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ABSTRACT
Objectives: The purpose of this study was to test the hymiitbat the highest temporal correlations
between 3-dimensional EEG current source densitgsponds to the anatomical ‘Modules’ of high
synaptic connectivity as measured by Diffusion $pee MRI Imaging (DSI) (Hagmann et al, 2008) .
Methods: Resting eyes closed and eyes open EEG was recfraie 19 scalp locations with a linked
ears reference from 71 subjects age 13 to 42 yelosv resolution electromagnetic tomography
(LORETA) was computed on successive two second setgwof artifact free EEG in order to compute
current source density from 1 to 30 Hz in 2,394ical gray matter voxels in delta (1-4 Hz; thetd 4-
Hz; Alphal 8-10 Hz; Alpha2 10-12 Hz, Betal 12-15 Beta2 15-18 Hz, Beta3 18-25 Hz and Hi-Beta
25-30 Hz). The voxels were organized into 33aefdl right hemisphere regions of interest (ROI) and
grouped into six anatomical ‘Modules’ correspondinghe 33 ROIls in the Hagmann et al’s (2008)
diffusion spectrum MRI (DSI) study. All possildeoss-correlations between voxels within a DSI
‘Module’ were compared to the correlations betwééodules’.
Results: The anatomical ‘Module’ correlation structureswaplicated in the correlation structure of
EEG 3-dimensional current source density. Thedsghorrelations of LORETA current density voxels
were the same as the highest connection denségaibmical ‘Modules’ measured by DSI for all
frequency bands for eyes open and closed conditigklpha rhythms exhibited the strongest DSI
‘Module’ correlations and different EEG spectra igdied unique correlations to each of the different
DSI ‘Modules'.
Conclusions:  Structural validation of EEG neural imagingdpmparisons to diffusion spectrum MRI
imaging (DSI) ‘Modules’ supports a ‘small-world’ el of brain connectivity. Unique frequency
spectra of the six different DSI ‘Modules’ are s@tent with a natural resonant frequency model of
DSI ‘Modules’ involving temporal sequential coordtion via the cortico-cortical white matter.
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1.0- Introduction

Convergent evidence from different imaging modadithas demonstrated that the human brain is
a network organized by ‘Nodes’ with linkages anastéring of connections defined as ‘Modules’ which
further divided into ‘Modules’ defined by high dsty of synaptic connections and functional modules
(Achard et al, 2006; Scannell et al, 1999; Spotrad,004). Graph theory is commonly used to
guantify the structural topology of the human brasmg different imaging methods and achieving
similar results from Diffusion Tensor Imaging (D@hd tractography functional MRI (fMRI) and
guantitative EEG/MEG (qEEG) €ipel et al, 2008; Lee et al, 2008; Bullmore apor@s, 2009Achard
et al, 2006; Hagmann et al, 2008; Stam et al, 22009; Achard and Bullmore, 2006). Recently,
Hagmann et al (2008) used DSI and tractographsat®tthe cortico-cortical white matter connections
of the human cerebral cortex between 66 cortigbres with clear anatomical landmarks, using the
same gyri and sulci as described by von Brodmard®@9® (Brodmann, 1909) which has been used for
clinical correlations since Brodmann’s book. Friira 66 cortical regions, 998 sub-regions of irdere
(ROIs) were calculated using a connection matristgr-regional cortical connectivity (see Table
Figure 6 and S5 in the methods section of Hagmaah 2008). Network spectral analyses of nodes
and edges of the 998 ROIs were grouped into sitoarieal ‘Modules’ with maximum centrality or
high within density connectivity (Hagmann et al08). A further sub-classification into two grougps
intra- vs extra-modular connection density labeledprovincial Modules’ with a participant coefirit
P <0.3 and ‘connector Modules’ with a participeoéfficient P 0.3. In the present paper we limit
our analyses to only the six major anatomical ‘Medudefined by Hagmann et al (2008) and will
present provincial vs connector Modules analysesseparate study. The six main DSI anatomical
‘Modules’ included but is not exclusive of : thesperior cingulate, the bilateral precuneus, thatdial
paracentral lobule, the unilateral cuneus, thedaiddisthmus of the cingulate gyrus and the hikdte
superior temporal sulcus (see Figure 1 of Hagmaiah 2008).

Neuroelectrical imaging methods such as Low ReswlUElectromagnetic Tomography
(LORETA) share the ability to link synchronous reduactivity registered to a common and standardize
anatomical Talairach atlas (Towle et al, 1993; lamter et al, 2000). LORETA is a maximally smooth
inverse solution of the sources of the EEG by usiBgdimensional Laplacian operator to weight
simultaneous distributed sources (Pascual-Maraal, d1994; Pascual-Marqui, 1999). Because local
synchrony of neurons is necessary to produce tte &tother constraint on the Lead Field by a 3-
dimensional Laplacian operator is that the derfityonnectivity in clusters of neurons is positiel
related to current source density in a given volaiide brain. Cross-correlation of LORETA spakt
amplitudes over wide brain regions is a measutb@gpatial-temporal synchrony of neurons located i
different Brodmann areas (Hoechstetter et al, 28@4cual-Marqui et al, 2001; Thatcher et al, 1994,
2007a; Thatcher, 1995). The linkage between D8ILADRETA occurs because diffusion weighted
images (DWI) reflect anatomical connectivity (axpasd anatomical connectivity is the basis for
effective connectivity, (one region influencing #mer), therefore, it follows that DWI should predic
synchrony between distant brain regions, as refteby LORETA.

In other words, one would expect a relationshipveen the density of cortical connections as
measured by DSI and the LORETA cross-correlatiocuofent density between the cortical regions
defined by DSI anatomical ‘Modules’. A cross-valithn of LORETA as an electrical neuroimaging
method is a test of the following hypotheses: &t the cross-correlation of the time series of EEG
current densities is highest in the regions ofrgge(ROIs) that constitute the six Hagmann e2@08)
anatomical ‘Modules’, 2- that increased currenirse density is related to the density of conoesti
within the anatomical ‘Modules’ as measured by Hagmet al (2008), 3- the cross-correlation between
the time series of current sources in different ddles’ is heterogeneous and decreases as a futtion
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distance from the center of each ‘Module’ and héré are unique resonant frequencies of LORETA
current source density in each of the six anatdmtadules’.

