
Vol.:(0123456789)1 3

Brain Structure and Function (2020) 225:1169–1183 
https://doi.org/10.1007/s00429-019-02014-4

ORIGINAL ARTICLE

Stability of neuronal avalanches and long‑range temporal correlations 
during the first year of life in human infants

Mostafa Jannesari1 · Alireza Saeedi2 · Marzieh Zare1 · Silvia Ortiz‑Mantilla3 · Dietmar Plenz4 · April A. Benasich3

Received: 9 November 2018 / Accepted: 26 June 2019 / Published online: 24 February 2020 
© The Author(s) 2020

Abstract
During infancy, the human brain rapidly expands in size and complexity as neural networks mature and new information is 
incorporated at an accelerating pace. Recently, it was shown that single-electrode EEG in preterms at birth exhibits scale-
invariant intermittent bursts. Yet, it is currently not known whether the normal infant brain, in particular, the cortex, maintains 
a distinct dynamical state during development that is characterized by scale-invariant spatial as well as temporal aspects. 
Here we employ dense-array EEG recordings acquired from the same infants at 6 and 12 months of age to characterize brain 
activity during an auditory odd-ball task. We show that suprathreshold events organize as spatiotemporal clusters whose 
size and duration are power-law distributed, the hallmark of neuronal avalanches. Time series of local suprathreshold EEG 
events display significant long-range temporal correlations (LRTCs). No differences were found between 6 and 12 months, 
demonstrating stability of avalanche dynamics and LRTCs during the first year after birth. These findings demonstrate that 
the infant brain is characterized by distinct spatiotemporal dynamical aspects that are in line with expectations of a critical 
cortical state. We suggest that critical state dynamics, which theory and experiments have shown to be beneficial for numer-
ous aspects of information processing, are maintained by the infant brain to process an increasingly complex environment 
during development.
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Introduction

This article replaces an incorrect version that was previ-
ously published in error [Jannesari, M., Saeedi, A., Zare, 
M., Ortiz-Mantilla, S., Plenz, D., & Benasich, A. A. (2019). 
Stability of neuronal avalanches and long-range temporal 

correlations during the first year of life in human infant. 
Brain Structure and Function, 224(7), 2453–2465. https​://
doi.org/10.1007/s0042​9-019-01918​-5. Epub 2019 Jul 2.].

Studies on early human development, in both preterm 
and term newborns, have revealed structural aspects of 
early human brain growth using magnetic resonance imaging 
(MRI) (Kostović and Judaš 2006, 2008; Hüppi et al. 1998), 
diffusion tensor imaging (DTI) (Hüppi and Dubois 2006), 
and histological preparations (Kostović and Judaš 2006, 
2008). Converging quantitative EEG and volumetric MRI 
analyses demonstrating significant correlation between early 
higher brain activity levels and increased brain volumes in 
preterm newborns (Benders et al. 2015) support the idea that 
neuronal growth and survival are sensitive to early network 
activity.

Whereas the mentioned studies have focused on early 
developmental changes in brain growth and brain activity 
from a broader point of view, recent studies have taken 
these investigations a step further by examining stabil-
ity in neuronal network function, essentially, the role of 
brain activity in homeostasis (Prinz et al. 2004; Bucher 
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et al. 2005; Marder and Goaillard 2006). Homeostasis and 
dynamical regulation of brain networks require detection 
of scale-invariant neuronal bursts of activity. The most 
common scale-invariant dynamics in cortex are neuronal 
avalanches (Beggs and Plenz 2003) and to date they have 
been demonstrated in adult humans in EEG (Meisel et al. 
2013; Allegrini et al. 2010; Benayoun et al. 2010), ECoG 
(Solovey et al. 2012; Priesemann et al. 2013), MEG (Palva 
et al. 2013; Shriki et al. 2013), and fMRI (Tagliazucchi 
et al. 2012).

Rapidly accumulating evidence supports the hypothesis 
that cortical dynamics in humans exhibit scale-invariant 
features that change with altered states such as sleep dep-
rivation (Meisel et al. 2013, 2017a, b) and epilepsy (Arviv 
et al. 2016). In infants, scale-invariant neuronal activity 
has been observed in the single-electrode EEG of preterm 
infants as early as 12 h after birth (Iyer et al. 2015). Impor-
tantly, deviations from scale-invariant neuronal activity 
have been shown to track recovery from the burst suppres-
sion induced by hypoxia (Roberts et al. 2014) and to pre-
dict recovery from early hypoxic insult (Iyer et al. 2014). 
This suggests that measures of scale-invariant dynamics 
may serve as potential biomarkers for early detection of 
concurrent risk and/or disease in infants. Nonetheless, due 
to the fact that the scale-invariant activity present at those 
early ages has been pathological in nature, to date only 
associated with clinical conditions (i.e. prematurity or 
hypoxia at birth), it is unclear whether this neural activity 
is categorically the same in nature as neuronal avalanches 
described in adults.

Furthermore, the time course and the evolving character-
istics of scale-invariant cortical dynamics over normative 
development are also unknown. In addition, it is uncertain 
to what degree brain dynamics are stable over the first year 
of life when the infant brain dramatically expands in size 
and changes in connectivity, a challenge posited by Marder 
et al. as well as other researchers (Prinz et al. 2004; Bucher 
et al. 2005; Marder and Goaillard 2006). As noted, neuronal 
avalanche-like activity has been identified in infant clinical 
populations using a single-electrode EEG sensor in a nar-
row frequency band (Roberts et al. 2014; Iyer et al. 2014, 
2015). But to examine avalanche dynamics across typical 
development with a more holistic perspective, broadband 
multi-site recordings of cortical activity that allow global 
and local analyses would be more appropriate (Grieve et al. 
2003; Odabaee et al. 2013).

The focus of the present study, in which dense-array EEG 
data were recorded while infants listened to tone-pairs pre-
sented in a passive oddball paradigm, was twofold: (1) to 
explore ongoing neocortical activities for potential neuronal 
avalanche dynamics, and (2) to identify the degree of stabil-
ity of avalanche dynamics over the course of 6 months of 
normative development.

Materials and methods

Participants

Participants in the current study were a subset of children 
who had participated in a larger longitudinal study that 
assessed the effects of early auditory processing skills 
on later language and cognitive development (Benasich 
et al. 2006; Choudhury et al. 2007; Choudhury and Bena-
sich 2011; Benasich and Choudhury 2012). Infants were 
recruited from local newspapers, birth announcements, 
and pediatric clinics. The infant group consisted of 19 
typically developing full-term, normal birthweight infants 
(11 males, 8 females) with no reported family history of 
developmental language disorders (DLD). They were 
tested longitudinally at each of seven ages from 6 months 
through 48 months of age using both behavioral and elec-
trophysiological assessments. For the purpose of the pre-
sent study, only the 6- and 12-month EEG recordings were 
used. This study was approved by the Institutional Review 
Board of Rutgers University, and conducted in accordance 
with the 1964 declaration of Helsinki. Informed consent 
was obtained from all parents following a full explanation 
of the experiment and prior to their child inclusion in the 
study.

