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Brain dynamics: Synchronous peaks, functional connectivity,
and its temporal variability
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We describe advances in the understanding of brain dynamics that are important for
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understanding the operation of the cerebral cortex in health and disease. Peaks in
the resting state fMRI BOLD signal in many different brain areas can become synchronized. In data from 1,017 participants from the Human Connectome Project, we
show that early visual and connected areas have the highest probability of synchronized peaks. We show that these cortical areas also have low temporal variability of
their functional connectivity. We show that there is an approximately reciprocal relation between the probability that a brain region will be involved in synchronized
peaks and the temporal variability of the connectivity of a brain region. We show that
a high probability of synchronized peaks and a low temporal variability of the connectivity of cortical areas are related to high mean functional connectivity, and provide
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an account of how these dynamics with some of the properties of avalanches arise.
These discoveries help to advance our understanding of cortical operation in health,
and in some mental disorders including schizophrenia.
KEYWORDS

avalanches, brain dynamics, human connectome, neuroimaging, resting state fMRI,
synchronous events, temporal variability of functional connectivity

I N T RO DU CT I O N

between spatially separated brain regions, in terms of correlation,
coherence, and spatial grouping based on temporal similarities

Resting-state functional magnetic resonance imaging (rs-fMRI) tech-

(Hutchison et al., 2013).

niques have contributed significantly to our understanding of brain

In addition, the dynamical fluctuations of the BOLD signals, and

activity, both in health and disease (Beckmann, DeLuca, Devlin, &

how they relate to interactions between brain areas, is a topic of

Smith, 2005; Buckner & DiNicola, 2019; Damoiseaux et al., 2006;

developing interest (Cabral, Kringelbach, & Deco, 2014; Cocchi, Gollo,

Fox & Raichle, 2007; Rolls, 2021b). Classical methods are based on

Zalesky, & Breakspear, 2017; Glomb, Ponce-Alvarez, Gilson, Ritter, &

the continuous fluctuation of the brain blood oxygen level dependent

Deco, 2018). Here we focus on peaks in the BOLD signal of brain

(BOLD) signal. Functional connectivities (FC) then can be measured

regions, and how they can become synchronized between brain
regions. We have found that the functional connectivity calculated

Edmund T. Rolls and Wei Cheng are co-first authors.

from these synchronized peaks is closely related to the mean
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functional connectivity across the whole timeseries (N.Ma, E.T.Rolls
and J.Feng, unpublished findings in 2019, which has now been con-

2.2 | The whole-brain functional connectivity
network

firmed in an investigation of what were termed “high-amplitude
cofluctuations” [Zamani Esfahlani et al., 2020]). To go beyond this,

After preprocessing using the HCP pipeline (Supplementary Material),

one hypothesis we wished to test is whether the probability of differ-

the automated anatomical labeling atlas 3 (AAL3) template (Rolls,

ent cluster sizes of active voxels in a synchronous peak follows a

Huang, Lin, Feng, & Joliot, 2020) was used to construct the whole-

power law distribution, as some avalanche-like phenomena have char-

brain functional network. This atlas was used because it defines well

acteristics of that type (Tagliazucchi, Balenzuela, Fraiman, &

not only the orbitofrontal cortex, but also the thalamic nuclei (Rolls,

Chialvo, 2012). A second hypothesis was that some brain regions

Huang, et al., 2020), and also because it has proved useful in under-

might be especially involved in synchronized events. A third hypothe-

standing the functional (Du et al., 2020) and anatomical (Hsu et al.,

sis was that synchronous peaks might tend to be initiated more in

2020) connectivity between different brain areas. The different AAL3

some brain regions. A fourth hypothesis was that synchronized peaks

areas are shown in Tables S1 and S2. This atlas has the advantages

of activity might be related to other measures of brain dynamics, such

that it has named brain areas that can be related to neurology; and

as the temporal variability of the functional connectivity between dif-

that the divisions it makes for a number of brain areas, including the

ferent brain areas. A fifth hypothesis was that synchronized peaks,

orbitofrontal and cingulate cortices, reflect also the parcellation that is

and for that matter the temporal variability of functional connectivity,

found based on functional connectivity (Du et al., 2020). The 132 brain

might be understandable and predictable from other measures, such

region time series (BOLD signals, and excluding the cerebellum and

as the mean functional connectivity between brain areas. We know of

regions with less than 5 voxels (i.e., the reuniens nucleus of the thala-

no previous investigations of these hypotheses.