2.0 Methods
2.1 — Subjects

A total of 71 normal adults ranging in age fromt@3!12 (male = 41) were included in
this study. The subjects in the study were seldassgd on no history of neurological disorders
such as epilepsy, head injuries and reported nadeadlopment and successful school
performance. None of the subjects had taken adiaations prior to EEG recording.

2.2- EEG recording

The EEG was recorded from 19 scalp locations basdte International 10/20 System
of electrode placement, using linked ears as aaeée. Each EEG record was plotted and
visually examined and then edited to remove attifloce amplifier bandwidths were nominally
0.5 to 30 Hz, the outputs being 3 db down at tlfikespiencies, and the sample rate was 128 Hz.
Split-half and test-re-test reliability measuresaveonducted on the edited EEG segments and
only records with > 95% test re-test reliabilityr@@ntered into the spectral analyses (xx). EEG
was acquired in the eyes closed conditions andddeagths varied from 58.6 seconds to 120
seconds.

2.3- Cross-Spectral analysis and LORETA computation

The edited EEG sample length varied from 58 setori®0 seconds. The steps to
compute the spatial-temporal correlations betwegions of interest are described in Figure 1.
First step is the digitized EEG samples divided successive 2 second epochs of 256 sample
points of the edited EEG then FFT cross-spectrallyais using a cosine taper window according
to standard procedures for Low Resolution Electgmetic Tomography (LORETA) frequency
analyses (Pascual-Marqui et al, 199; 2001; Paddaadui, 1999; Gomez and Thatcher, 2001,
Thatcher et al, 2007a; 2007b). LORETA is a distiéd EEG inverse solution where the
currents at 3-dimensional gray matter voxels Jdmeear combination of the signal S recorded
at a scalp electrode:

J=T-S

Where T is a minimum norm 3-dimensional matrix (92 gray matter voxels with x, y
and z coordinates in a generalized inverse thaght®ithe solution to sources that are
synchronous in local volumes or regions using toindensional Laplacian Operator (Pasqual-
Marqui et al., 1994; Pasqual-Marqui, 1999). Thmatrix is mathematically defined as:

T ={inv(WE' BW)}K{ pinv(WE' BW)K}

Where pinv(X) is the Moore-Penrouse pseudoinvefsé (Menke, 1984) and B is the
discrete Laplacian Operator and W is a weightinggiménv indicates inverse).

The Talairach Atlas coordinates of the Montreal fdéagical Institute’s MRI average of
305 brains (Lancaster et al, 2000; Pascual-Madf89) and the linkage to standard anatomical
7mm x 7mm X 7 mm voxels each with a distinct Talelir Atlas Coordinate. Groups of voxels



Thatcher et al 5

are also defined by the clear anatomical landmeskablished by von Brodmann in 1909 and
referred to as Brodmann areas. The Brodmann akeaskap with and use most of the clear
anatomical landmarks as used by Hagmann et al,)200& resultant current source vector at
each voxel was computed as the square root oltineo$ the squares for the x, y and z source
moments for each 0.5Hz Hz frequency band (Plonggy *n order to reduce the number of
variables, adjacent frequency 0.5 Hz bins wereageat to produce nine different frequency
bands: delta (1-4 Hz); theta (4-7 Hz); alphal (84&); alpha2 (10-12 Hz); betal (12-15 Hz);
beta2 (15-18 Hz); beta3 (18-25 Hz) and hi-beta3@%4z) for each of the 2,394 gray matter
voxels. There are over 795 peer reviewed stuzhethe validity and reliability of source

localization using LORETA
(http://www.uzh.ch/keyinst/NewLORETA/QuoteLORETAfRASThatQuote LORETAO05.htm)

2.4- Brodmann Areas and Regions of interest (ROIs)

The anatomical names and Brodmann areas that porréso each of the 2,394 gray
matter voxels in Talairach Atlas coordinates wasv/joled by Lancaster et al (2000) and Pascual-
Marqui (1999; 2004). The first best match to a givegion of interest (ROI) was used for both
Brodmann area values and anatomical names. Dhiian Brodmann described a total of 48
different clearly discernable areas of the braithwbmmon neuron types within each area but
with different neuron types between areas (Brodma@f9). In the Human Brain Map
implementation of LORETA (Pascual-Marqui, 1999ptat of 42 Brodmann areas were
computed for each hemisphere. The 42 Brodmanis avege organized into 33 anatomical
regions of interest (ROIs) in a hemisphere becaudéple Brodmann areas are in some ROIs.
Table xx shows the Regions of Interest and Brodnzaieas used in this study. Cross-
correlations at the level of voxels represents 342 for each 2 second epoch which is too
large to compute. In order to reduce the totahler of correlations we first computed an
average current density for each ROI and then coedphe cross-correlation between the ROIs.
The procedure involved computing the LORETA sowweents for each of the 2,394 gray
matter voxels, then the table of gray matter vowals sorted by ROI and an average current
source density for a given ROI was computed by sungitine current values for each of the gray
matter voxels in that ROI and then dividing by thenber of voxels. This resulted in a total of
66 different averages of current source densi8€Bfodmann area from the left hemisphere and
33 Brodmann areas from the homologous right hensis)Hor each 2 second epoch of EEG
data. Table | shows the spatial ordering anthdations of LORETA Brodmann areas that
correspond to the nomenclature of the differentriiagn et al (2008) ‘Modules’.

2.5- Spatial-Temporal Source Correlations or Comodiation

In order to reduce the total number of possibleheratatical combinations of 2,394x
2,394 to a more manageable size a ‘Reference Refjimterest’ was computed as the average
current density within the ROI and each voxel ia sielected ROl was replaced with the average
current density value. A Pearson Product colimlatoefficient was computed between the
average reference ROI current density value andvibeage current density values in the
remaining 32 ROIs in a given hemisphere over swreeswo-second EEG epochs. In other
words, the spatial-temporal correlation was comgboteer the time series of 2 second epochs
between the reference ROI and the remaining RO pgiocedure was repeated for each of the
66 ROIs (33 ROIs for the left hemisphere and 33Herright hemisphere). In order to be
consistent with Hagmann et al’'s (2008) procedurab;, correlations between all combinations



Thatcher et al 6

of the 33 ROIs within a hemisphere were compufBake statistical significance level of the
spatio-temporal correlations were determined byntlmaber of degrees of freedom or the total
number of 2 second epochs that span a given timessainus two. The spatial-temporal
correlation between all pairs of ROIs within eaemisphere were computed, then averaged
across subjects, sorted and rank ordered. é&ihis a diagrammatic illustration of the
computational methods used to compute the spatiaporal source correlations over the time
interval of the recording period. The computagiosteps are shown in separate blocks.