EEG stimuli and recording

The EEG was recorded following our infant protocol 
(Musacchia et  al. 2015) while the infants were awake 
and comfortably seated on their parent’s lap in a sound-
attenuated and electrically shielded chamber. Silent videos 
were played on a monitor to engage the infant’s attention 
and minimize movements. If the infant lost interest in the 
video, an experimenter played a silent puppet show or used 
quiet toys. EEG was recorded from 62 scalp sites using the 
Geodesic Sensor Net (Electrical Geodesics Inc., Eugene, 
OR). The signal was sampled at 250 Hz, referenced on-line 
to the vertex and band-pass filtered at 0.1–100 Hz. For the 
avalanche analysis, EEG recordings were re-referenced to 
an average (whole head) reference. The auditory stimuli 
used were complex tone-pairs, each tone 70 ms in dura-
tion. The first block presented was a fast-rate block with an 
interstimulus interval (ISI) of 70ms. The second block was 
a slow-rate block with 300 ms ISI. Between the blocks, a 
short period of 3–4 min of ongoing spontaneous activ-
ity without auditory stimulation was recorded. Tone-pairs 
were presented in a passive oddball paradigm with the 
standard pair (100–100 Hz) presented 85% of the time and 
the deviant pair (100–300 Hz) randomly presented 15% 
of the time. Preliminary examination of the spontaneous 
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block showed power-law behavior but included high fluc-
tuations in the avalanche profile that lowered the level of 
confidence required for this type of analysis. However, 
note that it has been demonstrated that evoked responses 
do not affect power-law statistics and that evoked data pre-
serve the signature of neuronal avalanches (Yu et al. 2017). 
Thus, for the purpose of this study, only results from the 
fast-rate (70 ms ISI) condition are reported because (1) 
the duration of that block allowed the continuous data 
points necessary to conduct the avalanche analysis and, 
as mentioned, (2) given the high fluctuation in avalanche 
profile observed in the spontaneous block, our confidence 
in the stability and reliability of that analysis was low. 
The average duration of the EEG recording was 12 min 
for each child for the 70 ms ISI condition. For a more 
detailed description of the stimuli and paradigm used, 
please refer to Benasich et al. (2006). Several noisy chan-
nels were identified for a subset of the subjects; they were 
removed and interpolated via automatic channel rejection 
(EEGLAB) (Delorme and Makeig 2004) using the Kurto-
sis measure. In particular, two channels at 6 months and 
three channels at 12 months were interpolated for the sub-
ject reported here (subject #14). As suggested by Odabaee 
et al. (2013), due to the spatial specificity of infant data, a 
high number of EEG channels is required to have a precise 
and reliable analysis. Here, however, we have 62 channels 
and the average ratio of interpolated channels is very low 
( ∼ 3% ). Time series were broken into six frequency bands: 
delta ( � , 0.5–4 Hz), theta ( � , 4–8 Hz), alpha ( � , 8–13 Hz), 
beta ( � , 13–30 Hz), low gamma ( �L , 30–48 Hz), and high 
gamma ( �H , 48–70 Hz). In addition to the six frequency 
bands, the full frequency band was also examined. MAT-
LAB Signal Processing Toolbox and in-house functions 
were used for filtering the data (R2016; The Mathworks, 
Natick, MA).

Avalanche detection

Neuronal avalanches are defined as spatiotemporal clusters 
of neuronal activity within intervals less than a specific time 
regardless of electrode location (Beggs and Plenz 2003; 
Gireesh and Plenz 2008; Benayoun et al. 2010; Dehghani 
et al. 2012). Super-thresholded negative (or positive) peaks 
are defined as events in our analysis, and we performed four 
steps to identify events, and define neuronal cluster to ana-
lyze them in the infant EEG: 

1.	 z-Transform the EEG time series at each electrode, i.e. 
subtract the mean and divide by the standard deviation 
(SD).

2.	 Set successive thresholds as multiples of SD ranging 
from 2 to 4 in steps of 0.25 and identify threshold cross-
ings as shown in Fig. 1a. Mark peak time and peak 

amplitude of the z-normalized suprathreshold EEG 
potential for cluster calculations.

3.	 Define a separation time, Δt , between two consecutive 
suprathreshold events. Analyze neuronal clusters for a 
range of Δt.

4.	 Identify a neuronal cluster as consecutive events com-
posed of all channels, in which the time interval between 
peaks across changes was smaller than Δt (Fig. 1). This 
method has been previously used by Benayoun et al. 
(2010). In an identified neuronal cluster, avalanche size 
is defined as the number of super-thresholded negative 
(or positive) peaks (i.e. events) and avalanche duration 
is defined as the time distance between the first and last 
events in that cluster (note that size and duration are 
dimensionless).

Our method identifies spatiotemporal avalanches as con-
secutive periods of activity separated by more than Δt (as 
illustrated in Fig. 1). This method differs from the ava-
lanche algorithm (standard method), originally introduced 
by Beggs and Plenz (2003), which considers an avalanche 
as a sequence of time bins Δt with activity bracketed by 
at least two time bins without activity (Fig. 1b). As illus-
trated in Fig. 1, the two methods lead to a slightly different 
partitioning of activity into temporal clusters. Using the 
interval method allowed us to easily make an average over 
all inter-event intervals, and select an appropriate time 
span to choose Δt . Moreover, this method provides more 
precise statistics on the timescales, leading to higher reso-
lution/more accurate plots of the data. Due to the noisy 
nature of EEG data, the results from the two methods are 
similar, but not completely overlapping. Nonetheless, we 
found no significant difference ( P > 0.05 ) between the 
exponents derived from each method. Thus, we decided, 
in the interest of clarity and readability, to only report the 
results from the interval method.

It was previously shown that power-law behavior in ava-
lanche sizes does not depend on the choice of separation 
time for a wide range of Δt s. In fact, scaling analysis for 
Δt has been demonstrated to collapse avalanche power-
laws (Beggs and Plenz 2003; Petermann et al. 2009; Yang 
et al. 2012). Similarly, power-law behavior in avalanche 
dynamics has been demonstrated to be largely threshold 
independent (Petermann et al. 2009; Tagliazucchi et al. 
2012).

Size and duration distributions of avalanches

It has been shown that avalanche distributions in size, s, 
and duration, t, exhibit a power-law behavior (Beggs and 
Plenz 2003; Shew et al. 2009; Friedman et al. 2012):
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where p is the probability density function of the associ-
ated variables. To study the type of function underlying the 
avalanche distributions in size and duration obtained from 
the infant EEG, we used the maximum likelihood estimation 
(MLE) defined for an arbitrary distribution function (Clauset 
et al. 2009) as

(1)
{

p(s) ∝ s−�

p(T) ∝ T−� ,

(2)L(�, �,…) =

N∏

i=1

f (xi, �, �,…),

where f (xi) is the probability of ith data point. The �, �,… 
are the hypothetical model’s parameters and if chosen cor-
rectly, the likelihood will be maximized. Hence, we can 
choose any hypothetical model for distribution and find 
the model’s parameters by maximizing the likelihood. The 
maximization of the likelihood can be accomplished by 
maximizing its logarithm. Therefore, if the distribution is a 
power-law, we can calculate the logarithm of the likelihood 
for different exponents and find the corresponding exponent 
for the maximum likelihood. The normalized equation for 
discrete power-law distribution with low and high cutoff is

Fig. 1   Brain activity and defini-
tion of avalanches. a EEG time 
course of five electrodes. Peak 
time and peak amplitude are 
extracted from suprathreshold 
negative (or positive) EEG 
deflections that cross a constant 
threshold set at a multiple of 
the EEG SD (all here were 
negative). Schematic highlight-
ing differences in avalanche 
identification using b the inter-
val method and c the standard 
method. The standard method 
identifies one avalanche based 
on four consecutive active bins, 
whereas the interval method 
identifies two avalanches based 
on two events exhibiting a time 
interval > 400 ms
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where � is exponent and A is normalization factor:

Using Eqs.  (2) and   (3), the logarithm of likelihood for 
power-law distribution is

where N is the number of data point between cutoffs.
The selection of low and high cutoffs, i.e. xmin and 

xmax affects the model estimation, and we will introduce a 
rational method for choosing them. Nevertheless, there are 
other distributions which show a semi-line on bi-logarith-
mic axes, such as exponential distribution and log-normal 
distribution (see Fig. 2a). We can also fit these distribu-
tions by the MLE method and find the model parameters. 
The probability density function (PDF) of an exponential 
distribution is

where � is the model’s parameter. Using Eq. (2), the loga-
rithm of likelihood for the exponential distribution is

For log-normal distribution, the probability density func-
tion is

(3)f (x) = A(�, xmin, xmax)
(
1

x

)�

,

(4)
A(�, xmin, xmax) =

1
xmax∑

x=xmin

�
1

x

��
.

