1.ica_av.fsg we created in |Elsdecbuarn

. . Lookin: | | ERP-Auditory intensity -] @
section G of the present tutorial. It should G SR
) . ) o =2 [Csiia iy 30042013 1425 '
be located in the Auditory Intensity B sdtan: AR
- All_Subjects_cc-testisg 04.03.2013 1405
51_av-test: 04.03.2013 12:11 =
examples folder. Bt (i oot 09122009 1335
| 54 avfsg 03122009 12:09
Libraries 55 avfsg 03.12.2009 12:08
:h Sk_avfsg 03.12.2009 12:07
5 57_avf: 03.12.2009 12:06
it sx_nu.r:g 03.12.2009 12:04
510_av.fsg 03.12.2009 12:02 -
Nel‘umk ‘ [} »
File pame |51 e avisg - lLI
Filos of type: [BESA Bmary Fiws - foc. " tsg) x| Cancel
Fokdors [Data Falder =l
il
BESA Research 7.1 Tutorial Page 284 of 446

Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany www.besa.de



BESA® Research 7.1

Tutorial 10 — Advanced Artifact Correction

Send condition Low to source analysis by
left-dragging a block, right-clicking and
selecting Source Analysis. Use a custom
definition of -50 to 250 ms, a Low Cutoff
Filter of 0.5 Hz, 12 dB/Oct, zero-phase
and a High Cutoff Filter of 40 Hz, 24
dB/Oct,

Analysis.

zero-phase. Press Source

In the Source Analysis Window press File /

Open Solution and select our source

model Lowlntensity 2RS.bsa. Press
Open.
Now we will append the ICA blink

component to the current solution. Press
File / Append ICA Components. Change
Folders to Data Folder and select S1.ica

that we created in step 2. Press Open.
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e
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90dB: 84 avs 100dB: 86 avs Low: 185 avs High: 170 avs All: 458 avs

Lookin | ). ERP-Auditory-intensity -] ras@E-
P Marne Date modified
oy Lowlntensity 250-testbsa 04.03.2013 1602
Lowlntensity_250bsa 27022012 1614
[ ZR5.b8a 09.17.2009 1417

RecentPlaces

Deskiop

Highlntensity_3AS.bsa

S1-AC+5Chsa

1417
1606

S1-AChsa Date modified: 09.12.2009 1417 | 16:04
S2hsa 26.03.2005 15:35
Slbsa 29.03.2005 15:32
4 {11} L3
Filo pame: [Lowintensey_zms bsa = Open
Fios of fype |BESA Sahssans " bsa) ~| Cancel
Foldars: |Data Faider Ea|

EW ICA

>
Recent Places

Doskiop

e
Libranas

.;h

Computer

w

Natwork

Lookj: | ). ERP-Audsory-intensity =] e@cO-
Name Date modified
[ ) SLica 03.05.2013 1257
‘ 1 13
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Files af yper [IEA Tapagraghy Files ( ica) -] Cancel
Folders: ;Dmal‘-mr ﬂ

Page 285 of 446

www.besa.de



BESA® Research 7.1

Tutorial 10 — Advanced Artifact Correction

7. You will see the waveform associated with
the blink topography plotted beneath the
EEG butterfly plot. We want to utilize it in

our source model.

8. Right-click on the ICA waveform and press
Add All ICA Components to Solution.

9. We will now see that the blink was added to
our source model as a spatial component.
Its activity pattern for the current data can

be seen in the middle panel.
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10. Double-click at the N100 peak at around [P SEEEEEEREE SEEamas —

F‘E@T‘xdﬁigﬁes o;::; |ﬂc.x “EHF;G “R:s ‘;a':a-l Enerqy lvml)m |ma95p T;c Left [% yy: ,5% ’l‘# }y;: z :;1
96 ms. The green source waveform is o] ™ ‘“_”"’““ L D
[Model. 4 shell elipsoidal

nearly O at this point, suggesting that there Lo aiab o TRGE

was indeed no blink activity at the N100

(&) ()

peak.

Dala (1-1 of 31) j&ouvcu wavetorms j |Source locations
Cursor: +96.00 ms, +4642 nAm

>

11. Double-click in the red source waveform [ —eteaii i fu S e ey eren
Da(a Modci Res. | Order [ L.CA. i&H Res. Var, | Enerqy | Min. Dist. Image AG_Lef  xloc ydoc zdoc xor y-on zon
B5avs  Fillers 05 - 40 Hz 2.384% GFP| T2 EEE)“«,HWIM(N EED

free —~]

(AC_Left) and move the cursor to 52 ms o e S

Loc  [mee -

. o [fwd -
[Modet. 4 shel ellipsoxal

or - < | | Lowintensity_2RS bsa (modified) EEG +
= | Anott| Al fit| Start fitf_DICS || Brainy. || Hid

using the arrow keys on your keyboard.

Press O on the keyboard to orient the first

regional source approximately at the P50

peak.

S l 23 -
Data (1-1 of 31) ~Isource waveforms j Source locations j

‘Time: +52.00 (000) ms Cursor: +5200 ms, +21.89 nAm

12. Repeat for the blue source (AC_Right).

Eile_Condition 1 Solution | Fﬂ 5 t5\BESA\Research ERP-Audi i iy 2RS 053
| Data Modei| Res. |Order|1.CA EEG | Res. Var. Engrw Min.DisL _Image | AC Right xbe yoc zdoc xon y-on zon

«|+| iow 185 evs Ay N BFPT:IIEEE_H]G.S 124 [10g [ 0z | 03 [ 49

Now both regional sources are oriented so e e g @ Euinmue

Modsi: 4 shed alipsoidal

that the first orientation optimally reflects e wa T
the P50 peak. ) (@ ﬂ@

Date (1-1 of 31) ~|source waveforms
Cursor; +52,00 ms, +2172 ndm
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13. Use the arrow keys on your keyboard to
move the cursor to the peak of AC_Left at :
60 ms. This coincides with the peak of the ’TE é
blink component! b 5
On
Rt |

When we created ICA-reconstructed data without the blink topography, we subtracted an ICA
component that was not correlated with the N100 topography. Thus, if we now tried to localize the
N100 activity in the present example, we would not make an error. However, the ICA component
we subtracted did correlate with the P50 topography! Thus, we subtracted part of the P50
topography when creating ICA-reconstructed data. If we now tried to localize the P50 activity, we
would end up with a localization error caused by artifact correction with ICA. Therefore, it is vital
to use the subtracted ICA component in the source analysis window in order to prevent this error.
Adding the blink as a spatial component corrects the distortion of the P50 topography and allows

correct reconstruction of the underlying sources.

i 0 map - o |3
14. Press M on the keyboard to bring up 3D Ql‘gziﬂ - ':dz el gl =
mapping. Press the 6" button from the \

right labeled M until the 3D window is
labeled Model (volt, all).
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15.

16.

Switch off the ICA component in the
middle panel by clicking on the On button.
Note how the map changes if the blink
component is left out of the model. This
difference corresponds to the distortion
imposed on the P50 map by subtracting the
blink topography.

Move the cursor to the N100 peak at 96 ms
by using the arrow keys on your keyboard.
Toggle between on and off for the ICA
component. Note that the N100 map is
barely influenced by the blink topography.

All on| All fit| Start

fitf sLOR |} BrainV. |

any

Transparency- 100% -]
Fip [« »]«] | v| Fip

Source waveforms

4

© Voltage map - Model o [m®r]
@] [F Q| ]2 3] Lalvalfaltll] @]=a
Model (volt., all} +60.00 ms

Transparency: 100%

Flp [«[»]4] | »| Fip
e Voltage map - Model = |E||E‘
8] (% Qld] 3] 2alalRalh] 8]
Iodel (volt., all) +96.00 ms

25
0o
25

The above steps illustrate that creating ICA-reconstructed data will lead to some distortion of the

data. Therefore, the recommended strategy for performing source analysis on ICA-reconstructed

data is to use the subtracted topographies as spatial components in the source model.
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Tutorial 11 — Simultaneous EEG-fMRI

What does BESA Research provide?

v' fMRI artifact gradient removal
v Ballistocardiograph (BCG) artifact reduction

v" fMRI-informed source analysis
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Note: Currently data collected during simultaneous EEG-fMRI is not intended to be used in

any diagnostic procedures. Following this guideline, fMRI artifact removal implemented in

BESA Research may also not be used for any diagnostic procedures. This tool was developed

for research purposes only.

For acquisition of simultaneous EEG-fMRI, please use only EEG hardware that is certified for
MRI! Remember that bringing any metal or other (para-)magnetic parts into the magnetic field

area is dangerous.

When EEG data is recorded during an fMRI session there are plenty problems waiting to be
solved before being able to analyze the real brain signal. Here we going to investigate the

following:

¢ removal of fMRI gradient artifact
¢ reduction of heart beat-induced ballistocardiogram (BCG) and blinking artifacts

e performing source analysis of EEG-fMRI data

A. Removal of fMRI gradient artifact

The fMRI gradient artifact results from fast switching of MRI gradient coils which is a part of
volume acquisition in the Echo-Planar sequence used for fMRI imaging. This switching
introduces variable magnetic fields that in turn induce variable electrical fields in the EEG
recording system (electrodes and wires namely), as described by Maxwell’s second law. The
induced artifact is typically very large in amplitude (i.e. approximately 16 mV in a 3T MR
scanner). Also, the frequency range of the artifact overlaps with the frequency band of
physiological EEG signal.

The artifact frequency and its harmonics can be easily assessed using the following equation
(Rusiniak et al., 2013b):
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_S(x+1)
h=—Fp—

where fy is the harmonic frequency, x is the harmonic number, NS represents the number of

slices, and TR stands for Repetition Time of fMRI volume acquisition. As will be explained

further, each fMRI gradient removal algorithm has its limitations, so using this equation allows

to set up fMRI acquisition in a way that minimalizes frequency coupling with the band of

interest. For example, consider that we want to investigate the alpha frequency range (7-13

Hz). Using 37 slices and TR equal to 2 s ensures proper spectral separation since the first

frequency peak of fMRI gradient artifact will be at 18.5 Hz.

One of the known methods to deal with the fMRI gradient induced artifact is based on moving

average subtraction, first introduced by Allen and colleagues (2000). This type of method works

only satisfactorily when the following assumptions are true:

Each artifact occurrence is identical

Each fMRI volume acquisition is identical (gradient switching does not alter between
volumes). This assumption is true when we take into consideration only fMRI
acquisition. However, if the subject moves during the acquisition the artifact changes
since electrode positions in relation to the local magnetic field have altered.

EEG signal is stationary

In principle this assumption is true for the EEG signal. The signal stationarity can be
affected by the paradigm, therefore jitter between trigger events is strongly advised.
Each start point of artifacts has to be precisely indicated

This can be achieved either by hardware clock synchronization between EEG system
and MRI machine, or by a very high sampling rate (> 10 kHz). All modern EEG
hardware units designed for simultaneous EEG-fMRI registration are capable of clock

synchronization.
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Filtration Methods
Allen et al., 2000

This method is a starting point for two other methods as well. In all methods available in BESA
Research, a moving average artifact subtraction algorithm is used and the difference between

methods can be noted in the template creation matrix.

To obtain artifact clean data C, at epoch n, the artifact template B has to be subtracted from
artifact contaminated data A. The mathematical principle for creating the artifact template at
the n-th epoch (B) is

n+—
bk Z “
n__

P
u\.m.,' P T M I

k
. :
=E2Aiforns(k—1)/2 .
i=1

oo i

R T RN EA R B

- M N\wwuu\v.“'.uwmwt‘:)r ol
" ot

k-1 i Y
Bn Z A forn>m-——+1 L A

2
i=m—-k+1

a*l»—k

,where m is the number of fMRI volumes recorded, k is the number of artefact volumes used
for template creation (averaging). Once an artifact template was created for every epoch, the

final subtraction can be performed:

For example, to clean the epoch indicated by the green shaded box in the image above, the
surrounding epochs — indicated by yellow color — have to be averaged first (here the averaging
constant is k = 10). After the template is created, it is subtracted from the recorded data (at
each channel independently) to obtain artefact free data. Next this procedure is repeated for

all epochs related to fMRI acquisition as indicated in the template creation matrix on the left:
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Template creation matrix Template creation matrix

ft4RI volumes ft4R1 volumes

Note how the template creation matrix on the right changes when the number of artifact

occurrence used for averaging is increased to k = 30.

Allen et al., 2000 Modified

This method is available only if a matching
realignment file is provided. Also, the changes
in filtration will be visible only if there is
significant movement in the data. In the
modified Allen method, the epochs where
subject’'s movement exceeds the threshold (a
recommended value for the movement
threshold is 0.3 mm) are not taken into account
during artefact template creation, as shown in
the template creation matrix at the right. Note
the vertical white lines, which indicate the
moments were movement exceeded the
threshold. As a results, the data will be filtered
but less artifact occurrences will be used for
template creation in the (temporal) vicinity of a

movement area.
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Moosmann et al., 2009

This method (Moosmann et al., 2009) is also available only if a matching realignment file is
provided. The adjustment of the template creation matrix is much more advanced than in the

modified Allen method and can be explained by following equation:

1 -1 k —
anE Z A forn<z-— orn>z+T

i=n-K1

2

z-1

1 k-1
an—ZAifornZZ— orn>z

k. 2

i=z—k

z+k

1 k-1
anEZAifornS2+ > orn<z

, Where all parameters are defined as above and z means an epoch number when movement
exceeds the threshold. The result of this operation is shown in the template creation matrix

above.

Note that this operation results in a different shape of the template create matrix. Importantly
there are now also horizontal white lines. This indicates that there was more than one epoch
affected by movement. In such a situation the matrix is transformed to fit to the largest

movements and smaller movements are treated as in the Allen et al., 2000 Modified method.
B. Reduction of heart beat-induced ballistocardiogram (BCG)

This artifact is one of the most challenging artefacts in the EEG when acquired simultaneously

with fMRI. The artifact is related to following phenomena:

¢ Head movement due to blood ejection by the heart
Each heartbeat results in a very slight movement of the whole body due to its inertia.
In most of the cases we are not able to notice this. This tiny movement results in
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movement of the electrodes, which in turn results in local magnetic field changes.
Considering the fact that in an MR scanner the static magnetic field is usually 3T this
normally negligible effect induces an artifact of amplitude larger than 100 pV.

e Arterial pulsation
The blood flow induced by the heart beat can introduce an additional factor of the
artifact. If some blood vessels are close to the skin surface the changes in blood volume
result in skin pulsation. This pulsation also moves electrodes up and down in the rhythm
of the heart beat.

o Hall effect
Blood by itself is an electrically conductive fluid, therefore the changes in blood flow

velocity related to the heartbeat add another factor altering the artefact.

All aforementioned factors contribute to the ballistocardiographic artefact and make it
particularly difficult to determine and reduce. It is worth mentioning that this artifact, as related
to the heartbeat, cannot be controlled and varies during the time of experiment. A different
approach to fMRI gradient removal has to be used to reduce its influence on data. In the
literature many different approaches (both software and hardware) can be identified, please
refer to Abreu and colleagues work (2018) for more details. Here we focus on spatial filtration
where individual artifact topographies are estimated using the PCA method. Also, we
recommend to use a surrogate model to separate brain signal from artifact subspace. More

details about this method can be found in the Besa Research Tutorial 9.

C. Example data

The example data set provided with BESA Research installation is a mixture of real and
simulated data. We used a 64-channel EEG data recorded during a simultaneous EEG-fMRI
session. It was a 5-minute resting state session with eyes open. We added simulated ERP
data to this recording. It consists of two bilateral dipolar sources simulating auditory cortex
activity. The dipoles positions in brain were set as described by Gutschalk and colleagues
(2002). Waveforms were replicated from the Low condition ERP in the Auditory Intensity

experiment also available in the example directory. The ERPs were added to the resting state
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EEG, thus simulating an ERP experiment in fMRI. The first ERP is present after the start of the

fMRI session, the inter-stimulus interval was 1.5 s with a jitter of £200 ms.

Consider the fact that in a real ERP experiment, the ERP signal would be a pure brain signal

independent of MRI scanning. Therefore, using the provided data example, we can see what

the influence of the MRI scanner environment on the data is and assess filtration results by

comparing the filtration outcome with the pure stimulation signal.

1.

From the folder
open data set
It

contains 64 EEG channels. Data is very

noisy from the beginning, but from around |:

12 seconds the data is not readable — this |

is the time when the fMRI sequence starts.

Press the EDF button and specify Low |-« oot b

Cutoff filter of 0.5 Hz, 6 dB/Octave,
forward and High Cutoff filter of 30 Hz, 12
dB/Octave, zero-phase shift. Note that
the data is still not interpretable because of
the fMRI gradient artifact.

Goto Time 00:00:12. For this data set ,

internal trigger names are not available, so -

select Options / Display / Show Internal
Trigger Names Instead of Codes to
uncheck this option if checked. Now you will
see two trigger codes 8015 and 100. The
first indicates the start of fMRI volume
acquisition, the other one the simulated
ERPs.
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4. Select Artifact / fMRI Artifact... to open |Starting fMRI Aifact Correction
the d|a|og Where a” the Settings for ﬂVI RI Warning: fMRI artifact correction may be uzed for RESEARCH PURPOSES only.
artifaCt ﬁltration can be Set. If yOU WOI'k W|th Press OK to continue, Cancel to return to the review window.
the Intern atlonal Vers|0n Of BESA ¥ Do not show this information again in this session ,Tl Cancel

Research, you will need to acknowledge
that this can be used for Research
purposes only before you are able to use
this feature. Please check the checkbox
and press OK on the displayed notification

window.

5. You will see the fMRI Artifact Removal |

Initial settings

dlalog NOte that fMRI Trigger COde and Mumber of artifact ,T Length of iR volurme: ’Wms [ M2E=h et

100
. . Delay between marker and ,— e
Iength of fM RI vol ume WaS automatlca”y Mumber of scans to skip: 0 start of volume acquisition 0.0

OCCUIANCE averages:

Movement threshold: 100 mm
detected from the data. The automatic | resgnenie] Browse...
d ete Cti on Of Ie ngth WO rkS on Iy for Template creation matrix Remanvsl methad
& Tumed Off

continuous data. If you use so-called

" Allen et al, 2000

sparse fMRI acquisition you must adjust o

(]

this value manually. The Number of

artifact occurrence averages is set to a

ok
default value.
Apply
Cancel
R volumes
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6. Change the value of Movement Threshold

to 0.28 mm. Press Browse... button to
select Realignment file. In the dialog box
that comes up, choose
and press
Open. Now two additional methods are
available: Allen et al., 2000 Modified and

Moosmann et al., 2009.

Change the method to Moosmann et al.
2009. The template creation matrix is

filled instantaneously.

7. Press Apply to perform artifact removal.
Please note that the first six seconds of the
removed. This fMRI

sequence starts with dummy scans that do

artifact are not

not have associated triggers. The fMRI
images are not collected for these, so no
stimulation should be performed either.

Press OK to close dialog box.

8. While keeping the left mouse button
pressed, drag the mouse over this noisy
part of signal at beginning of recording, to
highlight it. Then right click within the
yellow marked area and select the Define

as artifact option from the popup menu.

BESA Research 7.1 Tutorial
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i~ Allen et al., 2000
" Allen et al., 2000 Modified

i+ Moosmann et al., 2009

fMRI volumes

THVFFRY B 0T YRR 8T8 8101000000111 1 R 1T

ol b [ 4B

Tive 0012 Tow 030RS2__OW 000812 w 85093 PY 2760V Fiten 0500 Buler | View Ovgnal __Consc 07 Bad 0

S0 ﬂ”ﬁn i' "En,
5 O i
m&‘\ind&'}ﬁ}c&wh i wsvﬁé

1

‘4-‘.“

i

i it
s“z..',g;,,.s';ﬁ i

! i'v'é'" ’W i ‘wln' i i i n\'t
MY imm; nnmhm ylg itiw\mm A EY I; ‘31.1 im\;m. tm xm
«».mm m ﬂr» mmmm n it "‘i'i«'im‘;u ‘Gi‘ r‘ it

1 i
L RAR A L T B R A LU L L R

p—ry

Page 299 of 446

www.besa.de



BESA® Research 7.1
Tutorial 11 — Simultaneous EEG-fMRI

9. Now we will reduce the influence of the
ballistocardiogram (BCG). First press the
EdF button to adjust filters to the BCG
frequency band. Specify a Low Cutoff

filter of 1 Hz, 12 dB/Octave, zero-phase
shift and High Cutoff filter of 20 Hz, 24

| T e

Tane 00048 (Tol 00667 Wiak 3787 Dur 4810s P2 110V Fitare 1- 101 Bifor —— View Orgnal _Foreci OF__ Baa

dB/Octave, zero-phase shift. For the
provided dataset the Fpz channel (last in
the list) is also highly contaminated with
noise, right click on the channel label and
select Interpolate this channel from the
popup menu. The BCG is now clearly

visible.
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10. Select Search / Search, Average, View t0 | se.ch average View %

Ok
buffer. Note that the 4™ button in the control #1 2 3 (4 5 Iﬁll
ribbon changed from SAW to SAV. - - - - -

Highlight one of the BCG occurrences and

turn off automatic saving of averaged |  selectTagBuffer

~Channels
press the SAV button. Select a radio Cmz  Selected = Al
button to use AIll channels, Current filter, | Fiters
Current Buffer Width. Leave Threshold on ¢ Default: 2-35Hz |@ current: 1-20Hz |
the default value of 60% and Search Range | | Buffer Width

{~ -250: 150 ms k& current: -496 : 436 ms|

on Whole File. In Options you may

uncheck Selected View after Search and | | Thresheld

Selected view 300.0% width. Press the [75% =
OK button to start searching. Detection for SNR > |25 =

—5Search Range

* Whole File " Between Markers

—Template
{* Marked Event " Averaged Tags
—Options
[~ Query [ selected View after Search

V¥ Restore filters after search| [ Selected view 300.0 % width

[ Zero template baseline ¥ Zero mean

11. After the search is finished an averaged

buffer with averaged BCG is shown on the

left side of the screen. Right click on it and

select whole segment. The whole buffer

will be highlighted. Right click again on the
highlighted area and select Define Artifact

o187 F3 03200 23

Topography. e
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12. The Artifact Correction window will be
displayed. Check the EKG check box. | e Teeseshies | smate Sondl|

When a warning is displayed, check Do not e B e

category  [% variance/CA chan)

show this message again and press OK. Cweos [ <]

Change the No of topographies from the | " [ I
Coeik [ <]

¥ EKG  |5(0.69) - Map

number of topographies has to be selected | owen [ ]
with caution, however here selecta number | T owe2[ -]
with value close to 1% (i.e. 5 components). load | Save

drop-down menu adjacent to EKG. The

Note that there will be a warning that using oK =

too many coefficients can lead to

remove non-artifact signal. The BCG is a

very strong and complex artifact and it is ok

Maote that using too many coefficients can lead to removal of

tO use a Sllghtly Stronger ﬁltration- thUS non-artifact signals from the data! Please select as few as possible!

Do you want to continue?

press the Yes button to continue. After this

operation the data should look much better. fes Ho

Press OK to close the dialog. Increase
scaling using the up arrow on the
keyboard. Verify if data is BCG free; if not
the number of used coefficients used during

artifact correction can be adjusted.

Please note that BCG artifact correction

can be automatized using a pre-defined

batch. (To do so just mark the R peak in the

BCG artifact with Pattern 1 — place a cursor

and press 1 on your keyboard. Then press

the BAT button on the toolbar and select
press OK.)

BESA Research 7.1 Tutorial Page 302 of 446
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany www.besa.de



BESA®
Tutorial 11 — Simultaneous EEG-fMRI

13. Now you can see that the F2 channel does | scarch average View

not carry a correct signal (the cable was | -select TagBuffer

X

OK I

broken). Right click on the channel label C1 ] E2] €3 C4 Cs5 Concel_|
and select Interpolate this channel from 270 - - - -

the popup menu. Press the EdF button to | _qannes

adjust filters to the blink frequency band: © o3 i+ Selected Al
Low Cutoff filter of 1 Hz, 6 dB/Octave, | [Fiters

forward and High Cutoff filter of 10 Hz, 12 ¢" Default: 2-35Hz * Current: 1-10Hz
dB/Octave, zero-phase shift. Go to | [ BufferWidth

00:01:30. You will see some clear blinks. | |~ ™  Curent: 225 285 ms

Left Click on the Fp1 label to select this | [ ==
W 85.00 % [75% -]

channel and highlight data contaminated
with one of the blinks. Press the SAV

button again. All the settings should be | -searchrange

Detection for SNR > [2.5 =]

* Whole File {~ Between Markers

used as previously, except for Channel

selection, where Selected should now be | [Template
checked. Note that the second buffer will @ Marked Event € Averaged Tags
be used and that for single channel based | [ Options
searching the default threshold is 85.00%. Hs Bl s e

Press OK to start searching.

v Restore filters after search| [ Selected view 300.0 % width

[~ Zero template baseline ¥ Zero mean

14. After the search is finished average buffers

with averaged BCG and blink are shown on

the left side of the screen. Right click on
the first displayed buffer indicated with red [ =

color and select whole segment. The
whole buffer will be highlighted. Right click |
again on the highlighted area and select

Define Artifact Topography.
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15. In the displayed Artifact Correction dialog
box check the Blink checkbox, leave No of
topographies at 1, and press OK. Data

can be now considered artifact free.

16. Press the ERP  button, select
file and
press OK. Switch to the Artifact tab and
press Start Scan. The threshold values

may be left at default values.

17. Switch to the Average tab and press
Average. To perform averaging without
artifact

first

artifact correction and load

topographies afterwards select
option and press the Yes button on the
display dialog to turn off the artifact
correction during averaging process. We
will perform artifact correction in the next

step.

18. Save the result of averaging using the file

name

Press OK on the displayed dialog.

BESA Research 7.1 Tutorial
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Artifact Correction may distort brain topographies. For discrete source
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topographies in the source model.
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19.

20.

Open the file.
This is a modeled ERP data which was
used during simulation. Press CTRI-L on
the keyboard. In the displayed dialog, press
Browse...

file

in the section Coregistration

(*.sfh). Select file
file from
Highlight a

block of data and right-click on it. Select

the experiment’s main folder.

Source Analysis from popup menu. Select
an interval from -100 to 300 ms and set
filters as specified: low cutoff filter of 0.5
Hz, 6 dB/Octave, forward and high Cutoff
filter of 20 Hz, 24 dB/Octave, zero-phase
shift.

In the Source Analysis window, insert two =

dipolar sources by double clicking twice
into the head schemes in the right area of
the window. Select a fitting interval of 70 ms
to 95 ms. Select Individual FEM as head
model. Press the All fit button and then the
Start fit button.
perfectly in the auditory cortex and the

Dipoles are

residual variance is almost equal to zero.
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21. Minimize the Source Analysis window and |Arifact Correction ?

Select Topographies  Estimate Signal l

go back to the main BESA Research

Surmrogate Model: Regularization

Window. Press the -F button to go back to

Artifact [%]: 0.0
the averaged file: | | Braint: B

Surrogate Model: PCA threshold
. . . Min. Vari E4 1.0

22. Press Artifact / Options... and switch  Varanes (2
. .. Model of Brain Activit . o

Model of Brain Activity to Surrogate (use | | ¢ adapiie € None(SSP - Regession) | (sl

Surmogate dipole model [* bza)

the defaUIt mOdeI |r0gateM0deIs\BF|_Brain Regions_LF.bsa Browse..

). Press OK to close the

0K | Cancel Help

dialog.

23. Increase the High cutoff filter to 20Hz,
24dB/Octave, zero-phase shift. Highlight

a block of data by left mouse-drag and

| est [TFme”_r | see | Usr | opt [EaM [ LF [ bF | WF [ EeF ] Eeo |

right-click on it. Select Source Analysis
from the popup menu. Select an interval
from -100 to 300 ms. Make sure that the

Bl ‘EE

following filters are specified: low cutoff
filter of 0.5Hz, 6dB/Octave, forward and
high Cutoff filter of 20Hz, 24dB/Octave,

zero-phase shift.

24. Note that the previous model does not e — B T T seesaae
explain all of the signal. Disable both
dipoles from the previous model by clicking

on the On button beside each dipole

waveform to switch to Off. Insert two new L AN o NLZ L

dipolar sources by double clicking twice ~— m [/ 4 [ Y

in the head schemes in the right window ... ! I R

area. Select a fitting interval from 70 ms to
95 ms by left mouse-drag over the
waveforms. Make sure that Individual FEM
is selected as head model at the top right.
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Press the All fit button and the Start fit
button. Dipoles are located in the auditory
cortex, but in slightly different positions.
Residual variance is smaller than before
but still not close to zero due to noise in the

data.