mus [Thal_Re], the ventral tegmental area [VTA], the locus coeruleus

One measure we used to investigate brain dynamics and its rela-

[LC], and the Raphe nuclei) were extracted by averaging voxel time

tion to synchronous peaks was the temporal variability of functional

series within each AAL3 region. Then, for each subject, the Pearson

connectivity, which measures how the functional connectivity of a

cross-correlations between all pairs of regional BOLD signals were

brain region with other brain regions alters across different time win-

calculated to reflect the functional connectivity between region pairs.

dows, which reflects the dynamical reconfiguration of a brain region

A brain functional connectivity network that consisted of the

into different functional modules at different times (Sun et al., 2019;

132 brain regions and 8,646 functional connectivity links between

Zhang et al., 2016). Differences in the temporal variability of func-

them was constructed.

tional connectivity have been found to be related to creativity (Sun
et al., 2019) and mental disorders (Rolls, 2021a; Rolls, 2021b; Rolls,
Cheng, & Feng, 2021; Zhang et al., 2016).
Here, we show for the first time how these two properties of
brain dynamics, synchronous peaks in brain activity, and the temporal

2.3 | Peaks in the BOLD signal, and
synchronization of peaks across brain areas to form
synchronization events

variability of functional connectivity, relate to each other, and can be
understood in terms of the underlying functional connectivity of brain

For each brain region, the preprocessed BOLD signals were set to

regions. We analyzed which brain regions are involved most in syn-

have a mean of zero and normalized by their own SD. Then any

chronous peaks, to provide evidence on where they start.

BOLD signals that exceeded a predetermined threshold above or
below the mean for each brain region were defined as peaks in the
BOLD signal, as illustrated in Figure 1. The threshold was set at 2.2

2

MATERIALS AND METHODS

|

SD. A timeseries of these peaks is illustrated for one HCP participant
in Figure 1b. It can be seen that occasionally the peaks across many

2.1

|

Participants

brain areas become somewhat synchronized with each other. The
proportion of brain areas that have a peak defined in this way at the

The neuroimaging dataset was selected from the Mar 2017 public data

same time (i.e., in the same brain volume taken each TR) is the mea-

release from the Human Connectome Project (HCP, N = 1,200), WU-

sure of synchronization. Given that we used 132 AAL3 brain areas,

Minn Consortium. Our sample includes 1,017 participants (ages

the maximum number of brain areas with a peak at the same time-

22–35 years, 546 females) scanned on a 3-T Siemens connectome-

point is 132, and then the synchronization has a value of 1.0. A syn-

Skyra scanner, each with four resting state scans with each scan 1,200

chronization event was said to have occurred when the synchronization

time points long with a TR of 0.72 s. Participants without the full 1,200

exceeded 0.1 (in practice, when 13 or more regions had a simulta-

time points in four resting-state runs were removed from the analysis in

neous peak in the same TR/volume out of the 132 AAL3 regions).

line with a previous investigation (Cheng, Rolls, Ruan, & Feng, 2018),

(We confirmed that the main findings presented here are robust with

leaving 1,017 participants. Further details of the subjects, and the collec-

respect to the threshold of 2.2 SDs for a peak within the range

tion and preprocessing of the data are provided in the Supplementary

1.7–2.7, and to the 0.1 synchronization value within the range

Material, at the HCP website (http://www.humanconnectome.org/),

0.05–0.2, as shown in Section 3.1.) In addition, two synchronization

and in previous studies (Cheng et al., 2018; Rolls et al., 2021).

events had to be separated by at least 4 s (except as specified in
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F I G U R E 1 Detection of peaks
in the BOLD signal, and the
measure of synchronization.
(b) Example of the detection of the
peaks (red) that exceeded a
threshold of 2.2 SD above or below
the mean BOLD signal. (The red
lines are at 2.2 SD above and below
the mean BOLD signal.) The time
axis units are in TR units = 0.72 s.
(c) Illustration of how the peaks in
the BOLD signal can become
synchronized. The brain regions are
from the automated anatomical
labeling 3 atlas (Rolls, Huang,
et al., 2020) with the names of the
brain areas shown in Table S1. (d,e)
The synchronization measure is the
proportion of brain regions with a
peak within a given volume acquired
in one TR. Smoothing is used, and a
threshold can be set to define a
synchronization event, in this case
at 0.1 of the 132 brain regions

Section 3.1 for only that section), and a temporal filter was used on
the peak sum vector with a Gaussian smooth over 5 s, to ensure that

