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ABSTRACT 
Objectives:  The purpose of this study was to test the hypothesis that the highest temporal correlations 
between 3-dimensional EEG current source density corresponds to the anatomical ‘Modules’ of high 
synaptic connectivity as measured by Diffusion Spectrum MRI Imaging (DSI) (Hagmann et al, 2008) .   
Methods:  Resting eyes closed and eyes open EEG was recorded from 19 scalp locations with a linked 
ears reference from 71 subjects age 13 to 42 years.   Low resolution electromagnetic tomography  
(LORETA) was computed on successive two second segments of artifact free EEG in order to compute 
current source density from 1 to 30 Hz in 2,394 cortical gray matter voxels in delta (1-4 Hz; theta 4-7 
Hz; Alpha1 8-10 Hz; Alpha2 10-12 Hz, Beta1 12-15 Hz; Beta2 15-18 Hz, Beta3 18-25 Hz and Hi-Beta 
25-30 Hz).   The voxels were organized into 33 left and right hemisphere regions of interest (ROI) and 
grouped into six anatomical ‘Modules’ corresponding to the 33 ROIs in the Hagmann et al’s (2008) 
diffusion spectrum MRI (DSI) study.   All possible cross-correlations between voxels within a DSI 
‘Module’ were compared to the correlations between ‘Modules’. 
Results:   The anatomical ‘Module’ correlation structure was replicated in the correlation structure of 
EEG 3-dimensional current source density.  The highest correlations of LORETA current density voxels 
were the same as the highest connection density of anatomical ‘Modules’ measured by DSI for all 
frequency bands for eyes open and closed conditions.   Alpha rhythms exhibited the strongest DSI 
‘Module’ correlations and different EEG spectra exhibited unique correlations to each of the different 
DSI ‘Modules’. 
Conclusions:     Structural validation of EEG neural imaging by comparisons to diffusion spectrum MRI 
imaging (DSI) ‘Modules’ supports a ‘small-world’ model of brain connectivity.    Unique frequency 
spectra of  the six different DSI ‘Modules’ are consistent with a natural resonant frequency model of 
DSI ‘Modules’ involving temporal sequential coordination via the cortico-cortical white matter. 
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1.0- Introduction 
Convergent evidence from different imaging modalities has demonstrated that the human brain is 

a network organized by ‘Nodes’ with linkages and clustering of connections defined as ‘Modules’ which 
further divided into  ‘Modules’ defined by high density of synaptic connections and functional modules 
(Achard et al, 2006; Scannell et al, 1999; Sporns et al, 2004).    Graph theory is commonly used to 
quantify the structural topology of the human brain using different imaging methods and achieving 
similar results from Diffusion Tensor Imaging (DSI) and tractography functional MRI (fMRI) and 
quantitative EEG/MEG (qEEG) (Teipel et al, 2008; Lee et al, 2008; Bullmore and Sporns, 2009; Achard 
et al, 2006; Hagmann et al, 2008; Stam et al, 2007; 2009; Achard and Bullmore, 2006).   Recently, 
Hagmann et al (2008) used DSI and tractography to trace the cortico-cortical white matter connections 
of the human cerebral cortex between 66 cortical regions with clear anatomical landmarks, using the 
same gyri and sulci as described by von Brodmann in 1909 (Brodmann, 1909) which has been used for 
clinical correlations since Brodmann’s book.   From the 66 cortical regions, 998 sub-regions of interest 
(ROIs) were calculated using a connection matrix of inter-regional cortical connectivity (see Table 
Figure 6 and S5 in the methods section of Hagmann et al, 2008).    Network spectral analyses of nodes 
and edges of the 998 ROIs were grouped into six anatomical ‘Modules’ with maximum centrality or 
high within density connectivity (Hagmann et al, 2008).   A further sub-classification into two groups of 
intra- vs extra-modular connection density labeled as ‘provincial Modules’ with a participant coefficient 
P < 0.3 and  ‘connector Modules’ with a participant coefficient P �  0.3.   In the present paper we limit 
our analyses to only the six major anatomical ‘Modules’ defined by Hagmann et al (2008) and will 
present provincial vs connector Modules analyses as a separate study.   The six main DSI anatomical 
‘Modules’ included but is not exclusive of : the posterior cingulate,  the bilateral precuneus, the bilateral 
paracentral lobule, the unilateral cuneus, the bilateral isthmus of the cingulate gyrus and the bilateral 
superior temporal sulcus (see Figure 1 of Hagmann et al, 2008).   