(5)

l(�) ≡
log(L(�))

N
= − log

(
xmax∑

x=xmin

(
1

x

)�
)

−
�

N

N∑

i=1

log(xi),

(6)f (x) = �e−�x, x ≥ 0,

(7)l(�) = log(�) − �

N∑

i=1

xi

N
.

where � and � are model’s parameters. The logarithm of 
likelihood is

The MLE method does not provide a quantitative value 
describing the accuracy of the hypothetical model. There-
fore, a method of comparing different models was needed. 
By calculating a P value for each model, we can reject 
the inappropriate models. Here, we used the Kolmogo-
rov–Smirnov (KS) test to calculate the difference between 
the distributions driven by the model and that of the experi-
ment, i.e. fitting error (Marshall et al. 2016) which is indi-
cated by KSD. The KS relation is

where CDF stands for the cumulative distribution function. 
By reproducing 1000 realizations to obtain P < 0.001 with 
the model distribution, we can estimate the KS difference 
between the model and generated datasets, i.e. KSG. The KS 
between two typical distributions is illustrated in Fig. 2b.

The P value was defined as the number of reproduced 
ensembles we obtain KSG ≥ KSD over all ensembles. If this 
P value has a large value, it implies that the fitting error is 
due to the random nature of the experiment, but if the P 
value is lower than 0.1, we can reject the model.

To evaluate the fitting parameters, low and high cutoffs 
must be specified. To keep the largest number of avalanches, 

(8)f (x) =
1

√
2��x

e
−

(log(x)−�)2

2�2 ,

(9)

l(�,�) = −
log(2�)

2
− log(�) −

N∑

i=1

log(xi)

N

−

N∑

i=1

(log(xi) − �)2

2N�2
.

(10)KS(f , g) = Max|CDF(f ) − CDF(g)|,

Fig. 2   a Typical distribution of three models in a bi-logarithmic 
scale. Distributions show a line in a specific range of x while the 
exponential and log-normal models decrease faster in the tail. b The 
Kolmogorov–Smirnov test computed between the typical model and 
data cumulative distribution. The maximum distance between the 

cumulative distribution function is used as the criteria for the differ-
ence between distributions. c The estimation method of fitting range. 
The low cutoff is set to 2 and the high cutoff is determined by the 
probability of the avalanches. The high cutoff is the largest occur-
rence with p(x) > 0.01
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we set the low cutoff xmin at 2 for size and duration distribu-
tions, and since the number of avalanches depends on the 
value of the threshold, which varies from one channel to 
another (see section for avalanche detection), we neglected 
rare avalanches that had a probability less than 0.01 when 
choosing the high cutoff. Therefore, xmax is the largest ava-
lanche with p(x) ≥ 0.01 . The method is illustrated in Fig. 2c.

Randomized controls of event cluster distributions

To investigate whether the observed power-law behavior 
was due to the methodology used, or could be attributed 
to the intrinsic correlation inherent in the data, we created 
randomized controls and repeated our analysis. For visual 
comparison, we plotted the avalanche size and duration of 
the original data and the randomized data in Fig. 7.

Method 1: randomizing the time intervals

As shown in Fig.  1a, first suprathreshold events were 
detected. Suppose some events with the occurrence times 
{4.6, 6.7, 9.8, 16.7, 22.5} which results in events’ intervals 
{2.1, 3.1, 6.9, 5.8}. Random values were assigned to each 
occurrence time. These random values were drawn from a 
uniform distribution in the range of zero and the length of 
the signal. New randomized occurrence times = {13.7, 6.2, 
22.9, 18.6, 17.3}. Then the set was sorted by new occurrence 
times, and we will have the new intervals {7.5,3.6,1.3,4.3}. 
This approach preserved the number of events for each time 
series, yet, abolishes the corresponding inter-event intervals 
and thus correlations between time series.

Method 2: randomizing the original time series

The original data were shuffled entirely, i.e. we shuffled y 
values of the original EEG signal into different time points 
and suprathreshold events were detected from the new shuf-
fled signal. This procedure changed both correlations and 
the number of events in the signal; therefore, the distribution 
of intervals and the number of events in the shuffled signal 
were different from the original signal.

Detrended fluctuation analysis

The presence of neuronal avalanches is in line with criti-
cal state dynamics in which neuronal events exhibit long-
range temporal correlations (LRTC) (Chialvo 2010). To 
study LRTCs between suprathreshold EEG events, we use 
detrended fluctuation analysis (DFA) (Kantelhardt et al. 
2002) (see "Avalanche detection" for more details). We ana-
lyze the EEG suprathreshold events time series collected 
from all channels of all infants. In particular, events are col-
lected at their occurrence times from all channels and for 

each subject to form a single time series (note that simul-
taneous events add up to a single large event, and then the 
interval between events are calculated).

To conduct the DFA analysis, first, the cumulative time 
series of given data x is calculated:

Then the series of non-overlapping segments of length s 
which we refer to as scale is driven from the cumulative 
signal. The signal is detrended and the variance of � th seg-
ment of length s is calculated as follows:

Average of the variances over segments gives the fluctuation 
function which can be calculated as follows:

The fluctuation function can be fitted with a power function 
of scales as F(s) ∝ sh and h is the Hurst exponent. A Hurst 
exponent 0.5 < h < 1 demonstrates the existence of LRTC 
while h = 0.5 is corresponding to the uncorrelated signal 
(Parish et al. 2004; Benayoun et al. 2010).

The de-identified EEG data, documentation, and all code 
used in these analyses will be made available upon request 
to M. Z. and/or A. A. B.

Statistical tests

We used two different statistical analyses throughout the 
study: (1) to select the best fit model for distributions, we 
calculated a P value for each model using KS test, based on 
procedures used in (Clauset et al. 2009). The details of the 
KS test are described in “Size and duration distributions 
of avalanches”. (2) To explore if there is a significant dif-
ference between avalanche distributions across age groups, 
we deployed the common Student’s t test on exponents 
corresponding to the distributions and report the P values; 
P < 0.05 indicates the significant difference.

Results

To identify scale-invariant features in the infant data, we 
applied avalanche analysis in size and duration for different 
thresholds ranging from 2 to 4 times the standard devia-
tion (SD) for each channel in the full frequency band (i.e., 
over the entire uncategorized frequency band, i.e. 0.1–100 

(11)Y(i) ≡

i∑

k=1

[
xk − x̄

]
, i = 1, 2,…N.

(12)F2(s, �) ≡
1

s

s∑

i=1

{
Y[(� − 1) × s + i] − y�

}2
.