Temporal Source Comelation Flow Chart for LORETA Test of Hagmann et al Hubx

Sq Root of Each Compaste
Key inst. 19 Channel Sum of Sg g Cometation
T X | Cmuss Ofxyz Reference BA Between Ref
Malrix Spectrum Moments of hidhr TheAove BA & Remaining
Each Vorel & Cusrent ’ Vorels over time
Frequency Densily
Average the Repeat ir Galculate Rank Order Chi Sq. Test
mh AMBAs & "I:ﬂtmgl-l.ll Corelabons of Fitin
Varets within Al Frequencies Within & Hagmann
Each Non- :‘.Elﬂm" Between Hubs s
B For 2l BAs

Fig. 1 — Flow chart of the steps used to computgteal source correlations using
LORETA. See Thatcher et al (2007a) for additiatethils.

2.6- Groupings of Regions of Interest (ROI) accordig to DSI ‘Modules’

The Hagmann et al (2008) ‘Modules’ are not orgadiaccording to Brodmann areas and have
similar but not exactly the same anatomical namesa@ commonly used in LORETA studies.
However, there was high overlap in most of the @matal labels and anatomical regions. Table |
shows the groupings of LORETA ROiIs that corresptindach of the six DSI ‘Modules’ (Hagmann et
al 2008).

Examination of the six modules in Hagmann et &08 shows that there was reasonable
correspondence between the anatomical labelingarHagmann et al (2008) study and the anatomical
labeling used by the Human Brain Map nomenclathed tvas used in the LORETA computations
(Lancaster et al, 2000; Pascual-Marqui, 1999; 2004#)jgure two shows the ROIs in LORETA
corresponding to the Hagmann et al Modules. Téing of regions of interests and the anatomical
nomenclature is in Table I.

Hagmann's Loreta Anatomical X- ¥ Z-
MODULEs Regions tal tal tal
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1 L_Cuneus -9 -82 17
L_Inferior Occipital
Gyrus -36 81 -5
L_Lingual Gyrus -11 73 -1
L_Middle Occipital
Gyrus -38 -81 7
L_Precuneus -14 -64 43
L_Superior Occipital
Gyrus -36 -82 28
L_Superior Parietal
Lobule -25 -59 55
R_Cuneus 9 -77 19
R_Inferior Occipital
Gyrus 36 -84 5
R_Lingual Gyrus 12 -70 -1
R_Middle Occipital
Gyrus 40 -78 9
R_Precuneus 13-63 42
R_Superior Occipital
Gyrus 36 -82 28
R_Superior Parietal
Lobule 27 -60 54
2 L_Cingulate Gyrus -5 -13 35
L_Paracentral
Lobule -5 -32 55
L_Posterior
Cingulate -9 57 15
R_Cingulate Gyrus 6 -11 35
R_Paracentral
Lobule 6 -31 53
R_Posterior
Cingulate 10 -55 15
3 L_Angular Gyrus -47 -65 32
L_Fusiform Gyrus -43 -43 -15
L_Inferior Parietal
Lobule -48 -42 42
L_Inferior Temporal
Gyrus -52 -27 -20
L_Insula -39 -8 7
L_Middle Temporal
Gyrus -54 35 -2
L_Parahippocampal
Gyrus -25 -24  -12
L_Postcentral Gyrus  -49 -25 38
L_Precentral Gyrus -50 -2 30
L Subcallosal Gyrus -10 8 -11
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L_Superior
Temporal Gyrus -50 -18 1
L_Supramarginal
Gyrus -57 -47 30
L_Transverse
Temporal Gyrus -55 -19 13
L_Uncus 27 -6 -28

4 R_Angular Gyrus 46 -65 34
R_Fusiform Gyrus 45 -41 -16
R_Inferior Parietal
Lobule 50 -42 40
R_Inferior Temporal
Gyrus 53 -28 -19
R_Insula 40 -6 9
R_Middle Temporal
Gyrus 53 -33 -3
R_Parahippocampal
Gyrus 25 -26 -10
R_Postcentral Gyrus 48-26 41
R_Precentral Gyrus 52 -1 27
R_Subcallosal Gyrus 11 8 -11
R_Superior
Temporal Gyrus 51 -17 1
R_Supramarginal
Gyrus 58 -48 30
R_Transverse
Temporal Gyrus 61 -12 14
R_Uncus 26 -4 -28
L_Anterior

5 Cingulate -5 29 8
L_Extra-Nuclear -36 10 -6
L_Inferior Frontal
Gyrus 40 24 -1
L_Medial Frontal
Gyrus -6 31 19
L_Middle Frontal
Gyrus -35 31 24
L_Orbital Gyrus -7 50 -21
L_Rectal Gyrus -7 30 -22
L_Sub-Gyral -35 -23 0
L_Superior Frontal
Gyrus -17 38 31
R_Anterior

6 Cingulate 6 30 7
R_Extra-Nuclear 37 12 -6
R_Inferior Frontal 42 24 1
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Gyrus

R_Medial Frontal

Gyrus 6 33 16

R_Middle Frontal

Gyrus 36 30 26

R_Orbital Gyrus 8 43 -22

R_Rectal Gyrus 7 32 -23

R_Sub-Gyral 36 -21 -4

R_Superior Frontal

Gyrus 18 41 26
Table | — The Modules listed in figure 6 of the iHgn et al (2008) DSI study
and the corresponding Talairach atlas coordinated in LORETA. Tal = Talairach

Hagmann et al. Modules

MOD 2

SN S Wi 1D

Fig. 2- The locations of the six Hagmann et aD@0Modules as represented by the
Key Institute LORETA voxels (Lancaster et al, 20B@scual-Marqui, 2004).

2.7- Distance metric of Modules and Regions of Intest (ROI)

A Euclidean distance metric was computed for ea®htRat corresponded to the six
Hagmann et al (2008) modules in two steps. Steconguted a separate average of the x, y
and z Talairach atlas coordinates of each voxdlivé ROI. Step two involved computing the
square root of the sum of the squares of absolstartte between the average x, y and z
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coordinates of a reference ROI with respect tdfar@int ROI. The computation of the absolute
distance is the difference between the average&reference ROI or Module (i.e., X1) and the
average X coordinate of a second ROI or Module, (K2) and the same for the Y and Z
coordinates. The difference between the x, y acoozdinates is then squared and the square
root computed on the sum of the squares as shoequation 1.