Neuroelectrical imaging methods such as Low Resolution Electromagnetic Tomography 
(LORETA) share the ability to link synchronous neural activity registered to a common and standardize 
anatomical Talairach atlas (Towle et al, 1993; Lancaster et al, 2000).    LORETA is a maximally smooth  
inverse solution of the sources of the EEG by using a 3-dimensional Laplacian operator to weight 
simultaneous distributed sources (Pascual-Marqui et al, 1994; Pascual-Marqui, 1999).    Because local 
synchrony of neurons is necessary to produce the EEG another constraint on the Lead Field by a 3-
dimensional Laplacian operator is that the density of connectivity in clusters of neurons is positively 
related to current source density in a given volume of the brain.    Cross-correlation of LORETA spectral 
amplitudes over wide brain regions is a measure of the spatial-temporal synchrony of neurons located in 
different Brodmann areas (Hoechstetter et al, 2004; Pascual-Marqui et al, 2001; Thatcher et al, 1994, 
2007a; Thatcher, 1995).   The linkage between DSI and LORETA occurs because diffusion weighted 
images (DWI) reflect anatomical connectivity (axons) and anatomical connectivity is the basis for 
effective connectivity, (one region influencing another), therefore, it follows that DWI should predict 
synchrony between distant brain regions, as reflected by LORETA.  

In other words, one would expect a relationship between the density of cortical connections as 
measured by DSI and the LORETA cross-correlation of current density between the cortical regions 
defined by DSI anatomical ‘Modules’.  A cross-validation of LORETA as an electrical neuroimaging 
method is a test of the following hypotheses: 1- that the cross-correlation of the time series of EEG 
current densities is highest in the regions of interest (ROIs) that constitute the six Hagmann et al (2008) 
anatomical ‘Modules’, 2-   that increased current source density is related to the density of connections 
within the anatomical ‘Modules’ as measured by Hagmann et al (2008), 3- the cross-correlation between 
the time series of current sources in different ‘Modules’ is heterogeneous and decreases as a function of 
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distance from the center of each ‘Module’ and, 4- there are unique resonant frequencies of LORETA 
current source density in each of the six anatomical ‘Modules’. 

 
2.0 Methods 
2.1 – Subjects 

A total of 71 normal adults ranging in age from 13 to 42 (male = 41) were included in 
this study. The subjects in the study were selected based on no history of neurological disorders 
such as epilepsy, head injuries and reported normal development and successful school 
performance.   None of the subjects had taken any medications prior to EEG recording. 
 
 
2.2- EEG recording 

The EEG was recorded from 19 scalp locations based on the International 10/20 System 
of electrode placement, using linked ears as a reference. Each EEG record was plotted and 
visually examined and then edited to remove artifact. The amplifier bandwidths were nominally 
0.5 to 30 Hz, the outputs being 3 db down at these frequencies, and the sample rate was 128 Hz. 
Split-half and test-re-test reliability measures were conducted on the edited EEG segments and 
only records with > 95% test re-test reliability were entered into the spectral analyses (xx). EEG 
was acquired in the eyes closed conditions and record lengths varied from 58.6 seconds to 120 
seconds. 
 
2.3- Cross-Spectral analysis and LORETA computation 

The edited EEG sample length varied from 58 second to 120 seconds. The steps to 
compute the spatial-temporal correlations between regions of interest are described in Figure 1. 
First step is the digitized EEG samples divided into successive 2 second epochs of 256 sample 
points of the edited EEG then FFT cross-spectral analysis using a cosine taper window according 
to standard procedures for Low Resolution Electromagnetic Tomography (LORETA) frequency 
analyses (Pascual-Marqui et al, 199; 2001; Pascual-Margui, 1999; Gomez and Thatcher, 2001; 
Thatcher et al, 2007a; 2007b).   LORETA is a distributed EEG inverse solution where the 
currents at 3-dimensional gray matter voxels J are a linear combination of the signal S recorded 
at a scalp electrode: 

 
STJ ·=  

 
Where T is a minimum norm 3-dimensional matrix of 2,394 gray matter voxels with x, y 

and z coordinates in a generalized inverse that weights the solution to sources that are 
synchronous in local volumes or regions using the 3-dimensional Laplacian Operator (Pasqual-
Marqui et al., 1994; Pasqual-Marqui, 1999).    The T matrix is mathematically defined as: 

 
}')'({')}'({ KBWWBpinvKBWWBinvT =  

 
 Where pinv(X) is the Moore-Penrouse pseudoinverse of X (Menke, 1984) and B is the 
discrete Laplacian Operator and W is a weighting matrix (inv indicates inverse).   