(13)F(s) ≡

{
1

Ns

Ns∑

�=1

F2(s, �)

}1∕2

.
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Hz). In Fig. 3a–d, we show the exemplary distributions of 
size and duration for subject #14 at 6 and 12 months of 
age respectively. Distributions display a straight line in a 
double-logarithmic scale, and remarkably, the slopes for dif-
ferent distributions are independent of the thresholds. The 
straight lines of the distributions in the double-logarithmic 
coordinate suggest a power-law organization of neuronal 
avalanches robust to threshold variation.

To find the best model for describing these distributions, 
we calculated the parameters using the maximum likelihood 
estimation (MLE) method (Clauset et al. 2009) for each 
model and rejected inappropriate models based on P values.

P values of the power-law model in most cases were larger 
than 0.1, while the two exponential and log-normal models 
had very small P values. Specifically, the P value is zero for 
the exponential model, which indicates the minimum likeli-
hood. Indeed, within the fitting range, the exponential model 
is not an appropriate model for the distributions since the tail 
of the distribution falls rapidly (see Fig. 2a in “Materials and 
methods”). Although the likelihood of the log-normal model 
is comparable to that of the power-law model, its P values 
were lower than the threshold and similar to the exponential 
model, we rejected log-normal models. We conclude that 
power-law is the model that best describes the empirically 
obtained avalanche distributions (see Fig. 4).

In Fig. 5a, b, we plot avalanche size and duration dis-
tributions for different Δt s. We show that distributions in 

the range of 16 ≤ Δt ≤ 32 ms are similar and conclude that 
the power-law behavior is independent of Δt for this range. 
For our following analysis, we set Δt = 24 ms.

To evaluate a potential dependency of the power laws 
on the frequency content of the signal, we applied the ava-
lanche analysis to different frequency bands. As shown 
in Fig. 5c, d, power-laws were found in the broad fre-
quency band, � , �L , and �H frequency bands. In contrast, 
avalanches calculated from low-frequency bands � , � , and 
� deviated from power-laws. Table 1 shows P values for 
the power-law model of avalanche distribution in size 
and duration for all frequency bands of subject #14 at 12 
months.

We evaluated the P values and likelihood ratio of ava-
lanche size and duration distributions for all subjects at 6 
and 12 months, respectively, for a chosen threshold � = 2.75 
SD and temporal resolution of Δt = 24 ms shown in Fig. 6. 
For most subjects, the avalanche size and duration were 
best described by a power-law distribution. The average 
exponent of the avalanche size distribution in 6-month-old 
infants was � = 1.540 ± 0.075 and for 12-month-olds was 
1.545 ± 0.121 . These values were very close to the mean-
field exponent of size distribution, i.e. � = 1.5 (Sethna et al. 
2001), whereas the average of duration distribution expo-
nents, � is 1.777 ± 0.156 for 6-month-olds, and 1.761 ± 0.151 
for 12-month-olds which differed from the mean-field 
value � = 2 (Sethna et al. 2001). Paired t tests revealed no 

Fig. 3   Avalanche distributions 
in size s, and duration t for sub-
ject #14 (a, b) at 6 months, (c, 
d) at 12 months. Different color 
lines refer to different values 
of the threshold. The distribu-
tions display a straight line for 
a range of s and t in double-
logarithmic scales. The lines 
have the same slope for different 
thresholds, which demonstrates 
the robustness of power-law 
distributions against changes in 
the threshold
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Fig. 4   Model parameters for 
avalanche distributions. a 
The exponent of avalanche 
distribution in size and duration 
for subject #14 at 6 months 
and at 12 months for different 
thresholds. The exponents are 
robust against changing the 
threshold. P value and likeli-
hood for different models for 
the distribution of b, c size and 
d, e duration of avalanches at 
6 and 12 months, respectively. 
The P value for exponential 
and log-normal models are 
below 0.1 and these models are 
rejected. The power-law model 
has larger likelihood in most 
cases and is considered as the 
best fit model for distributions. 
Please note that the error bar for 
each parameter is too small to 
be plotted
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significant difference across ages ( P = 0.886 for avalanche 
size, and P = 0.762 for duration distributions).

Analysis of shuffled controls is presented in Fig. 7 and 
Table 2. The distributions of event clusters obtained from 
shuffled data displayed an exponential function and signifi-
cantly deviated from a power-law distribution. We conclude 
that the emergence of power-law behavior in the infant EEG 
arises from the correlations across EEG electrode sites and 
that those correlations were destroyed by shuffling. Table 2 
provides quantitative details on P value analysis of distribu-
tions in size and duration.

To extract the statistical features of peak intervals, we 
calculated the distribution of peak intervals for different 
thresholds as depicted in Fig. 8a. The distributions exhibit a 
straight line in bi-logarithmic coordinate, resembling each 
other for different thresholds. These distributions, in agree-
ment with previous studies, represent power-law behavior 
in the peak interval of activities (Zare and Grigolini 2012, 
2013). The average distribution over all subjects is shown 
in the inset of Fig. 8a. The average distributions reflected 
very similar behavior and there was no significant difference 
between the two age points.

Neuronal avalanches are suggestive of critical dynam-
ics which support the emergence of long-range temporal 
correlations (LRTC) in complex systems. Accordingly, we 
directly estimated LRTCs using detrended fluctuation analy-
sis (DFA) (Kantelhardt et al. 2002; Kello et al. 2010; Palva 
et al. 2013), and analyzed the interval of EEG suprathreshold 
events time series collected from all channels of each infant. 
Events are collected at their occurrence times from all chan-
nels and for each subject to form a single time series. Note 
that simultaneous events add up to a single large event, and 
then the interval between events are calculated. We then cal-
culated the Hurst exponent (Linkenkaer-Hansen et al. 2001). 
A Hurst exponent h > 0.5 suggests the existence of LRTCs. 
As an example, the results for subject #14 at 12 months are 
shown in Fig. 8b. The Hurst exponent for the original time 

Fig. 5   Avalanche distribution 
and variations of Δt for subject 
#14 at 12 months. a Avalanche 
distribution in size and b 
avalanche duration for different 
separation times. Power-law 
behavior is independent of 
separation time in a specific 
range of Δt . CDF of c avalanche 
size, and d avalanche dura-
tion for different frequency 
bands. Power-law behavior is 
pronounced in high-frequency 
bands ( � , �

L
 , and �

H
 ), similar to 

full frequency band while distri-
butions deviate from power-law 
in low-frequency bands ( � , � , 
and �)

Table 1   P values for the 
power-law model in avalanche 
distribution in size and duration 
for subject #14 at 12 months

The avalanche distributions 
deviate from power-law behav-
ior in low-frequency bands

Frequency 
band

P value for power-
law model

Size Duration

� 0.04 0.80
� 0.00 0.04
� 0.00 0.00
� 0.16 0.25
�
L

0.75 0.96
�
H

0.18 0.15
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series was h = 0.723 demonstrating the existence of LRTCs. 
As a control, we destroyed temporal correlations by shuffling 

time series of suprathreshold events, which revealed h = 0.5 
in line with expectation for uncorrelated activity.

Fig. 6   Model parameters for avalanche distributions for ALL sub-
jects ( � = 2.75 SD, and Δt = 24 ms). a The exponents for avalanche 
size and duration distribution for all subjects at 6 and 12 months of 
age. The exponents show no significant difference at these two ages. 