Ea. 1- D= (X, - X))’ +(Y,- V)’ +(Z,- Z,)’

Where the bar above x, y and z denotes the averagand z coordinate value for a given ROI
and/or Module, therefore, a center of mass coatdimalue is calculated for each ROI and for
each Module. Table Il shows the Talairach attasrdinates for the center of each Hagmann et
al (2008) Module. Table Il shows the Euclideastahces between Brodmann areas within a
Module as well as the Euclidean distance betweemrénters of each Module.

Hagmann's Center Average Coordinates

MODULESs x-tal y-tal z-tal
MODULE1 0 74 21
MODULE2 1 -33 35
MODULE3 -43 -25 8
MODULE4 44 -24 8
MODULES5 21 24 4
MODULE6 22 25 2

Table Il — Talairach coordinates of the centerhef $ix Hagmann et al (2006)
Modules based on the Key Institute LORETA progr&ascual-Marqui, 1999; 2004).
Tal = Talairach atlas coordinates.

Hagmann's MODULE DISTANCEs

A WITHIN MODULESs Distances (mm)
MODULE1 36.40
MODULE2 40.66
MODULE3 43.96
MODULE4 44.78
MODULES 42.16
MODULEG 40.88

B BETWEEN MODULEs Distances (mm)
MODULE1 - MODULE2 43.54

MODULE1 - MODULE3 66.81
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MODULE1 - MODULE4 67.75

MODULE1 - MODULE5 101.99

MODULE1 - MODULE6 102.96

MODULE2 - MODULE3 52.26

MODULE2 - MODULE4 52.31

MODULE2 - MODULE5 68.67

MODULE?2 - MODULES6 69.70

MODULE3 - MODULE4 87.61

MODULE3 - MODULES5 54.44

MODULE3 - MODULES6 82.18

MODULE4 - MODULES5 81.25

MODULE4 - MODULES6 54.46

MODULES5 - MODULES6 42.39
Table Ill- A- The Euclidean distances between Bradmareas within a Module in
millimeters and B- the Euclidean distance betwéencenters of each Module in
millimeters.

3.0 — Results

3.1 — Correlations Between Hagmann ‘Module’ and LOETA Brodmann areas

Figure three are contour maps of the within vs betwModule LORETA source correlations in
the eyes closed (EC) and eyes open (EO) condisiomsned for all frequency bands. It can be seen
that there is a strong ordering of the within Hagmat al (2008) Module organization correspondmng t
the same ordering of LORETA source correlationst éxample, Hagmann et al (2008) Modulel
exhibited the strongest correlations between théd@@puted from LORETA that corresponds to
Hagmann et al’'s Modulel. Hagmann et al (2008) Melis correlated most strongly with LORETA
ROls that correspond to ‘Module’2 and similarly ‘Mde3’, ‘Module4’, ‘Module5’ and ‘Module6’ all
exhibit the highest correlation to the matching LEJRA ROIs and not to non-corresponding matches.
The red and orange colors represent high correlatmd the blue represent low correlations.
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EC_RIGHT

Hegmenn st el
Hegmenn st el

Hugmans of 4l
Hegmann ot el

Fig. 3- Contour maps of showing the correspondé&eteeen the six Hagmann et al
(2008) Modules and the temporal correlations ofeesilocated in the six

region of interest that correspond to the Hagmarah Blodules using LORETA. The
y-axis are the six Hagmann et al (2008) Modulekthe x-axis are the ROIs
corresponding to the Hagmann Modules from the Ketitute LORETA program
Pascual-Marqui (1999; 2004). The color scathésmagnitude of temporal sourcael
between Hagmann Modules and LORETA areas. Exangplem the theta frequency
band. EC = eyes closed and EO = eyes open corslition

Table IV shows the average correlation betweerRés for each of the six LORETA derived
‘Modules’ that correspond to the six different Haagm et al (2008) ‘Modules’ for eyes closed and eyes
open conditions. It can be seen that LORETA&®uaprrelations exhibited the same intra-Module
rankings as was reported by Hagamann et al (20@)cbon the density of connections. That is,
LORETA ‘Module’ 1 exhibited the highest correlatiaith ROIs that correspond to the Hagmann et al
(2008) ‘Module’ #1 and lower correlations betweedIRthat comprise the other ‘Modules’. Similarly,
LORETA ‘Module’ 2 exhibited the highest temporakaation between ROIs that correspond to the
Hagmann et al (2008) ‘Module’ #2 and lower corrielas between ROIs that comprise the other
‘Modules’, etc.
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Table IV — Rank Ordered LORETA Cormrelations to Hagmann et al DSI Modules

MOD 1 MoD 2 MOD 3 MOD 4 MOD 5 MOD &

'‘Both Hemispheres Both Hemispheres Left Hemisphere  Right Hemisphere Left Hemisphere  Right Hemisphere
Wisual Cingulate Auditory/language Auditory/lanquage Executive Executive

i volitional motor memory memory sequential plan sequential plan

| attention,wkmem social skills social skills

iEyes Closed

r MOD 1| 0.666 MOD 2| 0.495 MOD 3| 0.514 MOD 4] 0.532 MOD 5| 0.537 MOD 6| 0.520
' MOD2| 0.450 MOD 1|  0.458 MOD 1|  0.408 MOD 1]  0.466 MOD 3| 0.398 MOD 4| 0.387
L MOD 4| 0.412 MOD 4| 0.311 MOD 5] 0.396 MOD 6| 0.375 MOD 2| 0.299 MOD 2| 0.305
L _MOD3| 0.362 MOD 3| 0.295 MOD 2|  0.309 MOD 2| 0.320 MOD 1| 0.214 MOD 1) 0.229
:r MOD 6| 0.208 MOD 6| 0.261 MOD 4| nla MOD3| nla MOD 4| nla MOD3| n/a

' MOD 5| 0.200 MOD 5| 0.257 MOD 6| nla MOD 5| nia MOD 6| nia MOD S| nla
iEyes Opened

