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Target Audience  
Researchers interested in the neural basis of functional magnetic resonance imaging. 
Purpose  
Despite the wide applications of resting state fMRI, the neural basis and interpretation of 
spontaneous fMRI signals and their large-scale correlations remain unclear. Here, we separated and 
characterized the fractal and oscillatory components of neurophysiological signals observed with 
electrocorticography (ECoG) and magnetoencephalography (MEG), and evaluated the distinct 
contributions of such electrophysiological components to resting state fMRI networks by using 
simultaneously acquired fMRI and electroencephalography (EEG). In particular, we aimed to 
address the direct coupling between fMRI and fractal (or scale-free) electrophysiology. 
Method  
We developed a method, the irregular-resampling auto-spectral analysis (IRASA), to separate 
extracellular neurophysiological signals into two additive spectral components: one was the 
broadband fractal component, and the other consisted of narrowband oscillations (Fig. 1.a). We used 
a power-law distribution (i.e. a linear function in double logarithmic coordinates) to model the 
fractal component, and quantitatively characterized it with the model-fitted power-law exponent1 and 
the broadband power (BBP)2 (Fig. 1.a). We applied IRASA to sliding time windows and hence we 
separated the spectrograms of the fractal and oscillatory components (Fig. 1.b). From the fractal 
spectrogram, we extracted the time courses of the power-law exponent and BBP (Fig. 1.b). From the 
oscillatory spectrogram, we extracted the time courses of the band limited power (BLP) at specific 
frequency bands, e.g. the alpha band (8-13Hz) during eyes-closed wakefulness. We further evaluated 
the spatial patterns of inter-regional correlations in the temporal fluctuations of such separated 
fractal and oscillatory components. In this study, we used the IRASA method to analyze three 
datasets: macaque ECoG (n=6), human MEG (n=7), and EEG during concurrent fMRI (n=17), 
acquired across awake and sleep states. For concurrent fMRI-EEG data, we cross-correlated the 
temporal fluctuation of the separated fractal and oscillatory components and the voxel time series of 
fMRI signals with time lags ranging from -30 to 30s.   
Results  
The temporal fluctuation in the BBP of the fractal electrophysiology occurred within a similar 
frequency range (<0.1Hz) as resting state fMRI. The fluctuation levels of the fractal component (i.e. 
the temporal standard deviation of both the power-law exponent and BBP) were significantly higher 
in sleep than in wakefulness (p<0.01, paired t test). The inter-regional correlations of the fractal BBP 
were widely spread with nearly global reach, and tended to be higher during sleep than wakefulness. 
In contrast, the correlations of the oscillatory BLP (e.g. in the alpha band) were more confined to 
spatially specific regions or networks. Similar findings were obtained from both ECoG and MEG.  
For the concurrent fMRI-EEG data, the globally averaged fMRI signal was significantly cross-
correlated with the temporal power fluctuation of the fractal component across all frequencies. 
Positive peak correlations were found when fMRI lagged electrophysiology by 5s, while negative 
peak correlations were observed at a time lag around 12.3s (Fig. 2.b). At these two lags, the positive 
and negative correlations between the voxel fMRI time series and the global fractal BBP fluctuation 
were globally distributed. However, the cross correlations between fMRI and the alpha BLP were 
well confined to the visual cortex and the thalamus (Fig. 2.c). 
Discussion  
We found that the globally synchronized fMRI signals were correlated with the fractal component of 
electrophysiology, and that the fMRI activities of spatially specific networks were coupled to the 
oscillatory components of electrophysiology. These results confirm the complex origins of resting 
state fMRI. Our interpretation of the findings is that spontaneous fMRI signals may originate from 
two distinct neural processes, which result in temporally coupled fMRI and electrophysiological 
signals. One is shown in global fMRI and broadband fractal electrophysiology with a power-law 
frequency distribution. The other gives rise to spatially specific fMRI network activities and 
oscillatory electrophysiology with characteristic spectral signatures. These two processes also likely 
arise from distinct structural networks. Since the globally synchronized fractal dynamics and fMRI 
signals were found to significantly vary across sleep and wakefulness, we hypothesize that the 
fractal electrophysiology and the global hemodynamics may both report on the dynamic activities of 
the diffusive neural modulation pathways governing the fluctuations of arousal and conscious states.  
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Fig 2.  (a) the fractal global spectrogram and fMRI global signal. (b) 
the cross-correlation between global fMRI and fractal global 
spectrogram, averaged over 17 subjects. (c) the cross-correlation 
between global BBP and fMRI (upper and middle), the alpha BLP and 
fMRI (bottom) (p = 0.01). 

 
Fig 1. (a) separation of oscillatory and fractal components. (b) the 
oscillatory and fractal spectrograms, and the power-law exponent and 
BBP fluctuations extracted from the fractal spectrogram. (c) the 
correlation patterns of the global BBP with each sensor (left), and seed-
based correlation of BBP and alpha-BLP (right) (p = 0.01). 
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