P values and likelihood of each model for b, c size distribution and 
d, e duration distribution for 6- and 12-month-olds, respectively. The 
power-law model is the best-fitted model in all size distributions and 
for most of the duration distributions of avalanches

Fig. 7   Distribution of rand-
omized controls of event cluster. 
Avalanche distribution in size 
and duration by a, b randomiz-
ing the time intervals, c, d rand-
omizing the original time series. 
The distributions of avalanche 
size and duration in randomized 
time intervals show that power-
law behavior is associated 
with correlations in data. The 
distributions of avalanche size 
and duration in randomized data 
show that power-law behavior 
is irrelevant to the number of 
activities. All plots represent 
data from subject #14 at 12 
months and � = 2.75 SD
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The distribution of the Hurst exponent for all subjects is 
illustrated in the inset of Fig. 8b. The averaged Hurst expo-
nent for 6-month-old infants was 0.728 ± 0.035 and it was 
0.729 ± 0.036 for 12-month-old infants. The results of inter-
val analysis did not reveal any significant differences across 
age (the P value of t test for Hurst exponents was P = 0.996 ) 
coinciding with the avalanche analysis discussed above.

Discussion

Several studies have shown trajectories of early human 
brain growth and have probed the association between brain 
activity and brain growth in preterm and neonatal infants 
(Kostović and Judaš 2006; Hüppi et al. 1998; Hüppi and 
Dubois 2006; Kostović and Judaš 2008; Benders et al. 2015). 
However, the main challenge for the developing infant brain, 
as neuronal connections rapidly proliferate and mature, is 
the maintenance of stable neuronal dynamics that allows for 
reliable information processing. Here we report the hallmark 
of neural avalanches evident across the first year of life; spe-
cifically, we demonstrate that suprathreshold events from 
dense array scalp EEG organize as spatiotemporal clusters 
whose distributions in size and duration follow power-laws. 
No age differences in these events were detected between 

6 and 12 months of age, suggesting that avalanche dynam-
ics are already well established by 6 months and are main-
tained throughout the first year of life. Our findings are in 
line with studies in adult humans that examined ongoing 
activity using fMRI (Tagliazucchi et al. 2012) and the local 
field potential in adult nonhuman primates (Petermann et al. 
2009). Infant avalanches demonstrated threshold independ-
ence in their scale invariance, that is, large and small local 
amplitude events in the event are similarly organized. Such 
an avalanche within an avalanche structure indicates a spe-
cific organization in the amplitude of local suprathreshold 
EEG events as found for LFP avalanches in nonhuman pri-
mates and in the ECoG and fMRI of ongoing activity in 
humans (Petermann et al. 2009; Tagliazucchi et al. 2012). 
Assuming that the amplitude of local events in the EEG cor-
relates with neuronal group synchronization, this organiza-
tion complements scale invariance in space and time. In the 
present study, we demonstrate this for the first time in typi-
cally developing infants during sensory processing across 
the first year of life.

Previously, scale-free neural activity was reported in pre-
term and full-term newborn infants. But as specific EEG 
patterns occur across different stages of development, it 
is unknown whether the bursting, scale-free activity seen 
in preterm infants is the same as the scale-free avalanche 

Table 2   P value analysis 
of distributions in size and 
duration, original signal 
compared to shuffled and 
randomized data

Size distribution Duration distribution

Power-law Exponential Log-normal Power-law Exponential Log-normal

Original signal 0.94 0.00 0.00 0.61 0.00 0.03
Shuffled events 0.00 0.00 0.02 0.08 0.00 0.41
Randomized data 0.00 0.95 0.02 0.00 0.98 0.04

Fig. 8   Distribution of peak intervals for subject #14 at 12 months at 
� = 2.75 SD. a The distributions display a straight line on a bi-loga-
rithmic scale which is similar for different thresholds. Inset: Average 
distribution over subjects for all the 6-month-old and 12-month-old 
infants. The distributions exhibit a scale-invariant behavior in inter-

vals. b Fluctuations over scales and the Hurst exponent of peak inter-
vals. The Hurst exponent of original data is h > 0.5 and demonstrates 
LRTC which is destroyed by shuffling the data. The distribution of h 
for all subjects at two ages is shown in the inset of b. No significant 
difference was detected between the two ages
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activity seen outside the newborn period. The premature 
infant’s EEG (from 24-week gestational age) evolves from 
an “asymmetric discontinuous” activity to the “symmetri-
cally continuous” pattern seen in full term infants (between 
40- and 44-week gestational age). Intermittent bursts of 
electrical activity predominantly seen in the delta range 
(0.1–0.5Hz) in the preterm period, are termed spontaneous 
activity transit (SAT), and have been suggested to constitute 
a physiological entity per se (Vanhatalo and Kaila 2006). 
Although it has been demonstrated that SATs exhibit scale-
free properties (Iyer et al. 2015), characteristically, SATs 
are no longer seen after the “term” age period and when 
seen after that period, they are associated with pathological 
conditions including asphyxia at birth (Iyer et al. 2014; Rob-
erts et al. 2014). Although Roberts et al. (2014) “position 
the neuronal activity in neonatal HIE (hypoxic–ischemic 
encephalopathy) within a broad class of irregular physi-
cal processes, known as avalanches”, the authors are still 
discussing HIE. Due to the fact that “burst suppression” is 
considered an abnormal, asymmetric pattern (Niedermeyer 
et al. 1999) usually associated with hypoxia, and SATs are 
a transitory phenomenon, this neural activity does not seem 
to be categorically the same in nature as the avalanche activ-
ity reported here, found well beyond the neonatal period in 
typical infant development. To our knowledge, evidence of 
the presence of neuronal avalanches in typical infant devel-
opment or about the timing in which avalanche dynamics 
is stable has not yet been reported. Establishing normative 
avalanche behavior is thus critical to identifying devia-
tions during the course of atypical development or clinical 
conditions.

Two of the novel methodologies applied in this study 
include the use of multi-site recordings and inspection 
of broadband frequency content. Dense-array recordings 
allowed examination of avalanche formation at both local 
sites and as a collective signature of the global system. On 
the other hand, information obtained only by local record-
ing focusing on bursts provides a one-dimensional statisti-
cal measure restricting correlational analysis. We identified 
suprathreshold events from all 62 channels, while in previous 
work (Iyers et al. 2014, 2015, Roberts et al. 2014), a bipari-
etal channel (P3–P4) montage localized activity in reduced 
space-time, since bursts captured from an EEG channel 
represent neural activities in a small area ( ∼ 5 cm) with a 
maximum duration of around 5 s. Neuronal avalanches are 
a more global feature of brain dynamics which spread activ-
ity throughout the brain. Thus, avalanches can more easily 
be correlated with high-level brain tasks, for example, the 
processing of complexity (Timme et al. 2016) used for con-
sciousness quantification (Tononi and Edelman 1998). In 
this study, assuming that the amplitude of local events in 
the dense-array EEG correlates with neuronal group syn-
chronization, we demonstrate for the first time that over the 

course of 6 months of development, distributions in size and 
duration of spatiotemporal clusters of activities from multi-
site recording display power-laws. Our broadband spectral 
analysis revealed robust scale invariant cluster sizes that 
were dependent on the specific frequency band analyzed, 
that is, local events that arose from gamma-activity exhibited 
scale-invariant clusters, whereas scale invariance decreased 
when analyses were restricted to lower frequencies. These 
results suggest that the nesting of physiological frequencies 
is compatible with avalanche dynamics as reported previ-
ously in post-natal rodents (Gireesh and Plenz 2008).