+ MOD1| 0.652 MOD 2| 0.4%6 MOD 3| 0.505 MOD 4] 0.512 MOD 5| 0.521 MODE&| 0.515
¢ MOD2| 0.446 MOD 1| 0.445 MOD 5] 0.385 MOD 1| 0.439 MOD 3| 0.387 MOD 4] 0.381
. MOD4| 0.392 MOD 4| 0.297 MOD 1| 0.378 MOD 6| 0.373 MOD 2] 0.291 MOD 2] 0.30
. MOD3| 0342 RMOD 3| 0.269 MOD 2] 0.281 MOD 2| 0.307 MOD 1| 0.210 MOD1| 0.229

MOD 6| 0.207 MOD &| 0.256 MOD 4 nla MOD 3 nia MOD 4 nla MOD 3 nla
MODG|__nla MOD 5|  wm/a

__MOD5| 0133 | MODS5| 0249 | MODS|_ _nla MOD S| _ nia

Table IV — Rank ordered LORETA correlations accogdio the six Hagmann et al (2008)
Modules. Functional module labels are providedeaich Moduleand values are from the
frequency band. A correlation of 0.235 is sigraht at P < .05 (df = 70).

A Chi Square statistical test of the fit betwees D5] Modules and the LORETA Modules based on the
fact that there are six DSI Modules and six LORBWI8dules. Therefore the probability for a single
match is 1/36. A Chi square test of the expectdbserved frequency distribution match between the
Hagmann and LORETA maximal values = 250; P < 0.@000The Chi square was statistically
significant (P < 0.0001) for the eyes open and el@sed conditions and for all frequency bands.

Figure four shows the magnitude of temporal coti@ia between ROIs within a Hagmann et al
(2008) defined Module (y-axis) as a function ofgiuency (x-axis). The highest correlations were in
the alphal frequency band in Modules one and twitevtine high beta frequency band exhibited the
highest correlation in Modules 3, 5 and 6. Thghbr frequency bands exhibited higher within Module
temporal correlations than the alpha frequency samélodules 5 and 6. In general, the ROIs that
constitute a ‘Module’ exhibited unique correlatiassa function of frequency band.
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Fig. 4- Magnitude of the temporal source correfaiasing LORETA ROlsvithin each of tf
Hagmann et al (2008) Modules for each frequencyltzar for the eyes open and eyes
closed condition. The y-axis = average correlabetween LORETA ROIs and Hagmanr
et al (2008) anatomical ‘Modules’. The x-axi$réquency bands. The solid lines are th
eyes closed condition and the dashed lines areyia® open condition. Solid lines = eye
closed condition and dashed lines = eyes open.
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3.2 — Frequency Spectrum of LORETA Current Source @nsity in Hagmann et al Modules

Figures five and six shows the power spectrum@RETA current source density from the six
Hagmann Modules for the eyes closed and eyes apelitons. It can be seen that with eyes open
(dashed lines) exhibits reduced power in compariedhe eyes closed condition (solid lines) in all
frequencies. The alpha frequency bands were damin posterior Modulel and Module2 and alpha
was weakest in the frontal Module5 and Module6e frequency spectra in Modulel and Module2 are
similar but not identical. The high similarityligkely due to the high relative connectivity betwetbe
precuneus in Modulel and the posterior cingulatdaalule?2.
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Fig. 5- The left column are the LORETA voxels cepending to Modules 1 to 3 from
Hagmann et al (2008) Modwde The right column is the average power spec{futo 3(
of the current sources produced by the voxelsabakespond to each of the Hagmann
et al (2008) Modules.
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Fig. 6- The left column are the LORETA voxels cepending to Modules 4 to 6 from
Hagmann et al (2008) Modwe The right column is the average power specf{futo 3
of the current sources produced by the voxelsabiaespond to each of the Hagmann
et al (2008) Modules.

3.3 — Within Module vs Between Module Brodmann Aredistances

Table Il shows the average Euclidean distanceilimmters between Brodmann areas within a
Module and the average Euclidean distance in neliars for Brodmann areas in different Modules.
The average within Module Euclidean distance rarigad 36.4 mm (Modulel) to 44.8 mm
(Module4). The average between Module Euclidestadce ranged from 42.4 mm (Module5 to
Module6) to 103 mm (Modulel to Module6).

To explore the possible effects of volumediation the relationship we examined the
magnitude of temporal correlation between ROIs withModule vs the magnitude of temporal
correlation of LORETA current densities within adslule’ as shown in figure 7A. It can be seen in
fig. 7A that there is no simple linear relationshgtween the magnitude of correlation and distamce
the within Module analyses and instead there istarbgeneous spatial relationship which can not be
explained by volume conduction. However, some@we of volume conduction is present in the first
point in the plot in figure 7A which is the shottégtween ROI distance (e.g., xx mm). Figure 7B
shows the relationship between distances as showable Il and the magnitude of correlation of
current densities between Modules. Unlike théwwiModule analyses, a statistically significanefr
relationship was exhibited between the magnitudeetiveen Module correlations and distance. That is
the greater the distance from a given Module therldwer the temporal LORETA current density
correlations.
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Fig. 7 — Within ‘Module’ temporal source correlat®on the left and between ‘Module
Temporal source correlations using LORETA on thltti The y-axis is correlation an
the x-axis is the Euclidean distance in mm froniveg reference Brodmann area withi
a ‘Module’ on the left and the Euclidean distantenim between ‘Modules’ on the right.

- L

4.0 — Discussion

The results of this study demonstrated a corresprorelbetween the time strength of coupling
between Brodmann areas as measured by Low Resokigatromagnetic Tomography (LORETA) and
the anatomical density of connectivity as measbsediffusion tensor imaging (Hagmann et al, 2008).
Overall, the eyes closed and eyes open conditiengd as a replication since the EEG was meastired a
different periods of time and under different cdimlis produced the same cross-correlation ‘Module’
structures (Table 11l & Fig. 4). The ratio of withiModule’ correlations vs. between ‘Module’
correlations followed the within and between ‘Moeludensity of connections as reported by Hagmann
et al (2008) using diffusion tensor imaging to cowhite matter axons in the neocortex which
demonstrates that the density of connections as@ff that determines the time course of the 3-
dimensional cross-correlations of EEG current dgnsidifferent Brodmann areas. This is important
because it provides another cross-modality vataatf LORETA as an accurate and
neurophysiologically valid measure of the sourdeth® human EEG. This study also shows that the
temporal correlation of 3-dimensional current sesris different for different anatomical ‘Modules’
clusters of high density connections. The corn@afatf different Modules over time represents aliyk
functional coupling within and between anatomicakyparated modules of the brain. A limitationraf t
procedure presented in this paper is the use approximate head model. However, it has been shown
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that with as little as 16 electrodes, and usinggiygroximate three-shell head model, hummawivo
localization accuracy of EEG is 10 mm at worst. €auently, it can be safely assumed that, given the
7 mm resolution of the current implementation ofREETA-TALAIRACH, localization accuracy is at
worst in the order of 14 mm.