The Talairach Atlas coordinates of the Montreal Neurological Institute’s MRI average of 
305 brains (Lancaster et al, 2000; Pascual-Marqui, 1999) and the linkage to standard anatomical 
7mm x 7mm x 7 mm voxels each with a distinct Talairach Atlas Coordinate.   Groups of voxels 
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are also defined by the clear anatomical landmarks established by von Brodmann in 1909 and 
referred to as Brodmann areas.  The Brodmann areas overlap with and use most of the clear 
anatomical landmarks as used by Hagmann et al, 2008).  The resultant current source vector at 
each voxel was computed as the square root of the sum of the squares for the x, y and z source 
moments for each 0.5Hz Hz frequency band (Plonsey xx).   In order to reduce the number of 
variables, adjacent frequency 0.5 Hz bins were averaged to produce nine different frequency 
bands: delta (1-4 Hz); theta (4-7 Hz); alpha1 (8-10 Hz); alpha2 (10-12 Hz); beta1 (12-15 Hz); 
beta2 (15-18 Hz); beta3 (18-25 Hz) and hi-beta (25-30 Hz) for each of the 2,394 gray matter 
voxels.   There are over 795 peer reviewed studies on the validity and reliability of source 
localization using LORETA 
(http://www.uzh.ch/keyinst/NewLORETA/QuoteLORETA/PapersThatQuoteLORETA05.htm) 

 
2.4- Brodmann Areas and Regions of interest (ROIs) 

The anatomical names and Brodmann areas that correspond to each of the 2,394 gray 
matter voxels in Talairach Atlas coordinates was provided by Lancaster et al (2000) and Pascual-
Marqui (1999; 2004). The first best match to a given region of interest (ROI) was used for both 
Brodmann area values and anatomical names.  Dr. Korbinian Brodmann described a total of 48 
different clearly discernable areas of the brain with common neuron types within each area but 
with different neuron types between areas (Brodmann, 1909).   In the Human Brain Map 
implementation of LORETA (Pascual-Marqui, 1999) a total of 42 Brodmann areas were 
computed for each hemisphere.  The 42 Brodmann areas were organized into 33 anatomical 
regions of interest (ROIs) in a hemisphere because multiple Brodmann areas are in some ROIs.  
Table xx shows the Regions of Interest and Brodmann areas used in this study.   Cross-
correlations at the level of voxels represents 5,728,842 for each 2 second epoch which is too 
large to compute.   In order to reduce the total number of correlations we first computed an 
average current density for each ROI and then computed the cross-correlation between the ROIs.  
The procedure involved computing the LORETA source currents for each of the 2,394 gray 
matter voxels, then the table of gray matter voxels was sorted by ROI and an average current 
source density for a given ROI was computed by summing the current values for each of the gray 
matter voxels in that ROI and then dividing by the number of voxels. This resulted in a total of 
66 different averages of current source densities (33 Brodmann area from the left hemisphere and 
33 Brodmann areas from the homologous right hemisphere) for each 2 second epoch of EEG 
data.    Table I shows the spatial ordering and designations of LORETA Brodmann areas that 
correspond to the nomenclature of the different Hagmann et al (2008) ‘Modules’.   
 
 
2.5- Spatial-Temporal Source Correlations or Comodulation 

In order to reduce the total number of possible mathematical combinations of 2,394x 
2,394 to a more manageable size a ‘Reference Region of Interest’ was computed as the average 
current density within the ROI and each voxel in the selected ROI was replaced with the average 
current density value.   A Pearson Product correlation coefficient was computed between the 
average reference ROI current density value and the average current density values in the 
remaining 32 ROIs in a given hemisphere over successive two-second EEG epochs.    In other 
words, the spatial-temporal correlation was computed over the time series of 2 second epochs 
between the reference ROI and the remaining ROI. This procedure was repeated for each of the 
66 ROIs (33 ROIs for the left hemisphere and 33 for the right hemisphere).  In order to be 
consistent with Hagmann et al’s (2008) procedures, only correlations between all combinations 
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of the 33 ROIs within a hemisphere were computed.  The statistical significance level of the 
spatio-temporal correlations were determined by the number of degrees  of freedom or the total 
number of 2 second epochs that span a given time series minus two.   The spatial-temporal 
correlation between all pairs of ROIs within each hemisphere were computed, then averaged 
across subjects, sorted and rank ordered.     Figure 1 is a diagrammatic illustration of the 
computational methods used to compute the spatial-temporal source correlations over the time 
interval of the recording period.   The computational steps are shown in separate blocks. 