25. Press A on the keyboard to show the |®"er
0| [ [l | |08 Tl ®|oE (%] [€ @l*¢[~d| %
Cor

Sag

1
anatomy. Press ﬁl on the toolbar to switch
to multiple view. Press Shift-A to display
the brain atlas. Right-click on the 3D area

and select Options... from the popup

Bl IR

Tra TAL: 54.3,-16.7, 11.6

menu. Change Brain atlas to AAL, e
visualization mode to brainCOLOR and
press OK. Now you can see that one of the

sources is in the Rolandic operculum, and

the second one in the Superior Temporal

Gyrus.

Please note that around sources are visible
confidence ellipsoids that are described in
detail in Tutorial 8G. Due to high residual
noise in data the confidence ellipsoids are
noticeable, especially in the left source (as

its location is forced to be symmetric).
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26. Go to menu Condition and select condition | © e
0| 1% S[blb| 21088 wlal#2][E o4l |
(or just press small left arrow in | Cor

left top corner to switch condition.

Now the confidence ellipsoids are barely

visible due to no noise in the data. i

TAL: 48.7,-16.6, 10.4
AAL
Temporal_Sup_R

27. Goto menu Condition and select condition
(or
just press small right arrow in left top

corner to switch condition again.

28. Press Image / Import fMRI. Change filter
to ANALYZE/NIfTI files and select

file. On the next dialog box Load negative values (if applicable) [~

i le fr hol
uncheck Load negative values, set Scale from threshold [~

Degrees of Freedom to 59 and statistical

Voxel value threshold: [ 3.
threshold to 0.001. The voxel value oxel value Uwesholt: | 3.50

threshold will adjust automatically. Press Cegees cEREEdon: |59
OK Statistical threshold (p): I 0.001
OK Cancel |

29. Press Shift-A to turn off the atlas. Note that
dipoles are not matched perfectly with fMRI
results, however they indicate the same
region. In the button row above the Global
Field Power section (top center part of the
window) press the Weight by Image
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Rez. Var. Energy T Min. Dist.

button. Again, press the All Fit button and &=

: /
the Start Fit button. Turn the brain atlas off / e
again (Shift-A) and note that both sources === = ; = m
m\”; R i \ 1\\_, i
are now located in the superior temporal o £ [ ‘.-'j

elelsiel
o

lobe.

9 [F G4k %68 a2 il 8 =

D. Good practice

Please keep in mind that simultaneous EEG-fMRI recording is a difficult yet powerful

technique. The following rules could help one to perform a successful experiment:

e For an ERP experiment remember to introduce temporal jitter between trials (e.g. a
random value in the range of 200 ms). Also, applying a pure EEG or a pure fMRI
paradigm will probably have the effect that one of the modalities will not show satisfying
results. Proper paradigm preparation is essential for success. Some further guidelines
can be found here: (Rusiniak et al., 2013a).

e Inform your subject how important it is not to move.

e Keep electrode to skin impedance as low as possible.

o The EEG-fMRI recording session should be long enough to allow for proper artifact
creation. Usually the experiment should last at least 6 minutes.

e At the same time try to limit the time of experiment to a minimum and preferably
perform EEG-fMRI registration before other sequences to limit movement due to an
inconvenient supine position.

e From the standard position, move the subject about 4 cm towards caudal direction
to reduce artifacts: The MRI laser crosshair should be not in the Nasion position but in
the middle of forehead (Mullinger et al., 2011).

o Especially for the first few registrations repeat the experiment outside of the MR
bore to compare results.
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Tutorial 12 — Time-frequency Analysis, Connectivity Analysis and
Beamforming

What does BESA Research provide?

v' Time-Frequency Analysis

(0]

(0]

Complex Demodulation

Wavelets (Morlet / Mexican Hat)

v Connectivity Analysis

(0]

© O O O

(0}

Coherence

Imaginary Part of Coherency

Phase Locking Value

Non-parametric Granger Causality
Non-parametric Partial Directed Coherence

Non-parametric Directed Transfer Function

v Multiple Source Beamforming

v Dynamic Imaging of Coherent Sources (DICS)
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A. Introduction to Time-Frequency Analysis

Recently, an increasing number of papers on oscillatory coupling between brain regions and
on time-frequency analysis of human EEG and MEG data has been published. BESA

Connectivity provides several tools for fast and user-friendly time-frequency analysis.

Due to the fact that oscillatory components in EEG or MEG signals are not necessarily time-
locked to an event, these components will be cancelled out when averaging across trials and
therefore, will not be represented in an ERP / ERF analysis. Time-frequency analysis is able
to reveal signal that are related to a stimulus, but not perfectly time-locked. It reveals which
frequencies have the most power at specific latencies and how their phase synchronizes
across time. The decomposition of a time-series into complex numbers for specified latencies
and frequencies provide the magnitude and phase angles of the oscillations. To extract this
information, a sliding time-window is used that compares the EEG / MEG signal to a reference
template at multiple frequencies. This multiplication of a time-series with a windowed
transformation function is a mathematical operation called convolution. Common templates are

Morlet and Mexican Hat wavelets, as well as sine and cosine waves.

A AC ACHL_ACSD ‘PrMF\CQD A
FE‘F&% : i , -
I
OrL) ACSD Or: ACSD

BESA Connectivity uses TSE (temporal-spectral evolution) plots to visualize changes in power
or amplitude over time normalized to the mean power or amplitude of the baseline epoch for

the respective frequency (see figure above).
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B. Introduction to Connectivity Analysis

Brain connectivity is based on two central principles that form the functional organization of

the brain. These principles are characterized by segregation and integration of information

being processed. Modes of brain connectivity of large-scale brain networks are divided up

into three separate, but related aspects: structural connectivity, functional connectivity and

effective connectivity.

Structural connectivity, also called anatomical connectivity refers to the anatomical
structure of the brain.

Functional connectivity is defined as the temporal correlation of spatially separated
brain areas.

Effective connectivity combines anatomical and functional connectivity, as it provides

a measure for the directional influence of one neural system over another.

BESA Connectivity provides the following methods to estimate functional or effective

connectivity collected from EEG and MEG recordings:

Coherence (Rosenberg et al., 1989)

Imaginary Part of Coherency (Nolte et al., 2004)

Phase Locking Value (Lachaux et al., 1999)

Non-parametric Granger Causality (in the frequency domain; Granger, 1969;
Geweke, 1982)

Non-parametric Directed Transfer Function (Kaminski and Blinowska, 1991)

Non-parametric Partial Directed Coherence (Baccala and Sameshima, 2001)

Non-parametric Granger causality, Directed Transfer Function and Partial Directed

Coherence are based on a non-parametric estimation of the transfer matrix (Wilson, 1972;
Dhamala et al., 2008).
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C. Simulation of evoked activity and oscillations in the auditory cortex

The simulated data sets can be found in subfolder of

the BESA Research Examples folder. The data have been generated by superimposing a real

< @l@ % a
—
Dipole 1
Dipole 2
. Al é\.i'ul ;_‘||!|! ;I,I”I,_
Dipole 3 || ?'hl" EII”I"' ;-.,“.'
= é,l"”ll I ;.“- ;llll 1
Dipole 4 5"|||:." | i"llhl" § g".!mll‘ | g"llli|llt"
T T2 T T2 T T2 T1 T2

continuous 27-channel EEG-recording with the simulated activity of two pairs of bilateral
sources in the auditory cortex (AC). The purpose of this combination was to understand the
sensitivity of time-frequency analysis to reveal oscillatory activity and coupling in a realistic on-
going EEG. The figure below displays the underlying source configuration. Sources 1 & 2 were
simulated as simultaneous evoked monophasic activity with a time-locked onset of 50 ms after
a hypothetic auditory stimulus (trigger T1). The duration of this monophasic activity was 150
ms, and the amplitude was chosen to generate a signal of 10 uV at Cz. Dipoles 3 & 4 simulate
a more antero-lateral secondary area of AC with an orientation differing by about 30° from
dipoles 1 & 2. They reflect oscillatory activity (trigger T2) that jitters in latency (300-550 after
T1), duration (300-450 ms) and frequency (20-28 Hz). The envelope of this oscillatory activity
had the same amplitude in all 200 simulated trials. The amplitude generated at electrode Fz
was 5 pV (file AC_Oscb.foc) and 20 uV (file AC_Osc20.foc), respectively. The oscillation of
dipole 4 follows that of dipole 3 with a constant delay of 5 ms.
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D. Prepare Data for Time-Frequency Analysis

1. Open file
Coherence\AC_Osc20.foc in the BESA

Research Examples folder. Note that e.g.

Learn-by-Simulations\AC-

at electrode C3 the evoked monophasic
response locked to trigger 1 is just visible
on top of the background noise. The
oscillatory activity following trigger 2 can be

observed as well.

2. In order to better understand the properties
of the simulated activity, we load the
averaged evoked response file. Open file
AC-Coherence\AC_Osc20.fsg.
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Select Data Files X
Lookin: | ACCoherence 5 - mekmE
* Name 2 Date modified Type
) [ Ac_0sc5foc 2003-03-135:17PM  FOC File
aceess [ Ac_Osesisg 2003-03-127:11PM  FSG File
Vil [ AC_Osc20foc 2003-03-135:26PM  FOC File
Desktop ([ TAC 0sc20sg 2003-03-127:08PM __FSG File
m
Libraries
This PC
w < >
File name: [MZ_O!:ZO.fsg E] Open I
Files of type |BESA Binary Files (*foc. *fsq) ~| Cancel |
Folders: | Data Folder ~|
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. . [ BESA Research 7.1 - C:\...les\Learn-by-Simulations\AC-Coherence\ AC_Osc20.fsg
3- The fIrSt Segment Contalns the average File Edit View Filters Montage Process ICA ERP  Arifact Search Tags Goto Options Help
. . -F[F+| wrs | sAV | BAT | ERP | TpV | IcA | | TFc | ESI [[Rec 1\
triggered by the stimulus onset, the second |, [ |

. . A1 WWWM—WWWW
averaged segment is time-locked to the [ [T/

onset of the jittering oscillations. Relative to |~ —.rr—r——p—r e
PT WWWMWWWW\N‘“WMW

o1 ! WMW\/\N\WWM
stimulus onset, the induced oscillations |- Wm
cancel out in the average. The jitter in the | WW

frequency range of the oscillation (20-28 |- |~ T T

Hz) also reduced the signal average WW
relative to the onset of the oscillation. Note mw
that the wave shape of the monophasic WW
activity is altered by low cutoff filtering | WMM

St0n: 182 avs OscOn: 182 avs

applied to the average to reduce slow drifts | q[a| p [ 4] BT’
|n the data Time: 00:00:00 Total: 00:00:03 Offs: 00:00:00 Cur, Filters: 0
4. To see how the averaged surface activity is :;«m ‘ml i s o o e

transformed into brain space, we use the
source analysis module. Left-drag over the
first segment. Right-click and select
Source Analysis. For this segment, we
use an interval from -50 to 1000 ms and
choose a Low Cutoff filter of 1.6 Hz, 12
dB/Oct zero-phase and set the High
Cutoff filter to 40 Hz, 24 dB/Oct, zero-

St0n: 182 OscOn: 182 avs

phase Tima- 000000 Tost 000003 Merc0100s __ fur-0100%

Block Size and Fosition Filter Settings
Law Cutoff Status [v Enabled

" ‘Whale Segment
Erequency |16 [Hz] Slope ‘12 db/actﬂ Type ‘zevo phase ﬂ

@® Custom Definition

~ | Previous High Cutcft Status [ Enebled
Satings
(50 (ms) pre-Ewent Frequency (400 [Hz) Slope [24dbjoct v | Tupe [zem phase =
1000 (ms) postEvent

[~ All Canditions Source Analysis SetBlock Cancel
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The source analysis window opens.
Minimize this window to load the second
segment as well, but now select an epoch
from -500 to +500 ms relative to the onset

of the oscillation.

Select File / Open Solution to load the
predefined solution AC9D bsa.

The model contains the two pairs of dipoles
that were used for the simulation. In
addition, five probe sources are included
that pick up background EEG activation. In
condition OscOn (containing the oscillation-
locked averages), dipoles 3 and 4 show
small oscillatory activities. The evoked
activation in sources 1 and 2 is barely
visible, because of its large onset jitter with

respect to trigger 2.

Block Size and Position

 Whole Segment

@ Custorn Definition

Erequency |1 ]

Filter Setting

Low Cutaif

Status [ Enabled

Mz Slape [12 dbjoct > |

Type [2em phase ~ |

[ =]Previs

Settings

500 (ms) pre-Ewent

Frequency |4u il

High Cutoff

Status [ Enahled

Mz Slape [24db/oct > |

Type [z phase > |

500 (ms) postEvent

[~ All Conditions

Source Analysis |

Set Block

| o |
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)sc20.fsg - OscOn: 182 avs, Filters: 16 - 40 Hz -500 . +500 ms - Source
file Condition2 Solution1 Fit |mage Qptions Help

oy -Coherence\ACID bsa

Res. Var. | Enerqy |Min. Dist.
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Use the arrow buttons in the upper left

corner to switch to condition 1. The time- ¢

locked evoked activity appears only in the
related sources 1 and 2. The induced
oscillations in source waveforms 3 and 4
cancel out almost completely. The five
probe sources show only small background
noise activity. Note the almost complete
separation of the activities in the different
brain regions as compared to their wide

distribution in the scalp waveforms.

We want to use our nine-dipole model as a
source montage for the continuous data.
the
by
selecting File / Save Source Montage

Create a source montage from
displayed multiple source model
As.... Note that the source montage not
only contains the source coordinates, but
also stores the selected regularization

constant (set to 1 by default).

10

G- 40 Hz
000.00 ms |

BESA - C:\.ionsVAC-Coherence\AC_Osc20.fsg - StOn: 182 avs, Filters: 16 - 40 Hz, -50 .. +1000 ms - Source analysis

o el

- R N
r Data Mod. | Res. ||D|| | PCA | EEG [Res. Var.| Enerqy |Min. Dist _Image
“«|» iOn 182 avs 1 iz RV %
750,00 me
Al

Best 0.125% RC: 1
%

file Condition1 Solution1 Fif Jmage Qptions Help

1.424 GFP|

Cartsus |[060 005 [008 [ 01 |08 [04
Loc. [

-C 9D bsa

Al off] All it

startfitl_User [y| BV |

No

on A R

No fit

on o

No fit

on A

“FL VA
A MWWW\,W"«

]

O
Fa -
P10
F3

No fit
[

A e AACALLFIS
Nofit] T A Ay
on an A a2l
No fit
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No fit
On
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Hid
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Save Source Analysis Window as Bitmap...
Save 3D Window as Bitmap..

Send to MATLAB...

1CG\..
20\
BlEEs
LEIES
5C\
GIEEs
7C\
8C\
O =
More

Y e
i AwSALD \ = =
P8 P maampaimae | No fit]
) e e
Data Residual (1-12 of 27) jSame waveforms j |Source locations j
File| Condition1 Solutionl Fit Image Options Help

Open Solution. Ctrl+O
Append Solution.. Cirl+A
Save Solution
Save Solution As. Cirl+S.
Save Source Waveforms
Save Source Waveforms As... Ctrl+W
Save Source Montage
Save Source Montage As.. Ctrl+G

\Learn-by-Simulations\AC-Coherence\AC9D.bsa
\Examples\ERP-Auditory-Intensity\Lowlntensity_2RS.bsa
\Examples\ERP-Auditory-Intensity\HighIntensity_3RS_AEP-test.bsa

\B les\ERP-Auditory-I n

\Montages\SurrogateModels\AEP.bsa

ity_3RS.bsa

\Montages\SurrogateModels\BR_Brain Regions_LR.bsa
\Examples\ERP-Auditory-Intensity\S1_av.bsa

\Examples\ERP-Auditory-Intensit\S Lbsa

\Examples\ERP-Auditory-Intensity\LowIntensity_2SD-test.bsa

Display Complete Paths,

Exit
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10. When prompted for a name for the montage B seesourcemorage *
Savein: || | ACCoherence | £k B
to be saved, enter . Press Save. This #rem 8 Detemodficd  Type
. Cuick access | ]RCO.mtg 07.03.2003 09:23 MTG File
will create the new source montage and — Relmts RBING T2 | MG File
- | JRCZ.mtg 07.03.2003 08:53 MTG File
. . . . eskior | RC4.mt 12.03.2003 1813 MTG File
automatically apply it to the current file in peen ’
m
the main window. s
[
This PC
W
Netwokk € >
File name: |ACED.nvtg ﬂ Save
Saveastype:  |BESA Source Montages (" mig) | Caneel
Folders: |Data Folder j

11. Close the source analySiS WindOW. The |8 BESA Research 7.1 - Ci\uules\Learn-by-Simulations\AC-Coherence\AC_Osc20fsg

File Edit View Filters Montage Process ICA ERP  Arifact Search Tags Goto Options He

display now shows the averaged data S;Fu,c‘;ZJD"‘"SJSA"‘ LU= T EU] IC=T ‘Tf°| ESl | Rec

segments transformed into brain space by

the generated source montage. Note the

advantage of the source montage: instead
of the distributed overlap of the different
activities at the surface channels, we now
obtain largely separated activities of the
modeled brain regions with the evoked
time-locked activity in source 1 & 2 and the

induced oscillatory activity in sources 3 & 4.

DPD@®DDHDODDLDID

e

Selin: 182 avs OscDn: 182 avs

)
s p | 4 ],
Tirne: 00:00:00 Total: 00:00:03 Offs: 00:00:00 Cur Filte
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12. Next, we want to apply this source montage
to transform the continuous data. Press the

-F  button to back file

. Press the USR button in

the push button bar to show all user-

switch to

montages that are available for this file.

Select the predefined montage AC9D.

13. The continuous 27-channel EEG data has

been transformed to nine source
waveforms. We want to use the advantage
of having contrasted the activities of the
apply

frequency analysis to the nine source

different waveforms to time-

waveforms and analyze the connectivity

between them.

14. Select ERP / Open Paradigm to load the

predefined settings in file

in the Paradigm

directory.
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'-JPa'adigm

15. Conditions StOn and OscOn were |

Togger  Condtion | Epoch | Fier | Adifact | Average | Coherence |

predefined to represent triggers 1 and 2. | *~ e e e N
e : e |
200 events are detected for stimulus onset . o —
. . Condition Count
and oscillation onset. s o
o o Oscon Cument code Is 2 a0 |
oR
¥
Eile
Load
Seve As
oK | Cancel ] Help ‘

! Paradigm

16. View the Epoch tab. The epoch settings

Tigger | Condion  Epoch | Fiker | Adisct | Aversgs | Cohersmcs |

Be Beject Stienal Delay
Stent Posision [m— ms || [000 ms | Faano PR T | T—
long epoch including a baseline of 400 ms | o= o e
for TSE. Note the different settings for both It | e

- Current Assighments

conditions. The later oscillatory onset e e s B e

requires an earlier baseline prior to stimulus
iows |
onset. Samis

oK Cancel | Hep |

have been predefined to span a sufficiently

. . . | paradigm
17. In the Filter tab no filters are selected, in | " L. o e | e oo | oo
order to obtain undistorted results of the Lo . e
time-frequency analysis. In the presence of I e B
.. . High Culolf
strong low frequency activity, it can be e [
Frequency [35.00 Sloge [2adbjot -] Type [corophase -]
useful to set a low cutoff of 0.2, 0.5, 1, or Nl )
[~ Ensbled for Aweraging
Load
16 HZ Fraguency [F000 (i) Whth 50 (Ho) Seve As

oK Cancel Help
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18. Select the Artifact tab and press Start

19.

20.

Scan. Artifact epochs are automatically
identified and excluded according to the
default thresholds displayed in the upper
right corner. Sort by amplitude, gradient
and by the
corresponding item in the Sort by box. The

low signal checking
suggested threshold settings do not have to

be modified for the current file.

Select the Coherence tab. The Condition
drop down menu allows choosing one
condition for event-related time-frequency
analysis. The time-frequency sampling
settings in the Settings box are only
relevant if you want to use the built-in
Source Coherence module. We can ignore

them for the moment.

Press the button Start Connectivity. Data
is exported for BESA Connectivity.
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Trgger | Condibon | Epoch | Filter

Risjection Method
I Fued Thresholds
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e |

Channels
UselorAv. @ EEG € MG ©

= ,FI_”m

[+ Gradient [750 r'n' 750 -
[ LowSig [000 'T oo =]
'_ll color

Count_Accepted Condiion

200 168 (64%) StOn
200 163 (84%) OscOn

Bod Channels

EZTmET. 2 o aae WO )

Soitby Eile
- it
iy Load
0 € Gradient
Tiial 4 Sove s
L [ Log Displsy " | LawSignel
oK cancel | Hep |

Paradigm

Trigger Condtion | Epoch |

& Time Frequency Analysis

Fiter | Atfact | Average

Target Condition

i Coerenee

~ Importart note: Time-Frequency Analysis s for research use only. Results may not be used for diagnostic purposes! ———————

I™ Use Control Condtion

= = o
etting: Regional Soun
Frequency and Time Sampling 20Hz. 25ms - ¢ Radial Orientation
Lower Frequency Cutoff 20H: - Al Traces
Higher Frequency Cutoff 50.0 Hz - " First Orientation
Sean for Atfacts | Start Copnectiviy | Start Time-Frequency Analysis |
OK | Cacel | e |
Exporting to simple binary matrix >

&bt
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21. Subsequently, a file dialog is opened to | & sdeBesa comectiiiyprogram *
L Look in | Connectivity 1.0 j L] EF '
select the BESA Connectivity program. * v - Detemodiicd | Type
. Quick imageformats 11.04.2018 17:00 File folder
Please select the file L":e“ platforms 110420181700 Filefolder
System 11.04.2018 17:00 File folder
in the insta”ation directory Of BESA Deskiop iQBESECDHHECt\VIty.E}(E 06.03.2018 16:27 Applicatic
- [E hasp_rt.exe 03.07.2017 15:18 Applicatic
Connectivity (default: —_
) and press =
This PC
Open. Note that this step only needs to be =
Networke < >
performed once, when starting BESA File game: [BesaConnectivty eve = Qpen
L. . . Files of type: |Connec1|vﬂypmgramname {".exe) j Cancel
Connectivity for the first time. (To change o | =

this assignment at a later stage, hold down
the Shift key when clicking the Start

Connectivity button).

E. Time-Frequency Analysis with Simulated Data

1. BESA Connectivity will open. Press Accept BESA® Version 1.0 Aprl 2013

- BESA GmbH, 82166 Graefelfing, Germany
CO“neCthlty Copyright @ 2018 - all rights reserved.

in the welcome screen.

[ coren

2. When BESA Connectivity is opened for the | @ sctinesesa omeciviy ete Foise *

Please select the BESA Connectivity Data Folder.

fIrSt tlme, the project folder needs to be All project data will be saved to this folder.

MNote: if needed. you may switch between different BESA Connectivity Data folders using the menu item
defined. This is the folder where BESA

‘File — Select Data Folder.

C:\Users\Public\Documents\BESA Connectivity\Projects\
Connectivity stores and reads all project oK
and result data. A dialog box appears.
Press OK to confirm the pre-selected
folder.
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3. A new time-frequency project is started
automatically. To compare results from
different time-frequency decompositions,
also enable Wavelet Transform using
Morlet wavelets. Press Next on the bottom

right (or hit the space bar).

4. Press Load Data for StOn in the

interaction window.

5. Please browse to the folder
(or

and select the
AC_Osc20_StOn_AC9D.generic file we
previously exported for condition “StOn”.
Press Open.
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| 1YBESA

Load Data for StOn |

# Quick access

&3 Dropbox
= This PC

@ Network

*4 Homegroun

ThisPC » Documents » BESA » Ressarch 7.0 » Export

AC_05c20_510n ACID gensric

File nome: | AC_Osc20 S10n_ACID.generic Generlc Files (*generic)
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6. A summary of the loaded file will be

displayed in the main window and a green

tick-mark will appear next to the Load

button. Press Next on the bottom right (or

hit the space bar) to go to the next work

step.

© BESA Connectivity 1.0 - New Connectivty project
Ele EGt View Ewot Help
Set Parameters
NS dw w
Time Frequency Anslysis
Set Project Targets
Load Data

L4

Set Parameters.

1504 ACOR_ACID

100

FriJacso

FrRlACSO

Ston

‘Condition name (from file):

Filename:

Number of trials:
Number of channels:
Sampling rate:

Epoch start:

Epoch end:

Epoch length:
Pre-stimulus interval:
Baseline start:
Baseline end:
Padding:

Stan

C:iUsers/RobertDocuments/BESAS
Research_7_0/Export/
AC_0Osc20_StOn_ACID.generic

400 20

2m
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- o
<\
s
Time.frequency Sefings
Sewct Trws
] o |
Tral 1
Trei2
Tral3
Tral
Trals
Tral6
Trel7
Trel s
Trals
Trel10
Trai 1
Low Frequency Cutoft
108z
Hah Frequency Cotoft
1500z
Wavelt Setings.
Wayekt Type. Woret
Wavelet vodth < >
MNumber of Oschatons € 7[>
Complex Demodutio Setongs
Trme.requency Sameing
<osnzoms >
St0n
k]
Dapiay Lot Daplay TopRint
4 Average 1 B conston 1
Sekct Source
€ ACPR_ACSD
Cumest Latency s}
o00] [€
Dply Setings
800 Latency [x10E3 ms] et
x
<
=
<1
oo
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7. Waveforms of the currently loaded dataset are visualized in this work step. The signals of all
sources for the currently selected trial are displayed in the main window. An average over all
trials for the selected source channel is displayed in the left detail window. The right detail

window shows the waveform of the current trial for the selected source.

8. Trials containing artifacts and/or noisy

Time-Frequency Settings
signals can be excluded from further ,
Select Triale
analysis by removing the green checkmark " e
icon to the right of the corresponding trial =
Trial 2
with a left-click. However, this is not Trial 3
. . . Trial 4
necessary for this dataset since artifact Trial
rejection was already performed in BESA 1:::?
Research. Trial &
Trial &
After removing unwanted trials, the average 1::: 1? I
is recomputed and displayed in the left
detail window for the currently selected
source channel.
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9. Different source channels can be selected

in the drop-down menu of the interaction Display Lt Ospley TopRiant
Average 1 Condition 1
window. Select Source
|| acpr_acoD | >

ACpR_ACSD

Current Latency [ms] | ACpL_ACSD
{ AC=R_ACSD
ACsL_ACSD
FrR_ACSD
FrL_ACSD
Display Settings Prid_ACSD
OrR_ACED

Scalg OrL_ACSD
< >
Zoomx 1.0
< >
Previous Next
10. The Time-Frequency Settings section Low Frequency Cutoff
provides drop-down boxes to define the 2_'” Az v
High Frequency Cutoff
frequency interval. We will use the default 150.0 Hz -

frequency range of 2.0 Hz to 150.0 Hz.
Wavwelet Settings

Wawelet Type: Morlet

Wavelet Width < >
Number of Oscillations ( )

Complex Demodulation Settings

Time-Freguency Sampling
€ | 0.5Hz, 100ms ||
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11. If Wavelet Transform was selected in the first work step, the Wavelet Settings section is
displayed. The parameter Wavelet Width determines the length of the used wavelets in
standard deviations of the implicit Gaussian kernel. The parameter Number of Oscillations
defines the width of the wavelets in number of cycles. ‘Shorter’ wavelets will provide a finer

temporal resolution at the expense of a coarser frequency resolution and vice versa.

The Complex Demodulation Settings section is displayed if the method was selected in
the Set Project Targets work step. For the time-frequency sampling, a compromise has to
be made between high frequency and low temporal resolution or low frequency and high
temporal resolution. Default time-frequency sampling is intermediate with a frequency

sampling of 1.0 Hz and a time sampling of 50 ms.

Press Next or hit the space bar to continue.

12. Press Run Time-Frequency Analysis to :

'BESA
start the time-frequency decomposition <
using the selected methods and defined
i ww. |
settings.
\.\\\ ’
L Il
-
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13. An information window appears =@ BESA Connectivity X
Summarizing the settings for the time- | Eesﬁing;fur running the time-frequency analysis are as follows:
1 avelel semngs:
frequency methods. Press OK to continue. use Morlet wavelets.