2.4 | Temporal variability of the functional
connectivity of a brain region

each cluster of synchronized peak activity was measured only once.
This temporal smoothing was set to not affect the maximum value of

The temporal variability of a brain region was obtained by correlating

the peaks summed over the AAL3 regions. The brain synchronization

the FC profile of a brain region across different time windows, which

event rate was defined as the rate of the synchronization events

reflects the dynamical reconfiguration of a brain region into distinct

defined as just described.

functional modules at different times (Rolls et al., 2021; Zhang
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Power Law Distribution of Event Sizes

et al., 2016). To characterize the temporal variability of a given AAL3

100

brain region (see Figure 1), we first segmented all BOLD signals (see

Data
Fit

Figure 1a) into n nonoverlapping windows with length l. The wholebrain FC network Fi (an m × m matrix, with m = 132 nodes) in the ith
10-1

time window was then constructed, with the Pearson correlation
time window i is denoted by Fi (k,:) (shortened as Fi,k, which is an mdimensional vector that represents all the functional connections of
region k). (This is illustrated in Figure 1 of Zhang et al. (2016).) The var-

Probability

being the measure of FC (see Figure 4). The FC profile of region k at
10-2

iability of a region k is defined as:

V k = 1− corrcoef Fi,k , F j,k i, j = 1,2, 3,…, n, i≠j:
We calculated Vk at a number of different window lengths (l = equal to
20, 22, 24, … 40 s) and then took the average value as the final variability to avoid arbitrary choice of window length. In fact, the variability

10-3

10-4
100

101
Number of brain regions in a synchronization event

obtained at these different window lengths was highly correlated
(r > .98) as indicated in a previous investigation (Zhang et al., 2016). As
this metric is little affected by the choice of window length, the average
variability over different window lengths was used as stated above.

F I G U R E 2 Synchronization event statistics. A Power Law was a
good fit to the probability of synchronization events of different sizes.
The size of a synchronization event was the number of AAL3 brain
regions that had a peak of activity in a synchronization event. A peak
in the BOLD signal was defined as 2.2 SD from the mean. The tau that
was fitted had a value of 2.15

2.5 | Probability distributions of the number of
peaks in a synchronization event
distribution of its synchronization events can be fit to a power law
The probability distribution of the number of peaks (i.e., the size of

(Marshall et al., 2016). Figure 2 shows that a power law is a good fit to

the synchronization event) in a synchronization event was measured

the size of the synchronization events, using the data from all partici-

with the Neuronal Avalanche Statistics Package (Marshall et al., 2016;

pants. The best fit τ for the power law (Timme, 2016) was 2.15. The size

Timme, 2016). The size of a synchronization event is the number of

of a synchronization event was the number of AAL3 brain areas with a

brain regions with a peak in that synchronization event. The Neuronal

peak in a synchronization event. A peak in any brain region was defined

Avalanche Statistics Package is able to show and illustrate in a log–log

as a BOLD signal that exceeded 2.2 SDs from the mean. The interval

graph how well a power law provides a fit for the relation between

between synchronization events for this analysis in Section 3.1 only had

the event size and the probability of that event size (Marshall

to be at least one TR (0.72 s), and had a mean value of 79 TRs (57 s). It

et al., 2016; Timme, 2016). If the data do fit a power law, this is an

was found that the shape of the distribution shown in Figure 2 is rela-

indication of scale invariance, and is a property of avalanche systems

tively invariant with respect to the exact threshold that is used to define

that operate close to the critical point of a second order phase transi-

a peak in a brain region of the BOLD signal, within the range of

tion (Beggs & Plenz, 2003; Cocchi et al., 2017; Marshall et al., 2016;

SD = 1.7–2.7 for the threshold for the detection of a peak. Similar

Tagliazucchi et al., 2012). (The results of this are provided in Figure 2.)

results were obtained when a peak was detected by a positive excursion
beyond the threshold, by a negative excursion, or both. Figure 2
includes synchronization events that included one brain area with a peak

3

|

RESULTS

upwards. A power law was also a good fit if the proportion of brain
areas was set at 0.1 to define a synchronization event, which was the

3.1 | The detection and properties of peaks in the
BOLD signal and of synchronization events

value used for the results illustrated in the rest of this article. All the
results illustrated in the rest of this article were found to be robust for
values for the proportion of brain areas used to define a synchronization

Figure 1 shows how peaks were detected in the BOLD signal if they

event in the range 0.05–0.20.