 

 
Fig. 1 – Flow chart of the steps used to compute temporal source correlations using 
LORETA.  See Thatcher et al (2007a) for additional details. 

 
2.6- Groupings of Regions of Interest (ROI) according to DSI ‘Modules’  
  The Hagmann et al (2008) ‘Modules’ are not organized according to Brodmann areas and have 
similar but not exactly the same anatomical names as are commonly used in LORETA studies.   
However, there was high overlap in most of the anatomical labels and anatomical regions.   Table I 
shows the groupings of LORETA ROIs that correspond to each of the six DSI ‘Modules’ (Hagmann et 
al 2008). 
 Examination of the six modules in Hagmann et al (2008) shows that there was reasonable 
correspondence between the anatomical labeling in the Hagmann et al (2008) study and the anatomical 
labeling used by the Human Brain Map nomenclature that was used in the LORETA computations 
(Lancaster et al, 2000; Pascual-Marqui, 1999; 2004).  Figure two shows the ROIs in LORETA 
corresponding to the Hagmann et al Modules.  The listing of regions of interests and the anatomical 
nomenclature is in Table I.   
 

Hagmann's 
MODULEs 

Loreta Anatomical 
Regions 

x-
tal 

y-
tal 

z-
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 

5 
L_Anterior 
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 

6 
R_Anterior 
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 I – The Modules listed in figure 6 of the Hagmann et al (2008) DSI study 
and the corresponding Talairach atlas coordinates used in LORETA.   Tal = Talairach 

 
 

 
Fig. 2-  The locations of the six Hagmann et al (2008) Modules as represented by the  
Key Institute LORETA voxels (Lancaster et al, 2000; Pascual-Marqui, 2004). 

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

A Euclidean distance metric was computed for each ROI that corresponded to the six 
Hagmann et al (2008) modules in two steps. Step one computed a separate average of the x, y 
and z Talairach atlas coordinates of each voxel within a ROI. Step two involved computing the 
square root of the sum of the squares of absolute distance between the average x, y and z 
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coordinates of a reference ROI with respect to a different ROI.   The computation of the absolute 
distance is the difference between the average X of a reference ROI or Module (i.e., X1) and  the 
average X coordinate of a second ROI or Module (i.e., X2) and  the same for the Y and Z 
coordinates. The difference between the x, y and z coordinates is then squared and the square 
root computed on the sum of the squares as shown in equation 1. 
 

Eq. 1 -  
2

21

2

21

2

21 )()()( ZZYYXXD -+-+-=  

 
Where the bar above x, y and z denotes the average x, y and z coordinate value for a given ROI 
and/or Module, therefore, a center  of mass coordinate value is calculated for each ROI and for 
each Module.    Table II shows the Talairach atlas coordinates for the center of each Hagmann et 
al (2008) Module.   Table III shows the Euclidean distances between Brodmann areas within a 
Module as well as the Euclidean distance between the centers of each Module. 
 
 
 

Hagmann's Center Average Coordinates 

MODULEs x-tal y-tal z-tal 

MODULE1 0 -74 21 

MODULE2 1 -33 35 

MODULE3 -43 -25 8 

MODULE4 44 -24 8 

MODULE5 -21 24 4 

MODULE6 22 25 2  
Table II – Talairach coordinates of the center of the six Hagmann et al (2006)  
Modules based on the Key Institute LORETA program (Pascual-Marqui, 1999; 2004).  
Tal = Talairach atlas coordinates. 

 
 

 Hagmann's MODULE     DISTANCEs 
   
A WITHIN MODULEs Distances (mm) 
 MODULE1 36.40 
 MODULE2 40.66 
 MODULE3 43.96 
 MODULE4 44.78 
 MODULE5 42.16 
 MODULE6 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 
 MODULE2 - MODULE6 69.70 
 MODULE3 - MODULE4 87.61 
 MODULE3 - MODULE5 54.44 
 MODULE3 - MODULE6 82.18 
 MODULE4 - MODULE5 81.25 
 MODULE4 - MODULE6 54.46 
 MODULE5 - MODULE6 42.39  

Table III- A- The Euclidean distances between Brodmann areas within a Module in 
millimeters and B- the Euclidean distance between the centers of each Module in 
millimeters. 