Wavelets width: 3

. . Wawelet oscillations: 7
Please note that the following calculations Complex Demodulation settings:

. . . Time-frequency sampling: 0.5Hz, 100ms
can be time-consuming depending on the

selected methods, settings, type of data oK
and the data length.

@ BESA Connectivity 1.0 - New Connectivity project o X
File Eot View Export Help

Perform Calculations 1 BESA
FdEe :

Time Frequency Analysis

Run T Frequency Analysis v

Set Project Targets v
Load Data v
Set Parameters. v
Perform Calculations 3
B e S——
i Compex Demoduston
i R
2- & e [ Ampitude
Ampitude 0 s 0 pover
Il Deplay Lot Disply TopRnt
% TR ) Average1 4 conduon 1
0 ACsR_ACSD E ACSR_ACSD Select Source . — -
! £ m 2 Curment Latency fms]
= i g 1 500000] [ € [ ] >
T : i ik o ‘Current Froquency iHz]
e ; - ! il N 5 i ECIE i | >
40 ( ) 1 | —
! ISR : ! : n Deplay Sefings
400 20 0 200 Al ms] 250 0 250 0 750 Latency [x10E3 ms]
sasexto
<1 >
R ——— Zomxto
Note:ADD NOTE F REGURED. < >
e - e BESAL
e Poan
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14. After all calculations are completed, the Temporal-Spectral Evolution (TSE) visualization for
the selected time-frequency method is displayed in the main window. TSE shows the
power/amplitude for each time-frequency bin, normalized to the mean power/amplitude of
the baseline epoch for that frequency. Whether amplitude or power is used for visualization
can be chosen in the Select Display Type section of the interaction window. Absolute

power or amplitude values can be displayed when selecting the ABS option.

The left detail window shows the averaged waveform of the currently selected source,
whereas the TSE/ABS visualization for the currently selected source is displayed in the right

detail window.

For Complex Demodulation, induced activity around 25 Hz appears in channels ACsL and
ACsR in the latency range of 400 ms to 800 ms. The short mono-phasic time-locked activity
of the sources ACpL and ACpR is revealed in the latency range of 50 ms — 200 ms. Wavelet

Transform shows induced activity in a narrower time window from 550 ms to 740 ms.

@© save Project As... x

15. Press Finish to save and close this time-

roup Project Date Hodificd
Time-Frequency Projects

frequency project. Please enter
as Selected Project name and
press Save to store the project and go back

to the start-up screen.

Selected Group: [Tme-Frequency Projects [ save_ ]

Setctea profeet [OTACSD ] [ conee

ProjectType: | Time-Freguency Projects
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F. Connectivity Analysis with Simulated Data

1. Press Connectivity Analysis to start a LHEOA
new connectivity analysis workflow.
2. The first work step provides an overview of
all connectivity methods that are available. Select Connectivity Methods
selected folder. Well-established methods Coherence (Rosenberg et al, 1989)
like Coherence, Imaginary Part of Imaginary Part of Coherence (Molte et al.,
. 2008)
Coherency and Phase Locking Value are Phase Locking Value (Lachaux et al,
supported, as well as state-of-the-art 1989)
. . . Granger Causality (Granger, 1965
methods like Granger Causality, Partial & _g _ s ;
Partial Directed Coherence (Baccala and
Directed Coherence and Directed Transfer Sameshima, 2001}
. Directed Transfer Function (Kaminski
Function. Please select all methods to and Blinowska, 1991)
enable a comprehensive comparison of all
options.
Press Next on the bottom right (or hit the
space bar) to get to the next work step.
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3. Press Select Time-Frequency Input | —
Project to load the currently saved time-
frequency results for the StOn condition. A
summary of the loaded data file is shown in
the main window.
Press Next or hit the space bar to continue.
Selected Group: | Time-Fraquency Projects
@ BESA Connectivity 1.0 - Time-Frequency Projects - New Connectivity project - o X

File Edt View Export Help

Set Parameters N BESA
S ob e :

Connectiity Analysis

Set Project Targets v
Load Data v < s
| tes’
Set Parameters =
1
o SeloctTie Frequency Uetnod
j Camplex Demoduaton <
2 SckciDaphyType
& e [ Ampuce
Ampliude O aes [ Power
%]
! Dsplay Left Dsplay TopRight
£ Average 1 4 conation1
15| ACPR_ACED ¥ 7 [acpracen Select Source < -5
. £ o) 2 Carent Latency frs]
e At b o —— PRSI | U 1 owe] [« I >
50 ’ k. 0 ‘Current Frequency iHz]
& - i 2000| [/ >
9
T ¥ T T T T T Dsplay Semngs
400 200 0 200 400 500 800 Latency (<1053 ms] 250 0 20 £l 760 Latency [x10E3 me]
Scax10
I <1 >
s Zoomx 1.0
< >
Previous

4. Results from the selected time-frequency project are loaded and displayed in the Set

Parameters work step.
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5. The Non-Parametric Methods Settings
) ) Non-Parametric Methods Settings
section provides parameters for the

calculation of the non-parametric methods Number of terations | & >
(Granger Causality, Partial Directed Tolerance < >

Coherence or Directed Transfer) and is only

available if one of them was selected.

The parameters Number of Iterations and Tolerance are required during the factorization
of the cross-spectral density matrix. For every iteration, the estimation error of the spectral
factors is recomputed. If the estimation error is lower than the Tolerance threshold, the

computation is terminated.
Press Next or hit the space bar to continue.

6. Press Run Connectivity Analysis to start P

the connectivity analysis using the selected C
methods and defined settings.
7. An information window appears @ BESA Connectivity X
Summarizing the selected Connectivity The seftings for running the connectivity analysis are as follows:
! - Run Coherence
[y . - Run Imaginary Part of Coherence
methods as well as the specific settings. _ Run Phase Locking Value
. - Run Granger Causality
Press OK to continue. Please note that the - Run Partial Directed Coherence
- Run Directed Transfer Function
fO”OWlng CaICUIathnS can be tlme- Settings for non-parametric methods:
. . . Number of iterations: 100
consuming, particularly if one or more non- Tolerance: 0.8
parametric methods have been selected.
o
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@ BESA Connectivity 1.0 - Time-Frequency Projects - New Connectivity project
File Edt View Export Help

Perform Calculations
; 2 d e

Connectivity Analysis

L L4

ol 1 - = - == NI S o o

B ] [T
- [T (T .|
i __ I s

= i NI

- (L T T RS

g ¢ e R B i IS
- [ ] [T ST T e
- ([N T T ]

Connectivty analysis finished successfuly.

Note: ADD NOTE F REQURED.
more information about

H 102

&
| ————— | ——
00

this Workstep see the Perform Connectivity Analysis secion © the descrpion of the BESA Connectiey Werkdiow

8. After all calculations are completed, the results of Coherence based on Complex

Demodulation are displayed as a matrix view. Normalized power spectral densities are

displayed on the diagonal of the matrix.

The detail windows show the connectivity between the selected pair of sources. Since

Coherence is a symmetric measure, it does not provide information regarding the direction of

information flow between any pair of signals. Therefore, the displayed matrix is also

symmetric.

Choose ACsR in the Select Left Source drop-down box and ACsL in the Select Right
Source drop-down box. As expected from the simulation, high correlation between the two

channels is shown from 400 ms to 800 ms at a frequency of 25 Hz. There is practically no

coherence with all other channels.
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@ s 10-Ti NewC y - &8 x
Fle Edt View Emot Help

Perform Calculfﬁons /\}; B E SA

NEdEdRe
oty Ay ‘ - —Y

Set Project Targets

Load Data

L4

N A e AT A WD e e Swce Boxs

Set Parameters

Lo oo - st I o
aod VS 1
p 9 5 1 e
St 10 1 I I | B T
~ [EEAT AT EEA T
-~~~ o
a1 IENETE IR0 IETE T
- [E T

PR
v Vv VMV

1
50 8

e ——

10
n3g Coh
20 E 500 750 Latoncy [xI0E3 ms] 20 0 2 500

Connectwry analysss fisned successuly

Note: ADD NOTE ¥ RECURED.
For:

9. Select Imaginary Part of Coherency in the Selected Connectivity Methods drop-down box.
This method is able to determine the direction of information flow and returns positive values

to indicate information is flowing from source ACsR to ACsL.
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@ BESA Connectivity 1.0 - Time-Frequency Projects - New Connectivity project

fle Edt View Ewot Help
Perform Calculations
SSE e
Connectivity Analysis
Set Project Targets.
Load Data
Set Parameters

|_Perform Calculations

R

e [ LTI AT AT I T T

aiNININININININNN

=]

(=]

L]

=1L

L]

1L

LT

[ [

LI

1

LT

L]

L]

%

Conneetvy analyss fsnes successfuly

Note: ADD NOTE F REQURED.
For:

%

500

780 Latency [x10E3 ms]

[L1I B

\

|

L. IL.1
B

|

]

\

L1

500 750 Latency [«I0E3 ms]

1VBESA

——

Select Consectviy Method
Granger Causaty =
Seiec Tre-£roquency Hemos
Conplex Demoduaton
[ Stow 30bode
Display Left Dislay TopRight
& aversge 1 2] Condron 1
e Dagons!
Select Lot Source
e
Select Rt Source
ACSL_ACS0 >
Curent Latency ]
o] [€ 1 >
Corrent Frequency [v3]
[z (€ >
L Average over Tme.
O Aversge over Frequency

Dholey Seinga
ookt

— <1 >
Zoomx 10

<1 >

e | [ ]

10. Select Granger Causality in the Selected Connectivity Methods drop-down box. Granger

Causality is rather insensitive to noisy signals and will provide stable and reliable results even

for poor signal-to-noise ratios. Furthermore, Granger Causality results show less spurious

connectivity among all sources.
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@ BESA Connectity 10- Time-Frequency Projects - New Connectivity project = K
Ele Edit View Exod Help

Perform Calculations 'w BESA
= ] 4

Connsctivty Analysis
Set Projact Targets
Load Data

L L8

Set Parameters
Perform Calculations

Sekect Consecvey Uetnos
Granger Causalry

Select Time-Frequency Method
Complex Demodulsion

[ Show 30 Mode

Dspay Lot Dapiny TR
2 Aversge 1
[ Hise Disgonst
SesctLen source
ACSRACSD >
Select Right Saurce
< Acal_Acio >

CurtentLstoncy s}
&0000] €] [ | >

Current Froquency 2]

[0 Average aver Tme.
O Average over Frequency
10 100
10 10 Dapiey Setnge
Dagey
@0 05 @0 08 2 Consactity Srengtn
Sumtow
+ | —— um Cuttow
00 00 -
- - - Granger . et A
250 ] 20 50 750 Latency |+10E3 ms] 250 0 20 530 760 Latency [x10E3 ms) [ < | >
Scale
s0] [€ 1 >
Comnectity snabsis fished successiuly. Transgarency
Vete ADONOTE ¥ eqURED [ [« |
Previaus Fien

11. Select Show 3D Mode in the interaction window. The main window will switch to a 3D view
of a transparent brain with all sources and arrows between connected sources. Select a
current latency of 600ms and current frequency of 25 Hz to visualize the Granger Causality
for the simulated induced activity. To increase the size of the arrows, please use the Scale
slider in the Display Settings sections. There is only one prominent arrow indicating the

information flow from source ACsR (green dipole) to source ACsL (pink dipole).

@© Save Project As. X

12. Press Finish to end and save the current p— m— p—

/ TimeFrequency Projects

project. Save it under an appropriate name.

Selected Group: [Time-Frequency Propcis [

Selected Project: [StOn ACSD || cancel |

Project Type: | Connectiviy Projects -
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G. Time-Frequency Analysis using an atlas beamformer virtual sensor

montage

We will now move to a real data set. Since it is not always easy to come up with a robust and

accurate dipolar source model, we can use the approach of atlas-based source montages

instead. To improve sensor specificity, this can be combined with beamformers (cf. Hillebrand
et al., Neurolmag 59:4, 3909-3921, 2012). Our data set is the previously used Visual Motion

example.

We have already created an Atlas Beamformer source montage for this data set in Tutorial 9.

We will now use this source montage to proceed further to time-frequency analysis.

1. InBESA Research, select File / Open and

browse to the

Open the data set

. If you had not opened it

before, the Channel and digitized head
surface information dialog appears.

Otherwise, please press CTRL-L to open

it.

2. In the section Coregistration, click the

Browse button. In the dialog

appears, go up one folder, and select file

BESA Research 7.1 Tutorial
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Channel and digitized head surface point information x
Internal data fil information
Data file: C:\Users\PubliciD ch_7_: D foc
Format: Neuromag 122M; Database file: 00000019.fst
No. of channels: 131: ; 121 MEG sensors; 7 intracranial; 3 polyaraphic J
Please enter channel definition and coordinate files in the spaces below.
Please don't forget to check the radio buttons!
Suggestions
The following auxiiary files were found.
Specify whether or not you want to read the file or select a new fles
‘Yes No File name found
Channel configuration (*.el?) ——
(o [ Good Browse... Edit
Digitzed head surface points (*.sfp, *.eps) and labels (=:sfr)
[ol 19 points in data file Good Browse... Edit
& VFlowFeld.sf 12 locs; fducils found; urits Good Browse. .. Edit
I Eletrade labels non-canforming to 10-10 or 10-5 standard Hlectrode thidness (mm): 0,00
Coregistration file (*.sfh) or head center (*.cof)
& Ci\UserePubiciDocuments\BESAReseard. O Good Browse... Edit/Coreg.
MEG sensors (%.pos, *,pmg) =
® © Good _Browse.. | Edt
Artifact coefficients (*.atf, =.art) =
o & Good Browse... Edit
Clear DB Clear Events Help ‘ TEC Cancel
B Load Coregistration Infio or Head Center Coords =
Look i [ MEGMES Vo Mcticrr =] «®cim-
i Harme Date mocsied Type sire
Backup OMENBIZIS Fibefolder
Cuick access
R Dita OUOD0IE 1M Flefolder
[Fg 1l FlowFithd ACPC.sfh 180072010 123 SPHFae 1]
Desitop
n
Urares
Tha PC
Hetwadk
Flow ol b [Corogaration e s} =l Cancel |
Directones |Data drectory -
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3. Press OK to close the Channel and
digitized head surface information

dialog. The file opens.

[« p]

e
i o
| O I r— P 05 T BT e Grgnd— Borearr— Baa

4. Click the Usr button and select the source
montage AAL_BF-test.mtg that we
saved in Tutorial 9 (if the montage is not
there, then please go back to Tutorial 9 E

and repeat the steps of this section).

5. We will now reduce the number of [3e8iiifiiisssmansenrsssasy
channels in the source montage to the
ones that are relevant for visual
processing. Close the Source Analysis
window. In the Review window, press the
EDM button. The Montage Editor opens.
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6. In the list in the center, mark the first
channel, and, using Shift, also the
channel #34 (Cingulum_Post_R). Then
press the DEL key to delete all these

channels. That leaves 40 channels.

7. Now repeat this for the channels 15-30 $* Causers\Public\Do

(Postcentral — Heschl). Then also delete S ﬁm.
_ «~ Bz d .
the Temporal-Polar channels by pressing
CTRL and marking channels (17, 18, 21,
22) and pressing DEL. This leaves 20
virtual sensor channels. Press the left-
most toolbar button to save this
montage. Save it to the Data folder, with
the name AAL BFVisTmp.
8. Inthe Review window, scale the channels w ; \M Mwm mwz WTWWWM»«WM “WLMW
to 10 pAm. You can now see the - ~W"-;:;m /WMW:” ﬁ wM.wI4XT“ Wm“xw
)
activation patterns. Wﬂm o ~w~ w«
"og Ww,:;;li; Mr:f"““"’ = “‘”*”"““X:’i“;ﬁﬁ‘f:
:.ff.,':f\ - ‘“'*";“’"““ e R
- s WW R %M*ﬁ:“m:m

L L T N g m,m, ww‘a.h A,N,/M,,, ’\w M Ny s M\«_» oy vum.kﬂm\ A
B il " Paa A ARty = PO g AN it e P
N N mw’w‘""‘wm«,.www I A A A O g1 AARAMASA AN S b AN AN

WM"«"*WM 0 IR A AT A N A DA s AT 5t A O N
e e '\mwa\\wmww ‘,Mw‘wwmf,'fwv AR Pt S AT A
‘.["']N'[”' m Y v T e 1%
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9. Press the ERP button. Go to the Epoch
tab and select condition Motion. Since
connectivity analysis is quite time-

consuming, we will shorten the interval for

this tutorial: In the boxes for the Averaging

Epoch, enter -100 ... 400 ms. Then press

the button Assign to Selected.

10. Go to the Artifact tab and re-run the
Then the

Coherence tab, and select the condition

artifact scan. move to
Motion as the target condition. Also,
select All Traces in the Regional Sources
Then the  Start

Connectivity button.

section. press

11. In BESA Connectivity, select Wavelet

transform and un-select Complex

demodulation. Press Next.
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Paradigm ? X
Trgger | Condtion  Epoch | Fiter | Atfact | Avewge | Cohernce |
Averaging Epoch -~ Bassiine Defintion | - Arifact Rejection - Stimulus Atifact — - Delay ——
Stat Pastion fo— m [Fooo m= [0 ms |50 m B8
End Postion |4uo ms ID 0 ms |4ﬂu.ﬂ ms ID.D ms || ms

Aasign to All | Assignto Selected I Undo Changes

Current Assignmerts

Condition Averaging Epoch  Baseline Defintion  Artifact Rejection  Stimulus Artfact Delay
-100..400 ms -100...400 ms

Static -400...800 ms -100..0ms -400...800 ms 0.0ms Oms
e
Load |
Save Asl

ok Cancel Heb |
Paradigm ? X
Trgger Condtion | Epoch | Fier | Atfact | Average Coherence

r~ Important note: Time-Frequency Analysis is for research use only. Results may not be used for diagnostic purposes!
@ Time Frequency Analysis Target Condtion I Use Control Condtion
Moton______|Kd Static E
Settings Regional Sources
Frequency and Time Sampling 2.0 Hz. 25ms A € Radial Drientation
Lower Frqusncy Cutoff | & Al Traces
Higher Frequency Cutoff 60.0 Hz hd " First Orisntation
Scan for Atfacts | Start Connectivity | Start Time-Frequency Analysis |
oK | cancel |  kep |
Select Time-Freguency Method

D Complex Demodulation
Wavelet Trans form
Wavelet Morlet
I:‘ Wavelet Mexican Hat

Define Number of Conditions

Number of Conditions

Define Condition Names

Condition 1:

Page 342 of 446

www.besa.de




BESA®

Tutorial 12 — Time-frequency Analysis, Connectivity Analysis

and Beamforming

12. Press the Enter key twice to walk through

the next steps until the data set is loaded.

13. Press Next again. In the settings for the
wavelet transformation, use 3 oscillations,

and then an interval of 1Hz — 50 Hz.

14. Press Next and then run the Time-
Frequency analysis. Then cycle through
the channels using the left-right arrows
in the section Select source. There is
some beta band synchronization in the

lateralized occipital regions.

15. Click the Finish button and save the
project to a new folder (e.g. folder name

, project name

BESA Research 7.1 Tutorial
Copyright © 2024

BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

Low Frequency Cutoff
1.0Hz

High Freguency Cutoff
50.0 Hz

Wavelet Settings

Wavelet Type: Morlet
Wawelet Width

Mumber of O=cillations

BESA

T ]

Page 343 of 446

www.besa.de



BESA®

Tutorial 12 — Time-frequency Analysis, Connectivity Analysis
and Beamforming

H. Connectivity analysis using atlas-based beamformer virtual sensors

Now let us analyze connectivity using this time-frequency decomposition in source space.

1. In BESA Connectivity, start a Connectivity
workflow. In the work step Set Project Select Connectivity Methods

Targets, check three methods: Coherence, Coherence (Rosenberg et al, 1989)

& &

Imaginary Part of Coherency, and Granger Imaginary Part of Coherency (Molte et al.,

2004)

Phase Locking Value (Lachaux et al.,
1909}

Granger Causality (Granger, 1559;
Geweke 1982)

Partial Directed Coherence (Baccala and
Sameshima, 2001}

Directed Transfer Function (Kaminski
and Blinowska, 1951}

Causality. Then press Next.

O

0O O

2. Pressing Enter three times will load the | runcacustons

previous data set that we just saved. Press . o

Calculate Transfer Matri< for Condition 1 (Wavwelet Transform})

Next (or Enter) again to show the previous B
time-frequency result, and the non-
parametric method settings. We will not
change the settings. Press Next again and
then start the computation of the
Connectivity analysis. This will take some

time.

View Export Help

3. The display now shows a large matrix, With 7, oo mnser
. . . Show Information Window
20 channels having two orientations each. | & | semsaaronse

Large Font Size

There is a large amount of coherence, but i | emtreromsz

Settings 4 Sequential Colormap ¥ )| standard

some of it will be due to noise modelling = v Onerging Calormag ¥ | Rainbaw

Viridis

arameters 4

artifacts in the inverse processing. Check
the Hide Diagonal check box to get a better

orientation in the matrix. In the View menu,
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open Settings, then Sequential Colormap

and select the map Viridis.

4. Switch to the Connectivity Method Granger Display Seftings

Causality, and scale up to a factor of 8.

Scale x 8.0
Zoom the display to a factor of 2. Then drag < I >
the sliding rectangle beside the zoom Zoomx 2.0
control so that you can see the top rows. In < I >
the 12" row, select the 8" column. This will
bring up the Granger Causality between
Lingual R (orientation 2) and Cuneus R
(orientation 2).
@ B8ESA Connectivity 1.0 - Flowfield - New Connectrvity project - L] X
Elle Edt View Ewort Help
Perform Calculations .
e ' BESA
Connectivty Analysis [ Runcomechaysars | of
Set Project Targets v
Load Data v
Set Parameters v
~[>
>
: >
I | |
SRR L L e < >
o[ ]
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5. Click onto the peak at about 160 ms, and
12.5 Hz. Then check Show 3D mode. This
will show that the lingual area passes
information to surrounding areas at this

time and frequency.

6. Check Average over Frequency and setan = |

interval of approximately 12Hz-15Hz. You ‘

can see that in this interval, the peak ..

information transfer from the lingual area is

at around 150 ms.

7. Adjust the threshold to 0.3 and change Select Left Target Source
latencies. It becomes apparent that there is € Occipi. Ro2 P

. Select Right Target Source
also connectivity between temporal areas <[ Fusifo. Rot - >

and occipital areas. You can hover over any
channel in the 3D plot to see the channel
label, and then change the channel in the

target source plot.
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8. Also, check the Imaginary Part of ©.

Coherency - this shows different

connections, which are strongest for lower = ... I oo

frequencies. But when looking at
Coherence, the rise in connectivity between
Lingual R (orientation 2) and Cuneus R
(orientation 2) is also visible, if somewhat
less pronounced compared to Granger
Causality. Press the Finish button to save

the project, and close BESA Connectivity.

In summary, Atlas-based beamformer virtual sensor montages are a potential solution if no
clear source model is available for the conditions. In MEG in particular, beamforming
provides a reliable estimate of activity at a location of interest; the beamformer spatial filter

successfully suppresses activity from other locations.

. Optional - Time-Frequency Analysis with Error-Related-Negativity
Data

We will now move to a real data set of an experiment on error-related negativity. It consists

of a 128-channel EEG recording where bilateral visual stimuli were presented to the subject
with a specific discrimination task. The subject was supposed to respond with a mouse click
as fast as possible. Right and left hand response trials were mixed to obtain a large number
of ERN trials (cf. Luu P, Tucker DM. Clin. Neurophysiol. 2001, 112:1295-1306).
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9. Go back to BESA Research and open the |8 spaafie *
. Lock in: | || TAC-Emor-Related-Negativiy - «®merE-
data set Correct+Error.foc in subfolder F - Datemodfed | Type
.. i correct<Error foc 1370372008 1878 T EGC Fille
TFC-Error-Related-Negativity of  the ‘“”‘:“ -
Examples folder. This data set was | e
converted from concatenated ASCIl |
segments with intervals of 1s before and 2s TPPC
after each visual stimulus. =
Network < >
File name: ICorrect+Ermr.fac j Open
Files of type: | Curert Fle Type (“foc) =l Cancel
Folders: |Data Folder =]
10. The first block of the file contains correct - | e e o e

responses (stimulus trigger 31, response
trigger 41), the second block the erroneous
responses (triggers 32 and 42). If you don't

see these trigger numbers, then go to

Options/Display and switch off Show

Internal Trigger Names Instead of
Codes. The concatenation of different
segments without segment markers causes
jumps and trailing artifacts from the
boundaries when filtering the data. We will
adjust this filter in the paradigm definition.

0 9658 Resmmc 71+ G ek TG et Mg e

11. Press the Usr button in the control ribbon | s e e e o e o T 5o oo e o e T T s

B Ut G S [ SRS WGt SRS SRS SR e s S SIS EY NI PET

and select the source montage ErN. Data
are transformed to 11 sources, which
model the following brain areas:

e Visual cortex (Vi) — 3 sources

e Basal temporal lobes (Tb) - 2 sources
e  Motor cortices (MC) — 2 sources
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e Cingulate gyrus (Cg) — 2 sources

e |n addition, two dipoles were modeled in the
left and right eye to account for blink

artifacts in the data.

12. Select ERP/ Open Paradigm and open the | 8 e Perdiam descrption Fie *
. . Lo . Look in | Cognitive j & EF Ed-
predefined  paradigm  definition file & - Datemodfed | Type
. . . ERN.PDG 17/12/2009 20:31 PDG File
This will open the | Gueaces
[ |
Condition tab of the ERP menu. Deskiop
m
Libraries
W
This PC
Nﬁm < >
File name: [~ PDG =] Qpen
Files of type: [Paradigm Files (".PDG) =l Cancel
Directories |Parad\grn Directory j
. . Paradigm ? X
13. The Condition tab shows four predefined | ... coun | me | m | s | s | conone
conditions:  correct and  erroneous - dE e GG
s Not 31 M’"m
responses (Rp-Cor & Rp-Err, mouse Nt 2 e |
42 Delete
clicks), and the preceding visual stimuli (St- = == co
a:g{ %gl [StEr g:rremname Is "St-Er" ~
H H t-Cor 7 lext name: Is “Rp-Er” AND
Cor & St-Err). By appropriate logical @} W s fﬁ
and
expressions, contingent stimuli and e o —o
. Previous name s "St-Er"
responses have been SeleCted WhICh have Brevious nterval I Less Than 200ms 5= =
. . . ;rrvewous interval Is Mare Than 140ms g;wk
a reaction time window of 140 to 400 ms. v
201 error trials and 307 correct trials fulfill com [ R
these conditions.
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14. Go to the Filter tab. The slow background
activity and these artfacts can be
sufficiently reduced by switching on a zero
phase low-cutoff filter of 1.6 Hz. As we are
interested in activity > 4 Hz, the slow
frequency artifacts will not cause a problem

in downstream analysis.

15. Switch to the ‘Coherence’ tab. In the
'Condition' drop down menu, select St-Err if
not yet preset. Check the box for Use
Control Condition and select St-Corr for
this condition. Thus, we will analyse the
correct responses as well as the erroneous
responses. Press the Start Connectivity

button.

16. BESA Connectivity starts if not already
open, and automatically launches the Time-
Frequency workflow. Check the boxes for
Complex Demodulation and Wavelet
(Morlet) and define the condition names St-

Err and St-Corr. Then press Next.

BESA Research 7.1 Tutorial
Copyright © 2024
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Paradigm ?
Trigger Condtion | Epoch Filter Atifact Average Coherence
Low Cutoff
[¥ Enabled for Scan [V Enabled for Averaging
Frequency [l Mzl Slope [12db/oct ~|  Dwpefwemphase x|
High Cutoff
I~ Enabled for Scan I Enabled for Averaging
Frequency [4000 [Ha] Sope [22dbroct -|  Twe [emphase -]
Band Pass Fle
I~ Enabled for Averaging
Load
Frequency [4000 M2l Widh [s00 a2l Save As
oK Cancel Help
Paradigm ?

Trigger

Condtion | Epoch |  Fiter Atfact | Average

Coherence

impottant note: Time-Frequency Analyss s for research use orly. Resuits may ot be used for diagnostic purposes!