It is well established that synaptic activatiorcoftical pyramidal neurons results in a local
electrical dipole and that synchronous activatibgroups of pyramidal neurons results in electrical
potentials that can be recorded at the scalp suriferred to as the electroencephalogram (EEG)
(Purpura, 1959; Cooper et al, 1965; Nunez, 198341L9Nunez (1994) developed an equation to
describe the relationship between the amplitude®EEG and the degree of local synchrony where
amplitude equals the number of synchronous pyrdmiglaron dipoles times the square root of the
asynchronous dipoles.  As a consequence, aid€f#ase in synchronous dipoles represents a 330%
increase in the amplitude of the scalp recorded .EH®ese studies emphasize the dependence of the
scalp EEG and all inverse solutions on the synadusractivation of large numbers of cortical
pyramidal neurons. Itis also known that the tgethe connectivity between neurons then the lighe
the amplitude of EEG because connectivity is neggder synchrony. In the present study, theltesu
showed that the greater the density of connectiotisn a ‘Module’ then the higher the temporal
correlation of synaptic currents between regionimigrest that constitute that ‘Module’ (Fig. 3 &Ble
IVV). Because the correlation coefficient is amygle normalized the temporal correlation of ROIa in
Module is independent of the absolute amplitudeunfent source density and is a measure of coupling
between two time series which could be due to velaonduction or via a third or common but
unmeasured source. Volume conduction can natled out as influencing the LORETA temporal
correlations, however, volume conduction also catremplain the finding of heterogeneous correlation
as a function of distance between ROIls in a Mo¢kée Fig. 7). An unmeasured source such as the
thalamus acting as a spatial-temporal pacemakecamido-cortical loops are likely involved but not
measured directly in the present study. A pHagged analysis of coherence between ROls is pthnne
for a future study in order to better isolate andtoml volume conduction.

4.1 - ‘Small-World’ Model

LORETA cross-correlations were higher within a ‘Mgl than they were between Modules.
Although the relationship between distance and teaiorrelation was non-significant between ROIs
within a Module which demonstrates that volume aantibn can not account for these findings,
nonetheless, there was as significant negativéiarkhip between the magnitude of coupling or
temporal correlation as a function of distance leetw'Modules’ (see fig. 7). These findings are
similar to those reported by Hagmann et al (2008 phatomical connection density and support a
‘small-world” model of complex organizations andwerks involving increased local connectivity and
randomly reduced long distance connections (Ackaad, 2006Bassett, D.S., Bullmore, 2006; Sporns
and Zwi, 2004; Watts, D.J., Strogatz, 198Small-world’ models are economical when |atigtance
wiring costs are high. Myelinated white matteoas demand high metabolic maintenance and are
pruned with age as myelination progresses towaydenitransmission velocities as in long distance
connections. This ‘small-world’ dynamic is orfetlee reasons ‘small-world’ models are commonly
reported using different developmental neuroimagieghods (Thatcher et al, 1995; Wang et al, 2009).
Future studies using non-volume conduction measafrpRase differences and phase shift and phase
lock and other similar methods are necessary tpgshp minimize volume conduction and explore
cross-frequency phase synchrony of LORETA and B®idule’ relations.
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4.2- Anatomical vs Functional Complex Network Analgis

Complex network analysis is a new discipline usedquantify the topologies of large connection
datasets and has its origins in the mathematiogtworks known as graph theory. Network analyses
of structural and functional connectivity are usedjuantify brain networks with a small number of
meaningful and computable measures (Sporns andZD@4; Achard et al, 2006). Recently, Rubinov
and Sporns (2009) reviewed a common set of conegptsneasures shared by a variety of
Neuroimaging modalities such as PET, fMRI, DSI, &iG/MEG. Hagmann et al (2008) used
standard and accepted graph theory measures suobdagarity, centrality, betweeness centrality,
within-module degree, small worldness, and othdéach neuroimage modality produces somewhat
different ‘Module’ structures. For example, Cheémle(2008) used cortical thickness and network
analyses to demonstrate six basic ‘Modules’ or nexland He et al (2009) used fMRI and graph theory
and demonstrated five basic ‘Modules’ or moduld$e He et al (2009) and Chen et al (2008)
‘Modules’ and modules shared some similarities &gidann et al (2008), however, there also were
differences in the make up of the ‘Modules’. Thek of perfect agreement between anatomical DSI
‘Modules’ vs fMRI ‘Modules’ are in part due to tfences in the experimental measures themselves
(e.g., blood flow vs tissue tickness vs axon cotioes vs current density, etc)€uker et al, 2009)
In the present study the choice of an anatomicalsm@ of axon density and connection density was
based on the importance of a structural refereadheafoundation or basis for comparisons to
functional ‘Modules’ or network metrics using EEGt is assumed that the linkage between structure
and function is relevant to the understanding eftdmporal covariance of current sources in differe
anatomical ‘Modules’ in the brain. Thalamo-caoatiand cortico-thalamic loops, while comparatively
small in number, are nonetheless critical in theeges of local field potentials (LFPs) over widesg
cortical regions and over wide frequency ranges K& to 300 Hz, Buszaki, 2006). The cerebral shit
matter includes vertical afferent and projectidyefs from cortex to subcortex representing thergro
radiata as well as cortico-cortical axons (Braitngh 1978; Schulz and Braintenberg, 2002). In
previous studies, it has been shown that shortamgldistance cortico-cortical fibers influence the
spatio-temporal correlations between ROIs using EDR (Thatcher et al, 2007a). It is likely that in
the present study the same cortico-cortical infb@ésrnwere involved in the spatial-temporal correlai
The fact that there was a broad band spectrurmgddeal correlations involving all EEG frequency
bands indicates that the corico-cortical white erdfiinctions like broadband cables and conducts a
wide spectrum of frequencies within and betweensROI

4.3 — Anatomical Modules and Frequency Spectra

Unique power spectra were present in each of thMedules (see figs. 6 & 7). Eyes closed
and eyes open power spectra exhibited similar pepectra in each of the Modules with the eyes open
condition resulting in an attenuation of power esgéy in the 1 to 13 Hz frequency range. Alphal
exhibited the highest correlations in Modules 2 t@hich include posterior cortical regions known to
generate alpha rhythms. Module 5 and 6 exhilgtedter power in the lower frequency bands than the
other Modules. These findings are consistent stitidies demonstrating natural resonant frequeimnties
human thalamocortical circuits (Galambos et al,1138rrmann, 2001; Narici and Romani, 1989;
Niedermeyer, 1999 and Rosanova et al, 2009).