exceeded a threshold (2.2 SDs from the mean though this value was
not critical), and how a synchronization event was defined when 0.1 of
the 132 automated anatomical labeling atlas (AAL3 (Rolls, Huang,
et al., 2020)) brain regions had a peak at the same time. Details are in

3.2 | The probability of different brain regions
being involved in a synchronization event

Section 2.
The statistics of these synchronization events are of interest. For

To investigate how different brain regions are involved in synchroniza-

example, if a system operates near a critical point, then the size

tion events, and to investigate where they may be initiated, we
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calculated the probability that each AAL3 area is involved in a synchro-

Figure 3, with time 0 corresponding to the time when the number of

nization event, using data from 1,017 participants from the Human

peaks in the synchronization event was greatest. The frequency of syn-

Connectome Project. The probability was calculated by taking all syn-

chronization events across all participants was 0.012 Hz (i.e., an aver-

chronization events (i.e., with 0.1 or more of brain areas with a peak

age of 10.4 synchronization events in the 1,200 long time series with a

during the event), and calculating the probability for each of the

TR of 0.72 s, corresponding to a mean gap between synchronization

132 brain regions that it had a peak in an event. The result is shown in

events of 83.1 s). It is shown in Figure 3 that the early visual cortical

F I G U R E 3 Probability that an AAL3 region will be involved in a synchronization event from the HCP dataset. The threshold SD for a peak of the
BOLD signal in any AAL3 region was set to 2.2 above and below the mean of the BOLD signal for each region; and the synchronization event
threshold was set to 13.2 (corresponding to a synchronization of 0.1 produced by 1 peak in 0.1 of the 132 AAL3 areas, see text). The figure shows the
probability of peaks in different AAL3 brain areas (with left and right combined) as a function of the time of a synchronization event defined by the
time at which there were most simultaneous peaks across AAL3 regions. This probability is calculated over all synchronization events in all HCP
participants. On the time axis, 0 corresponds to the time of the peak of the synchronization event calculated over all AAL3 areas. The time axis is in
TRs, where each TR for HCP is 0.72 s, and a negative value means time before the highest point of the synchronization event
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F I G U R E 4 (a) Peak joint probability matrix based on 1,017 participants from the HCP. The matrix shows the probability of one AAL3 region
having a peak in a synchronization event, multiplied by the probability of having a peak in another AAL3 region. The early visual cortical areas,
regions 47–56 (calcarine cortex, occipital cortex) have the highest joint probability of having peaks in a synchronization event. The threshold SD
for a peak was set to 2.2 above and below the mean of the BOLD signal for each region; and the synchronization event threshold was set to
13 (see text). (b) Functional connectivity matrix from the same 1,017 participants from the HCP. (c) Correlation between the joint probabilit y that
a pair of AAL3 regions will have a peak that is part of a synchronization event and the functional connectivity between each pair of AAL3 regions
from the same participants. Each data point in the scatter plot is a different functional connectivity link, of which there are 8,646 between these
132 AAL3 regions. The line shows the least squares linear fit. The correlation was 0.84 (p < 1 × 10−20)

areas, calcarine to occipital gyrus, have the highest probability of being

(We note that the average time between synchronization events and

involved in synchronization events. Areas that receive projections from

the probabilities depend on the threshold for detection of a peak in the

the early visual cortical areas such as the temporal lobe (superior, mid-

BOLD signal of 2.2 SDs from the mean, but the findings presented are

dle and inferior temporal gyri, and the fusiform gyrus), the precuneus,

robust with respect to the exact threshold, with a range of 1.8–2.5 SDs

and the supramarginal gyri, have intermediate probabilities. The lateral

from the mean tested, and with respect to the proportion of 0.1 of

prefrontal cortex has a moderate probability of being involved in syn-

brain areas with a synchronous peak used to specify a synchronization

chronization events. Some motor/somatosensory areas and areas with

event.)

functional connectivity with the early visual cortical areas have rela-

Figure 3 shows the probability of a peak in each of the AAL3

tively high probabilities of being in synchronization events. These areas

brain areas relative to the highest point of the synchronization

include the precentral gyrus, Rolandic operculum, supplementary motor

event (i.e., the time at which the sum across brain regions of the

cortex, paracentral lobule, mid-cingulate cortex, and the insula. Some

peaks is maximal). This shows that in terms of when peaks first

areas have a notably low probability of being involved in synchroniza-

appear in a brain area relative to the time of maximal synchrony of

tion events, including the orbitofrontal cortex and ventromedial pre-

the synchronization event, the early visual areas and other visual

frontal cortex (FrontalMedOrb and gyrus rectus), the hippocampus,

areas connected to them, and also some motor areas (e.g., pre-

parahippocampal gyrus, posterior cingulate cortex and amygdala.