 Time Frequency Analysis Target Condition
StEr -
Settings
Frequency and Time Sampling 20Hz, 25ms -
Lower Frequency Cutaff 40H: -
Higher Frequency Cutoff 50.0 Hz -
Scan for Atfacts ‘ Start Copnectiviy

[¥ Use Control Condtion
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Regional Sources
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" All Traces

" First Orientation

| Start Time-Frequency Analysis
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17. Now load the data for St-Err (filename IiEsA
) and

St-Corr  (filename
)- The information for

both data sets is shown.

18. Condition 1 data is shown. Adjust the high -== BESA
frequency cutoff to 50 Hz to remove effects - Y WM |
of the mains frequency at 60 Hz. Change / i i :
number of oscillations to 5. Rt S il Moy :

i G I

Note: You can click into the Selected Trials =

field and view individual trials. If you select

a trial in the lower half of the display, and
then click one below the current trial, you
can quickly toggle through all without
having to adjust the mouse position. No
major artifacts can be seen as we have

removed them from analysis.

Press Next.

BESA

19. Run time-frequency analysis. The TSE . —

display of the first condition (error condition)

is shown.
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BESA

e v

20. Scale up the display to 1.5. You can notice —=—

the strong desynchronization in the visual
cortex. Select channel CgP. This has the | & |

largest ERN amplitude at low frequencies.

21. Switch condition. The ERN is much less —-=

BESA

e v

pronounced in the correct response .

condition. Switch from Complex

Demodulation to Wavelet and select il
channel MCR (right motor cortex). There is - 8| =

synchronization at 6.5 Hz, and a [

desynchronization at 11-12 Hz. A similar e
pattern is found in the right visual cortex

channel ViR.

22, Press the Finish button and save the
project: Create a group ERN and save the

project under the name
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J. Optional - Connectivity Analysis with Error-Related-Negativity Data

Start the Connectivity workflow. Select the ===

following connectivity methods: Coherence,
Imaginary Part of Coherency, Granger
Causality, Partial Directed Coherence.

Press Next.

that you stored a
minute ago (it should be automatically
suggested). It will display the TSE display
of the first condition (error condition) again.
Press Next and then run the calculation
with the default parameters. After finishing
the calculations, it will show the matrix plot
for coherence of the first condition, using
complex demodulation. We can see a lot of

pre-stimulus alpha-band coherence.

Switch to Imaginary Part of Coherency. ==

Switch to Wavelet transform. Then click
on the channel CgA to show its connectivity
with CgP. There is a strong theta band
coherence between these channels, from
anterior to posterior cingulate. Double-click
into the right display to set the cursor at the

maximum around 5 Hz and 350 ms.

BESA Research 7.1 Tutorial
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4. Start the 3D mode by checking the Show e —
3D Mode box. Using the sliders at the

bottom, change the threshold to 0.4, the ~d =
scale to 3, and the transparency to 0.9. \(/o v /’6
Adjust current latency and current °

frequency to 356 ms and 4.8 Hz. (Note that

with wavelets, the frequency steps are non- e = +u

linear — the resolution is finer for low
frequencies than for higher ones.) You can
see varying network associations when
changing the latencies and frequencies, but
a very strong coupling between the
cingulate sources is predominant, as well
as connections to the temporal and visual
areas. Rotate the brain using left mouse
drag; use Shift-Ctrl plus mouse drag to

zoom the brain in or out.

5. Now we want to average over the time oo i

interval of interest. Check the Average

over Time box. Two new sliders appear. o i
Adjust the time interval for averaging from V;o A )b
296 ms to 440 ms. Now, for 4.1 Hz, the .

network shows very clearly the connectivity
between cingulate, temporal, and visual e,
areas. The motor cortices are not involved

at these frequencies.
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6. Switch to Condition 2. For this condition ~--

with correct responses, only very little

cingulate coupling is visible. o 0 e

7. Un-check the Show 3D Mode and the —-— BESA
Average over Time boxes again. Then = -
change Connectivity Method to Granger
Causality. Peaks are less prominent now.

Scale up to 2.0, and check the box Hide

Diagonal to hide the auto-spectrum. There
is some higher frequency coupling that now S — —
becomes apparent, but not in the cingulate
areas. Select the channel VIR where it

connects with MCR.

8. The selection window shows a peak from e i
VIR to MCR at approximately 13-14 Hz

BESA

around 150ms after the stimulus. Switch to J ’°b}’
condition 1 — interestingly, in the error % -~ b
. . . . o
condition, this connection is almost non- e
1 1

existent. Switch back to condition 2.
Double-click on the peak in the right O ——
selection window, then switch on 3D mode
to visualize this connection. Lower the
threshold to 0.2 and scale up to 6.0. The
Granger causality connection only shows
this one link; also, the ViR area clearly
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drives the motor cortex (indicated by the

cone that is wider at the ViR end).

9. To summarize the activity in the time range e

where the Granger causality appears,
check the box for Average over Time again,
and select a time window of 104 to 188 ms.
Lower the threshold to 0.1 Again, at 13.4
Hz, the connection from ViR to MCR is
apparent, as is some coupling within the
visual areas (ViR, ViM, ViL).

10. Quit 3D mode again and click on the first P

channel in the second row to show Granger
Causality between ViL and ViM. Scale up to
3.0 It is apparent that there is beta and low
gamma band activity before and shortly

after the stimulus, flowing from ViL to ViM.

BESA Research 7.1 Tutorial
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11. Switch back to condition 1. Again, the high ===

frequent activity is less pronounced in this

condition.

12. We now want to export the connectivity
data for the error condition in a video.
Change the method back to Imaginary Part
of Coherency and enable the 3D Mode.
Select a frequency of 4.1 Hz, set the
threshold to 0.4,

transparency to 0.8.

scale to 5.0, and

13. From the menu, select Export / Video / All

Windows.

BESA Research 7.1 Tutorial
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14. In the dialog, adjust parameters as follows: | @ Vide Eport rox
. . Video Settings Preview
Choose HD resolution and select a time
Resolution
interval for the recorded video from 56ms to HD: (1280 x 720 px) v

Start Time [ms]

656ms. Decrease the duration per latency < 1 >

End Time [ms]

step to 0.3s. < 1>
Duration Per Latency Step [s]
< >

Video Length [s]  Rotation [deg]$
93 [ 60

Background Color

Him) g
Recording

e < >

Save Cancel

15. Press the Recording button. Then press Save to store the video to a file on the desktop.

Open the video to play in the Media player.

. - _ @ Save Project As... %
16. Back in BESA Connectivity, finish the S
project and save with the name
[Tme-Frequency Projects | [save
Selected Project: [ERN 2cnd 4Methods ][ cancet
Project Type: Connectivity Projects. v
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K. Multi-subject analysis in BESA Connectivity

In group studies, it is desirable to perform the same analysis on all subjects and conditions,
and also to visualize the grand average. This is possible by selecting all relevant data at the
beginning of the Time-Frequency workflow.

As a pre-requisite, the epoched raw data need to be prepared for all subjects and conditions.
In BESA Research, this can be achieved in the following way:

1. Define the experimental paradigm and save it in the sub-folder.

2. Use the batch command Paradigm to load this paradigm (optionally, also add a batch
command to run an artifact scan).

3. Use the batch command ExportToBESAConnectivity in BESA Research to export the
conditions of choice. Enter the label of the condition as it is defined in the paradigm, or
the number of the condition.

Export to BESA Connectivity Task it

Information

Specify the target and contral condition here.
Time and frequency sampling steps as well as the
frequency range to be analyzed will be as
specified in the paradigm file

Target Condition

Label: |

MNumber: 1

Control Condition (empty if no contral)

Label: |

MNumber:

Target directory name

| C:\Jsers'\Public\Documents\BESA\Research_7_1\Cor

Browse... | Cancel |

For this tutorial, we will work with the pre-defined example data set (Connectivity GoNoGo).
This data set is a sub-set of a publicly available Go-NoGo experiment data
(https://openneuro.org/datasets/ds002680/versions/1.2.0). Electrode coordinates were added
according to the original publication by Delorme et al. (Cognitive Brain Research 19, 103—
113, 2004). In the animal categorization task that is analyzed here, participants were shown
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a set of 100 pictures in each run, of which 50% contained animals. They had to respond by
lifting a finger from a button whenever there was an animal in the picture.

A source montage was created in order to extract activity in the brain areas of interest. First,
two symmetric dipoles were fitted to the main activation of the grand average data. This was
then augmented by the source montage of the Fronto-Parietal Task Network. Finally, two
dipoles were added to account for the eye fields.

1. In BESA Connectivity, start the Time- Select Time-Frequency Method
Frequency workflow. [] complex Demodulation
Select the following time-frequency @ wavelet Transform
H Wavelet Morlet
methods: Wavelet, Multitaper. De-select (] Wavelet Mexican Hat
Complex Demodulation. Set Number of )
Conditions to 2. Name the conditions Define Number of Condiions
Target and Distractor. Press Next. -
Number of Conditions 2 o
Define Condition Names
Condition 1: Target
Condition 2: Distractor

Time Frequency Anslysis

2. Inthe next work step, click the button Load === Y
Data for Target. Browse to the folder into
which you unzipped the Connectivity

Examples, and then into the sub-folder

. Drag the mouse pointer over the file
names to select all, or press CTRL-A on
your keyboard. Then press Open. Repeat
this step for the sub-folder. All
data are loaded, and the number of
accepted trials for each subject and
condition are shown. Note that the montage

contains 12 (source) channels. Press Next.
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3. In the Set Parameters workstep, you see

B ’h\q Eyelt M

the Grand Average as well as subject
averages for the channels. The channel set = ™

. . . el i g u |
consists of two dipoles (D1 and D2) fitted to LS anln ncade o e/
the visual response, two virtual eye k| W . o
channels that pick up eye activity, two s r :

N j“-/‘ o ;ll\
channels for the dorsolateral prefrontal it Y l“ b st WA P
i Ao e d N S o

cortex, two for the frontal cortex, two in the - || =

£ a E] 0 D Latemcy fosl 3 0 ED £

Inferior parietal lobule, and two in the
Intraparietal sulcus. For the latter 8
channels, radial orientations were used in

the paradigm settings.

4. Toggle through the files using the list on the Low Frequency Cutoff

2.0Hz ~
top right, and notice the variability in the High Freguency Cutoff
60.0 Hz ~

data. Then adjust the parameters: Set High

Frequency Cutoff to 60 Hz'4, and Number
Wavelet Settings

of Oscillations to 4. Then press Next.
Wavelet Tvpe: Morlet

Wavelet Width < 3>

Number of Oscilations L 4 4>

Multitaper Settings

Freguency Smoothing L 4 0.4 >

4 Note that for wavelet and multitaper, the re-sampled time spacing and thus the memory allocation depends on
the high cutoff frequency: For higher frequencies, better time resolution is possible with these methods, which in
turn means higher (re-)sampling rates and higher memory needs.
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e [V

5. Run the time-frequency computation, which R
will most likely run for a few minutes. When .
the result appears, scale it up to 2. Toggle o=
the displays between Wavelet and -

Multitaper, and between Target and

T
RR

Distractor conditions. For Multitaper, there i/ m’m‘uw\.mnfw\fn‘*

—
is a clear difference between the two R ,_—
conditions in the de-synchronization at
around 10 Hz following the stimulus.'®. For
both methods, a synchronization is visible
at earlier latencies, and lower frequency
around 7 Hz.
6. With the display type set to TSE and = = " I—Im"ml o N
. PerformC | "
Amplitude, use the menu Export / Results _ yidzo
O & of I Results » Single Trial TF Data
/| Project Results. When the dialog comes Averaged TF Data
Time Frequency Analysis Averaged Waveforms
up, create a new folder . Then Set Project Targets Project Results
press the button Select Folder. This will LELITE

Set Parameters

L4 4 4

trigger the writing of the data.

[ Perform Calculations

5 1t turns out that when analyzing this further in BESA Statistics, this difference is significant at least for the RIPL

channel.
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Open the Windows Explorer and browse to
the folder you just selected (most likely in

your

folder). You will see another folder inside
it with today’s date. Clicking on it will reveal
sub-folders for the two methods, which in
turn contain the conditions and finally the

data. the source

In each data folder,
configuration is also present, in case that

the data is read into BESA Statistics later.

Press the Finish button and save the

project: Create a group GoNoGo, and

name the project to include some of the key
e.g.

to account for montage used,

components,

number of subjects and conditions, and the

methods applied.

Now start a Connectivity workflow. In the
Set Project Targets section, choose
Coherence, Imaginary Part of
Coherency, and Directed Phase Lag
Index. Then proceed through the workflow
without changing the defaults.
Computation will be very fast, since data
were re-sampled during the time-
frequency computation. Note that when
using Granger-Causality-based measures,

computation takes considerably longer.

Rasaarch 7.1
Database
Export
Results
Audint
GeNedo
230331
2023-05-31
2010615
Mutitaper
Distractor
Target
Wavelet Transtorm
Distracter

Target

v oLoMN 230
v mecutonexsmon

Selectsd Groue

aaaaa

Gatato

ACHiEyetfc

ATackChiEyetic 1506

| Selected Proct THSKCIZD_108U0 wy34_m_2-50

Project Type

Select Connectivity Methods

Coherence

(Rosenberg et al., 1989)
Imaginary Part of Coherency
(Malte &t al., 2004)

Phase Locking Value
(Lachaux et al., 1999}

Phasze Lag Index

(Stam et al., 2007)

Weighted Phase Lag Index
Vinck et al., 2011}

Directed Phase Lag Index
(Stam and van Straaten, 2012)
Granger Causality

(Granger, 1969; Geweke 1982)

Partial Directed Coherence
(Baccala and Sameshima, 2001)

Directed Transfer Function
(Kaminski and Blinowska, 1991}

00080008 a
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10. You may want to switch the color map to
Viridis using the menu View / Settings /
Sequential Colormap. In the Coherence
display, there is considerate connectivity at
high frequencies, which is most likely due

to noise amplification by the spatial filtering.

|
7
3
3
5 —
o 5 Ll
EH

&
H
¥
&

11. Change the connectivity method to

1 | I |
. . 11 O
Imaginary Part of Coherency. You will e
N 1 1 N O
need to scale up to see some connectivity ———
U 1 N Y O
. 1 | T O
showmg up now. QL
0 | O
N | I

— |
I I

12. Change the method again to Directed

S S
| | 2 O O 1 | D
Phase Lag Index. Now the pattern R
{150 0 00 I 3 130 0V I v
emerges a little bit clearer. DI T T T
0 O
B | | O D
R 1

0 0 N 1 e
0 N S 1 5
0 0 ) 0 10 1 [ =

U UPs s URL 4P LPLIOLPS
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13.

14.

We will now focus on a particular window in
the time-frequency range. You may
remember that there was a relatively strong
synchronization in some channels between
100-200 ms after stimulus, at around 7-8
Hz. We will now focus on this range. Check
both boxes for Average over Time and
Average over Frequency. Then, in the edit
boxes that appear, double-click to mark the
whole entries, and replace them with: Start
Time 100, End Time 200, Start Frequency

7, End Frequency 8.

Scale the display up to 2.0. You now see a
tile pattern, with just one time-frequency

value per channel pair.
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15. Switch to Circular Graph View. A
Threshold slider appears below. Set the
threshold to 0.2. The graph view now shows
the connectivities (and directions) with at
least a value of 0.2. You can see that
connectivity is strongest in the posterior
channel network. Switch conditions to see
the difference between Target and
Distractor. Also, you may want to switch to

3D view to see the anatomical locations of

the connections. Note that the threshold for
the 3D view can be adjusted separately at

the bottom right section.

16. Now we can also check on the de-
synchronization pattern that we observed
for the distractor. Change the time and

frequency to 400-600 ms, and 10-15 Hz.

Note that connectivity is much less
pronounced for this case — you will need to
lower the threshold to 0.1 to see any effect
at all. So, apparently there is no
connectivity between brain regions for this

de-synchronization phenomenon.

17. This concludes our data exploration. Note that you also have the option here to export the
whole project data with all methods applied, for later reading into BESA Statistics, using the
menu Export / Results / Project Results. Press Finish to save and close the project.
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L. Multiple Source Beamforming in time-frequency domain

In discrete multiple source analysis, the best source model (i.e. source amplitudes, locations and

orientations) is one that minimizes a cost function (basically the residual variance).

Beamforming takes a different approach to image brain activity: Here, the whole brain is scanned
point by point. The brain activity at each voxel is estimated by applying a spatial filter to the data.
This spatial filter is designed to be fully sensitive to activity from the target voxel, while being as
insensitive as possible to activity from other brain regions. This is achieved by constructing the

spatial filter in an adaptive way, i.e. it takes into account the recorded data.

The BESA beamformer is a modified version of the linearly constrained minimum variance vector
beamformer in the time-frequency domain as described in Gross et al., "Dynamic imaging of
coherent sources: Studying neural interactions in the human brain", PNAS 98, 696-699, 2001. The
beamformer operator is computed using the cross spectral density matrix (the time-frequency
equivalent of the data covariance matrix) computed from the single-trial data. This allows to image
evoked as well as induced oscillatory activity in a user-defined time-frequency range, where time

is taken relative to a triggered event.

The output power P(r) of the beamformer for a specific brain region at location r is then computed

by the following equation:
P(r) = tr'[L"(r) - 71 - L]

Here, C/ ' is the inverse of the regularized cross spectral density matrix C in the time-frequency
range of interest; L is the leadfield matrix of the model containing a regional source at target
location r and, optionally, additional sources, whose interference with the target source is to be
minimized; tr'[ ] is the trace of the [3x3] (MEG:[2x2]) submatrix of the bracketed expression that

corresponds to the source at location r.

In BESA Research, the output power P(r) is normalized by the output power in a reference time-

frequency interval Pre(r):
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f 14 . -1, -
P(r) \/ tr'[LT(r) - G- L(r)] ! —1 for P(I) = Pe(r)

—1=
TORS o[- Gt L]

for P(r) < Pef(T)

_ [Pa® @GR L]
a T o[-t Ln)] !

Prr can be computed either from the corresponding frequency range in the baseline of the same
condition (signal-to-noise ratio) or from the corresponding time-frequency range in a control
condition. The beamformer image is constructed from values q(r) computed for all locations on a

specified grid.

Traditional single-source beamformers are known to mislocalize activity if several brain regions
have highly correlated activity. The BESA beamformer tries to overcome this problem by extending
the traditional single-source beamformer. The BESA beamformer can implicitly account for activity
from possibly correlated brain regions. This is achieved by using a multiple source beamformer
calculation that contains not only the leadfields of the source at the location of interest r, but also
those of possibly interfering sources. As a default, BESA Research uses a bilateral beamformer,
where specifically contributions from the homologue source in the opposite hemisphere are taken
into account (the matrix L thus being of dimension Nx6 for EEG and Nx4 for MEG, respectively,
where N is the number of sensors). This allows for imaging of highly correlated bilateral activity in

the two hemispheres that commonly occurs during processing of external stimuli.

In addition, the beamformer computation can be performed taking into account possibly correlated

sources at other specified locations by including them in the leadfield matrix L.

The following chapters illustrate the different properties and application examples of the BESA

beamformer.
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1. Openfile S1.cntin subfolder ERP-Auditory-

Intensity of the Examples folders.

2. Press the lﬂl toolbar button to edit the
filter settings. Disable all but the notch filter
that should be set at 50 Hz to reduce mains

interference.

3. Press the Usr | button. Select montage
Highlntensity 3RS-test from the list of

predefined user-montages that are

available for this file. Press the E9M | putton
to remind us of the details about the current

montage again.
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Lookn: [ | ERP-Audtory-reensty x B @
* Name z Size Type Date modified
o _ISlent 15044 K8  CNT File 1998-09-29 1228 PM
| S2.cnt 15965KB CNT File 1998-07-10 622 PM
Desktop
™
Libraries
This PC
Network < 2
File name. [s1cnt =] Open
Fios of type |ERP Fies (edt. *bdt. "crt. “avg) =l Cancel
Foldery |Data Foider -
Variable Filter Settings X
[ Low Cutoff Filter
‘ utoff Frequency (Hz): | 3 e [fowad  ~| Slope: [6dBloct <]
I High Cutoff Fiker
utoff Frequency [Hz} | 40 ype: [zerophase ~| Slope: [24 dBroct ~]
W HatchFilet
Frequency [Hz]: 50 ‘width [Hz]: 2
I Band Pass Filter
Frequency [Hz] a0 Width [Hz] 5]
Sampling Rate: 250 Hz Cancel

|Usr|0nt|EdM| LF | HF |

Av25
Bin sz Av33 Talniad
e BiHL [
pr— i,
LBip+FT
N LBip+Sp ot
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4. The montage consists of the sources we P i s o o

file Edit 20 View 3DView Montage Qptions Help
s AARAE G %M B ST BB T

fitted earlier on: 2 auditory regional sources s i

and a frontal source, which have been
converted to single dipoles. Close the

montage editor.

5. In a first step, we will perform time- | 8 essasaciom descripiion i X
. Lookp: | | Audeary x| «®crE-
frequency analysis for all sources of the PR - e
ik 1 AC_05c.PDG 2004-11-23 2:19PM  PDG File
selected montage. " [JAE Jntensty P0G 2009-12-17634PM DG Fle_
74l | P300.PDG 2004-11-23220PM  PDG File
. . Desktop
Press ERP | Edit Paradigm. The =
. . . Libraries
paradigm-file AEP Intensity.PDG should [
still be available. ";C
Network < >
Rogwms: AP rieuty 00 2 [o=]
Fesoltpe:  [Paradign Fées (PDG) > Cancd |
Drectones [Paracigm Drectory k|

6. Move to the Artifact tab and press Start [

Togger | Condion | Epoch | Filer  Adfact | Average | Coherence |

Scan to re-run the automatic artifact scan e i e ||

| T ¥ amal Wﬁm
¥ Goden 03[ 058 =]
¥ LowSig ﬁ |
Bad Channels ’—u ik

Count Accepted Condition

3 94 (97%) &0dB -
(94%) 7048

103100 (37%) 60dB |

n

with artifact correction switched on. e

65 B3 (97%) ondE
;as B4 (34%) 10048 =
189 182 (%%) Low il
hza  1R7 rassal Hinh

Sot by Ede
I @ Ampliude
04] [  Gradiem
T e L eomle b [ Log Display 2% | LowSignal =
oK Cancel | Help ‘
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7. Switch to the Coherence tab. In the Target
Condition drop down menu, select
condition High. To start time-frequency
analysis with the default sampling of 2.0 Hz,
25 ms in the frequency range of 4-50 Hz,
press the Start Time-Frequency Analysis
button.

Tgger | Condtion | Epoch | Fter | Adfact | Average Coherence |

Important note: Time-Frequency Analysis is for research use only. Results may not be used for diagnostic purposes!

& Time Frequency Analysis

Settings
Frequency and Time Sampiing

Lower Frequency Cutoff

Higher Frequency Cutoff

Scan for Atfacts ‘

Target Condition

20Hz. 25ms hd
40 H

50.0 Hz

Start Copnectivty.

™ Use Control Condition

 [R—

Regonal Souces
@ Radial Qnentation
© M Traces

" Fist Onentation

| 20t Tme-fecuency st |

[ ok | e | W#

8. After the calculations of the time-frequency |-
decomposition is finished, the temporal-

spectral evolution for all sources of the

Frontald _

s 3 ¥ 22

Y |

AC_Lef2 i AC_Lefa

¥
{3
#
H

Mo @ 10 e
AC_Loft

= T me
AC_Rightd ¥ AC_Right2

montage is displayed. The main activity in

(s ¥ v ee )

s v s sz

3 3

the first frontal and in the first and second

auditory components are most prominent.

¥
§
B
¥
H
g
]

FEEEYR
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9. As a next step, we will fit the prominent
activity in the High condition. Left-drag a
window around the strongest activity in the
left-hemispheric auditory source. When
releasing the left mouse-button choose the
option Image. If necessary, change the
Target interval to 50 to 150 ms and the
Frequency Range to 6 to 12 Hz. It is very
important to choose approximately the
same length between the Target and the

interval  '®

Baseline Otherwise,

Beamforming results can be unstable.

Press Go.

Scale up the image to +/- 25%. Use the @

button to view the different maxima. The

10.

first maximum localizes in the right auditory
cortex, the second and third maxima
indicate activity in bilateral frontal areas,
while the fourth maximum shows activity in
the left supra-temporal area. Close the

source analysis window.

Image x

—Image to Compute

(« Beamformer " DICS

—Target Interval Freguency Range

Interval Start Is Hz
Interval End |12 Hz

I Compare Conditions

Interval Start | 50 ms

:

Interval End 150 ms

—Baseline Interval

Interval Start | -100 ms

ould be adapted in order to match
e number of samples in baseline and
rget interval.

11

IntervalEnd |0 mE

Eggest’on: The baseline interval

Important note: To obtain a reliable beamformer image, the number of samples in
the target and the reference interval should be equal, Therefore it is recommended
to assign equal duration to the Target Interval and the Baseline Interval.

If two conditions are compared, they should have approximately the same number

of trials.
Go I Cancel |
9] BESA - C1\-\ERP-Auditory-Intensity\S1.ant - High Filters off, 300 .. +1000 ms - Source analysis .-: e =)
[Eile _Condition1 Solution Fit Image Qptions Help No solution available |
© Max 10110 - MSBF (TF) - Standard MRI - Vat: 19.98 (100.0%) o @R

9] Q14+ 088 /9]0 4 .|

5 @

Loc: 152,003, 110 (Cart/US) |

16 |t is also possible to compute beamforming images of the difference between conditions. Tick the box ‘Compare
Conditions’ for this purpose. Instead of using the baseline as reference interval, the same time-frequency range as
specified in the target interval will be used in the control condition as a reference.
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11. BESA Research uses a multiple source |8 seecoaaies x
. . Lookn: [ ACCoherence | e®ckEr
beamformer by default. It is also possible to & e ‘ o
. . [ TAC OscSfoc 2003-03-13417PM__ FOC File
choose a classic single-source beamformer. “-”’" | AC_Oscs sg 2003-03-12611PM _ FSG Fil
AC_Osc20f0c 2003-03-13426PM  FOC File
We will have a look at our model coherence T MARAN Rl
. ™
data to see the difference between the Ubcares
. . &
multiple source and the single beamformer. The PC
Back in the main window open file ,:, : N
. . . Fie name [ac_oscstoc 2
AC Osch.foc which is located in the Fescitpe:  [GESA By les Cioc. o) = e
examples subfolder Learn-by- o I L =

Simulations.

12. Change to the virtual reference-free | Ao

oyttt
1 DsA | TFC | ESI [ Rec [ Vir _Src | Usr | Opt [ EdM | LF | ¢ | WF | EoF | 50 |

Ak

display using the Vir button and selecting

the top-most option.

K

Tens 000000 Toin ONOETD O MA000 G 1475s 01 8640 Fllws 053 106F0 P VewOngidl  Comea O Bmd

13. Press ERP / Coherence to Start Time-

Togger | Condton | Epoch | Fier | Atfact | Average  Coherence |

Frequency Analysis of condition StOn
Important note: Time-Frequency Analysis is for research use only. Results may nat be used for diagnostic puposes!
using the default settings. £ et AL WL
E— [
Settings Regional Sources:
Frequency and Time Samping [20He28ms =] @ Radial Onertation
Lower Frequency Cutoff [sore -] © M Traces
Higher Frequency Cutoff 50,0 Hz - " First Onentation
somfocstasts | ooty | S Tme Frecuency At |

oK Cacel | Heb
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14. Subtract the evoked signal by pressing the —— +———+— | +——F
Fz_rifr F4_rir
|®/ button and selecting Subtract Average i i
Signal. Now we only see the induced 3 . 3
. . . 20 ' View Phase Diagram '
activity that is not present in the evoked wl el
potential. We want to fit this induced activity =, ~ = & = & 1 'Z”’age'; o
by marking a window around the most 1,
prominent activity. ]

15. In the Image setting dialog box specify a

time-range of 450 to 750 ms, a baseline || | ™= | Freaenslenss

Interval Start  |450 Interval Stant |22 Hz
Interval End 750 Interval End 30 Hz

—Baseline Interval ———————— [~ Compare Conditions

interval from -300 to 0 ms and a frequency

range from 22 to 30 Hz. Press Go.

Interval Start  |-300]

Upon start of editing, the baseling intarval
as modified to match the number of
samples in baseling and target intarval.