5.0 — References

Achard, S., Salvador, R., Whitcher, B., SucklingBullmore, E., 2006. A resilient, low-
frequency, small-world human brain functional netikvavith highly connected association
cortical Modules. J. Neurosci. 26, 63—72.



Thatcher et al 20

Achard, S., Bullmore, E., 2007. Efficiency and coséconomical brain functional networks.
PLoS Comput. Biol. 3, el7.

Bassett, D.S., Bullmore, E., 2006. Small-world bna¢tworks. Neuroscientist 12, 603
512-523.

Braitenberg, V.,1978. Cortical architectonics: gahand areal. In: Brazier MAB, Petsche H,
(eds). Architectonics of the Cerebral Cortex. Nearkf Raven Press, 443-465.

Brodmann, V.K., 1909. “Localization in the CerebCartex: The Principles of Comparative
Localisation in the Cerebral Cortex Based on Cyoiéectonics”, Translated by L. J. Garey,
Springer, London, 1994.

Bullmore, E. and Sporns, O., 2009. Complex braiwaogks: graph theoretical analysis of
structural and functional systems. Nat Rev Neurp$6i(3):186-198.

Chen, Z.J., He, Y., Rosa-Neto, P., Germann, JEsaas, A.C., 2008. Revealing Modular
architecture of human brain structural networksibiyng cortical thickness from MRI. Cerebral
Cortex, 18:2374-2381.

Cooper R, Winter AL, Crow HJ and Walter WG., 196®mparison of subcortical, cortical and
scalp activity using chronically indwelling eleati®s in man. Electroencpehalogr Clin
Neurophysiol. 18:217-222.

Deuker, L., Bullmore, E.T, Smith,M., Christensen, $athan, P.J., Rockstroh, B., and Bassett,
D.S., 2009. Reproducibility of graph metrics ofan brain functional networks. Neurolmage
47: 1460-1468.

Galambos, R, Makeig, S, Talmachoff, P.J., 198140A1z auditory potential recorded from the
human scalp. Proc Natl Acad Sci U S A 78:2643-2647.

Gomez, J. and Thatcher, R.W., 2001. Frequency bloetivalence between potentials and
currents using LORETA. Int. J. of Neuroscient@7: 161-171.

Hagmann, P., Cammoun, L., Gigandet, X., Meuli,HRney, C.J., Wedeen, V.J., Sporns, O.,
2008. Mapping the structural core of human ceretwetex. PLoS Biol. 6, e159.

He, Y., Wang, J., Wang, L., Chen, Z,J., Yan,C.,¢,a#., Tang, H., Zhu, C., Gong, Q., Zang,
Y., and Evans, A.C., 2009. Uncovering Intrinsicddtar Organization of

Spontaneous Brain Activity in Humans. PLoS ONE 465226.
doi:10.1371/journal.pone.0005226

Herrmann, C.S., 2001. Human EEG responses to 14z 0licker: resonance
phenomena in visual cortex and their potentialelation to cognitive phenomena. Exp Brain
Res 137:346 —353.



Thatcher et al 21

Hoechstetter K, Bornfleth H, Weckesser D, llle Nr& P, Scherg M., 2004. BESA source
coherence: a new method to study cortical oscijatoupling. Brain Topogr, 16: 233-238.

Lancaster JL, Woldorff MG, Parsons LM, Liotti M,dtftas CS, Rainey L, 2000. Automatice
Talairach atlas labels for functional brain mappiAgman Brain Map, 10: 120-131

Lee WH, Kim TS, Kim AT, Lee SY, 2008. 3-D diffusidgansor MRI anisotropy content-
adaptive finite element head model generation il@elbctromagnetic imaging. IEEE Eng Med
Biol Soc. 4003-64006.

Narici L, Romani, G.L., 1989. Neuromagnetic invgation of synchronized
spontaneous activity. Brain Topogr, 2:19 —30.

Newman, M. E. J. (2006) Modularity and communitysture in networks. Proc Natl Acad Sci
U S A 103: 8577-8582.

Niedermeyer, E., 1999. The normal EEG of the wgladult. In: Electroencephalography
(Niedermeyer E, Lopes da Silva F, eds). Baltimuvdtliams and Wilkins.

Pascual-Marqui RD, Michel CM, Lehmann D., 1994. Lesolution electromagnetic
tomography: a new method for localizing electrigetlivity in the brain. International Journal of
Psychophysiology 18:49-65.

Pascual-Marqui RD, Koukkou M, Lehmann D, Kochi, B001. Functional localization and
functional connectivity with LORETA comparison obmnal controls and first episode drug
naive schizophrenics. J Neurotherapy, 4(4): 35-37.

Pascual-Marqui. R.D., 1999. Review of Methods folvihg the EEG Inverse Problem.
International Journal of Bioelectromagnetism, Vo&ufy Number 1, pp:75-86.

Pascual-Margui, R.D., 2004. Free software andich@ntation from the Key Institute that was
downloaded fronittp://www.unizh.ch/keyinst/NewLORETA/Software/Se#re.htm

Rosanova,M., Casali,A., Bellina,V., Resta,F., Mtrjgl. and Massimini, M., 2009. Natural
Frequencies of Human Corticothalamic Circuits. Jbaernal of Neuroscience, 29(24):7679 —
7685.

Scannell J.W., Burns G.A., Hilgetag, C.C., O'N#&ll,A., Young M.P., 1999. The
connectional organization of the cortico-thalamyistem of the cat. Cereb
Cortex 9: 277-2909.