 
 
3.0 – Results 
3.1 – Correlations Between Hagmann ‘Module’ and LORETA Brodmann areas 
 Figure three are contour maps of the within vs between Module LORETA source correlations in 
the eyes closed (EC) and eyes open (EO) conditions summed for all frequency bands.   It can be seen 
that there is a strong ordering of the within Hagmann et al (2008) Module organization corresponding to 
the same ordering of LORETA source correlations.  For example, Hagmann et al (2008) Module1 
exhibited the strongest correlations between the ROI computed from LORETA that corresponds to 
Hagmann et al’s Module1.   Hagmann et al (2008) Module2 is correlated most strongly with LORETA 
ROIs that correspond to ‘Module’2 and similarly ‘Module3’, ‘Module4’, ‘Module5’ and ‘Module6’ all 
exhibit the highest correlation to the matching LORETA ROIs and not to non-corresponding matches.  
The red and orange colors represent high correlations and the blue represent low correlations. 
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Fig. 3- Contour maps of showing the correspondence between the six Hagmann et al  
(2008) Modules and the temporal correlations of sources located in the six  
region of interest that correspond to the Hagmann et al Modules using LORETA.   The  
y-axis are the  six Hagmann et al (2008) Modules and the x-axis are the ROIs  
corresponding to the Hagmann Modules from the  Key Institute LORETA program  
Pascual-Marqui (1999; 2004).    The color scale is the magnitude of temporal source correlation 
between Hagmann Modules and LORETA areas.  Example, is from the theta frequency  
band. EC = eyes closed and EO = eyes open conditions. 
 

Table IV shows the average correlation between the ROIs for each of the six LORETA derived 
‘Modules’ that correspond to the six different Hagmann et al (2008) ‘Modules’ for eyes closed and eyes 
open conditions.    It can be seen that LORETA source correlations exhibited the same intra-Module 
rankings as was reported by Hagamann et al (2008) based on the density of connections.    That is, 
LORETA ‘Module’ 1 exhibited the highest correlation with ROIs that correspond to the Hagmann et al 
(2008) ‘Module’ #1 and lower correlations between ROIs that comprise the other ‘Modules’.  Similarly, 
LORETA ‘Module’ 2 exhibited the highest temporal correlation between ROIs that correspond to the 
Hagmann et al (2008) ‘Module’ #2 and lower correlations between ROIs that comprise the other 
‘Modules’, etc. 
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Table IV – Rank ordered LORETA correlations according to the six Hagmann et al (2008) 
Modules.    Functional module labels are provided for each Module and values are from the theta 
frequency band.   A correlation of 0.235 is significant at P < .05 (df = 70). 
 

A Chi Square statistical test of the fit between the DSI Modules and the LORETA Modules based on the 
fact that there are six DSI Modules and six LORETA Modules.  Therefore the probability for a single 
match is 1/36.  A Chi square test of the expected vs observed frequency distribution match between the 
Hagmann and LORETA maximal values = 250; P < 0.00001.    The Chi square was statistically 
significant (P < 0.0001) for the eyes open and eyes closed conditions and for all frequency bands.    

Figure four shows the magnitude of temporal correlations between ROIs within a Hagmann et al 
(2008) defined Module (y-axis) as a function of frequency (x-axis).   The highest correlations were in 
the alpha1 frequency band in Modules one and two while the high beta frequency band exhibited the 
highest correlation in Modules 3, 5 and 6.   The higher frequency bands exhibited higher within Module 
temporal correlations than the alpha frequency bands in Modules 5 and 6.   In general, the ROIs that 
constitute a ‘Module’ exhibited unique correlations as a function of frequency band. 
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Fig. 4- Magnitude of the temporal source correlations using LORETA ROIs within each of the six 
Hagmann et al (2008) Modules for each frequency band and for the eyes open and eyes  
closed condition.  The y-axis = average correlation between LORETA ROIs and Hagmann 
et al (2008) anatomical ‘Modules’.   The x-axis if frequency bands.  The solid lines are the  
eyes closed  condition and the dashed lines are the eyes open condition.  Solid lines = eyes  
closed condition and dashed lines = eyes open. 
  