Interval End 0

Impotant note: To obtain a reliskle beamformer image, the number of sarmples inthe target
and the reference interval should be equal. Therefore itis recommended to assign equal
durgtion ta the Target Interval and the Baseline Interval.

lttwo conditions are compared, they should have approximately the same number of trials

Go

16. Scale up the image to +/- 25%. Observe the |75 sicemmiosi i
© Max. 10 3- MSBF (TF) - Standard MRI
bilateral auditory activity. We know the |7 5sl = e
maxima are at the correct location from the
simulation.
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17.

18.

19.

Change the type of beamformer by pressing
Image / Volume Image and select

Beamformer (single source). The

beamformer image is re-calculated.

The
localizes the bilateral auditory activity to the
is that

single-source beamformers produces faulty

single source beamformer mis-

middle of the head. The reason

results if activation in two brain regions is

highly correlated.

Return to the multiple source beamformer
by pressing Image / Volume Image /

Beamformer.

Image | Options Help

Volume Image L4
Surface Image 4
Discrete Model Probing r

Smooth Image
Hide Image

Import Image
Export Image As...
Settings...

Beamfarmer B
Beamformer {single source)
CLARA
LAURA
LORETA
SLORETA
swLORETA
sSLOFO
Settings...

User-defined Image
Settings...

[

CHOA ARD - TED e 970 2000 He

Tra

file_Condition1 Solution Fit Image Qptions _Help

[ BESA - .. tions\AC-Coherence\AC_OscS foc - StOn, Low Filter: 0.53 Hz, -400 . +1200 ms - Source

No solution available

© Max 10f2- MSBF (TF) - Standard MRI - Val: 26.26 (100.0%)
8] A+ Zlotl8) il 4 .|

g9

0 750ms 220-300Hz Tra

= (@[]

P R

Loc: 153,001, -044 (Cart/US)
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Image | Options Help

| Volume Image 4
Surface Image i
Discrete Model Probing 4

Smooth Image
Hide Image

Import Image

Export Image As...
Settings...

Beamformer B
Beamformer (single source)
CLARA

LAURA

LORETA

sLORETA
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sSLOFO

Settings...

User-defined Image
Settings...
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20. Minimize the MRI view by pressing the
button in the top-right corner. We now want
to use the beamformer image to seed

dipoles. Select the first maximum and press

the ﬁl button. Move to the next maximum

and place another source.

21. We want to use the beamformer to see,
whether there is still some unexplained
activity if we model the auditory activity with
two regional sources. Press MSBF to re-
compute the beamformer on the residual

activity.

22. We need to scale up the image to +/- 10%

to start seeing some patchy left-over
desynchronization that is not modeled by
the regional sources. This activity is very

weak, so we can neglect it.
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M. Dynamic Imaging of Coherent Sources (DICS) — a short introduction

Dynamic Imaging of Coherent Sources (DICS) is a sophisticated method for imaging cortico-
cortical coherence in the brain or coherence between an external reference (e.g. EMG
channel) and cortical structures. DICS can be applied to localize evoked as well as induced

coherent cortical activity in a user-defined time-frequency range.

DICS was implemented in BESA Research closely following Gross et al., "Dynamic imaging of

coherent sources: Studying neural interactions in the human brain", PNAS 98, 696-699, 2001.

The computation is based on a transformation of each channels single trial data from the time
domain into the frequency domain. This transformation is performed by the BESA Research
Coherence module and results in the complex spectral density matrix that is used for the

construction of the spatial filter similar to beamforming.

DICS computation yields a 3-D image, each voxel being assigned a coherence value.
Coherence values can be described as a neural activity index and do not have a unit. The
neural activity index contrasts coherence in a target time-frequency bin with coherence of the

same time-frequency bin in a baseline.
DICS for cortico-cortical coherence is computed as follows:
Let L(r) be the lead field in voxel rin the brain and C the complex cross-spectral density matrix.
The spatial filter W(r) for the voxel rin the head is defined as follows:

W)= L) -cH- L)L) -7t
The cross-spectrum between two locations (voxels) r; and r2 in the head are calculated with
the following equation:

Cs(ri, ) = W(ry) - €W (ry)

where ™ means the transposed complex conjugate of a matrix. The cross-spectral density can

then be calculated from the cross spectrum as follows:
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cs(r1,12) = 11 {Cs(r1,12)},

where A+{} indicates the largest singular value of the cross spectrum. Once the cross spectral
density is estimated, the connectivity!” (CON) between the two brain regions rs and r, are

calculated as follows:

CsSlg (ry, 1) — Cs?l(rp )

CON(Tl, Tz) = - )
CsSlg(Tprz) + Cfl(rprz)

where cjigis the cross-spectral density for the signal of interest between the two brain regions
r1 and r2, and c’lis the corresponding cross spectral density for the baseline or the control
condition, respectively. In the case DICS is computed with a cortical reference, r1 is the
reference region (voxel) and remains constant while r2 scans all the grid points within the brain
sequentially. In that way the connectivity between the reference brain region and all other brain
regions is estimated. The value of CON(ry, 1) falls in the interval [-1 1]. If the cross-spectral
density for the baseline is 0 the connectivity value will be 1. If the cross-spectral density for the

signal is 0 the connectivity value will be -1.

DICS for cortico-muscular coherence is computed as follows:

When using an external reference, the equation for coherence calculation is slightly different
compared to the equation for cortico-cortical coherence. First of all, the cross-spectral density
matrix is not only computed for the MEG/EEG channels, but the external reference channel is
added. This resulting matrix is Cai. In this case, the cross-spectral density between the
reference signal and all other MEG/EEG channels is called cre. It is only one column of Cg.

Hence, the cross-spectrum in voxel r is calculated with the following equation:
Cs(r) =W(). Cref

and the corresponding cross-spectral density is calculated as the sum of squares of Cs:

=Y 0%

17 Here, the term connectivity is used rather than coherence, as strictly speaking the coherence equation is
defined slightly differently. For simplicity reasons the rest of the tutorial uses the term coherence.

BESA Research 7.1 Tutorial Page 378 of 446
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany



BESA®

Tutorial 12 — Time-frequency Analysis, Connectivity Analysis
and Beamforming

where n is 2 for MEG and 3 for EEG. This equation can also be described as the squared

Euclidean norm of the cross-spectrum:
cs(r) = ICslI? .
The power in the voxel r is calculated like in the cortico-cortical case:
p(r) = 1, {Cs(r,7)}.

At last, coherence between the external reference and the cortical activity is calculated with
the equation:

cs(r)
p() - Cau(k, k)’

where Cai(k, k) is the (k,k)-th diagonal element of the matrix Cai.

CON(r) =

DICS is particularly useful, if coherence is to be calculated without an a-priory source model
(in contrast to source coherence based on pre-defined source montages). However, the
recommended analysis strategy for DICS is to use a brain source as a starting point for
coherence calculation that is known to contribute to the EEG/MEG signal of interest. For
example, one might first run a beamformer on the time-frequency range of interest and use the
voxel with the strongest oscillatory activity as a starting point for DICS. The resulting coherence
image will again lead to several maxima (ordered by magnitude), which in turn can serve as
starting points for DICS calculation. This way, it is possible to detect even weak sources that

show coherent activity in the given time-frequency range.

The other significant application for DICS is estimating coherence between an external source
and voxels in the brain. For example, an external source can be muscle activity recoded by an
electrode placed over the according peripheral region. This way, the direct relationship

between muscle activity and brain activation can be measured.

In the following, we will first examine cortico-cortical coherence in the model dataset
AC_Osc5.foc in the subfolder Learn-by-Simulations\AC-Coherence of the BESA Research

Examples folder. For a full description of the model data see chapter B of the present tutorial.

Second, we will estimate cortico-muscular coherence in an MEG dataset kindly provided by
Dr. Jan-Mathjis Schoffelen and Dr. Robert Oostenveld (Donders Institute). The dataset is also

BESA Research 7.1 Tutorial Page 379 of 446
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany



BESA®

Tutorial 12 — Time-frequency Analysis, Connectivity Analysis
and Beamforming

available in the fieldtrip tutorial (http://www.fieldtriptoolbox.org/tutorial/coherence), the results

of the experiment were published in Science in 2005 (Schoffelen, Oostenveld, Fries; Science

2005). This is the description of the experiment:

The dataset used in this example has been recorded in an experiment in which the subject
had to lift her hand and exert a constant force against a lever. The force was monitored by
strain gauges on the lever. The subject performed two blocks of 20 trials in which either the
left or the right wrist was extended for about 10 seconds. A trial started as soon as the
subject managed to get his force output within a specified range from 1 to 2 N. If the force

was not kept constant during the course of a trial, the trial was terminated prematurely.

The bipolar EMG signal was recorded from the right extensor carpi radialis longus muscle in
the lower arm. MEG signals were recorded with a 151 sensor CTF Omega System (Port
Coquitlam, Canada). In addition, the EOG was recorded to later discard trials contaminated
by eye movements and blinks. The ongoing MEG and EOG signals were lowpass filtered at
300 Hz, digitized at 1200 Hz and stored for off-line analysis. To measure the head position
with respect to the sensors, three coils were placed at anatomical landmarks of the head
(nasion, left and right ear canal). While the subjects were seated under the MEG helmet, the
positions of the coils were determined before and after the experiment by measuring the
magnetic signals produced by currents passed through the coils. Magnetic resonance
images (MRIs) were obtained from a 1.5 T Siemens system. During the MRI scan, ear molds
containing small containers filled with vitamin E marked the same landmarks. This allows us,

together with the anatomical landmarks, to align source estimates of the MEG with the MRI.

Our data example (Cortico-Muscular_DICS.foc) consists of the data for the left EMG condition,
exported and compressed to a BESA binary (*.foc) file. Triggers with code 99 were added to
the data at 1 s intervals. A paradigm file (Cortico-Muscular_DICS.pdg) defines 1 s epochs
around these triggers. An artifact scan using an amplitude threshold of 3400 fT leaves 115 out
of 192 epochs for analysis.
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N. Cortico-cortical coherence with DICS
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2. Run time-frequency analysis by pressing
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the

Beamformer. Set the Target Interval to

4. Select Image to Compute to
450 to 750 ms, the Baseline Interval to -
300 to 0 ms and the Frequency Range to

22 to 30 Hz. Press Go.

5. Scale up the resulting image by pressing

the ﬁl button several times. The first
maximum of the beamformer is located in
the right auditory cortex. We will use this
maximum (voxel) to probe coherence with

all other voxels in the brain.
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6. In the middle panel of the source analysis
window, press the arrow key and select
DICS.

7. In the Set Reference dialogue check the
option Use current cross-hair position.
Please note that it is also possible to select
a dipole or regional source as the reference
in case one is working with a discrete

source model. Press OK.
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8. The resulting

coherence between the right and left

auditory cortices. You can use the TH

button to jump through the DICS maxima

and use them as new starting points for

further DICS calculations.
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O. Cortico-muscular coherence with DICS

Please open file Examples\DICS Cortico-
Muscular\Cortico-Muscular_DICS.foc in
the BESA Research Examples folder. This
dataset contains 151 axial gradiometers
and 2 polygraphic channels used for

recording the bilateral EMG signal.

Select ERP / Edit Paradigm to auto-load
the file Cortico-Muscular_DICS.PDG from
the data folder. The paradigm file specifies
a condition containing the triggers with
code 99 that were added to the data at 1 s
intervals. Epochs are defined to last 1 s
epochs around these triggers.

Move to the Artifact tab and run the artifact
scan by pressing Start Scan. Using an
amplitude threshold of 3400 fT and a
gradient threshold of 800 fT leaves 115 out
of 192 epochs for analysis.
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4. Move to the Coherence tab and make sure ™" T %

Tigger | Condtion | Epoch | Fiter | Atfact | Average Coherence |

the Frequency and Time Sampling to be 1.0

Important note: Time-Frequency Analysis is for research use only. Results may not be used for diagnostic purposes!

Hz, 50 ms, the Low Frequency Cutoff to be e oy skl :wm = F*WWJ
4.0 Hz and the High Frequency Cutoff to be Secn Regons Sces
) ) Frequency and Time Samping [loHzs0ms =] " Radal Qsertation
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5. Inthe resulting TFC window, please locate |. = - - " "~
the EMGLFT channel, right-click and
specify Show only this channel (this might |-

take a few seconds!)

£
amoee (1 Tor o 915 i

6. Press the ™ button to display the

absolute amplitude in the given time-

frequency range. Scale up the image by

pressing the +5" button until the scale
ranges from 0.0 to 2.4 pV. It becomes

apparent that there is an increase in

amplitude around 15 Hz.
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7. Left-drag a window over the 15 Hz activity,

and select Image from the popup menu.

8. Select DICS under the section Image to
Compute, a Target Interval from 0 to 500
ms, a Baseline Interval from -500 to 0 ms
and a Frequency Range from 10 to 20 Hz.
Press Go. Please note that the baseline
interval is relevant only for cortico-cortico
DICS computations. It is not used in the
cortico-muscular computations, as the one

shown in the following points.

9. After calculating the cross-spectral density
matrix in the given time-frequency range,
the Set Reference for DICS window pops
up. Select the option Reference is an
external channel and choose channel

EMGLFT to calculate coherence between

the left EMG channels and all brain voxels.

Press OK.
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10. The resulting image indicates the maximum [fE s rr——

@ Max 10110 - DICS (TF) - Standiard MRI =

8] Al 28] wlwlen .|

coherence between the left EMG channel | .
and the right somato-motor area. This is to
be expected as the subject was pressing a
lever with the left hand, which is

represented in the right

motor/somatosensory area.

245,126, 641 (Talakach)|
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What does BESA Research provide?

v Export of individual results from BESA Research via batch scripting

v Cross-subject statistics using BESA Statistics

(0]

(0}
(0}
(0}

ERP / ERF data
Source Waveforms
Image Data

Time-Frequency / Coherence Results
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In a previous step (Tutorial 4), we created a source model for conditions high and low based
on the grand average data. We now want to compare conditions high and low statistically. I.e.
we want to know, whether a particular source is more or less active in the high compared to
the low condition. For this purpose, we will first create a batch that applies our source model
to the individual datasets and extracts the source waveforms per person. We will then export

the individual source waveforms and analyze them statistically with BESA Statistics.

We will also investigate the differences between more than two conditions in the same
experiment, and apply statistics to a different experiment where we look at correlations

between measured MEG data and an external covariate of interest.

A. Applying a source model to individual datasets using batch scripting

The grand average model explains the data variance in all conditions. Therefore, it can serve
as a master model to calculate the source activity of each individual subject in all 5 conditions.
The hypothesis is that the mean source location of the grand average provides a sufficiently
good model for each individual data set since a change in source location of 1-2 cm has little
effect on the temporal course of the source waveforms. Generally, fitting in individual data
results in a large uncertainty of source location, especially in depth, due to poorer signal-to-

noise ratio. We therefore want to stabilize the individual solutions by using

a) a model with fixed sources and individual orientations (locations from grand average or

mean Talairach coordinates, cf. Hoechstetter et al., Neuroreport 11: 2461, 2000)
b) a model with fixed sources and orientations (same as grand average model)

c) a model with fixed regional sources (same as grand average model, calculating mean
amplitude of each regional source as an orientation-independent measure (cf. Weisser
et al., Neuroreport 12:3303, 2002)

The orientation of the different components (N100, N150 and frontal source) differs
considerably between subjects according to individual gyral anatomy and functional
representation. Since orientation differences have a larger effect on the EEG scalp topography
than small changes in location (in the order of 1-2 cm) we should try to define the individual
orientation of each component to obtain robust source waveforms (cf. Scherg, M. and von
Cramon, D. Evoked dipole source potentials of the human auditory cortex. Electroenceph. Clin.
Neurophysiol. 65: 344-360, 1986).
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Therefore, we will use strategy a) with the mean sources defined by the grand average model

and set the orientations of the 3 regional sources individually for each subject in order to obtain

appropriate source waveforms. These individual source waveforms will then be used to

perform cross-subject statistics. Strategies b) and c) are alternatives for more noisy data.

We could apply all required steps manually to each individual data file. This is not necessary,

however, and it saves a lot of time to use the source analysis batch functions. In the following,

we will create a script that performs all steps automatically.

We will then use BESA Statistics to quickly and conveniently analyze our source waveform

results across all 10 subjects.

1. Select Process/ Batch Scripts in the main
window to open the Batch processing
window. We will now create a batch that
applies the grand average master model to
all individual datasets, orients the regional
sources individually and exports the
individual source waveforms for further

statistical analysis.

2. Inthe File List tab, click on Load File List,
select

and press Open. This file list

has already been used in Tutorial 3 Step B

to create the grand average. It specifies

individual average files of all subjects.
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3. Switch to the Batch tab. As a first command in this batch, apply appropriate filters to each
data set. Press Add Command and select Filter (Main Programs group). Select a low cutoff
filter of 0.5 Hz, zero-phase, 12 dB/oct, and a high cutoff filter of 40 Hz, zero-phase, 24
dB/oct. Click OK twice to confirm these filter settings.

setect Command X Variable Filter Settings x
General commands: Main Program: Important note:
Source Analysis and Time-Frequency Analysis are for research use |
patchermor artfactautoComect only. Results may not be used for diagnostic purposes! IV Low Cutoff Filter
ngw :;ggi?g:ﬁ BRI S i e aoa Cutoff Frequency [Hzl: 0s Type: |zaru phase | Slope: |12 dBloct
MATLABcommand AuxiiaryFies (AddSource ~ Seamformer
MATLABwaitForVariable Average ChannelTypeForfit CLARA
Pause Baseline ConvertSource Clip
RunProcess EditDefaultEpoch CorticalClara DICS
Wi Corticalloreta Export
[Eventitrite Delete GotoMax Cutoff Frequency [Hz]: 40 Type: |zer0 phaze | Slope: |24 dBioct =
Export DisplayMRI Import
FFT Exit LALRA
& FFTmean Fit LORETA
SESEs FrTsave FitConstraint SetCrosshair ™ Motch Filter

i Fitinterval sLoreta
R L L~

[Minimumnorm Smooth =] ,—2
GoTo MewsSolution SSLOFO

¢ Apply atend of batch 1A (Opensolution UserDefined
ICAsave RC»'-\ " N
ICAselect eqularization 3
_— ImportASCIT SaveBitmap ™ Band Pasz Filter
Current Seection Marklock Saveleadficiis
" Montage SaveModeliaveforms an 5
MAINFiter Paradiom SaveResidual\aveforms
PatternTaTrigger SaveRVandGFPWavefor TimeFrequency Analysis:
SendToMATLAB SaveSalution B
TriggerDelete SaveSourceMontage isplay ) )
TriggerSelect SaveSourceWaveforms Image Sampling Rate: 250 Hz oK. Cancel
SendToMATLAB Save
|SetCursor SendToMATLAB
SetDefaultSourceType StartTFAnalysis

|SetOrActivateSource
cancel setonentaton

4. As a next command, specify the epoch that will be sent into the source analysis window to
extract the source waveforms. Press Add Command and select EditDefaultEpoch (Main

Programs group). Specify an interval from -50 to 250 ms.

Select Command % Default Block £ h v
General commands: Main Program: Important note: p
- Source Analysis and Time-Frequency Analysis are for research use
BatchEnor tfsctautoComect anly. Results may not be used for diagnostic purposes!
EndFor ArtifactOn/off Source Analysis: Source Analysis Imaging: P 5':'
For ArtifactSean . i
MATLABcommand AuxdiaryFles AddSource ~ Beamformer e Curear: mz
MATLABwaitForVariable Average ChannelTypeForfit CLARA
Pause Baseline ConvertSource Clip
RunProcess Edmefau h | gur:ta:flarata EICS .
WindowPosition EventRead orticallore! por .
e oot cotatex Past cursar: 2500 ms
Expart DisplayMRIT Import.
Exit LAURA
& Apply to all fil FFTmean Fit LORETA
peiy o slies FFTsave FitConstraint SetCrosshair |:| K, I: |
Fieopen Fitinterval sLoreta
" Apply at beginning of batch [P Minmumtlorm Smooth dNCE
GoTo hewSolution SSLOFO
" Apply at end of batch 1A Opensoluton UserDefined
ICAsave
IChselect Reguiarization
ImportASCIT SaveBitmap
Current Selection ke SaveLendbuds
Montage SaveModeliaveforms
LOIEAS paradigm SaveResidualWaveforms
PatternToTrigger SaveRVandGFPWavefarm TimeFrequency Analysis:
SendToMATLAB Savesolution e ——
TriggerDelete SaveSourceMontage Display
TriggerSelect SaveSourceWaveforms Image
SendToMATLAB Save
SetCursor SendToMATLAB
SetDefaultSourceType StartTFAnalysis
, SetOrActivateSource
[ ok ]| _ca SetCrientation
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5. The next command marks the default block in all 8 conditions, and sends these data blocks
into the source analysis window. Press Add Command and select MarkBlock (Main
Programs group). In the upcoming window, select Default block size. Instead of specifying
a single segment label or segment number, write all in the entry Segment number. Note that
this will automatically set the checkmark behind Send marked block to SA at the bottom of
the window. Thus, all conditions from 60dB to All will be loaded in the source analysis window

simultaneously.

Select Command x Mark Data Block Task b4
General commands: Main Program: Important note: -
Source Analysis and Time-Frequency Analysis are for research use lock. size
gatchirror ArtfactAutoCorrect only. Resuits may not be used for diagnostic purpases!
Comment ArtifactMethod @
EndFor ArtifactOn/off Source Analysis: Source Analysis Imaging: Default block size
For ArtifactScan gl
MATLABcommand AuxiliaryFiles AddSource A Beamformer  \h
ole segment
MATLABWaitForVariable Average ChannelTypeForFit CLARA al
Pause Baseline ConvertSource Clip )
RunProcess EditDefaultEpoch gur:ta:flarata EEDICS . tark block around cursor or [if cursor off] from
WindowPosition EventRead orticall ore xpor g8 .
i Celete CoroMiax beginning of file
Export DisplayMRT Import.
T Exit LALRA
& FFTmean Fit LORETA .
Ayl rreme FitConstraint SetCrosshair Block location
Fieo; Fitinterval sLoreta P
" Apply at beginning of batch F:‘;DE” inimomMorm ot If no Iaba_l iz da_f\ned, segment number nis the nth segment.
caTe NewsSalution SSLOFO I a label iz defined, segment number r is the nth occurrence of the label
" Apply at end of batch 1ca OpensSolution UserDefined [ho. of averages in the Iabel ignored!]
IChsave PCA Segment number = 'all' will mark and send each segment to 54,
IChselect Reguizrization
ImportASCI Savebitmap
Comentseecten [ S [SaveLeadiks
Montage SaveModelWaveforms
BRESaad Paradign SaveResidualWaveforms Segment label ‘
patternToTrigger SaveRVandGRPWavefarm Time-Frequency Analysis:
SendToMATLAB gavegn\uﬁm;‘ - T E—
TriggerDelete aveSourceMontage -
Triggerselect SaveSourceWaveforms lsmage Segment number or "all all
SendToMATLAB
SetCursor SendToMATLAS
SetDefaultSourceType StartTFAnalysis Send marked block to 54 [V Send marked block to Top Yiew [~
i SetOrActvateSource
cance Setorantaton

6. Now apply the master model that was generated from the grand average. Press Add
Command and select OpenSolution (Source Analysis group). Select file
Highlntensity_3RS.bsa that contains the two regional sources in the auditory cortex and the

frontal source. Press Open and OK.
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Select Command X [ Lozd Solution X
General commands: Main Program: Important note: Lok | T —— J -
Source Analysis and Time-Frequency Analysis are for research use ok in. - ony-Intensi - £ -
BatchErnor rtfacthutoCorrect only. Results may not be used for diagnostic purposes!
EndFor ArtifactOnoff Source Analysis: Source Analysis Imaging: Name Date modified Type *
For | ArtifactScan i 5 =
MATLABommand (AlaryFies ource ) eamormer All_Subjects_cc-2Dtest.bsa 3/21/201710:23 AM BSAFil
MATLABwaitFor Variable average (ChannelTypeForFit CLARA Quiick access L1 All_5ubj = i
pause Baseine ConverSource = | | Highlntensity 3RS.bsa 12/9/2009 217PM  BSAFil
ortcaldlara ' 22 !
oo e Cortealorets ot ] Highlntensity_3RS-testbsa 2/9/2017536PM  BSAFil
Eventitirite Delete GotoMax o .
o Dol HRI ot Desktop [ Lowintensity_2RS.bsa 12/9/2009 217PM  BSAFil
FrT Exit LAURA - | Lowintensity_25D.bsa 2/27/2012 414 PM BSAFil
& Apply to all files FFTmean Fit LORETA o iy
Frssve FitConstraint SetCrosshair m [ Lowintensity_25D-testbsa 2/9/20174358 M BSAFl
@0 FilzOpen Finterval soreta Librari /22017
pply at beginning of bateh ~[CECY Mirimumiiorm Smooth ries [ s1.atf 6/2/2017236PM  ATFFil
GoTo lution SSLOFO - P 5 .
€ Apply at end of batch A = Soerbefned @ [ s1bsa 3/20/20053:32PM  BSAFil
icasave pca = 51_av.bsa 2/22/2017212PM  BSAFil
TCAselect Regularization This PC LIst v :
Curent Selection s Savetiine . [ 51_av-test.bsa 2/16/201711:42 AM  BSA Fil
. Montage SaveModelavetorms lg* []51-ACbsa 3/29/2005404PM  BSAFil
BRI paradigm SaveResidualWaveforms g s ST o
PatterToTrigger SaveRVandGFPyaveform, Time-Frequency Analysis: Network < >
SendToMATLAE SaveSolution =
TriggerDelete SaveSourceMontage isplay -
e savesaurcetiavefos tmoge File ame [Highirtensty_3RS bss | Open
SendToMATLAB ondToMATLAB
SetCursor e Files of type: (*bsa.” par.” - Cancel
o sourceType ertTeAnalyen tp [ Solution Files {* bsa.” par.* atf) =
|SetOrActivateSource:
Caneel SetOrientation v Directories: ‘Data directory j

7. To obtain correct source waveforms for each individual subject, adjust the master model to
each subject’s cortical folding by adjusting the orientations of the regional sources. First, we
will reorient the auditory cortex sources in condition All that contains the average of all five
conditions. Press Add Command and select SwitchCondition (Source Analysis group). As
Condition Label, enter All. Press OK.

Select Command * i .
S8 Switch Condition Task -
General commands: Main Program: Important note:
Source Analysis and Time-Frequency Analysis are for research use
BatchErnor o ifacthutaCarrect orly. Results may not be used for diagnestic purposes!
EndFor ArtifactOn/off Source Analysis: Source Analysis Imaging:
For ArtifactScan I_ A N
S— piil g [ Previous Condition Ok
MATLABwaitForVariable Average CorticalClara CLARA
Pause Baseline Sﬂlrhslwreta Slllgs
RunProcess EditDefaultEpoch eled .
i DisplayMRI Export I_
inconosten Everthead B e Mext Condition Cancel
Export Fit Import
FFT FitConstraint LAURA
@« FFTmean Fitinterval LORETA
Apply ta al fles FFTsave Minimumiorm SetCrosshair
Fio) NewSolution sLoreta HH .
€ aoply stbegiming ofbatch [120%" Ope-Solon Snocth Condition Number:
GoTo PCA SSLOFQ
¢ Apply at end of batch 1cA Reguiarization UserDefined
ICAsave B :"“dﬁ "
ICAselect aveleadfields g b
curent selecs Impertascl Savevodeliaveforms Condtion Label: |2
LTRSS ERT MarkBlock SaveResidualWaveforms
; Montage SaveRVandGFPWaveforn
SASwitchCondition i SaveSolation
patternTaTriager saveSourceMontage Time-Frequency Analysis:
SendToMATLAB SaveSoura
TriggerDelete SendToMATLAB Display
Triggerselect SetCursor mage
SetDefaultsourceType Save
SetOractivateSource SendToMATLAB
SetOrientation StartTFAnalysis
SwitchCondition
— — .

8. To adjust the N100 orientation, we need to specify the corresponding latency. Since N100
latencies will differ slightly from subject to subject, we define a time range rather than a
fixed latency. Press Add Command and select Fitinterval (Source Analysis group).

