
 
Thalamic and Cortical Substrates of Large-Scale Neuronal Oscillations Assessed with Simultaneous EEG-fMRI 

 
Z. Liu1, J. A. de Zwart1, P. van Gelderen1, L-W. Kuo1, and J. H. Duyn1 

1Advanced MRI section, Laboratory of Functional and Molecular Imaging, NINDS, National Institutes of Health, Bethesda, Maryland, United States 
 

Introduction     
Synchronized neuronal oscillations have been proposed to be essential to the formation and dynamics of brain networks at a variety of spatiotemporal scales and 

behavior states1. However, the origin of large-scale neuronal oscillations and their relevance to the functional connectivity patterns observed with resting-state 
functional magnetic resonance imaging (fMRI) remains poorly understood and needs to be systematically investigated. Seeking the sub-cortical and cortical substrates 
of large-scale neural oscillations, we assessed the patterns of correlation between the spontaneous fluctuations of electroencephalographic (EEG) rhythms and the blood 
oxygen level dependent (BOLD) fMRI signals simultaneously measured from human subjects at rest. Such EEG-fMRI correlation patterns were further compared with 
seed-based functional connectivity mapping based on fMRI alone. Data reported here are focused on the EEG alpha band.  
Materials and Methods     

From 14 healthy volunteers, we acquired concurrent EEG (32-channel, 
international 10-20 montage, 16-bit BrainAmp MR, BrainProducts) and BOLD 
fMRI (GRE-EPI, rate-2 SENSE, TE/TR=30ms/1.5s, 30 4-mm axial slices, 
FOV=220×165mm2, matrix size=64×48) using a GE 3-T Signa scanner equipped 
with a 16-channel receive-only coil array. Each subject was instructed to 1) rest 
wakefully with eyes closed for 10 min, 2) rest with multiple cycles of self-paced 
alternating eyes-closed or eyes-open periods of about 30 sec each, and 3) perform a 
fixation task while visual stimulation (full-field checkerboard reversing at 3Hz) was 
presented using a block design with three 30-sec stimulus-on periods interleaved 
with four 30-sec stimulus-off periods.  

The raw EPI images were preprocessed using standard routines including the 
removal of nuisance variables related to motion correction, respiratory and cardiac 
cycles, respiratory volume and heart rate, and then normalized to the standard MNI 
space. Global signal regression was not used. The BOLD activations in response to 
full-field checkerboard stimulation were obtained through general linear model 
(GLM) analysis. The occipital cluster of cortical visual activation was selected as the 
seed region where the resting-state BOLD signals were averaged and then correlated 
to the BOLD signals throughout the brain. The gradient and cardiac ballistic artifacts 
were removed from EEG recordings using a program developed in-house. The 
individual alpha frequency (IAF) was determined as the frequency within the alpha 
band (8-12 Hz) that gave the maximal spectral difference at the occipital electrodes 
between eyes-closed and eyes-open periods. In the resting state, the power 
fluctuation at IAF was extracted from the EEG spectrogram computed with a 2-sec 
time window sliding in 1s steps. Averaged across the occipital electrodes, the 
occipital alpha power fluctuation was further convolved with a canonical hemodynamic impulse response function and then correlated with the BOLD signal at every 
voxel in the brain. Similar analysis was repeated for other frequency bands and other electrodes. At the group level, individual subjects’ results were averaged, and the 
one-way t-test was also performed across subjects after converting correlation coefficients to z values through the Fisher’s z-transform. Reported herein are only group-
level results.  
Results    

In response to full-field visual stimulation, significant BOLD activations were found within the visual cortex. Selecting the activated area as the seed region for 
computing the BOLD-BOLD correlations in the resting state, we found wide-spread cortical areas showing predominantly positive correlations with the visual cortex. 
Interestingly, we observed very similar cortical distribution of negative (but weaker) correlation between the BOLD signal and the occipital alpha power fluctuation in 
the same resting state. Despite their opposite polarity, both 
correlation maps consistently revealed the dorsal and ventral 
visual pathways, and even the sensorimotor areas. However, 
sub-cortical regions are inconsistent, as the anterior thalamic 
regions showed positive BOLD-ALPHA correlations. 
Furthermore, we found that the thalamic regions positively 
correlated with the occipital alpha power fluctuation were 
also positively correlated with the alpha power fluctuations 
from other electrodes. Particularly so were the C3 and C4 
electrodes located over the left and right motor cortices 
respectively, which are associated with the generation of the 
so-called mu rhythm within the same frequency range as the 
occipital alpha.  
Discussion     

Here we report highly similar spatial patterns for the resting-state BOLD-BOLD and BOLD-ALPHA correlations, suggesting that the large-scale power synchrony of 
neuronal oscillations (e.g. in the alpha band) may, at least in part, account for the functional connectivity pattern observed with fMRI. Moreover, the observed 
correlation between the BOLD signals in thalamus and the alpha power fluctuations measured over the visual and motor cortices suggests a thalamic involvement in 
posterior alpha and central mu rhythms. These results, together with the results previously published by others2,3, collectively lead to a reasonable conjecture that the 
observed corticocortical BOLD-BOLD or BOLD-ALPHA correlations may partly rely on corticothalamocortical connections, which indeed provide a resonance 
mechanism suitable for the generation of large-scale neuronal oscillations4.     
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Figure 1. Top row shows the activation with visual stimulation. Middle 
row shows the visual cortex seeded resting-state BOLD correlation map. 
Bottom row shows the map of correlation between BOLD and occipital 
alpha power. Maps are shown on two axial slices covering visual cortex, 
LGN and thalamus, and on the inflated cortical surface with lateral and 
medial view.

 
Figure 2. (Left) Thalamic regions with the BOLD signals positively (r>0.1) correlated with 
occipital alpha power fluctuation are shown in red on 12 axial slices. (Right) Scalp topography of 
the average correlation between the BOLD signal within the thalamic region highlighted on the left 
and the alpha power fluctuation measured from individual channel. 
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