3.2 – Frequency Spectrum of LORETA Current Source Density in Hagmann et al Modules 
 Figures five and six shows the power spectrum of LORETA current source density from the six 
Hagmann Modules for the eyes closed and eyes open conditions.   It can be seen that with eyes open 
(dashed lines) exhibits reduced power in comparison to the eyes closed condition (solid lines) in all 
frequencies.   The alpha frequency bands were dominate in posterior Module1 and Module2 and alpha 
was weakest in the frontal Module5 and Module6.  The frequency spectra in Module1 and Module2 are 
similar but not identical.  The high similarity is likely due to the high relative connectivity between the 
precuneus in Module1 and the posterior cingulate in Module2. 
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Fig. 5- The left column are the LORETA voxels corresponding to Modules 1 to 3 from  
Hagmann et al  (2008) Modules.   The right column is the average power spectrum (1 to 30 Hz) 
of the current sources produced by the voxels that correspond to each of the Hagmann  
et al (2008) Modules. 
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Fig. 6- The left column are the LORETA voxels corresponding to Modules 4 to 6 from  
Hagmann et al  (2008) Modules.   The right column is the average power spectrum (1 to 30 Hz) 
of the current sources produced by the voxels that correspond to each of the Hagmann  
et al (2008) Modules. 

 
3.3 – Within Module vs Between Module Brodmann Area Distances 
 Table II shows the average Euclidean distance in millimeters between Brodmann areas within a 
Module and the average Euclidean distance in millimeters for Brodmann areas in different Modules.   
The average within Module Euclidean distance ranged from 36.4 mm (Module1)  to 44.8 mm 
(Module4).   The average between Module Euclidean distance ranged from 42.4 mm (Module5 to 
Module6)  to 103 mm (Module1 to Module6).   
      To explore the possible effects of volume conduction the relationship we examined the 
magnitude of temporal correlation between ROIs within a Module vs the magnitude of temporal 
correlation of LORETA current densities within a ‘Module’ as shown in figure 7A.   It can be seen in 
fig. 7A that there is no simple linear relationship between the magnitude of correlation and distance in 
the within Module analyses and instead there is a heterogeneous spatial relationship which can not be 
explained by volume conduction.  However, some evidence of volume conduction is present in the first 
point in the plot in figure 7A which is the shortest between ROI distance (e.g., xx mm).    Figure 7B 
shows the relationship between distances as shown in Table III and the magnitude of correlation of 
current densities between Modules.   Unlike the within Module analyses, a statistically significant linear 
relationship was exhibited between the magnitude of between Module correlations and distance.  That is, 
the greater the distance from a given Module then the lower the temporal LORETA current density 
correlations. 
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Fig. 7 – Within ‘Module’ temporal source correlations on the left and between ‘Module’  
Temporal source correlations using LORETA on the right.   The y-axis is correlation and  
the x-axis is the Euclidean distance in mm from a given reference Brodmann area within  
a ‘Module’ on the left and the Euclidean distance in mm between ‘Modules’ on the right. 
 

 
4.0 – Discussion 

The results of this study demonstrated a correspondence between the time strength of coupling 
between Brodmann areas as measured by Low Resolution Electromagnetic Tomography (LORETA) and 
the anatomical density of connectivity as measured by diffusion tensor imaging (Hagmann et al, 2008).    
Overall, the eyes closed and eyes open conditions served as a replication since the EEG was measured at 
different periods of time and under different conditions produced the same cross-correlation ‘Module’ 
structures (Table III & Fig. 4). The ratio of within ‘Module’ correlations vs. between ‘Module’ 
correlations followed the within and between ‘Module’ density of connections as reported by Hagmann 
et al (2008) using diffusion tensor imaging to count white matter axons in the neocortex which 
demonstrates that the density of connections is a factor that determines the time course of the 3-
dimensional cross-correlations of EEG current density in different Brodmann areas.   This is important 
because it provides another cross-modality validation of LORETA as an accurate and 
neurophysiologically valid measure of the sources of the human EEG.   This study also shows that the 
temporal correlation of 3-dimensional current sources is different for different anatomical ‘Modules’ or 
clusters of high density connections.  The correlation of different Modules over time represents a likely 
functional coupling within and between anatomically separated modules of the brain.  A limitation of the 
procedure presented in this paper is the use of an approximate head model. However, it has been shown 



Thatcher et al 18 

that with as little as 16 electrodes, and using the approximate three-shell head model, human in vivo 
localization accuracy of EEG is 10 mm at worst. Consequently, it can be safely assumed that, given the 
7 mm resolution of the current implementation of LORETA-TALAIRACH, localization accuracy is at 
worst in the order of 14 mm. 