Specify a latency range of 80 to 105 ms. Leave all other options unchanged and hit OK.
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General commands: Main Program:

BatchError ArtifactAutoCorrect
Comment ArtifactMethod
EndFor ArtifactOn/off
For ArtifactSean
MATLABCommand uxdiaryFiles
MATLABuaitForVariable fverage
Pause Baselne
RunProcess EditefauitEpoch
WindowPosition EventRead
Eventirite
Expart
& Apply to all fles FFTmean
FFTsave
€ Apply atbegining of batch | e0PET
GoTo
£ Apply atend of batch 1ca
ICAsave
ICaselect
Current Selection ImportASCIL
MarkBlox
SeFitinterval vontage
Paradign
PatternToTrigger
SendToMATLAB
TriggerDelete
TriggerSelect

oK Cancel

Important note:
Source Analysis and Time Frequency Analysis are for research use
only. Results may not be used for diagnostic purposes!

Source Analysis: Source Analysis Imaging:

AddSource ~ Beamformer
ChannelTypeForfit cLARA
ConvertSource Clip
CorticalClara DICS
Corticalloreta Export
Delete GatoMax
DisplayMRL Impart.
Exit LAURA
Fit LORETA
FitConstraint SetCrosshair

itinterval sLoreta
MinimurmNorm Smooth
NewSolution SSLOFO
OpenSolution UserDefined

A

Rreqularization
SaveBitmap
saveleadfilds
SaveModelWaveforms
SaveResidualWaveforms
SaveRVandGFPWaveform Time-Frequency Analysis:
Savesolution T ———
SaveSourceMontage Display
SaveSourceWaveforms Image
SendToMATLAB Save
SetCursor SendToMATLAB
SetDefaultSourceType StartTFAnalysis
SetOractivateSource
SetOrientation

Note: At this point in the batch, we could insert a Pause command (General group). It would
cause the batch to interrupt at this stage and allow us to modify the marked fit interval to
match each subject’s data before it continues on our OK. In this tutorial we pass this step,
but generally it is recommended to keep an eye on what the batch is doing when working

with your own data.

9. Now the first and second regional source in the model (representing the bilateral auditory
cortices) can be oriented. Add Command and select SetOrientation (Source Analysis
group). In the upcoming parameter window, specify Source label AC_Left. As operation
select Orientation 1 at cursor or at maximum in interval. BESA will automatically

determine the latency within the fit interval at which the total power of the regional source is

SA Fit Interval Task

+ Set the following interval

Fram [ms) To [ms]

a0 105

[ Define bazeling, then clear fit interval

" Set previously saved interval from buffer:

(" Stare curment interval bo buffer number:

(" Agzociate current interval with zource no.:

(" Setinterval associated with source number:

Cancel

maximal and perform source orientation at this latency. Confirm with OK.

Select Command

General commands: Main Program:

BatchError ArtifactAutoCorrect
Comment ArtifactMethod
EndFor ArtifactOn/off
For ArtifactScan
MATLABcommand AudliaryFiles
MATLABWaitFor Variable Average
Pase Baseline
RunProcess EditDefaultEpoch
WindowPosition EventRead
Eventirite
Export
FFT
(* Apply to all files FFTmean
FFTsave
A . FileOpen
poly at beginning of batch |,
GoTo
" Apply at end of batch 1cA
ICAsave
ICAselect
ImportASCII
Current Selection e
SASetOrientation Montage
Paradigm
PatternToTrigger
SendToMATLAB
TriggerDelete
TriggerSelect

x

Important note:
Source Analysis and Time-Frequency Analysis are for research use
only. Resuits may not be used for diagnostic purposes!

Source Analysis: Source Analysis Imaging:

ConvertSource ~ Beamformer
CorticalClara [CLARA
Corticalloreta Clip

Delete DICS
DisplayMRT Export

Exit GotaMax

Fit Import
FitConstraint LAURA
Fitinterval LORETA
MinimumMNorm SetCrosshair
NewSolution sLoreta
OpenSolution Smooth

PcA S5LOFO
Reguiarization UserDefined
SaveSitmap

Savel eadfields

SaveModelViaveforms

SaveResidualaveforms

SaveRVandGFPWaveform

SaveSolution

SaveSourceMontage Time-Frequency Analysis:
aveSourcs

SendToMATLAB Display
SetCursor Image
SetDefaultSourceType ave
SetOrActivateSource SendToMATLAB
SetOrientation StartTFAnalysis
SwitchCondition 5

SA Set Orientation Task

Source

Source no.
AC_Left Source label

[ Last source
[ All sources

Dperation

Cancel

(* Orientation 1 at cursor ar at masirmum in inteneal

" Orientation 2 at cursor
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10. Repeat the previous command SetOrientation with Source label AC_Right, the auditory

cortex source in the other hemisphere.

Select Command x . .
SA Set Orientation Task =
General commands: Main Program: Important note:
Source Analysis and Time-Frequency Analysis are for research use
BatchErrer e tfacutoCarrect anly. Results may not be used for diagnostic purposes! g
EndFor Artfactonoff Source Analysis: Source Analysis Imaging: ource
For ArtifactScan
MATLABcommand Audliar yFiles ConvertSource A Beamformer
WATUABitFor varicble sversg Cartisicara cLsa Source no.
Pause Baseline orticall ore P
RunProcess EditDefaultEpach Delete DICS I:anCEI
WindowPosition EventRead EISS‘BVMM Ex:;r: -
et e ot AC_Right  Source label
FFT FitConstraint LAURA
& FFTmean Fitinterval LORETA
Apely to al fies FFTsave MimimumNorm SetCrosshair '_
) FileOy NewSolution sLoreta
€ Aoply atbegiming of batch |[1E0°%" fevsalten cloreta Last source
GoTo CA SSLOFO
" Apply at end of batch ICA Regularization UserDefined
N oozt [ All sources
CAsclect Savel eadfields
ImportASCIT SaveModelWaveforms
ErETER T MarkBlock saveRresidualWaveforms
Montage SaveRVandGFPWaveform -
ssetOnentaton o SaveSolaton Operation
patternTaTrigger SavesourceMontage Time-Frequency Analysis:
SendToMATLAB aveSourc . . . P
TriggerDelete SendTOMATLAB Deply (* Orientation 1 at cursor ar at masirmum in inteneal
| TriggerSelect SetCursor mage
SetDefaultSourceType SEVST ATLAS
SetOrActivateSource endTof - -
Sctcrienizion StarTr Ay " Orientation 2 at cursor
SwitchCondition
Cance v

11. To set the second orientation to account for the N140 component, press Add Command,

select SetCursor (Source Analysis group) and specify a latency of 135 ms.

Select Command *
SA Set Cursor Task >
General commands: Main Program: Important note:
Source Analysis and TimeFrequency Analysis are for research use
BatchEror ArtifactAutoCorrect 5
Camment ArtfactMetood only. Results may not be used for diagnostic purposes!
EncFor ArtifactOn/off Source Analysis: Source Analysis Imaging:
For ArtifactScan
MATLABcommand AuxliaryFiles AddSource ~ Beamformer
MATLABwaitForVariable Average ChannelTypeForFit CLARA |_ EItErIC_'r' [|T|S]
pause Baseline ConvertSource Clip
RunProcess EditDefaultEpoch CorticalClara DICS
indowPosition EventRead Corticalloreta Export Eanc El
EventiVrite Delete GotoMax
s DisplayMRE Import | 135
T Exit LALRA
5 Fit LORETA
B Lt mean FitConstraint SetCrosshair
FieOpen Fitinterval sLoreta
(" Apply at beginning of batch | ' MinimumMorm Smoath
GoTo NewSolution SSLOFO
¢ Apply at end of batch 1A OpersSolution UserDefined I_
e e e oo Diraw map
IChselect Reguizrization
SaveBimap
Current Selection mﬁﬁé‘tﬁicn ool eodfelds
SaveModelWaveforms
SN r;”;;g; SaveResidualiaveforms I_
PatternTaTrigger PWaveforr Time-Frequency Analysis:
SendToMATLAB SaveSolution
TriggerDelete SaveSourceMontage Display
TriggerSelect SaveSourceWaveforms Image
SendToMATLAB Save
Fm SendToMATLAS
SetDefaultSourceType StartTFAnalysis
SetOrActvateSource
e Cancel SetOrientation v

Note: Again, at this stage it could be advisable to insert a Pause command (General group)
to adjust the cursor position to the individual N140 latency, if required, before the batch

continues.
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12. As in steps 10 and 11, add the command SetOrienation twice. First, specify Source

AC_Left and select Orientation 2 at cursor as operation. Then repeat the command and

specify Source AC_Right, again with operation Orientation 2 at cursor.

Select Command X SA Set Orientation Task x
General commands: Main Program: Important note: .
E Anal: d Time-Fi Anal for ch
BatchError ArtacAUtaCorect only. Resuts may notbe used for dagnoste purposest
Comment ArtifactMethod '— Source no.
EndFor Artifacton/off Source Analysis: Source Analysis Imaging: Cancel
For ArtifactScan
MATLABcommand AuxiiaryFiles CanvertSource @ Beamformer AC_Left Source label
MATLABwaitF orVariable Average CorticalClara CLARA =
Pause Baseline Sulrhtt:lwreta SIIIES
RunProcess EditDefaultEpoch ele I Last source
windowPosition EventRead Dle\avMRl ?Er’lt
Eventilrite i otoMax
Export Fit Import [T Allsources
FFT FitConstraint LALRA
| LORETA
& Apply to all files FFTmean Fitinterval X
FFTsave MinimumNorm SetCrosshair Operation
@ e fhotcn |Fie0%En hewSolution sLoreta T o
BB A Fiter Opensolution Smooth " Orientation 1 at cursor or at makimum in interval
GoTo CA SSLOFO
 Apply at end of batch 1cA Reguiarization UserDefined
ICAsave SaveBitmap 4 Drientation 2 at cursor
IChselect SaveLeadfilds
ImPOrASCII SaveModelliaveforms
= MarkBlock SaveResidualWaveforms
Montage SaveRVandGFPWavefarm
SASetCrientati
Sibnentaten paradigm SaveSolution )
patternToTrigger SaveSourceMontage Time Frequency Analysis:
SendToMATLAB SaveSourc S
TriggerDelete gartvchUMATLAB ‘ .:fg;:
Triggerselect etCursor " "
o SetDefaultSourceType Save SA Set Orientation Task *
SetOrActivateSource SendToMATLAB
SetOrientation StartTFANalysis s
SwitchConditic ource:
Source no.

Cancel
AC_Right  Source label

I Last source
™ Al sources

Operation

" Orientation 1 at cursor or at makimum in interval

& Orientation 2 at cursar

13. Finally, we need to set the orientation of the frontal source. Its amplitude is largest in condition

High. Therefore, add a command switchCondition (Source Analysis group) and specify

condition label High.

Select Command * i .
S8 Switch Condition Task -
General commands: Main Program: Important note:
Source Analysis and Time-Frequency Analysis are for research use
BatchErnor o ifacthutaCarrect orly. Results may not be used for diagnestic purposes!
EndFor ArtifactOn/off Source Analysis: Source Analysis Imaging:
For ArtifactScan I_ A N
e — P oo Pl == Freviouz Condition
MATLABwaitForVariable Average CorticalClara CLARA
Pause Baseline Sﬂlrhslwreta Slllgs
RunProcess EditDefaultEpoch eled .
wi DisplayMRL E t
idososton EreniRed Depiar pert Mext Condition Cancel
Export Fit Import
FFT FitConstraint LAURA
@« FFTmean Fitinterval LORETA
Apply ta al fles FFTsave Minimumiorm SetCrosshair
Fio) NewSolution sLoreta HH .
€ aoply stbegiming ofbatch [120%" Ope-Solon Snocth Condition Number:
GoTo A SSLOFQ
¢ Apply at end of batch 1cA Reguiarization UserDefined
ICAsave SBVEEW;'? "
ICAselect aveleadfields g b "
curent selecs Impertascl Savevodeliaveforms Condtion Label: High
LTRSS ERT MarkBlock SaveResidualWaveforms
; Montage SaveRVandGFPWaveforn
SASwitchCondition i SaveSolation
patternTaTriager saveSourceMontage Time-Frequency Analysis:
SendToMATLAB SaveSoura
TriggerDelete SendToMATLAB Display
Triggerselect SetCursor mage
SetDefaultsourceType Save
SetOractivateSource SendToMATLAB
SetOrientation StartTFAnalysis
= .
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14. To orient the frontal source, we will again mark a fit interval that includes its maximum activity.
Add command FitInterval (Source Analysis group). Specify a latency range of 90 to 130 ms.

Leave all other options unchanged and hit OK.

Select Command X -
SA Fit Interval Task ¥
General commands: Main Program: Important note:
Source Analysis and Time-Frequency Analysis are for research use
Batchinor ATscautoCamect Nt Bt [Fx ety = B apEest
EndFor Artifacton/off Source Andlysis: Source Analysis Imaging: (¥ Set the following interval:
For ArtifactScan e Er C |
MATLABcommand AuxiliaryFiles ource L EAmTormer ancel
MATLABwaitF orVariable Average ChannelTypeForFit CLARA From [mz) To [me]
Pause Baseline ConvertSource Clip
RunProcess EditDefaultEpoch CorticalClara DICS
ViindowPosition EventRead Corticalloreta Export 90 130
EventWrite Delete GotoMax
Export DisplayMRL Import.
FFT Exit LAURA
& Apply to all fies FFTmean Fit LORETA ) ) N
e FFTsave FitConstraint SetCrosshair [T Define bazeling, then clear fit interval
FileOpen Fitlnterval sLoreta
(" Apply at beginning of batch | ' MinimumNorm smooth
GoTo NewSolution SSLOFO
" Apply atend of batch 1A OpenSolution UserDefined -
ICAsave PCA i H .
s Requzrization Set previously saved interval from buffer: ;
ImportASCII SaveBimap
Current Selection M;kﬁ‘u & caveLeadficlds ~ ) ]
S Montage SaveModeliaveforms Store current interval to buffer number:
{HntervE paradigm saveResidualWaveforms
patternToTrigger SBVERV‘andGFP\’VavEfWW Time-Frequency Analysis:
SendToMATLAB SaveSolution —— ‘. B H i -
TrggerDelete SaveSourceMantage Display Set interval associated with source number:
Triggerselect SavesourceWaveforms Image 1
SendToMATLAG gavEr MATLAG oA X . Lwiith
SetCursor oaliby szociabe curment interval with zource no.:
SetDefaultSourceType StartTFAnalysis
] SetOrActivateSource
& E= SetOrientation

15. Add the command SetOrienation (Source Analysis group). This time specify source Frontal
and Orientation 1 at cursor or at maximum in interval. Because no cursor is set anymore,
BESA Research orients the source at the latency of maximum source power. This completes

the adjustment of the master model to the individual subjects’ brain gyration.

Select Command x - .
SA Set Crientation Task *
General commands: Main Program: Important note:
Source Analysis and Tme-Frequency Analysis are for research use
patchEnar AfsctautoCamect TN L Bt [Ex ety e B e et
EndFor ArtifactOn/off Source Andlysis: Source Analysis Imaging: Source
For ArtifactScan
MATLABcommand AusdliaryFiles ConvertSource: ~ Beamformer
MATLABwaitForVariable Average gﬂf:(a:flamta EIU*RA S Qunce no. I: |
Pause Baseline orticallore iip
RunProcess EditDefaultEpoch Delete DIcs ANCE
viindowPosition EventRead E'ST‘BVMRI éxlé;rqt
e En vt Frantal Source label
FFT FitConstraint LAURA
I FFTmean FitInterval LORETA
Apply to al fles FFTsave MinimumMorm SetCrosshair I_ L
FileO; NewSalution sLoreta
€ Apply atbegnring ofbatch | oo™ rentcluson s ast gource
GoTo RCA . . ESLC]DFOﬁ " r
" Apply atend of batch 1CA ‘egularization iserDefine
10 e ooz All sources
ICAselect saveleadfields
ImportASCIT SaveModelWaveforms
CREp s M;kmudﬂ SaveResidualiaveforms
Montage SaveRVandGFPWaveform -
SASetOrientation g SaveRyendd Operation
PatternToTrigger gavESDur[EMuntagE TimeFrequency Analysis:
SendTOMATLAS aveSour . . . o
TrgseDelets SendToMATLAB Display * Qrientation 1 at cursor o at masimum in interal
Triggerselect SetCursor Image
SetDefaultSourceType Sz:sr T
SetOrActivateSource . -
St StarcTranalyss " Orientation 2 at cursor
SwitchCondition
Cancel v
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16. We will now save this model for later re-use. Add the command SaveSolution (Source
Analysis group). As a file name, specify . The string %basename% will
be replaced by the basename of the individual data file. This makes sure that the solution is
saved under different names for each subject and is not overwritten during the repeated
execution of this command with different datasets. Note that you can specify the coordinate
system in which the solution is to be saved. If the solution is opened with the same data set
later on, the coordinate system is irrelevant. However, for comparison of different solutions

across subjects, a standardized coordinate system like Talairach or Unit Sphere is

Select Command X :
SA Save Solution Task =
General commands: Main Program: Important note:
Source Analysis and Time-Frequency Analysis are for research use .
BatchError ArtifactAutoCorrect n
Batehere o ifactiutoC only. Resuits may not be used for diagnostic purposes! Inst.luctlons : : i
Encrer Artfacton/oft Source Analysi: a0 Define target file name: It can include a subdirectoy name, and
MATLAGCommand AuxiiaryFiles R - Beamformer the file basename [#basenama). If no directory is specified in
o nnelTypeForFil b : >
AR aryanbie ki ConvertSonce i the: file narme, the data dirsctory is used.
RunProcess EditDefaultEpoch CorticalClara DICS
indowPosition EventRead CorticalLoreta Export.
Eventitrite Delete GotoMax
Export DisplayMRT Import
Exit LAURA o .
s ot LoRerA File name: Browse...
& Apply to all files FFTmean !
FFTsave FitConstraint SetCrosshair
FileOpen FitInterval sLoreta
€ Aoplyatbegiming ofbetch | Minimuorm Smooth *basename’-test.bea
GaTo NewSolution SSLOFO
¢ Apply at end of batch ICA OpenSolution UserDefined
ICAsave PCA
ICAselect Regularization
ImportASCII Savebitmap
Current Selection ek ool eodfields " Head
Montage SaveModelWaveforms
BBz paradion SaveResidualWaveforms Taget ¢~ Devi
PatternTaTrigger SaveRVandGFPWaveform Time-Frequency Analysis: - EVICE
SendToMATLAS ve - Py Coordinate
TriggerDelete aveSourceMontage .
TriggerSelect SaveSourceWaveforms Image System ™ Talairach j
SendToMATLAR Save
SetCursor SendToMATLAB
SetDefaultSourceType StarfTFAnalysis i+ Units phere Cancel
| SetOrActivateSource
&3 = SetOrientation v

B. Exporting individual source waveforms via batch scripting

Next, we want to save the individual source waveforms of conditions High and Low, which we
will later load in BESA Statistics.

1. Add the command SaveSourcewaveforms (Source Analysis group) to save the source
waveforms to an ASCII file (*.swf). In the file name include as a placeholder
for the datafile, and add the exension “ ”in order to be able to associate each *.swf file
with the corresponding subject and condition.
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Select Command X
SA Save Source Waveforms Task *
General commands: Main Program: [~ Important note:
Source Analysis and Time-Frequency Analysis are for research use
BatchError |ArtifactAutoCorrect "
Camment A tfactMethod only. Results may not be used for diagnostic purposes! In&"uc“ons
EndFor |ArtifactOn/off Source Analysis: Source Analysis Imaging:
For ArtifactScan . y X . .
MATL ABcommand AdioryFies Ridsource ~ [Beamiomer Define target file name: It can include a subdirectory name, and
MATLABwaitForVariable Average ChannelTypeForFit CLARA he file b =h =1 |f di . ifiad i
Pauce Eascine Comarcouce cip the file bazename [*%bazenameX). If no directory is specified in
RunProcess EditDefaultEpach CorticalClara DICS . : -
Windowpasition Eventhiead Cortcalorets Export the file name, the data directory iz uzed,
[EventWrite Delete GotoMax
Export DisplayMRI Impart
FFT Exit LAURA
5 FFTmean Fit LORETA
Qe FrTsave FitConstraint SetCrosshair Fil
FileOpen Fitlnterval sLoreta .
€ apply atbeginning of batch [E107 Minmumidorm oot 1I& Fanne: Browse...
GoTo MNewSolution SSLOFO
" Apply at end of batch 1CA OpenSolution UserDefined
1CAsave CA - = T
ICAselect Reguarization %bazename®_High. swf
Current Selection ImportASCIT Savebitmap -
MarkBlock Saveleadfields
Montage SaveModelWaveforms
SASaveSourceWaveforms o dém saveResidualWaveforms
Time-Frequency Analysis:
SendToMATLAE gavagﬂ‘uﬁﬂfp‘d . T —
Bl esourceMontage
Tr Select SaveSourceVWaveforms Image
riggerSele _;en Sl Bk [~ Sendto MATLAB
SetCursor SendToMATLAB
cetDefauitsourceType StartTFAnalyss Cancel
SetOrActivateSource
Cancel Orintat v

2. Add a command SwitchCondition (Source Analysis group). As Condition Label, enter Low.
Hit OK.

Select Command X 5 . h c d . T k
General commands: Main Program: - Important note: 5’ o >'<
Source Analysis and Time-Frequency Analysis are for research use
BatchError |ArtifactAutoCorrect n
el e only. Results may not be used for diagnostic purposes
[EndFor ArtifactOn/off Source Analysis: Source Analysis Imaging:
For ArtifactScan a T |:| K
rTe— undaryries ConvertEaurce w [peamine Freviouz Condition
IMATLABwaitForVariable Average CorticalClara CLARA
Pause Baseline Corticall oreta Cip
RunProcess EditDefaultEpoch gessmmm EICS .
WindowPosition EventRead ispiar XpOr! L
Erentirre et ototiax [T Mest Condition Cancel
Export Fit Import
FFT FitConstraint LAURA
@ to all fil FFTmean Fitlnterval LORETA
pot malines FrTeave Minmumiarm SetCrosshair
_ FileOpen MewSolution sloreta .
" Apoly atbeginning of batch |y Omensalat oot i
Fiter penSolution mool
e f e Condition Murnber:
" Apply atend of batch 1CA Regularization UserDefined
1Chsave SaveBitmap
ICAselect Savel eadfields
| ImportASCIT SaveModelWaveforms . L
Current Selecton Hhsbien SoveResuaaveoms Condtion Label; Lo
™ Montage SaveRVandGFPWaveform
SASwitchCondition Paradigm SaveSolution
Time-Frequency Analysis:
|SendToMATLAB
TriggerDelete SendToMATLAB Display
I TriggerSelect SetCursor Image
SetDefaultSourceType Save
SetOrActivateSource SendToMATLAB
SetOrientation StarfTFAnalysis
—
v

3. Repeat Step B1 for condition “Low”.

4. Add command Exit (Source Analysis eckians x

General commands: Man Program: impartant rote:

Group). This will close the source analysis =l ey i T e
window after each subject to prevent data O = =
remaining when processing the next ] o =
subject. e = =
st il St _—
e ol
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5. The script is now ready to be applied to all data files in the file list. You may save the script
to disc for later reuse by pressing the Save Batch button. At this point you may open the
predefined batch script using the button
Load Batch (then navigate to folder )- This script contains all commands as
described above. In addition, a script comment has been added in the first lines using the
command Comment. These lines (preceded by a semicolon) are not evaluated during script
execution. Note that the batch scripts are stored in ASCI| files (*.bbat) that can also be edited

with a standard text editor.

Batch Processing *

Fle List Batch |

Instructions
| Press Add Command to add new commands.

Add Command ‘ Load Batch

| Right click on a command to edit or delete existing command.

Load Previous ‘ Save Batch Press OK to start the batch.
Clear Al ‘ View Log File | Logging to "C:\Users’\Public'Documents*BESAYResearch_7_1%Scripts’Log*Batch bat"
Command

. This script is part of the "Tutorial on AEP Intensity Dependence”. t illustrates how batch scripts can
. be employed to apply a master model to individual data files to extract individual source waveforms.
MAINFitter{LC:0.50-12dB-z HC .40 00-24dB-z NF off BP «off)

Edit DefaultEpochi-50.000,250.000)

MarkBlock (DefaultEpoch, - All Send ToSA)

SAopenSolution(% Examples " \ERP-Auditory-Intensity HighIntensity_3R5 bsa,Open)
ShswitchCondition{Label . All)

SAfitimterval (80,105, FitInterval)

ShsetOrentation(Label: AC_Left, 1)

ShsetOrertation(Label: AC_Right,1)

SAsetCursor(135, NoDrawMap)

ShsetOrertation(Label: AC_Left, 2)

ShsetOrientation(Label:AC_Right . 2)

ShswitchCondition(Label:High)

SAfitinterval(50,130.FitInterval)

ShsetCOrentation(Label: Frontal 1)

ShsaveSolution|"basename’ bsa,Unit Sphere)
ShAsaveSourceWaveforms(“basename_High swf)

ShAswitchCondition{Label:Low)

ShAsaveSourceWaveforms(“basename ™ _Low swf)

Shexit()

¥ Changes in batch written to Database [~ Leawe files in the file list open after unning the batch

QK | Cancel Help
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6. Select the option Single step mode at the bottom right — this will cause the batch to pause
after every single command. This helps us in this tutorial to visually follow the processing

steps and understand how the batch works. Press OK to start the batch.

7. BESA ResearCh StartS app|y|ng F‘I‘: ::|v\‘;NrsFiMs:;vyT%m|;; E\WE;:frnDs:ThR;Zgg \GI:D\O::; Hlj:r | opt |Edm | LF | HF | NF | EdF | EEG |
Add
. il Rt I it N RSO 0 MR S A B Mo BV
the batch commands to the first | ooy e e
L e e = e Pgr
fle in the file list s —4——F—F Tt
data e the e list i vﬁwm:%WMNW:%:%:w
(S1_av.fsg). It loads the file and |5 oo A A T
A N e WV\/\/W,, |_... ___Walm
. . . 7 A N o e e /\[‘/\/“NM\,‘"«/’M\«/- e by I
applies the specified filters. At |r [ o e e
T8 i A ) St AR At (e S AR B Y
. . P7 A ’\/‘W - L |
the bottom right, a small window | # [~ = e e
) Ve /vt S Sy MVt 'y AV v i v i) S
appears that indicates the next | |-t - | —
PP el e | s e /s s i s e A
batch command to be executed. |« f—— At e
s LN A s e A B R v B s :TV&E
Proceed step by step by hitting | |- - v
Pl S it it M A it i int s ‘” =
the Single Step button and ‘ ‘ 6::; Ed;vs { | ;dl’l‘fy"g a‘vs BU;!B‘SS avs 904B: 68 avs 100dB: 63 avs - (B e R
Time: 00.00.00 Total 000010 [Offs: 000000 Cur Fil EiEbED Contniewihout SingleSep_ | Carcel |
observe how BESA Research
processes the different
commands
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8. Note for example how the
orientation of the N100
components (the first

components of AC Left and
AC_Right) takes place in the
marked fit interval. If the marked
fit interval would not include this
subjects N100 latency, we could
manually adjust the fit interval
while the batch pauses before
continuing. For the data in this
tutorial, the fit intervals have
been defined appropriately for
each subiject, therefore you can
hit Continue without single
step at any time to make the
batch proceed automatically

without interruption.

When the batch processing has
completed, a notification window

will appear.