It has recently been suggested that certain uncorrelated 
local event activity, due to spatial neighborhood overlap, can 
give rise to scale-invariant cluster size distributions (Tou-
boul and Destexhe 2017). These conditions were not met in 
our infant EEG data sets as (1) randomizing destroyed power 
law statistics and (2) local events were significantly corre-
lated over time. In contrast, scale-free fluctuations in the 
spatial extent of neuronal activity in conjunction with long-
range temporal correlations (LRTC) are considered to be a 
signature of criticality (Chialvo 2010). Theory and experi-
ments have shown that networks that are at or near criticality 
exhibit efficient information processing (Beggs and Plenz 
2003; Socolar and Kauffman 2003; Shew et al. 2009; Beggs 
and Timme 2012; Friedman et al. 2012; Yang et al. 2012), 
including maximal information storage and capacity (Soco-
lar and Kauffman 2003; Shew et al. 2009), maximal dynamic 
range (Kinouchi and Copelli 2006; Shew et al. 2011) and 
information transition (Beggs and Plenz 2003), optimal 
communication (Beggs and Plenz 2003; Bertschinger and 
Natschäger 2004; Rämö et al. 2007; Tanaka et al. 2009), 
high computational power (Bertschinger and Natschäger 
2004) and maximal variability in phase synchrony (Yang 
et al. 2012). Accordingly, criticality appears to be signature 
of a healthy brain (Massobrio et al. 2015) that is able to 
flexibly adapt to rapidly changing environments (Chialvo 
2010). This ability to process efficiently and flexibly adapt 
to rapidly changing environments is even more critical to 
the developing brain.

However, it is the case that power-laws are suggestive of 
criticality, rather than proof of it. Hence, in this study, we 
use a series of analyses to investigate whether the observed 
power-law behavior was due to the methodology used or 
could be attributed to the intrinsic correlation inherent in the 
data. LRTCs between suprathreshold EEG events, examined 
by Detrended Fluctuation Analysis (DFA), clearly suggested 
that the emergence of power-law behavior in the infant EEG 
arises from the correlations across EEG electrode sites, cor-
relations that were destroyed by shuffling. Calculation of the 
Hurst exponent for the original time series demonstrated the 
existence of LRTCs, whereas in the shuffled data, time series 
of suprathreshold events were found in line with expectation 
for uncorrelated activity.
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Nevertheless, there is no consensus on the critical brain 
hypothesis among the scientific community. A group of crit-
ics believe that power laws are ubiquitous in nature, some-
thing that might not be particular to brain function and can 
potentially emerge from noise (Touboul and Destexhe 2017). 
A couple of similar studies have discussed the proper power-
law model and functional fit (Clauset et al. 2009; Dehghani 
et al. 2012) emphasizing the careful identification of power 
law cut-offs in avalanche distributions, and the incorporation 
of them into appropriate statistical models (Yu et al. 2014). 
These critiques have refocused the debate on the specific, 
shallow exponents found for avalanche power-laws. Alterna-
tive approaches to avalanche dynamics using temporal scal-
ing (Hardstone et al. 2012) and spatial scaling of fluctuations 
in ongoing human brain activity (Haimovici et al. 2013) have 
brought further support to the hypothesis of criticality in 
the brain.

It could be the case that this neural activity is just a ubiq-
uitous property of brain networks and unfortunately, we 
do not have a clinical index in this manuscript. To clarify 
whether power-law behavior is a ubiquitous property of 
brain networks, there is still work to be done using compa-
rable methodology and technical details, from data acquisi-
tion to in-depth analysis. For instance, research on scaling 
laws has presented distinct arguments and evidence. We do 
agree that any fundamental approach to scaling laws in cog-
nitive science will need to explain the variability observed 
in scaling law parameters estimated from data (Kello et al. 
2010). Scaling laws are measured by exponents, and expo-
nents vary across individuals (Holden et al. 2009; Gilden 
and Hancock 2007), across tasks (Kello et al. 2007) and 
across time (Ihlen and Vereijken 2010). It is still an open 
question how variability in scaling laws reflects the relevant 
adversities. There are indeed numerous studies that claim 
that scale-free behavior is a ubiquitous property related to 
both the dynamics and structure of brain networks (Eguiluz 
et al. 2005; Bullmore and Sporns 2009; Chialvo 2004; He 
et al. 2010). But, if power-law is indeed a ubiquitous prop-
erty in biological systems including the brain networks, it 
would still be a potential biomarker for the system itself 
when it deviates from the processes or patterns that are 
repeated across scales of analysis.

Considering our results and the insight the cited studies 
offer, we propose that the stability of neuronal avalanches 
denotes healthy brain development across infancy and, 
therefore, has the potential of being a valuable biomarker. 
Further, that deviation in avalanche structure and stability 
and thus criticality may indicate a disordered trajectory of 
maturation and consequently serve as a reliable prognostic 
measure of not just concurrent, but also more permanent dis-
abilities (Iyer et al. 2014; Massobrio et al. 2015). Therefore, 
our findings support the development of early biomarkers 
within the framework of criticality that have the potential to 

aid diagnosis and treatment of pathological states in human 
infants.

Conclusion

We found robust evidence of the stability of neuronal ava-
lanches in early infancy. This result suggests that long-range 
temporal correlation already exists over the first year of life 
during the early stages of ongoing brain maturation. Pre-
viously, the presence of scale-free dynamics in specific 
brain areas in neonates was reported in preterm infants and 
full-term asphyxiated newborns (Roberts et al. 2014; Iyer 
et al. 2015). Here, using dense-array EEG recordings, the 
emergence of power-law behavior in large-scale dynamics 
in infants during auditory sensory processing was identified. 
The neuronal avalanche mechanism was invariant across two 
age points, due to the intrinsic global nature of neural ava-
lanches. Our results suggest that the propagation of neocor-
tical activities is scale invariant during infancy, which may 
help the brain to maintain stable neuronal dynamics while 
allowing continued optimized conditions for critical infor-
mation processing. The fact that we did not find across age 
differences in power-law behavior supports the hypothesis 
that power-law behavior, or specifically “scale-invariance 
of neural dynamics” is an inherent feature of the infant 
brain that is already evident across the first year. Moreo-
ver, these results support our premise that the infant’s brain 
self-organizes to a stable critical state that will allow for 
optimal information processing across this period of rapid 
cognitive development. Importantly, demonstration of neu-
ral avalanches in the infant’s brain constitutes a critical first 
step towards using dynamical biomarkers to predict cur-
rent biological risk or identify early signs of developmental 
disorders.

Acknowledgements  M. J. and M. Z. were supported by the Institute 
for Research in Fundamental Sciences (IPM), Tehran, Iran. D. P. was 
supported by the Intramural Research Program of the National Institute 
of Mental Health, USA, ZIAMH002797. This work was supported by 
the Temporal Dynamics of Learning Center (TDLC), an NSF Science 
of Learning Center (NSF Grant #SMA-1041755) to AAB, with addi-
tional funding from the Elizabeth H. Solomon Center for Neurodevel-
opmental Research.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of Ethics 
Committee of the Hospital District of Southwest Finland and with the 
1964 Helsinki declaration and its later amendments or comparable ethi-
cal standards.