 
It is well established that synaptic activation of cortical pyramidal neurons results in a local 

electrical dipole and that synchronous activation of groups of pyramidal neurons results in electrical 
potentials that can be recorded at the scalp surface referred to as the electroencephalogram (EEG) 
(Purpura, 1959; Cooper et al, 1965; Nunez, 1981; 1994).  Nunez (1994) developed an equation to 
describe the relationship between the amplitude of the EEG and the degree of local synchrony where 
amplitude equals the number of synchronous pyramidal neuron dipoles times the square root of the 
asynchronous dipoles.      As a consequence, a 10% increase in synchronous dipoles represents a 330% 
increase in the amplitude of the scalp recorded EEG.   These studies emphasize the dependence of the 
scalp EEG and all inverse solutions on the synchronous activation of large numbers of cortical 
pyramidal neurons.   It is also known that the greater the connectivity between neurons then the higher 
the amplitude of EEG because connectivity is necessary for synchrony.   In the present study, the results 
showed that the greater the density of connections within a ‘Module’ then the higher the temporal 
correlation of synaptic currents between regions of interest that constitute that ‘Module’ (Fig. 3 & Table 
IV).   Because the correlation coefficient is amplitude normalized the temporal correlation of ROIs in a 
Module is independent of the absolute amplitude of current source density and is a measure of coupling 
between two time series which could be due to volume conduction or via a third or common but 
unmeasured source.   Volume conduction can not be ruled out as influencing the LORETA temporal 
correlations, however, volume conduction also can not explain the finding of heterogeneous correlations 
as a function of distance between ROIs in a Module (see Fig. 7).  An unmeasured source such as the 
thalamus acting as a spatial-temporal pacemaker and cortico-cortical loops are likely involved but not 
measured directly in the present study.    A phase-lagged analysis of coherence between ROIs is planned 
for a future study in order to better isolate and control volume conduction. 
 
4.1 - ‘Small-World’ Model 

LORETA cross-correlations were higher within a ‘Module’ than they were between Modules.    
Although the relationship between distance and temporal correlation was non-significant between ROIs 
within a Module which demonstrates that volume conduction can not account for these findings, 
nonetheless, there was as significant negative relationship between the magnitude of coupling or 
temporal correlation as a function of distance between ‘Modules’ (see fig. 7).    These findings are 
similar to those reported by Hagmann et al (2008) for anatomical connection density and support a 
‘small-world’ model of complex organizations and networks involving increased local connectivity and 
randomly reduced long distance connections (Achard et al, 2006; Bassett, D.S., Bullmore, 2006; Sporns 
and Zwi, 2004; Watts, D.J., Strogatz, 1998).   ‘Small-world’ models are economical when long distance 
wiring costs are high.   Myelinated white matter axons demand high metabolic maintenance and are 
pruned with age as myelination progresses toward higher transmission velocities as in long distance 
connections.    This ‘small-world’ dynamic is one of the reasons ‘small-world’ models are commonly 
reported using different developmental neuroimaging methods (Thatcher et al, 1995; Wang et al, 2009).     
Future studies using non-volume conduction measures of phase differences and phase shift and phase 
lock and other similar methods are necessary to properly minimize volume conduction and explore 
cross-frequency phase synchrony of LORETA and DSI ‘Module’ relations.    
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4.2- Anatomical vs Functional Complex Network Analysis 
 Complex network analysis is a new discipline used to quantify the topologies of large connection 
datasets and has its origins in the mathematics of networks known as graph theory.    Network analyses 
of structural and functional connectivity are used to quantify brain networks with a small number of 
meaningful and computable measures (Sporns and Zwi, 2004; Achard et al, 2006).   Recently, Rubinov 
and Sporns (2009) reviewed a common set of concepts and measures shared by a variety of 
Neuroimaging modalities such as PET, fMRI, DSI, and EEG/MEG.    Hagmann et al (2008) used 
standard and accepted graph theory measures such as modularity, centrality, betweeness centrality, 
within-module degree, small worldness, and others.   Each neuroimage modality produces somewhat 
different ‘Module’ structures.  For example, Chen et al (2008) used cortical thickness and network 
analyses to demonstrate six basic ‘Modules’ or modules and He et al (2009) used fMRI and graph theory 
and demonstrated five basic ‘Modules’ or modules.   The He et al (2009) and Chen et al (2008)  
‘Modules’ and modules shared some similarities to Hagmann et al (2008), however, there also were 
differences in the make up of the ‘Modules’.    The lack of perfect agreement between anatomical DSI 
‘Modules’ vs fMRI  ‘Modules’ are in part due to differences in the experimental measures themselves 
(e.g., blood flow vs tissue tickness vs axon connections vs current density, etc.) (Deuker et al, 2009).    
In the present study the choice of an anatomical measure of axon density and connection density was 
based on the importance of a structural reference as the foundation or basis for comparisons to 
functional ‘Modules’ or network metrics using EEG.   It is assumed that the linkage between structure 
and function is relevant to the understanding of the temporal covariance of current sources in different 
anatomical ‘Modules’ in the brain.   Thalamo-cortical and cortico-thalamic loops, while comparatively 
small in number, are nonetheless critical in the genesis of local field potentials (LFPs) over widespread 
cortical regions and over wide frequency ranges (0.1 Hz to 300 Hz, Buszaki, 2006).   The cerebral white 
matter includes vertical afferent and projection fibers from cortex to subcortex representing the coronal 
radiata as well as cortico-cortical axons (Braitenberg, 1978; Schulz and Braintenberg, 2002).  In 
previous studies, it has been shown that short and long distance cortico-cortical fibers influence the 
spatio-temporal correlations between ROIs using LORETA (Thatcher et al, 2007a).   It is likely that in 
the present study the same cortico-cortical influences were involved in the spatial-temporal correlations.    
The fact that there was a broad band spectrum of temporal correlations involving all EEG frequency 
bands indicates that the corico-cortical white matter functions like broadband cables and conducts a 
wide spectrum of frequencies within and between ROIs.  
 