BESA - C:\..P-Auditory-Intensity\SL_av.fsg - All: 320 avs, Filters: 0.5 - 40 Hz, -48 ... +248 ms - Source analysis. = el =
File Condition8 Solutionl Fit Image Options Help Solution: C: g 3RS bsa
Data Model | Res. | IID|l | P.C.A | EEG | Res.var. | Energy | Min.Dist.  Image [\iogel [ shel slipsoidal ~
| »| Al 320 avs Filters: 0.5 - 40 Hz ~|R V.- 0.825% GFP| st scalp i st
48.00 ms +248.00 ms | [Best: 0.739% RC: 1
0rg ‘ e Rad /Thickn [ 850000 | 60000 70000 1.0000
=N - brain scalp bone csf
All s : Conductivity: [ 0.3300 013300 00042 1.0000
. Highintensity 3RS bsa (modified) EEG +

Hid

Startfit| _MSPS ||| Bvui;;v-. | g g
m Q
——'—M ’ ‘

Data (1-16 of 31) | Source waveforms
FitInterval: +80.00 ... +104.00 ms

Single Step =

Net ShastDiientation(LabetAC_Right 1)

Single Step Contirue without Singls Step_ | Cancel |

Batch Completed

SN

File: 1: C:AU.umentshBE SAME samplez\ERP-4uditory-Intenzitys51_av.fag

Tazk: Batch Completed

Wiew Log

BESA Research 7.1 Tutorial
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10. BESA Research keeps track of Iﬂf— e 'i':-lu,..,-.'u-'..n.L.-}J_m..m:?-.;'a's:_;'.'w..,,;..;ﬂ'..'m.u v [42] 3 |20 Gecgl 'Lﬁ:

all steps that have been carried | e oo o - o
£ C\Bers Public\Docusments BESE\Seripaf\LogB.. B« B - = o - Pager fofeyr Tochi= @ 7

out and documents them In a Iog # o help pooiect your secunty, v tha wekpage g SEEES oF Actrek cembrnds that £ould ecess yeur computer, Click here for optises.. x
. . BESA batch protocol 3
file. After completion of the s S
batch you can press View Log o file: 1: C:\UsersPublic Documents BESA Examples ERP-Auditory-Intensity'S |_av.fsg
. . » MADNFilter(LC:0.50-12dB-z HC:40.00-24dB-7 NF:off BP:off)
in the Batch Completed window oD e il A S Toas)

= Marked 8 block(s)
. H . = SAopenSolution(C:\Users' Public'Documents\ BESA\Examples'ERP-Auditory-
to view this log file. Then press IotensityHighlatensity. 3RS.bsa Open)
s RV%: all: 1.422 (best 0.739), range: - (best -), cursor: -
= SAswitchCondition(Label:All)
O K tO ClOSG th e Batc h = Command ignored: conditien already activated
= SAfitlnterval{80,105 Fitluterval)
. » RV%: all: 1.422 (best 0.739), range: 0.825 (best :0.739), cursor: -
Com pleted message wi ndow. » Pause(Adjust fit interval to match this subject’s N100 latency range.)
= SAsetOrientation(Label:AC Left.1)
» SAsctOrientation{Label:AC_Right 1)
= SAsetCursor(135 NoDrawMap)
= BV%: all: 1.422 (best (.739), range: - (best -), cursor: 7.186

»_Pansel Adinst cnrsor nosition to match the suhisct's N140 latency. )

" 8 Coenprter | Pretected Mode: O v BINK -

Batch scripts like the one shown above allow for simple and fast analysis of a complete EEG or
MEG study. Output of our example script are individually adjusted source model files (*.bsa) and
individual source waveforms for each condition, containing the brain responses to the different

auditory stimuli in each subject.

E e 0 DES
EIEIEIEIE

The plot above illustrates the necessity to model the orientations individually. Shown are the ten

different orientations obtained for the N100 component as stored in the individual solution files
(*.bsa). The large variation of the N100 orientation between subjects is a correlate of the inter-
subject variability in the orientation of the auditory cortex. Without adjusting the orientations
individually, the first components of AC_Left and AC_Right would not optimally reflect the

individual N100 component.
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C. Introduction Cluster Permutation Statistics

Before we get started with BESA Statistics, it is important to understand the background of cluster

permutation statistics. The following paragraphs will give a brief overview.

Preliminary parametric test

The preliminary parametric test is the first step in the analysis of data in BESA Statistics. The

type of test that is applied depends on the experimental design that was chosen.
t-Test: Comparing two groups or conditions

For the comparison of two groups or two conditions, as a first step, BESA Statistics calculates a
preliminary Students t-test (Hays 1988) between groups / conditions per data point. A t-test is
computed to determine whether there is a significant difference between the mean of two groups
/ conditions. A t-test is associated with a t-value and a corresponding p-value which indicates the
significance of an effect. P-values smaller than 0.05 are generally considered significant. The p-
value becomes smaller if the t-value becomes larger. t-values are influenced by the size of the
difference between the group / condition means and the size of the variance in both groups /
conditions. Generally speaking, the difference between two group / condition means can be small
for the test to become significant if the variance in both groups is also small. On the other hand,
a large difference between two group / condition means does not automatically imply a significant
effect. It is also required that the variance in both groups / conditions is not too large. Apart from
the t-value, the p-value is influenced by the degrees of freedom (DF) for the specific test
computed. DF are dependent on the number of subjects. The more subjects constitute the groups
/ conditions, the larger the DF. Larger DF are more likely to be associated with a significant test

result, as variance can be estimated more precisely with a larger number of subjects.

A t-test can be paired or unpaired. A paired t-test is appropriate when there is a dependency
between the two conditions that are compared. This is generally the case if two conditions in the
same set of subjects are compared (e.g. subjects listening to high intensity vs. low intensity
tones) or if the same subject is measured twice for the same task (e.g. listening to 1000 Hz tones
before and after a training period). An unpaired t-test is appropriate when there is no dependency
between the two groups that are being compared. This is generally the case if two different

groups of subjects are compared for the same condition (e.g. motor response in left-handed
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subjects vs. right-handed subjects). The selection of the correct type of t-test is important: in a
paired t-test smaller differences between conditions are necessary for the test to become

significant in comparison to an unpaired t-test.

Generally speaking, the likelihood of obtaining significant results is higher if a specific hypothesis
about the data is tested. When there is no specific hypothesis as to whether one group / condition
has higher or lower values than the other group /condition, a two-tailed t-test should be selected.
When there is the hypothesis that the first group / condition has higher values than the second
group / condition, a one-tailed-right t-test should be calculated. When there is the hypothesis that
the second group /condition has higher values than the first group / condition, a one-tailed-left t-

test should be calculated.
F-Test: Comparing more than two groups or conditions

If more than two groups or conditions need to be compared, the t-test is no longer feasible. For
this scenario, the preliminary test of choice is the F-test. Here, an F-value is computed that
corresponds to a p-value. The F distribution is not symmetric — there are no negative F values -
and so there is no scope for choosing a one-tailed or two-tailed test as in the t-test scenario.
Similarly to the t-test, the p-value is a measure for the likelihood that all groups / conditions were
drawn from the same underlying distribution, and are thus interchangeable. In other words, a
significant p-value (e.g. p < 0.05) points to a high probability that at least one of the groups /
conditions differs from at least one of the other ones. It is, of course, also possible, that more

than one pair of conditions differs from each other.

Permutation Test (non-parametric)

When computing a large number of t-tests or F-tests, the probability of obtaining a significant
result by chance is high. Typically, an a-error of 5% (p-value = 0.05) is assumed when calculating
statistical tests. Thus, if a significant result is achieved, there is a 5% chance that this result is
considered significant although in truth it is not. The more tests are computed, the higher the
probability those statistically significant results are obtained by chance.

Statistically analyzing EEG / MEG data usually involves computing a large number of tests, as

two conditions are compared for a large number of electrodes over a time interval containing
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many data samples. Therefore, the multiple comparisons problem is particularly prominent when
running statistics on EEG / MEG data.

There are different ways to address the multiple comparisons problem. The easiest is to apply
the Bonferroni correction (Abdi 2007), in which the significance level (e.g. p = 0.05) is divided by
the number of tests computed and only those tests are assumed to be significant with p-values
smaller than the corrected value. For example, if 100 tests are computed, the corrected p-value
would be 0.05/ 100 = 0.0005. This approach is very conservative and the chance is high that

significant results are wrongfully rejected.

BESA Statistics uses an alternative approach to deal with the multiple comparisons problem:
Permutation testing in combination with data clustering. The main idea is that if a statistical effect
is found over an extended time period in several neighboring channels, it is unlikely that this
effect occurred by chance. Thus, the initial step is to define data clusters that show a significant
effect between groups / conditions. For each cluster, a cluster value can be derived consisting of
the sum of all t-values of all data points in the cluster. Then it is tested if the initial data clusters
survive permutation. Permutation means that the data of subjects (i.e. unpaired tests were used
for t-test, or between-group measures were taken for F-test) or conditions (i.e. paired t-tests, or
repeated measures within the same group were used) get systematically interchanged.
Depending on the number of subjects per group / condition and the type of test, a certain number
of permutations are possible. For example, if 10 subjects are compared for two conditions using
a paired t-test, 1024 (2", where n is the number of subjects) permutations are possible. If 10
subjects are compared with another set of 10 subjects for the same condition using an unpaired
t-test, 184756 ((“ik), where n is the number of subjects in the larger group, and k is the number
of subjects of the smaller group; NB: in this example, the groups are the same size!) permutations
are possible. For each of the calculated permutations (default: 1000'®), a new test is computed
and a new cluster value is derived for each of the initial clusters. Thus, a new distribution of
cluster-values is determined for each of the initial clusters. Based on this new distribution, the
significance of the initial cluster value can be determined. For example, if only 2% of all cluster

values are larger than the initial cluster value, the initial cluster can be considered significant with

8 Drawn randomly without repetitions from all possible permutations. If there are not enough subjects to select
1000 permutations, the number is automatically adjusted to the maximum possible number of permutations.
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a p-value of 0.02. Thus, based on the computed cluster-value distributions, the significance of

each initial cluster can be determined directly (see the following Figure C-1).

Positive distribution for 5000 permutations
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Figure C-1: A realistic distribution of cluster values based on 5000 permutations is displayed. The figure
indicates that a cluster value of 200 is associated with a probability value of p=0.01, meaning that only

1% of all clusters have values larger than 200.

Depending on the direction of a statistical effect (i.e. condition 1 can have larger or smaller values
that condition 2), negative and positive clusters can be found. If a negative cluster is tested for
significance, it will survive permutation testing if the initial cluster value is more negative than

95% of all cluster values generated by permutation.

Since in permutation testing the distribution of cluster values is computed from the input data,
and p-values are derived directly from the computed distribution, permutation testing is
considered non-parametric, or parameter-free. This is a great advantage, since it is not required

that data are normally distributed, as would be the case if classic parametric tests were used.

For more details on the implementation of the permutation test as implemented in BESA Statistics
please refer to the following publications: (Bullmore, Suckling et al. 1999; Maris and Oostenveld
2007; Ernst 2004).
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Cluster neighborhoods depend on the type of data: The figure below shows an overview of

neighborhood connectivity with the data types supported by BESA Statistics.
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Post-hoc testing

In the case of F-tests used in univariate ANOVA, it is highly desirable to investigate which pairs
of conditions / groups were responsible for the significant effect. For this purpose, a post-hoc test
is available. BESA Statistics uses a Scheffe test with subsequent Bonferroni-Holmes correction
- after all, the problem of multiple testing applies for post-hoc tests as well: If, for example, 4
conditions are part of the test, 6 different combinations of pairwise comparisons need to be made.
The Scheffe test ensures that the pairwise clusters do not grow outside the boundaries of the
previously established F-test clusters. The Bonferroni-Holmes correction is less conservative

than the pure Bonferroni correction but still provides a valid correction for multiple comparisons.
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D. Analyzing source waveforms statistically using BESA Statistics

In the following, we will load the source waveforms we created in BESA Research and run a
cluster permutation test in order to identify time-regions and sources, which show reliable

differences between conditions High and Low across all subjects.

1. Start BESA Statistics by double-clicking its icon on your desktop.

.
BesaStatistics.exe

2. When BESA Statistics is opened for the [ seict inc besastatisiics baa o S sl

. . . Please select the BESA Statistics Data Folder
first time, the project folder needs to be || s das i o smeato s oo

Note: If needed, you may switch between different BESA Statistics Data folders using the menu item

defined. This is the folder where BESA e = Seleet Dta Folcer

. . . C:\Users\Public\Documents\BESA Statistics\Projectst
Statistics stores and reads all project and
result data. A dialog box appears. Press
OK to confirm the pre-selected folder.
3. Please close the notification box by | @ sesa statistics
pressing OK. We can now start with The BESA Statistics Data Folder has been selected successfully.

Project data will be written to and read from folder
C:\Users\Publict

setting our project targets. T ——
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4. Press Start New t-test Project in the “ir-

interaction window on the right-hand side. S

5. As we want to analyze the source

Select data type for which statistics Select statistical test
shall be performed

waveforms we created in the previous @ st
O 1FC Paired t-Test
. O image A Two-taile
steps, please select SWF in the o 3 mosatee
. . . [l ERP/ERF [0 One-ailed-right
interaction  window. Press  Start. O Connectiity O Unpaired t-Test

We will use a paired t-test for preliminary
statistics as we compare two dependent
samples, i.e. two conditions within the
same set of subjects. We will use a two-
tailed t-test as we do not want to test a

specific hypothesis.

6. Press Next or hit the space bar to

continue to the next workstep.

7. Press Load Data for Condition 1 in the
Load Data for Condition 1

interaction window. (Please note: Had we Py ———
selected an un-paired t-test, we would be

prompted to load data for Group 1.)
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8. Specify the Group name to be “Control
Subjects” and the Condition name to be

“High” and press OK.

9. Please browse to the folder

and select the 10 swf-files we
previously created for condition “High”.

Press Open.

Note: Depending on the data selection
under Set Project Targets, Files of Type
will be automatically set to the expected

file format.

10. A summary of the files we selected will be
displayed in the main window and a green
tick-mark will appear next to the first load-
button. Press Load Data for condition 2

(or press Next or hit the space bar).

BESA Research 7.1 Tutorial
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[ specify Design >
Set name for group and condition.
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Condition” |High| |
Cancel
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11. Specify the second Condition name to be
“Low”. Note that Group cannot be edited
anymore, as the paired t-test expects two
different conditions the same set of

subjects. Press OK.

12. Now select all 10 swf-files with the

extension “_Low” and press Open.
Important note: If a paired t-test was
selected under Set Project Targets, the
number of files loaded in both conditions
needs to be identical. This is not the case

for un-paired t-tests.

13. Again, a summary of all files loaded for the
second condition will be displayed in the
main window and a green tick-mark will
appear next to the second load-button.
Press Next or hit the space bar to

continue.

14. The three sources that are part of our
source model are now displayed in the
main window. They have the same colors
as in the source analysis window in BESA
Research. Press Run Preliminary t-Test

or Next to see point-wise t-test results.
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D BESA Satistics 1 - New tTest project 6 x
Ede Edt View Expot Help

Set_Pfume«ers ) B E SA

4=
Workflow Overvew [ Run Prelminary t-Test V4
Set Project Targats v
Start Time [ms)
Statistical Analysis sson] <l >
Load Data v ° ° ® End Time [ms]
Set Parameters @® @ ® ° ® 248000 (€ 1>
Statistical Settings
Cluster Alpha </0.050/[>
Number of
= - Permutations <[ 1000]>
A P L R R L [ Average over Time
L]
2 e ® ® .
P A R L L R
High Low Difference Display Left Display Right
= T @ T % Condition 1 4 Dilerence
g . |acimon AC_Le-01 & Condiion2 [ taalues
2 =9 N . & Mask & Mask
0 / N §
=4 2 Select Source
g g S S =
L L < AC Let01 >
25+
§ . = @ : . Current Latency [ms]
[] £ 100 150 Latency [ms] E) 100 15 Latency [ms] ooo] < >

Prefiminary statistics computed Sat Scale Detad Window

Reset < >

For more information about this Workstep see the Set Parameters section in the description of the BESA Statistic

Fois

15. Results for the first orientation of the first source in the source model (AC_Left) are displayed
in the detail windows. It appears that “Low” has smaller amplitudes than “High” in the
baseline, and “High” has smaller amplitudes then “Low” over an extended time-range starting

roughly at 150 ms.

Important note: These are preliminary results that are not corrected for multiple
comparisons! They should not be interpreted. They only serve as an initial orientation for

what is in the data and for defining regions of interest.

BESA Research 7.1 Tutorial Page 415 of 446
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany www.besa.de



BESA®

Tutorial 13 — Cross-subject Statistics

16. Different sources and orientations can be selected in

) ) ) Display Left Display Right
the drop-down menu of the interaction window. Under Condition 1 Difference
G c L . Condition 2 || t-Values

Display Right” a selection can be made between Mask Mask

Difference (i.e. in this case “High” minus “Low”) or t-
Select Source

values (point-wise). The according selection will be lAC Left-O1 'I
AC_Left-01

displayed in the right detail window. A mask indicating Current Latency [ AC-Left-02
AC_Left-03
significant time-periods can be switched on or off for 0.000 Eig_g?gﬂt-gg
_Flight-
both detail windows. AC_Right-03
[Frnntal—tﬂ A
Frontal-02
Frontal-03
17. It is possible to restrict further analysis to a region of —— ] \’
interest by changing the Starttime and Endtime. This
can increase the chance that a cluster survives Starttime [ms]
] o . 48000 (€]}
permutation as the distribution of cluster values is e
estimated based on a restricted sub-set of data- 248.000 >

points. For example, one might only include the post-

. . . . . . Statistical Settings

stimulus period in the calculations. We will not restrict

the time-window now but see what happens to the i'”sfrmfha 0.050
umoer o

cluster in the baseline after permutation. Permutations 1000
Average over Time
i g

Under the section “Statistical Settings”, a Cluster Alpha value needs to be set. This value
refers to the significance level that is the threshold for a data-point to enter a cluster. The
default value — which we will use now — is p = 0.05. However, it can also be a value larger or
smaller than 0.05, larger p-values leading to larger clusters. Please note that the Cluster
Alpha value does not equal the significance level of the permutation statistic!

The number of permutations also needs to be set. The default level — which we will be using
—is 1000 in order to get a reliable estimate for a significance level of p = 0.05, i.e. if the test
is run multiple times, the same clusters will stay significant. The possible number of

permutations is restricted by the number of subjects and the type of preliminary t-test (paired
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or unpaired, see above). If 1000 exceeds the number of possible permutations, BESA

Statistics will automatically reduce the value to the number of possible permutations.

Press Next or hit the space bar to continue.

18. Press Run Statistics to start the permutation

process and all according calculations necessary

for determining the probability of our initial

clusters.

19. An information window appears summarizing the

Settings for the cluster permutation test. Press . The settings for running the permutation test are as follows:

The cluster alpha used for cluster building is 0.05.
The number of permutations is 1000

OK to continue. Please note that the following

Press OK to accept the settings or Cancel in order to modify.

calculations can be time-consuming depending

oK ‘ [ Cancel

on the type of data and the number of data-

points.
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{Eﬂc Edit View Help
Perform Statistics

ST dw

Workflow Overview
Sot Projoct Targets
Statistical Analysis
Load Data

Set Paramelers

Parform Slalistics

s
® *® ]
v i
. & © e .
&
L] . ] ®

Statistical calculation finished succossfully

Noto: These results are comctod for multiphe compansans
For moce information sbout thes Waorkstep see the Perform Statistics secton in the descaplion of the BESA Stalishes Workflow

Burmmmanns nf alinbne abndaHnn-

Permutation Test Results

[Val . |Cluster W Ve A
Aok 001 [p=0.00000] -
wx 002(p=0.00000] <+ ¥ |
*  003[p=001000] + o« =
+ 004 [p00£200) ¢
005 [pe0.05300]
006 [p=0.06500]  +
007 [p=0 10500]
008 [p=0 46300]
009 [p=0.57900]  +
AN Inall BNAOAL 3

Display Left Cesplay Fight
| Condition 1 ] Difieroncy
| Cendtion 2 | tVsiuss
¥ Mask ¥ Mask

Sﬁwksmm..... e PPy
(€A Lono1 =3

Current Latency [ms]
1000 |« [

| Prewons | [ Funsh |

20. Once permutation statistics are computed, the cluster with the largest cluster value (and

smallest p-value) is automatically selected and displayed. Up to 100 clusters are displayed

in the interaction window and significant clusters are marked with stars according to their

significance level. Clusters that do not reach p = 0.05 but are smaller than p = 0.1 are marked

with a “+”.

The biggest cluster is the one we saw previously (see step C 15) in source AC_Left in the

first orientation. We can now be certain that “High” does indeed lead to a more negative

amplitude than “Low” in an area of the left auditory cortex associated with tangential activity.

This effect lasts from 144 ms to 216 ms. It is noteworthy that the preliminary cluster that could

be seen in the baseline did not survive permutation!

BESA Research 7.1 Tutorial

Copyright © 2024

BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

Page 418 of 446

www.besa.de



BESA® Research 7.1

Tutorial 13 — Cross-subject Statistics

EIE Edt Vew pHelp

Perform Statistics s BES A
> . = L
TS de w 4
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| . 1 | e Y | L ] L ]
Set Parameters o NS
Perform Statistics —— f
— e =
® N | > Parmusation Test Results
- Y R e LA
f ! . A ¥ - L f 4 o Val . | Cluster 4 [Vis[a]
[ L SO 1l oY e || ([ ® LI Ak 001 [p000000] -~ v
Nt} 111 U, | o : . |} %% o0zip=000100] + |
! A N [N vy - I *  003[p=0.01000] + v |
\ P \ [/ +* 004 [pe004200]  +
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b 1 | 006 [pe0.08500]  +
: \ 007 [p=0 10500] =
008 [pe0.45000] -
. o 009 [pr05TR00)  + |
High _ : Fifarance okt SR
E 60 n T 50 I
= 40.! - < T A Display Lo# Display Right
= )n! v s / W] Condtion 1 [¥] Difforence
| / 2w / 7 Condbion2 | LVahues
= C'r.-— e \ — | EE o Mask | Mask
il | B NE T . s .
0 50 100 150 Latency [ms] i 50 100 150 Latency [ms] [][Fromator. =]
e preuvs Mwel | el d . Curent Latency [ma] -
Cluster 1 0 307 2531 oo (€ &
Clster2 D001 43882 0756319
Cluster 3 0,01 260748 BEEN - ’—| F: ’_F_IF

21. The second significant cluster is found in the first orientation of the frontal source. “High”

leads to larger amplitudes than “Low”. This effect starts at 68 ms and ends at 136 ms.
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Set Project Targets 4
Statistcal Analysis

Load Data v
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Perform Statistics
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Display Lok Display Right
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22. The last significant cluster can be found in the second orientation of AC_Right, i.e. the

auditory cortex region associated with radial activity. Again, “High” has larger amplitudes than
“Low” from 100 ms to 144 ms.

23. A summary of cluster statistics containing

. Summary of cluster statistics:
the cluster p-values and the condition

Clusters p-values Mean 1 Mean 2

Cluster1 0 13.0407 253121
window below the main window. o,

means are displayed ' in the information

vk e T nonnd AT DO A Too240

¥t is also possible to export all statistical results as well as group/condition and individual means as csv-files.
Likewise, it is possible to export all images as png or eps-files.
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24. Press Finish to end and save the current [ rocs s .. ==

Grodp || Pect Dt o
Example

project. Save it under an appropriate name.

Selected Goug:  Comrl Subeets s

Selected Project:  Auditory intensity Source Wavelorms | Cancel |

E. Comparing more than two conditions or groups with BESA Statistics

In the following, we will explore the possibility to compare more than two conditions or groups
using the ANOVA workflow. We will continue using our auditory intensity data set, however this
time we will work with scalp data and will be asking if there is a significant difference between
the conditions: 60dB, 70dB, 90dB and 100dB. Additionally, we will consider a variable of no
interest, in this case the number of trials per average per condition per subject, and will thus be
using the ANCOVA workflow.

05 i

1. Start BESA Statistics by double-clicking its icon on your

desktop. Then start a new ANOVA project by selecting
the Start ANOVA project button.

2. Please select the data type to be analyzed. In this

case it will be an ERP/ERF experiment and we will be N BESA
looking at EEG data directly. Press Start to proceed == _ S

to the next step.

Presious | __ Start
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3. As we are dealing with different conditions within one

1BESA
group of subjects we select the Within Group

(repeated measures) option. We wish to consider

the number of trials per condition per subject as a
covariate of no interest and thus select the option
With Covariate of no Interest (ANCOVA). Please

press Next.
4. Our example auditory intensity experiment has 10 o
subjects and we are considering 4 conditions (60dB, BESA

70dB, 90dB and 100dB) and our covariate of no

interest is the number of trials. Please enter the

values in the respective fields and press Next.

5. Load all covariates of no interest and conditions for all subjects. The respective files are

located in the BESA examples folder:

. Please note that as we will be permuting over the conditions
(whose difference we are probing) the order of the subject files must be the same for all
conditions. If this was an in-between group case instead, the order of the subject files would
not matter. Check that the order is indeed the same. In case that it is not, the order can be
changed by clicking into the respective cell and using the arrow button that appears. When
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you have confirmed the order please select Accept Data Order and press Next.

8 BESA Statistics 2.0 — [m] x
Eile Edit View Export Help

YT ' 1YBESA

5 = X o ‘ Load Data for number of trials 60dB «
Subject number of trials Condition 1 £
N 5008 B00E \ Load Data for 60dB vy
1 64 D:\BESA_Statistics_2.0_Examples\Examples\ANOVA ANCOVA Correlation Example Data\ERP 4 Conditions\60dB\S1_av-60dB.avr
2 84 DABESA_Statistics_2.0_Examples\Examples\ANOVA ANCOVA Correlation Example Data\ERP 4 Conditions\60dB\S2_av-60dB_avr ‘ Load Data for number of trials 7048 s’
5 110 D\BESA_Statistics_2.0_Examples\Examples\ANOVA ANCOVA Correlation Example Data\ERP 4 Conditions\60dB\S3_av-60dB.avr ‘ J
4 6 DBESA_Statistics_2.0_Examples\Examplas\ANOVA ANCOVA Corralation Example Data\ERP 4 Conditions\60dB1S4_av-60d5.avr f oadilata for b
5 70 D-\BESA_Statistics_2.0_Examples\Examples\ANOVA ANCOVA Correlation Example Data\ERP 4 Conditions\60dB\35_av-60dB avr
= = = P! P P = Load Data for number of trials 90dB J
6 94 DABESA_Statistics_2.0_Examples\Examples\ANOVA ANCOVA Correlation Example Data\ERP 4 Conditions\60dB\S6_av-60dB.avr
7 88 D-\BESA_Statistics_2 0_Fxamples\Examples\ANOVA ANCOVA Carrelation Example Data\ERP 4 Conditions\60dB\S7_av-60dB an ‘ Load Data for 90dB «
8 54 D\BESA_Statistics_2.0_Examples\Examples\ANOVA ANCOVA Correlation Example Data\ERP 4 Conditions\60dB\S8_av-60dB.avr
9 97 D-\BESA_Statistics_2 0_Fxamples\Examples\ANOVA ANCOVA Carrelation Example Data\ERP 4 Conditions\60dB\S9_av-60dB awr Load Data for number of trials 100dB
= 2.0 p p p _
10 51 D-\BESA_Statistics_2.0_Examples\Examples\ANOVA ANCOVA Correlation Example Data\ERP 4 Conditions\60dB\S10_av-60dB.avr
- 20_Exampl P P - \ Load Data for 100dB vy
I Accept Data Order | «
| »

Data were loaded successfully.

For more information about this Workstep see the Load Data section in the description of the BESA Statistics Workflow.

Previous || Mlext ]

6. Once you pressed Run Preliminary F-Test you can recognize several regions where
significant results were found. Change the Current Latency to 100 ms. Using the map of F-
values you can pick the channel with the peak of the map (C4). Click on this channel in the
Top View to see the F value and amplitude distribution displayed in the selection window.
You can choose to visualize each of the conditions via the Display Top/Right drop down
menu. Note the maximum around the C4_avr channel that corresponds to a preliminary
cluster as is evidenced by the red shading in the right display window. In the left detalil

window, the amplitude plot for the 60dB condition is shown. The Display Left drop down
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menu can be used to display the other conditions including an overlay of several conditions.

Eile Edit View Export Help

Set Parameters K BES l
3 dw 2

Workflow Overview Run Preminary F-Tost v
Set Project Targets v 2o

Stantime [ms]

foooee €| —— 3

Endtime [ms]
[ss6000 <} >

Statistical Analysis

Define Experimental Design
Load Data v
Set Parameters

Statistical Settings

Neighbor Dist:
ncprsbe 1 Ty
Cluster Alpha <Jos00 >|
Number of g
Permutatins <1000 3|
™ Average over Time.

[~ Average over Channels

Display Let Display TopRight
[Conditions  »] [Stats /Dats v]

Select Chmr!ﬂ
e+ a =13
Current Latency [ms]

[0 <€f— — 3]

Set Scale

Reset | €|— F— 3|

Display Settings

Scale x 1.0
=23
Preliminary statistics computed successhlly Zoomx 1.0
For more information about this Workstep see the Set Parameters section in the description of the BESA Statistics Workdiow <} 2

Previous. — Next

7. In the menu Statistical Settings, we should choose a
neighborhood relation for the channels. Please select 6 cm for ~ Statistical Settings
neighbor distance. Larger values would produce more ’[‘i?:ghh‘” Distance <[5 3
spatially extended clusters. The cluster alpha should be set  ClusterAlpha <[ 0ot 3|
to 0.01. Please note that, as previously mentioned, the cluster Eﬁ?.}fji;ﬁfm ﬂlﬁﬂ
alpha is not the significance level of the permutation test. [ Average over Time
Instead, it determines the threshold for which points will be I Average over Channels
part of the same cluster in each permutation. The number of

permutations should be set to 1000.