1182	 Brain Structure and Function (2020) 225:1169–1183

1 3

Informed consent  Informed consent was obtained from all individual 
participants included in the study.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Allegrini P, Paradisi P, Menicucci D, Gemignani A (2010) Fractal 
complexity in spontaneous EEG metastable-state transitions: new 
vistas on integrated neural dynamics. Front Physiol 1(128):1–9

Arviv O, Medvedovsky M, Sheintuch L, Goldstein A, Shriki O (2016) 
Deviations from critical dynamics in interictal epileptiform activ-
ity. J Neurosci 36(48):12276–12292

Beggs JM, Plenz D (2003) Neuronal avalanches in neocortical circuits. 
J Neurosci 23(35):11167–11177

Beggs JM, Timme N (2012) Being critical of criticality in the brain. 
Front Physiol 3(163):1–14

Benasich AA, Choudhury N (2012) Timing, information processing 
and efficacy: early factors that impact childhood language tra-
jectories. In: Benasich AA, Fitch RH (eds) Developmental dys-
lexia: early precursors, neurobehavioral markers and biological 
substrates. Brookes Publishing, Baltimore

Benasich AA, Choudhury N, Friedman JT, Realpe-Bonilla T, Cho-
jnowska C, Gou Z (2006) The infant as a prelinguistic model 
for language learning impairments: predicting from event-related 
potentials to behavior. Neuropsychologia 44(3):396–411

Benayoun M, Kohrman M, Cowan J, van Drongelen W (2010) EEG, 
temporal correlations, and avalanches. J Clin Neurophysiol 
27(6):458–464

Benders MJ, Palmu K, Menache C, Borradori-Tolsa C, Lazeyras F, 
Sizonenko S, Hüppi PS (2015) Early brain activity relates to 
subsequent brain growth in premature infants. Cereb Cortex 
25(9):3014–3024

Bertschinger N, Natschäger T (2004) Real-time computation at the 
edge of chaos in recurrent neural networks. Neural Comput 
16(7):1413–1436

Bucher D, Prinz AA, Marder E (2005) Animal-to-animal variability in 
motor pattern production in adults and during growth. J Neurosci 
25(7):1611–1619

Bullmore E, Sporns O (2009) Complex brain networks: graph theoreti-
cal analysis of structural and functional systems. Nat Rev Neuro-
sci 10(3):186–198

Chialvo DR (2004) Critical brain networks. Phys A Stat Mech Appl 
340(4):756–765

Chialvo DR (2010) Emergent complex neural dynamics. Nat Phys 
6(10):744–750

Choudhury N, Benasich AA (2011) Maturation of auditory evoked 
potentials from 6 to 48 months: prediction to 3 and 4 year lan-
guage and cognitive abilities. Clin Neurophysiol 122(2):320–338

Choudhury N, Leppanen PH, Leevers HJ, Benasich AA (2007) Infant 
information processing and family history of specific language 

impairment: converging evidence for RAP deficits from two para-
digms. Dev Sci 10(2):213–236

Clauset A, Shalizi CR, Newman ME (2009) Power-law distributions 
in empirical data. SIAM Rev 51(4):661–703

Dehghani N, Hatsopoulos NG, Haga ZD, Parker R, Greger B, Halgren 
E, Sydney C, Destexhe A (2012) Avalanche analysis from multi-
electrode ensemble recordings in cat, monkey, and human cerebral 
cortex during wakefulness and sleep. Front Physiol 3(302):1–18

Delorme A, Makeig S (2004) EEGLAB: an open source toolbox for 
analysis of single-trial EEG dynamics including independent com-
ponent analysis. J Neurosci Methods 134(1):9–21

Eguiluz VM, Chialvo DR, Cecchi GA, Baliki M, Apkarian AV (2005) 
Scale-free brain functional networks. Phys Rev Lett 94(1):018102

Friedman N, Ito S, Brinkman BA, Shimono M, DeVille RL, Dah-
men KA, Beggs JM, Butler TC (2012) Universal critical dynam-
ics in high resolution neuronal avalanche data. Phys Rev Lett 
108(20):208102

Gilden DL, Hancock H (2007) Response variability in attention-
deficit disorders. Psychol Sci 18:796–802

Gireesh ED, Plenz D (2008) Neuronal avalanches organize as nested 
theta-and beta/gamma-oscillations during development of corti-
cal layer 2/3. Proc Natl Acad Sci 105(21):7576–7581

Grieve PG, Emerson RG, Fifer WP, Isler JR, Stark RI (2003) Spatial 
correlation of the infant and adult electroencephalogram. Clin 
Neurophysiol 114:1594–1608

Haimovici A, Tagliazucchi E, Balenzuela P, Chialvo DR (2013) 
Brain organization into resting state networks emerges at criti-
cality on a model of the human connectome. Phys Rev Lett 
110:178101. https​://doi.org/10.1103/PhysR​evLet​t.110.17810​1

Hardstone R, Poil SS, Schiavone G, Jansen R, Nikulin VV, Mans-
velder HD et al (2012) Detrended fluctuation analysis: a scale-
free view on neuronal oscillations. Front Physiol 3:450. https​://
doi.org/10.3389/fphys​.2012.00450​

He BJ, Zempel JM, Snyder AZ, Raichle ME (2010) The temporal 
structures and functional significance of scale-free brain activ-
ity. Neuron 66(3):353–369. https​://doi.org/10.1016/j.neuro​
n.2010.04.020

Holden JG, Van Orden GC, Turvey MT (2009) Dispersion of 
response times reveals cognitive dynamics. Psychol Rev 
116(2):318

Hüppi PS, Dubois J (2006) Diffusion tensor imaging of brain develop-
ment. Semin Fetal Neonatal Med 11(6):489–497 (WB Saunders)

Hüppi PS, Warfield S, Kikinis R, Barnes PD, Zientara GP, Jolesz 
FA, Volpe JJ (1998) Quantitative magnetic resonance imaging 
of brain development in premature and mature newborns. Ann 
Neurol 43(2):224–235

Ihlen EAF, Vereijken B (2010) Beyond 1∕f � fluctuation in cognitive 
performance. J Exp Psychol Gen 139:436–463

Iyer KK, Roberts JA, Metsäranta M, Finnigan S, Breakspear M, 
Vanhatalo S (2014) Novel features of early burst suppression 
predict outcome after birth asphyxia. Ann Clin Transl Neurol 
1(3):209–214

Iyer KK, Roberts JA, Hellström-Westas L, Wikström S, Hansen Pupp I, 
Ley D, Vanhatalo S, Breakspear M (2015) Cortical burst dynam-
ics predict clinical outcome early in extremely preterm infants. 
Brain 138(8):2206–2218

Kantelhardt JW, Zschiegner SA, Koscielny-Bunde E, Havlin S, 
Bunde A, Stanley HE (2002) Multifractal detrended fluctuation 
analysis of nonstationary time series. Phys A Stat Mech Appl 
316(1–4):87–114

Kello CT, Beltz BC, Holden JG, Van Orden GC (2007) The emergent 
coordination of cognitive function. J Exp Psychol Gen 136(4):551

Kello CT, Brown GDA, Ferrer-i-Cancho R, Holden JG, Linkenkaer-
Hansen K, Rhodes T, Van Orden GC (2010) Scaling laws in 
cognitive sciences. Trends Cogn Sci 14(5):223–232. https​://doi.
org/10.1016/j.tics.2010.02.005

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.110.178101
https://doi.org/10.3389/fphys.2012.00450
https://doi.org/10.3389/fphys.2012.00450
https://doi.org/10.1016/j.neuron.2010.04.020
https://doi.org/10.1016/j.neuron.2010.04.020
https://doi.org/10.1016/j.tics.2010.02.005
https://doi.org/10.1016/j.tics.2010.02.005


1183Brain Structure and Function (2020) 225:1169–1183	

1 3

Kinouchi O, Copelli M (2006) Optimal dynamical range of excitable 
networks at criticality. Nat Phys 2(5):348–351

Kostović I, Judaš M (2006) Prolonged coexistence of transient and 
permanent circuitry elements in the developing cerebral cortex of 
fetuses and preterm infants. Dev Med Child Neurol 48(5):388–393

