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The brain, at rest, is thought to lie near a critical point – at the 
boundary between order and chaos [1].. Neural signatures of the 
critical brain including long-range temporal correlations and scale-
free behavior (e.g. 1/f scaling). Criticality affords computational 
advantages including maximal entropy, dynamic range, and 
flexibility [2], with plausible implications for working memory. 

Long-range temporal correlations are suppressed during cognitive 
tasks, suggesting that higher-order cognitive processing entails 
sub-criticality [3,4]. We hypothesize that subjective cognitive effort 
reflects the degree to which brain dynamics diverge from criticality 
during task performance. 

Here, we test for a link between working memory performance 
and subjective effort, and the branching dynamics of neuronal 
avalanches, measured with EEG during the task.
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To test for relationships between critical dynamics and cognitive 
effort, we use a behavioral economic paradigm we call the 
Cognitive Effort Discounting task (COGED [5]). In the COGED 
paradigm, participants complete multiple levels of the N-back 
working memory task, varying parametrically in working memory 
load. Then, they make a series of choices between more money 
for harder tasks and less money for easier tasks.



The subjective value (SV) of offers to perform harder tasks for 
money decreases with load indicating that people find harder 
tasks to be more subjectively costly. There are also large 
individual differences in SVs indicating that some find the tasks to 
be more effort-costly than others. These individual differences 
have been related to cognitive aging, psychopathology, and 
striatal dopamine function in prior work. 

We compare these objective (load) and subjective (SV) measures 
of cognitive effort, and task performance metrics, to two indices of 
proximity to a critical point. Namely, we examine avalanche 
branching dynamics and long-range temporal correlations in 64-
channel EEG data collected while people perform the N-back 
tasks.

Branching dynamics are quantified by the parameter σ which 
quantifies the rate of growth of avalanches. Here, following [6], we 
calculate branching by first thresholding the EEG signal for each 
channel, and identifying super-threshold excursions as events. 
We then discretize the signal into time bins, and identify 
avalanches as contiguous time bins in which events occur across 
any channel. Finally, for each avalanche, we estimate the 
branching parameter as the ratio of the number of events in the 
second versus the first time bin in the avalanche. In a critical 
system, the branching parameter is approximately 1.0, it is > 1.0 
in a supercritical system and < 1.0 in a subcritical system. 

Long-range temporal correlations are based on the Detrended 
Fluctuation Analysis algorithm [7] which growth in the root-mean-
squared fluctuation in the linearly detrended signal profile when 
going from smaller scales (fewer samples) to larger scales (larger 
samples) – referred to as the fluctuation function. The signal 
profile is the cumulative sum of the band-pass filtered amplitude 



envelope of the EEG signal. The DFA parameter α is calculated 
as the slope of a linear fit to the fluctuation function versus scale 
size on a log-log-plot. The slope parameter is approximately 1.0 in 
a critical system, reflecting fractal structure in the time domain. 
Sub- and super-critical as associated with values below 1.0.
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As expected, long-range temporal correlations reflect that brain 
dynamics are slightly sub-critical at rest and that they operate 
increasingly far away from a critical point as a function of working 
memory load, at least in comparison of the 1-back and the 2-
back. 

The load function is U-shaped for many participants. Namely, 
long-range temporal correlations appear progressively weaker 
going from the 1- to the 2-back, and even 3-back for some, but 
then appear to rebound at higher load levels. This may reflect a a 
degree of disengagement among participants who show a greater 
rebound at lower load levels, which we speculated may be related 
to subjective effort costs. 

Indeed, when we computed a weighted average load level at 
which participants show the greatest suppression of long-range 
temporal correlations (identifying how far participants go before 
showing a rebound effect), we find a strong individual difference 
correlation with discounting SV. The direction of the correlation is 
such that participants who find the task to be less effort-costly 
show a progressive suppression of long-range temporal 



correlations at higher load levels, indicating that they either have 
a weaker, or no rebound in long-range temporal correlations.
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A) The branching parameter follows a canonical path over the 
course of a trial, remaining high (with values in the super-critical 
range) during the inter-trial maintenance interval, then peaking 
after stimulus onset before dipping into low, sub-critical values 
before slowly rising back to inter-trial interval levels. These 
distinctive features correspond with the temporal dynamics of 
demands for working memory maintenance and gating during the 
N-back task, suggesting a correspondence between global 
branching dynamics and working memory processes. Importantly, 
the canonoical variation in the branching parameter is distinct 
from variation in global field power following stimulus onset 
(inset).

B) The path shows greater variance for high (3- and 4-back) 
versus low load (1- and 2-back) trials, diverging farther from the 
critical value of  σ = 1.0. 

C) Participants who find the task to be less effort-costly (high SV) 
show a deeper dip and slower ramping of the branching 
parameter 1-1.5 sec after stimulus onset. On average, they 
appear to stay closer to critical branching values of σ = 1.0 
throughout the post-stimulus period.

D) In the post-stimulus window, all participants shown divergence 
from critical branching that increases parametrically with cognitive 
load on difficult target and lure trials. Interestingly this effect is 
opposite on incorrect target and lure trials. Importantly, 
participants who show an steeper increase in branching 
divergence also find the N-back to be more effort-costly across 
load levels. This implies that more intensive cognitive processing 



and greater subjective effort are associated with greater 
divergence from critical branching. This relationship persists when 
controlling for individual differences in task performance 
(accuracy and reaction time).
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A) Higher average branching values (greater divergence) during 
the maintenance interval is correlated with stronger resting long-
range temporal correlations calculated from resting-state EEG 
data.

B) Lower average branching values (greater divergence) during 
the post-stimulus correlates with stronger resting long-range 
temporal correlations calculated from resting-state EEG data 
while participants rest.

C) Greater divergence from 1.0 in the branching parameter during 
the maintenance interval correlates with slower reaction times on 
correct trials across all load levels.

D) Greater divergence from 1.0 in the branching parameter during 
the post-stimulus ramp correlates with lower accuracy on target 
trials across all load levels.

Collectively, these results imply that trial-wise branching dynamics 
are associated with trait-like properties of cortical function that 
persist across rest and tasks and underpin critical dynamics. They 
further imply that critical dynamics underlie individual differences 
in working memory performance and subjective cognitive effort.