BESA Research 7.1 Tutorial Page 424 of 446
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany www.besa.de



BESA®

Tutorial 13 — Cross-subject Statistics

8. Please click on Next and on the ensuing screen [ s statistics ®
press Run Statistics. A dialog will pop up A ¥Eghg“9;§;f'€:2“'n‘g” raas o £.09677
requesting to confirm the statistical settings. Press e
Ok to proceed with the computations. P R SR T LT

o

9. On the Permutation Test Results ANOVA list the
clusters, that now also have a spatial dimension, are shown in order of smallest p-value
first. The clusters marked with stars or plus signs (the latter is not present in the
screenshot) have p-values smaller than 0.05. Note that contrary to our previous source
waveform example the interpretation of the clusters of scalp recordings might be more
challenging. Different clusters might actually be due to the same physiological effect and as

such should be interpreted together.

) BEsA Statistics 20 o b
Fle EGt View Export Hep
Perform Statistics S
saue BESA

Workflow Overview = i |
Set Project Targets v S =3

Statistical Analysis = .
Define Experimental Design v/
Load Data v
Sel Parametars v
Perform Statstics

) 10008 F-Values

v

¥l

it A (“\\"\.\ /Q Yo enamtan |

10. While browsing through the clusters we might already recognize that the signal from the
green source we analyzed earlier in section D is part of one of the star marked clusters.

Press Next to proceed to the post hoc evaluation.

11. In the post hoc workstep we can determine which pairs of conditions actually differ from
each other. Select the Run Post-Hoc Tests button to start the computations. In the
Pairwise Comparison menu choose which two conditons are to be compared. By default

we start with the first conditions 60dB vs 70dB. The Permutation Test Results for
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Selected Pairwise Test menu shows that all clusters were discarded by the post-hoc test.
Hence we conclude that the conditions 60dB and 70dB are interchangeable. Note that all

clusters that were discarded by the post-hoc test are set to p-value = 1.0.

I Besa Staustics 20 = o X
Eile Edn Mew Expon Help
Post-Hoc Statistics W BE S A
;e i
Workdfiow Overview Run Post-Hoc Tests L

Sel Project Targels v
Statistical Analysis

Define Experimental Design  + Pairaisa Comparison

Load Dala v [fodB v 7045 =
Sel Parameters L4 Parmutation Test Results for
Perform Statistics v Selactad Pairwis

Post-Hoe Statistics

Orcpiay Lot Display TopRight
[Condtions =] [StaiDma =]

Curent Latency {ms]

2w <—F——>3|

0l Soloct Channel
L[Fe e =13|

Set Seaie

6008 _ F-values | ) 2|
A i ‘\f‘\/‘--r-v‘ i | i ‘ Scalox 11

s T 5 <t 2|
it Sl ‘ 1WAl e A ol I [ asamzro

I ‘ | >l

ms] 200 200 400 i Latsncy [ms] Provoes | Fimsh |

12. When comparing 60dB to 100dB instead a number of clusters survive the post-hoc test.
These conditions are therefore significantly different. This goes in line with our earlier
findings with the source space data set where we find a frontal activity at high intensities to
be significantly different from that at low intensities. The cluster highlighted below as well as
the third cluster suggests the same interpretation for early latencies. The clusters 1 and 2

are active at later latency ranges.
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F. Analyzing the correlation between physiological response and a
covariate of interest

The data we will use for the following example were kindly provided by Peter Schneider,
University of Heidelberg, Germany. Part of the data was used in a publication by Schneider et

al. (2005) in Nature Neuroscience?.

The experiment involved measuring MEG data while playing tones (instrumental sounds) to
professional musicians. Subjects listened passively. Between 500 and 1000 stimuli were

recorded and averaged for each subject.

For each subject, a musicality index was also established using the AMMA test for musical
aptitude (Advanced Measurement of Music Audiation by E.E. Gordon, 1989). The tonal score
was used for this experiment. It can lie in a range between approx. 20 points (random
guessing) and 40 points.

20p, Schneider, V. Sluming, N. Roberts, M. Scherg, R. Goebel, H.J. Specht, H. G. Dosch, S. Bleeck, C. Stippich & A.
Rupp (2005). Structural and functional asymmetry of lateral Heschl’s gyrus reflects pitch perception preference.
Nature Neuroscience 8:9, 1241-1247
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We want to find out whether there is a correlation between the strength of source activation

following the musical stimulus and the musical aptitude.

1. Start BESA Statistics by
double-clicking its icon on
your desktop. Then start a
new Correlation project by
selecting the Start New

Correlation Project button.

2. Select type SWF. Press the
Start button.

3. Enter the Number of Subjects:

18, and names for the
covariate of interest and data
(AMMA tonal and Musicians).

Then press the Next button.
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4. The next step is loading the
data for the covariate. Press
the Space key on the
keyboard or the button Load
Data for AMMA tonal. Then
browse to the file
AMMA _MusAlphabetical.txt
in the folder AMMA_ MEG that
should be on your desktop.

Open the file.

5. Now load the MEG data.
Press the second button or
the Space key on the
keyboard. Browse to the
folder Mus SWF300 and
select all files in the dialog
box. Then press Open.

6. Check that the files are sorted
alphabetically (the AMMA
scores were given in
alphabetical order). If not,
click into a row to re-sort
using the arrows that appear.
Once finished, press the
button Accept Data Order.
Then press Next.
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significant correlation in the s ]
baseline, too.

Change the cluster alpha to () X

0.01. Leave the number of
permutations and the time
interval unchanged. Press
Next, then Run Statistics.
Press OK when the dialog

box appears.

The settings for running the permutation test are as follows:
The cluster alpha used for cluster building 1s 0.01.

The number of permutations is

1000.

Press OK to accept the settings or Cancel in order to modify.

oK

Cancel
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- i
10. The Correlation test finds one  [=2050E
) - . Perfu:mHSl:us.tlcs BESA
significant cluster in SD-1, e ——v
and three trends. (Note that —— . i AR

St Paramators. v . 3
Pertom Statistics.

the trends have p-values <

0.05, but are not deemed

. g . - . -
significant since we can have i)
positive or negative ;
correlation, i.e. we are running o + =— ‘:;‘-"-LWJ’“' I ----- o N

a two-sided test).

A soscal Do it
=} oot | <

- Do |

The right-hemispheric cluster
starts just after 50ms post-
stimulus, and extends to
about 85 ms. It ends well

before the N100 response
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i
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) . ) Pé”nqufHSIlcs R BESA
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Sal Paramelers v - | L]
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in early processing intervals.

13. Press Finish and save the |
project. —EE TR e 5 T E K e
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i
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the BES Sumates Worfon

This experiment shows that for professional musicians, there is a (positive) correlation between
the auditory response and the musical aptitude, which manifests itself in the early auditory
processing stages between 50 and 90 ms after a tonal stimulus. There is no significant
correlation at later stages of the processing (N100, N150).
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Now let us see if we can get similar results for non-musicians. We will follow the same steps.

14.

15.

Start a new Correlation project by
selecting the Start Correlation
Project button. Then select SWF as
data type. Press Start. In the step
Set Project Targets, set Number
of Subjects to 15, and name the
factors as AMMA tonal and Non-

musicians. Press Next.

Load the data. The covariate is

in the text file

The SWF data are in folder

. Select all files
and open. Then accept the data
order and press Next. On the Set
Parameters workstep, press the
button Run Preliminary
Correlation. The initial

significance plot appears.

BESA Research 7.1 Tutorial
Copyright © 2024
BESA GmbH, Freihamer Str. 18, 82166 Graefelfing, Germany

Selected Data Type
and Statistical Test

SWF

Correlation

Define Experimental Design

MNumber of Subjects | 15

Factor Names

Covariate of
Interest

Data

AMMA tonal

MNon-musicians|

Page 432 of 446

www.besa.de



BESA®

Tutorial 13 — Cross-subject Statistics

16. Switch to r-Values for the right
widget and activate the mask.

Toggle between the two sources.

We can see that there is some
preliminary correlation around
the P50 latency similar to the
previous example, and also

around the stimulus latency.

17. Let us proceed as before. Set
the cluster alpha value to 0.01.
Then press Next and Run
Statistics on the next screen.

Accept the settings in the dialog.

A message box appears to
inform that no clusters emerged.
The result is a question mark
beside the Run Statistics

button, and a notification at the

bottom that the calculation failed.

18. The reason for this is the
problem that not a single cluster
could be built with the stronger

condition of a 0.01 alpha value.

Press the Previous button to go
back to the workstep Set
Parameters. Increase the alpha
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rx The current settings yielded zero clusters!
ﬁ Permutation testing could not be performed!

OK

FRun Statistics ?

For more information about this Workstep see the Perform Statistics section in the description of the BESA Statistics Workflow.

sy The settings for running the permutation test are as follows:
The cluster alpha used for cluster building is 0.05.
The number of permutations is 1000.

Press OK to accept the settings or Cancel in order to modify.

OK | Cancel |
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value back to the original of 0.05.
Then advance and re-run the

Statistics.

19. With this setting, clusters are

found. However, none of them is

significant or shows even a

trend.

We can conclude that contrary to professional musicians, for non-musicians, there is no
significant correlation between the tonal musical aptitude and the amplitude of the auditory

response to musical tones in the primary auditory cortex.

G. Analyzing connectivity data in BESA Statistics

Cluster permutation statistics can also be performed on connectivity data saved by BESA
Connectivity. BESA Connectivity calculates the connectivity values in a channel-by-channel
matrix, resulting in (Nchannel * Nchannel - 1) channel pairs (for some connectivity measures like
Granger causality, the order in the pairing of channel 1 and channel 2 is not interchangeable).
For connectivity measures, clusters are always calculated within the channel pair; they can not
spread from one channel pair to another one. However, this still leaves the time and frequency

dimensions for clusters to grow in.

The present example was kindly provided by Michael Johnson, University of Utah, USA. It
consists of 10 subjects who underwent a guided meditation exercise. The question is whether
long-range connectivity increases with a deeper meditation state, and if so, at which frequency

ranges.
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Data were pre-processed using a Default Mode Network source montage, and trigger events

were inserted at regular intervals at the beginning of the meditation exercise in a period of 5

minutes, and also towards the end (approximately 1 hour later), also in a period of 5 minutes.

Noise sources were removed from the source montage, in order to focus on the default mode

network only. Overlapping epoched data were exported to BESA Connectivity, and the

coherence between all source channels with all orientations was then calculated in a frequency

range between 1 Hz and 30 Hz. The final data were exported from BESA Connectivity for

statistical analysis (manuscript in preparation). These are the data we will now evaluate.

1. In BESA Statistics, start a new t-test

project. Then select the box

Connectivity.

2. Select a paired t-test and choose

the option One-tailed right.

3. Provide names for the group and
the condition. First we will load the
final (Yoga-Nidra or YN) phase.

BESA Research 7.1 Tutorial
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Select data type for which statistics
shall be performed

TFC

Image

SWF

ERP / ERF
Connectivity

KOdoo

Select statistical test

t-Test
Paired t-Test
L] Two-tailed
[] One-tailed-left
One-tailed-right
] Unpaired t-Test

[ Specify Design

Set name for group and condition.

Group: |Subjeu:ts

Condition- [YN

Cancel
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4. Browse to the Statistics example

data and into the sub-folder t-test

Example Data, and then

Connectivity. In sub-folder

Coherence / Phase5, select all files.

5. Do the same for the files in Phase1.
Check that the file order matches.

Then press Next to advance to the

Set Parameters work step.

6. Press the button Run Preliminary t-
Test. The matrix containing 18 x 18
channels (6 DMN source channels

with 3 orientations each) is shown.
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7. Some recurring patterns can be

seen in the time domain. This is to

be expected as we used

overlapping epochs — and actually
we were not interested in the time

domain, that was only required to

compute phase relationships

between channel pairs. We will now
average over the time, using one
half of the epoch. To do this, first

change the start time to 0 (it will

adjust to the next sample). Then

check the box Average over Time.

8. Press Next and then run the

statistics. Two significant clusters

emerge — however, they represent

the same channel pair (in

Coherence, the channel pairs are
exchangeable). The pair is the left

lateral temporal region, horizontal

orientation, and the right lateral

temporal region, vertical orientation.

Run Preliminary t-Test

e —
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End Time [ms]
<

Start Frequency [Hz]

1.000

I >
>

End Frequency [Hz]

30000

Statistical Settings

<Jo.050]>
<[ 1000]'>

Cluster Alpha

Mumber of
Permutations

Average over Time
[] Awerage over Frequency

[

Average over Channels

IIIIIII

efof Talia
il

e
i B%q
a8

BESA

The frequency range is shown on the right, and is from 2-7 Hz, so in the theta spectrum

range. The two trends that did not reach significance are between Left angular gyrus and left

lateral temporal region, and posterior cingulate gyrus and left lateral temporal region.
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Appendix A — List of Error and Warning Messages

A. Error messages

Window Message text / Symbol Description

Review Sentinel LDK Protection If a dongle with a valid license is not found or the
System license driver is not correctly installed, this
No valid license detected. Please message is shown.
attach a BESA HASP dongle in
your local network. Make sure
that the HASP driver is installed.

Also ensure that your HASP is
up-to-date and that you own a
license for this version of BESA
Research (contact
sales@besa.de). (H0007)

Review Error in BESA-Matlab interface  This message indicates a platform mismatch
setup! between MATLAB setting in BESA.ini
BESA is set up for Matlab #.#. (Platform=32) file and the installed MATLAB (64-bit
Besa.ini specifies 32-bit, but MATLAB). The platform of both is required to be
there appears to be a path to a the same.
64-bit Matlab in the PATH BESA.ini file is usually located in the following
environment string: folder:

Review Error in BESA-Matlab interface  This message indicates a platform mismatch
setup! between MATLAB setting in BESA.ini file
BESA is set up for Matlab #.. (Platform=64) and the installed MATLAB (32-bit
Besa.ini specifies 64-bit, but MATLAB). The platform of both is needed to be the
there appears to be a path to a same.
32-bit Matlab in the PATH BESA.ini file is usually located in the following
environment string: folder:

Review An error occurred... This message is shown when the ES/ (or MS/)
The marked block is empty or too button in the control ribbon is clicked without
narrow. Please increase the setting a proper data block.
marked block size.

The BESA Source Analysis
module cannot be started.

Review No Triggers in Data file If no trigger events exist in the data file, this
There are no triggers in the data ~ Message is shown after selecting the ERP / Edit
file. Please import triggers or Paradigm menu entry or clicking the ERP button in
create triggers using the ERP the control ribbon).
menu commands before editing
the paradigm.

Review Batch Interrupt This message is shown when an error occurs

during a batch process.
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Batch interrupted on file 1:
[file_name]: Task [task_name].
Stop batch? (‘No’ continues
batch will next data file)

o Closing with ‘Yes’ in ##
seconds

Detailed error messages can be checked in the
Batch Log dialog after closing the dialog.

Review

BESA Batch

Unable to run more than one
batch at a time!

If this message shows, it is possible that a previous
instance of BESA Research has not shut down
correctly and there may still be a process of BESA
Research running in the background.

You can check for this by closing BESA Research
and then open the “Task Manager” of Windows. If
BESA Research is still running, either log off and
on again or close the BESA Research background
processes in the Task Manager (by right-click on
the corresponding row in the Task Manager
display). Then, re-start BESA Research.

Source Analysis

An error occurred.

There was a problem with
neighborhood calculation.

Please lower the voxel size in the
image settings.

SESAME: This error message is shown when the
number of neighbors of a source location is too
small in neighborhood calculation.

Source Analysis

An error occurred.

There was a problem with
neighborhood calculation.
Please increase the voxel size in
the image settings.

SESAME: When the voxel size in Talairach space
is set too small (e.g. 3 or 4 mm) in the General tab
of the Image Settings dialog, neighborhood
calculation may be failed.

Source Analysis

Image Error

Image error: probably due to lack
of sufficient memory

o closing with ‘OK’ in # seconds

This error message may be shown after aborting a
source imaging computation or if a memory
allocation issue occurred.

B. Warning messages and symbols

Window

Message text / Symbol

Description

Review

WARNING: Edit Channel
Configuration

Editing the channel configuration
will change the channel
assignment of your EEG data
file. You should make changes
only if channels have been
incorrectly assigned or not
defined during data acquisition.
Do you want to proceed?

This message is shown after selecting the Edit /
Channel configuration menu entry.
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Review Warning This message is shown after selecting the View /
Warning: This selection causes ~ /nverted data menu entry.
the data to be inverted when they
are read. Any files, e.g.
averages, that are generated
from the data file will also be
inverted! Use only if you need to
correct data that have the wrong
polarity!
Review File Edit Vie The “inverted” text appears in the top-left corner of
the review window after selecting View / Inverted
-F | F+ | W data menu entry to warn that the data is inverted.
inverted
Fp1 gy
Review - + When the View / Show negativity up menu entry is
I + lor I - unchecked, the color of the + and - symbols on the
right side of the review window is changed to red to
warn about the changed setting.
Review File Edit Vie The “copied” text appears in the top-left corner of
F | F+ | i the review window to note that at least one of the
: displayed average buffers (View / Average Buffers)
CDDIEr was copied from another data file.
Fp1 / L e
Review Open Source analysis module If at least one of the displayed average buffers was
Warning: At least one average copied from another data file, this warning
buffer was copied from another message is shown when source analysis starts
data file. (Process / Source Analysis).
After pressing the “OK” button of this warning
dialog, source analysis is aborted.
Review No Averaged Segment Found This message is shown when the View / Top view
No averaged segments were of data... menu entry is selected (or the TpV button
found in the data file. in the control ribbon is clicked) without marking a
Please mark a block to indicate data block or opening averaged segments.
the data you want to view.
Review BesaExport Export data dialog
High cutoff filter set to 35% If export without filters is selected or if the current
sampling rate to avoid aliasing. high cutoff filter is set to a value that is higher than
Press Filter button to adjust 1/3 of the sampling rate, BESA Research sets the
filters if necessary. If your data filter and shows this warning message.
are sufficiently low-pass filtered,  The filters can be adjusted by pressing the
you may uncheck ‘Current filters’.  “Filters...” button in the Export data dialog.
Review WARNING This message is shown if no valid pattern (Pattern
Please select a valid tag pattern 1-5) is selected in the context menu for
(pattern 1-5) for search/average ~ Search/average.
Review Processing This message is shown when the Process / Source

Please mark a latency or a block

Image menu entry is selected without marking a
block.
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Review File Edit Vie The “corrected” text appears in the top-left corner
-F | F+ | W of the review window after applying artifact
comected correction.
Fpl —y
Review 2 Artifact correction state is shown in the status bar
R T | 1o of the review window. It indicates whether artifact
|l & correction is turned on or off.
Conect PCA Bad: 0 If artifact correction is turned off:

e “Correct: Off’
If artifact correction is turned on:

e  “Correct: PCA”: Principal component
analysis (PCA) is used for artifact
correction.

e  “Correct: Surr”: Surrogate method is used
for artifact correction.

e “Correct: SSP”: Subspace projection
(SSP) is used for artifact correction.

Review High Cutoff Filter Switched On  Paradigm dialog - Filter tab
The High Cutoff Filter has been If high pass filtering is set for averaging and the
enabled. You retain more user switches the tab, this warning message shows
information if High Cutoff is off to warn there is a potential risk of loss of data.
during averaging.
Do you want to switch the High
CutoffFilter off now?
Review Filter Settings Change Paradigm dialog - Filter tab
The artifact scan was performed  If the filter setting is changed after finishing the
on this data using a different artifact scan and the user switches to another tab,
setting. this warning message shows to warn that the filter
Do you want to keep the current  settings were changed, and no longer match the
selection of accepted trials? settings which were used for the artifact scan.
Review Scan Exists Paradigm dialog - Artifact tab
A scan has already been When the Start Scan button is clicked again after
performed. finishing the artifact scanning, this message is
Assignments of bad channels shown to inform about a possible loss of previous
which were done in this editing changes.
session will be lost if you scan
again.
Do you want to scan again?
Review Set beamformer intervals Paradigm dialog / Average tab / Set beamformer
One of the intervals is too small interval dialog - Beamformer interval section
If any of the noise or signal intervals holds less
than 2 sampling points, this warning message is
shown because the computation of the covariance
matrix is not possible.
Review Cancel Paradigm Definition Paradigm dialog

When the “Cancel” button of the Paradigm dialog is
clicked after changing settings, this message is
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You have made changes to the
paradigm. Are you sure you want
to cancel the changes?

shown to warn that the changed settings are not
saved.

Review Channel and digitized head Channel and digitized head surface point
surface point information information dialog
The symbol located at the top-right of the dialog
1 indicates whether the current setting is correct
° (green check mark) or not (red exclamation mark).
or
Review Use spherical electrode If there is no information on digitized coordinates
locations? for electrodes, this warning message is shown after
The electrode locations in the file  Selecting File / MRI coregistration menu entry.
are currently defined on a sphere
For MRI coregistration, we
recommend that you use
digitized coordinates.
Press ‘OK’ to retain the spherical
coordinates, or ‘Cancel’ to abort
coregistration
Review Coregistration with MRI Coregistration with MRI dialog - Coordinate
Your data use standard electrode /nformation section
without digitization (or MEG BESA Research presents a warning message,
headshape information is too saying that for MRI coregistration realistic electrode
sparse)! Coregistration in BESA coordinates produce better results.
source module may be
inaccurate.
Review Coregistration with MRI Coregistration with MRI dialog - Coregistration files
section
i The symbol located top-right of the dialog indicates
- whether the current file setting is correct (green
or check mark) or not (red exclamation mark).
Review Warning This warning message is shown when the Artifact /
No EEG recording reference is Automatic... menu entry is selected for the data
defined! Artifact-corrected data without reference channels.
are always average referenced in
this case!
o Do not show this message
again
o Closing with ‘OK’ in ##
seconds
Review Starting fMRI Artifact This warning message is displayed when the
Correction Artifact / fMRI artifact... menu entry is selected.

Warning: fMRI artifact correction
may be used for RESEARCH
PURPOSES only. Warning: fMRI
artifact correction may be used
for RESEARCH PURPOSES
only.

The user has the choice to accept or to cancel and
return to the review module. The user can opt for
only displaying this warning once in this session.
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Press OK to continue, Cancel to
return to the review window.

o Do not show this information
again in this session.

Review Starting Source Analysis
Warning: Use of the Source
analysis module for diagnostic
purposes may only be performed
by experienced neurologists with
profound knowledge of the
methods used in the module.
Only the following methods may
be used for diagnostic purposes
by the user group listed above,
with the restrictions stated in the
Intended Use:

- Equivalent Dipole Modelling
- CLARA

Press OK to continue, Cancel to
return to the review window.

o Do not show this information
again in this session.

This message box appears when starting Source
Analysis.

This message box will not be shown again in the
current session if the check box “Do not show this
information again in this session” is checked.

Review Using Source Analysis in
batch
Warning: Use of the Source
Analysis module for diagnostic
purposes — restricted methods:
- Equivalent Dipole Modelling
- CLARA

may only be performed by
experienced neurologists with
profound knowledge of the
methods used in the module.

o Do not show this message
again

This message box shows when users start a batch
process that will use Source Analysis features.
This message box will not be shown again in the
current session if the check box “Do not show this
message again” is checked.

Source Coherence DataWindow
Only few samples were selected
for time-frequency imaging.
This may compromise the
results. Do you want to continue?

Image dialog

When the time or frequency intervals is too small,
data dimensionality may be reduced. In this case
BESA Research shows this warning message.

Source Coherence DataWindow

One of the values you entered is
outside the range.

Please correct the values.

Image dialog

When one of the values for the time and frequency
intervals is outside the range, BESA Research
shows this warning message.

Source Analysis Calculating image

For the beamformer image,
covariance information is

This message indicates that the current condition
does not have covariance information. For
preparing covariance information for a beamformer
image, the ERP (time-domain beamformer) or
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required, but the current
condition does not contain it.

Source Coherence (time-frequency domain
beamformer) modules need to be used.

Source Analysis

BESA — Source analysis

Please mark a fit region before
starting SESAME.

For SESAME computation, a fit region is needed to
be defined first.

Source Analysis

Warning...

Cursor is lying outside the brain
volume of the current head
model.

Set Reference for DICS dialog

This warning message is shown if the current
cross-hair in the 3D window is located outside of
the brain (source space) and the following option in
the dialog is selected: Reference is brain source /
Use current cross-hair position.

Source Analysis

60dB: 64 avs
Org| [-200.00 ms

Filters: 0.5 - 40 Hz
+296.00 ms |

Al Z

The line that indicates the baseline interval above
the butterfly plot of the Channel box is changed to
red when the baseline overlaps with the fitting
interval. In this case, the baseline may be incorrect.

Source Analysis

Filters: 0.3 - 101 HZ]
+999.00 ms |

[<17] Condition 2

|-500.00 ms.

All

The line that indicates the baseline interval above
the butterfly plot of the Channel box is changed to
red when a signal power of more than 50% of
maximum global filed power (GFP) is contained in
the baseline. In this case, the baseline may be
incorrect.

Source Analysis

A

@ | @

= f
3

ART

The text “ART” at the right of the status bar in the
Source Analysis module indicates that artifact
corrected data is currently used in source analysis
and subspace projection (SSP) is switched on.

Source Analysis

Warning...

This is an artifact-corrected data
set. In order to ensure correct
discrete source localization,
BESA performs a subspace
projection (SSP) on the data and
the source leadfields.

The SSP removes the artifact
topography from the data. Due to
this fact, the 3D maps and
distributed sources in the Source
Analysis module will be distorted.
This will be indicated by the
additional text “SSP distorted” in

This warning message is shown when an artifact-
corrected data is used for source imaging in the
Source Analysis module.
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the header line of the 3D

Source Analysis

window.
A — P R
3D CLARA +9200ms Tra

SSP distorted

nknlcma R

The text “SSP distorted” is shown in the 3D view of
the Source Analysis module to warn that an
artifact-corrected data is used for source imaging.

Source Analysis

A [ B
3D CLARA +92.00 ms T|

Yolume-based image only némiom” R

The text “Volume-based image only” is shown in
the 3D window of the Source Analysis module
when a volume-based source image is computed
and the toggle button for Glass brain is pressed.
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Appendix B — Range, accuracy and precision of displayed values

A. Range, accuracy and precision of displayed values

The following table lists the tasks that the user may perform during a data analysis procedure in a
clinical context. For these tasks, the measured quantity, the range within the software, the accuracy

and precision where known are listed.

Task Measured quantity Range Accuracy Precision
Fast Fourier Dominant frequency Typical range: 0.2 Hz 0.1 Hz
transformation of EEG  in Hz 1-30 Hz.
or MEG data The permitted range
lies within 0.001 Hz
and 2,000,000 Hz
Amplitude Maximum and Typical range: 2uv 0.2 pv
measurements of minimum amplitudes 1-200 pV (EEG).
displayed EEG or of a channel in a Permitted range:
MEG data defined interval, in pV ’
(EEG), fT (MEG 0-1V (EEG);
mggnetometers or 0-100 nT (MEG 23T 5T
axial gradiometers), or  magnetometers or
fT/cm (MEG planar axial gradiometers);
gradiometers) 2 fT/em 2 fT/em

0-100 nT/cm (MEG
planar gradiometers)

Position in the brain
(Talairach units)

Dipole localization

Typical range:
-85 mm ... +85 mm

Permitted range:
-128 mm ... +127 mm
(relative to the brain
centre)

Accuracy depends on
many factors, the
strongest being the
head model used and
the depth of the
source. In a spherical
model scenario with
64 electrodes and
noise, accuracy was
found to be
approximately 1-3
mm in each direction.
However, head model
and co-registration
errors enlarge it in
real scenarios (cf.
Lantz et al. 2003;
Duez et al. 2019).

Precision is a function
of signal-to-noise and
is calculated and
displayed for each
dipole fit separately.
In a typical noise
scenario (SNR
approximately 10), it
is in the order of 5-10
mm in each direction.

Measurement of
latencies of amplitude
peak activations
relative to stimulus

Peak latency in ms

Typical range:
-400 ms ... +1200 ms

Permitted range:
-1,800,000 ms ...
+1,799,990 ms

+1ms

+5ms
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