4.3 – Anatomical Modules and Frequency Spectra 

Unique power spectra were present in each of the six Modules (see figs. 6 & 7).   Eyes closed 
and eyes open power spectra exhibited similar power spectra in each of the Modules with the eyes open 
condition resulting in an attenuation of power especially in the 1 to 13 Hz frequency range.  Alpha1 
exhibited the highest correlations in Modules 1 to 2 which include posterior cortical regions known to 
generate alpha rhythms.   Module 5 and 6 exhibited greater power in the lower frequency bands than the 
other Modules.  These findings are consistent with studies demonstrating natural resonant frequencies in 
human thalamocortical circuits (Galambos et al, 1981; Herrmann, 2001; Narici and Romani, 1989; 
Niedermeyer, 1999 and Rosanova et al, 2009).   
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6.0 – Figure Legends 
Figure One - Flow chart of the steps used to compute temporal source correlations using 

LORETA.  See Thatcher et al (2007a) for additional details. 
Figure Two- Shows the locations of the Key Institute LORETA voxels and the Brodmann areas 

in the six Modules published in the Hagmann et al (2008) diffusion tensor imaging (DSI) 
study. 

Figure Three- Contour maps of showing the correspondence between the Brodmann areas in  
the six Hagmann et al (2008) Modules or Modules and the temporal correlations of 
sources located in the same six Brodmann areas using LORETA.   The y-axis are the  
six Hagmann et al (2008) Modules or Modules and the x-axis are the voxesl and Brodmann  
areas corresponding to the Hagmann Modules from the Key Institute LORETA program 
Pascual-Marqui (1999; 2004).    The color scale is the magnitude of temporal source correlation 
between Hagmann areas and LORETA areas. 

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

Figure Five- The left column are the LORETA voxels corresponding to Modules 1 to 3 from  
Hagmann et al  (2008) Modules.   The right column is the average power spectrum (1 to 30 Hz) 
of the current sources produced by the voxels that correspond to each of the Hagmann  
et al (2008) Modules. 

Figure Six- The left column are the LORETA voxels corresponding to Modules 4 to 6 from  
Hagmann et al  (2008) Modules.   The right column is the average power spectrum (1 to 30 Hz) 
of the current sources produced by the voxels that correspond to each of the Hagmann  
et al (2008) Modules. 

Figure Seven- Within ‘Module’ temporal source correlations on the left and between ‘Module’  
Temporal source correlations using LORETA on the right.   The y-axis is correlation and  
the x-axis is the Euclidean distance in mm from a given reference Brodmann area within  
a ‘Module’ on the left and the Euclidean distance in mm between ‘Modules’ on the right. 

 
7.0 – Table Legends 
Table I - The Brodmann areas listed in figure 6 of the Hagmann et al (2008) DSI study 

and the corresponding Talairach atlas coordinates used in LORETA.   Tal = Talairach. 
 

Table II - Talairach coordinates of the center of the six Hagmann et al (2006) Modules or 
Modules based on the Key Institute LORETA program (Pascual-Marqui, 1999; 2004).  
Tal = Talairach atlas coordinates. 
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Table III - A- The Euclidean distances between Brodmann areas within a Module in millimeters 
and B- the Euclidean distance between the centers of each Module in millimeters. 

 
Table IV - Rank ordered LORETA correlations according to the six Hagmann et al (2008) 
 Modules.    Functional module labels are provided for each Module. 
 
 