Kostović I, Judaš M (2008) Maturation of cerebral connections 
and fetal behavior. Donald Sch J Ultrasound Obstet Gynecol 
2(3):80–86

Linkenkaer-Hansen K, Nikouline VV, Palva JM, Ilmoniemi RJ (2001) 
Long-range temporal correlations and scaling behavior in human 
brain oscillations. J Neurosci 21(4):1370–1377

Marder E, Goaillard JM (2006) Variability, compensation and 
homeostasis in neuron and network function. Nat Rev Neurosci 
7(7):563–74

Marshall N, Timme NM, Bennett N, Ripp M, Lautzenhiser E, Beggs 
JM (2016) Analysis of power laws, shape collapses, and neural 
complexity: new techniques and MATLAB support via the NCC 
toolbox. Front Physiol 7:250

Massobrio P, de Arcangelis L, Pasquale V, Jensen HJ, Plenz D (2015) 
Criticality as a signature of healthy neural systems. Front Syst 
Neurosci 9:22

Meisel C, Olbrich E, Shriki O, Achermann P (2013) Fading signa-
tures of critical brain dynamics during sustained wakefulness in 
humans. J Neurosci 33(44):17363–17372

Meisel C, Bailey K, Achermann P, Plenz D (2017a) Decline of long-
range temporal correlations in the human brain during sustained 
wakefulness. Sci Rep 7(1):11825

Meisel C, Klaus A, Vyazovskiy VV, Plenz D (2017b) The interplay 
between long-and short-range temporal correlations shapes cortex 
dynamics across vigilance states. J Neurosci 37(42):10114–10124

Musacchia G, Ortiz-Mantilla S, Realpe-Bonilla T, Roesler CP, Bena-
sich AA (2015) Infant auditory processing and event-related brain 
oscillations. J Vis Exp 101:e52420. https​://doi.org/10.3791/52420​

Niedermeyer E, Sherman DL, Geocadin RJ, Hansen HC, Hanley DF 
(1999) The burst-suppression electroencephalogram. Clin Elec-
troencephalogr 30:99–105

Odabaee M, Freeman WJ, Colditz PB, Ramon C, Vanhatalo S (2013) 
Spatial patterning of the neonatal EEG suggests a need for a high 
number of electrodes. Neuroimage 68:229–235

Palva JM, Zhigalov A, Hirvonen J, Korhonen O, Linkenkaer-Hansen 
K, Palva S (2013) Neuronal long-range temporal correlations and 
avalanche dynamics are correlated with behavioral scaling laws. 
Proc Natl Acad Sci 110(9):3585–3590

Parish LM, Worrell GA, Cranstoun SD, Stead SM, Pennell P, Litt 
B (2004) Long-range temporal correlations in epileptogenic 
and non-epileptogenic human hippocampus. Neuroscience 
125(4):1069–1076

Petermann T, Thiagarajan TC, Lebedev MA, Nicolelis MA, Chialvo 
DR, Plenz D (2009) Spontaneous cortical activity in awake 
monkeys composed of neuronal avalanches. Proc Natl Acad Sci 
106(37):15921–15926

Priesemann V, Valderrama M, Wibral M, Le Van Quyen M (2013) 
Neuronal avalanches differ from wakefulness to deep sleep—evi-
dence from intracranial depth recordings in humans. PLoS Com-
put Biol 9(3):e1002985

Prinz AA, Bucher D, Marder E (2004) Similar network activity from 
disparate circuit parameters. Nat Neurosci 7(12):1345

Rämö P, Kauffman S, Kesseli J, Yli-Harja O (2007) Measures for 
information propagation in Boolean networks. Phys D Nonlinear 
Phenom 227(1):100–104

Roberts JA, Iyer KK, Finnigan S, Vanhatalo S, Breakspear M (2014) 
Scale-free bursting in human cortex following hypoxia at birth. J 
Neurosci 34(19):6557–6572

Sethna JP, Dahmen KA, Myers CR (2001) Crackling noise. Nature 
410(6825):242

Shew WL, Yang H, Petermann T, Roy R, Plenz D (2009) Neuronal 
avalanches imply maximum dynamic range in cortical networks 
at criticality. J Neurosci 29(49):15595–15600

Shew WL, Yang H, Yu S, Roy R, Plenz D (2011) Information capacity 
and transmission are maximized in balanced cortical networks 
with neuronal avalanches. J Neurosci 31(1):55–63

Shriki O, Alstott J, Carver F, Holroyd T, Henson RN, Smith ML, Cop-
pola R, Bullmore E, Plenz D (2013) Neuronal avalanches in the 
resting MEG of the human brain. J Neurosci 33(16):7079–7090

Socolar JE, Kauffman SA (2003) Scaling in ordered and critical ran-
dom Boolean networks. Phys Rev Lett 90(6):068702

Solovey G, Miller KJ, Ojemann JG, Magnasco MO, Cecchi GA (2012) 
Self-regulated dynamical criticality in human ECoG. Front Integr 
Neurosci 6:44. https​://doi.org/10.3389/fnint​.2012.00044​

Tagliazucchi E, Balenzuela P, Fraiman D, Chialvo DR (2012) Critical-
ity in large-scale brain fMRI dynamics unveiled by a novel point 
process analysis. Front Physiol 3:15

Tanaka T, Kaneko T, Aoyagi T (2009) Recurrent infomax generates cell 
assemblies, neuronal avalanches, and simple cell-like selectivity. 
Neural Comput 21(4):1038–1067

Timme NM, Marshall NJ, Bennett N, Ripp M, Lautzenhiser E, Beggs 
JM (2016) Criticality maximizes complexity in neural tissue. 
Front Physiol 7:425

Tononi G, Edelman GM (1998) Consciousness and complexity. Sci-
ence 282(5395):1846–1851

Touboul J, Destexhe A (2017) Power-law statistics and universal scal-
ing in the absence of criticality. Phys Rev E 95:012413

Vanhatalo S, Kaila K (2006) Development of neonatal EEG activity: 
from phenomenology to physiology. Semin Fetal Neonatal Med 
11(6):471–478. (WB Saunders)

Yang H, Shew WL, Roy R, Plenz D (2012) Maximal variability of 
phase synchrony in cortical networks with neuronal avalanches. J 
Neurosci 32(3):1061–1072

Yu S, Klaus A, Yang H, Plenz D (2014) Scale-invariant neuronal ava-
lanche dynamics and the cut-off in size distributions. PLoS One 
9(6):e99761

Yu S, Ribeiro TL, Meisel C, Chou S, Mitz A, Saunders R, Plenz D 
(2017) Maintained avalanche dynamics during task-induced 
changes of neuronal activity in nonhuman primates. Elife 
6:e27119

Zare M, Grigolini P (2012) Cooperation in neural systems: bridging 
complexity and periodicity. Phys Rev E 86(5):051918

Zare M, Grigolini P (2013) Criticality and avalanches in neural net-
works. Chaos Solitons Fractals 55:80–94

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3791/52420
https://doi.org/10.3389/fnint.2012.00044

	Stability of neuronal avalanches and long-range temporal correlations during the first year of life in human infants
	Abstract
	Introduction
	Materials and methods
	Participants
	EEG stimuli and recording
	Avalanche detection
	Size and duration distributions of avalanches
	Randomized controls of event cluster distributions
	Method 1: randomizing the time intervals
	Method 2: randomizing the original time series

	Detrended fluctuation analysis
	Statistical tests

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References