Schulz A, Braintenberg V., 2002. The human cortighite matter: quantitative aspects of
cortico-cortical long-range connectivity. In: SttauA, Miller R, (eds). Cortical Areas: Unity
and Diversity. Conceptual Advances in Brain Redgedrondon, 377-386.



Thatcher et al 22

Silberstein, S. 1995. Steady-state visually evgd@entials, brain resonances
and cognitive processes. In: Neocortical dynammsrauman EEG rhythms (Nunez P, ed). New
York: Oxford UP.

Sporns, O., Chialvo D, Kaiser, M., Hilgetag C.02. Organization, development and
function of complex brain networks. Trends Cogn 8c#18-425.

Sporns, O., Zwi, J.D., 2004. The small world of teeebral cortex. Neuroinformatics 2, 715
145-162.

Stam, C.J., Jones, B.F., Nolte, G., Breakspearskheltens, P., 2007. Small-world 723
networks and functional connectivity in Alzheimeatisease. Cereb. Cortex 17, 724
92-99.

Stam, C.J., de Haan, W., Daffertshofer, A., JoBds,, Manshanden, I., van Cappellen
van Walsum, A.M., Montez, T., Verbunt, J.P., de lkin).C., van Dijk, B.W., 727
Berendse, H.W., Scheltens, P., 2009. Graph theafetnalysis of magnetoen- 728
cephalographic functional connectivity in Alzheirsattisease. Brain 132, 213-224.

Talairach J and Tournoux P., 1988. Co-Planar S8taxec Atlas of the Human Brain. Thieme,
Stuttgart..

Teipel SJ, Pogarell O, Meindl T, Dietrich O, Sydykd, Hunklinger U, Georgii B, Mulert C,
Reiser MF, Moller HJ, Hampel H., 2009. RegionaWwuaks underlying interhemispheric
connectivity: an EEG and DSI study in healthy ageind amnestic mild cognitive impairment.
Hum Brain Mapp. 30(7):2098-119.

Thatcher, R., Wang, B., Toro, C. and Hallett, M994. Human Neural Network Dynamics
Using Multimodal Registration of EEG, PET and MRh: R. Thatcher, M. Hallett, T. Zeffiro,
E. John and M. Huerta (Eds.), Functional Neuroim@giTechnical Foundationgicademic
Press: New York.

Thatcher, R.W. 1995. Tomographic EEG/MEG. Jouai&euroimagingb, 35-45.

Thatcher, R.W., Biver, C. J., and North, D. 20@jpatial-Temporal Current Source
Correlations and Cortical Connectivity, Clin. EE@daNeuroscience, 38(1): 35 — 48.

Thatcher, R.W., Biver, C. J., and North, D. 200Bitelligence and EEG current density using
Low Resolution Electromagnetic Tomogaphy, HumarirBkMapping, 28(2): 118 — 133.

Towle, V.L., Bolanos, J., Suarez, D., Tan K, Grzzsk, R., Levin, D.N., Cakmur, R., Frank
S.A., and Spire, J.P., 1993. The spatial locabfoBEG electrodes: locating the best-fitting
sphere relative to cortical anatomy. Electroenckggnaphy and Clinical Neurophysiology 86, 1-
6, 1993.



Thatcher et al 23

Wang, L., Zhu, C., He, Y., Zang, Y., Cao, Q., Zhadg Zhong, Q.,Wang, Y., 2009. Altered 738
small-world brain functional networks in childrentkvattention-deficit/hyper-activity disorder.
Hum. Brain Mapp. 30, 638-649.

Watts, D.J., Strogatz, S.H., 1998. Collective dyitarof ‘small-world’ networks. Nature 393,
440-442.

6.0 — Figure Legends

Figure One -Flow chart of the steps used to compute temporakcgocorrelations using
LORETA. See Thatcher et al (2007a) for additiatethils.

Figure Two- Shows the locations of the Key Institute LORETA gtsxand the Brodmann areas
in the six Modules published in the Hagmann eR80D@) diffusion tensor imaging (DSI)
study.

Figure Three- Contour maps of showing the correspondence bettheeBrodmann areas in
the six Hagmann et al (2008) Modules or Modulestaedemporal correlations of
sources located in the same six Brodmann areag USIRETA. The y-axis are the
six Hagmann et al (2008) Modules or Modules andkthgis are the voxesl and Brodmann
areas corresponding to the Hagmann Modules frorKéyelnstitute LORETA program
Pascual-Marqui (1999; 2004). The color scathésmagnitude of temporal source correlation
between Hagmann areas and LORETA areas.

Figure Four- Magnitude of the temporal source correlations utiORETA Brodmann
areas within each of the six Hagmann et al (2008)liMes for each frequency band and for
the eyes open and eyes closed condition. The kods are the eyes closed
condition and the dashed lines are the eyes opeatitom.

Figure Five- The left column are the LORETA voxels correspondm{ylodules 1 to 3 from
Hagmann et al (2008) Modules. The right colusithe average power spectrum (1 to 30 Hz)
of the current sources produced by the voxelsabatspond to each of the Hagmann
et al (2008) Modules.

Figure Six- The left column are the LORETA voxels correspondm@ylodules 4 to 6 from
Hagmann et al (2008) Modules. The right colusithe average power spectrum (1 to 30 Hz)
of the current sources produced by the voxelsabatspond to each of the Hagmann
et al (2008) Modules.

Figure Seven-Within ‘Module’ temporal source correlations on {b& and between ‘Module’
Temporal source correlations using LORETA on thatti The y-axis is correlation and
the x-axis is the Euclidean distance in mm fronivamgreference Brodmann area within
a ‘Module’ on the left and the Euclidean distancenm between ‘Modules’ on the right.

7.0 — Table Legends
Table | - The Brodmann areas listed in figure 6 of the Hagmetral (2008) DSI study
and the corresponding Talairach atlas coordinated in LORETA. Tal = Talairach.

Table Il - Talairach coordinates of the center of the six Hagmet al (2006) Modules or
Modules based on the Key Institute LORETA progr&ascual-Marqui, 1999; 2004).
Tal = Talairach atlas coordinates.
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Table Ill - A- The Euclidean distances between Brodmann aréghswa Module in millimeters
and B- the Euclidean distance between the cenfaaot Module in millimeters.

Table IV - Rank ordered LORETA correlations according to tlkdHagmann et al (2008)
Modules. Functional module labels are proviftedeach Module.