central cortex and Rolandic operculum, and strongly connected
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somatosensory areas such as postcentral cortex) start to have peaks

not differ from their mean for the early visual cortical areas (47–58),

of activity earliest in the time-course of the synchronization event,

but that the functional connectivity of these early visual cortical areas

and are thereby implicated in the initiation of synchronization

with the brain regions to which they are connected is higher at the

events.

time of a synchronization event.

To further investigate the mechanisms that may underlie the gen-

Taken together, what is shown in Figure 5b,c show that at the

eration of synchronization events, we show in Figure 4a the peak joint

time of a synchronization event there is an increase of functional con-

probability matrix based on 1,017 participants from the HCP. The

nectivity for the early visual cortical areas and the areas to which they

matrix shows the probability of every AAL3 region having a peak in a

are strongly connected, and that for these connected areas their func-

synchronization event, multiplied by the probability of having a peak

tional connectivity is higher with early cortical visual areas than their

in another AAL3 region. The early visual cortical areas, regions 47–58

mean across the whole timeseries. It appears thus that the early visual

(calcarine cortex, occipital cortex) and also some motor areas

areas recruit other brain areas with which they are well connected just

(e.g., precentral cortex) have the highest joint probability of having

at the time of a synchronization event, and that this is how a synchro-

peaks in a synchronization event.

nization event is generated.

3.3 | Synchronization events involving brain
regions are related to the mean functional
connectivity between regions

3.5 | The probability that different brain regions
are involved in synchronization events is inversely
related to the temporal variability of the functional
connectivity of the different brain regions

To investigate whether synchronization events and the brain
regions involved in them are related to the connectivity between

We next investigated what relation there might be between the tem-

the brain areas most likely to be involved in synchronization events,

poral variability of the functional connectivity of an AAL3 region as

we calculated the mean resting state functional connectivity matrix

defined in Section 2, and whether it was likely to be involved in a syn-

for the same 1,017 HCP participants, and show this in Figure 4b.

chronization event. It is shown in Figure 6d that there is a strong neg-

This has a considerable resemblance to the peak joint probability

ative correlation (r = −.91, p < 1 × 10−10) between the probability that

matrix shown in Figure 4a. To assess their similarity, we measured

each AAL3 region is in a synchronization event (averaged across all

the correlation for all pairs of AAL3 regions between the synchroni-

HCP participants) and the temporal variability of each AAL3 region.

zation peak joint probabilities and the corresponding functional con-

To examine the underlying basis for this relationship, we show in

nectivities, and found a high correlation of 0.84, p << 10−10, as

Figure 6a (right) the temporal variability of different AAL3 regions.

shown in Figure 4c.

Figure 6b provides a brain surface diagram showing the temporal vari-

This therefore provides an indication that the regions

ability of different brain regions. Figure 6b shows that areas with high

involved in synchronization events are involved depending on the

temporal variability of the functional connectivity include the amyg-

extent that they have high functional connectivity with each

dala, orbitofrontal cortex, caudate nucleus, cingulate cortex, hippo-

other.

campus and parahippocampal gyrus, and the Lateral Geniculate and
Medial Geniculate nuclei of the thalamus. Areas with low temporal
variability of the functional connectivity include early visual cortical

3.4 | Functional connectivity changes are
associated with a synchronization event

areas (lingual, occipital and calcarine; and also the fusiform gyrus); and
motor areas (precentral and postcentral, and Rolandic cortex). For
comparison (for it is largely the opposite as implied by Figure 6d),

To investigate how the functional connectivity may change dynami-

Figure 6a (left) shows the probability that each AAL3 region is in a

cally in relation to a synchronization event, we performed the analyses

synchronization event, and Figure 6c shows the synchronization event

illustrated in Figure 5. Figure 5b shows the absolute difference of the

probability for different brain regions.

functional connectivity between successive time steps as a function

We can develop an understanding of the relationship between

of the time before and after a synchronization event. (Each timestep

the synchronization event probability and temporal variability of dif-

here is 20 TRs = 14.4 s.) This shows that a synchronization event

ferent brain regions in terms of the underlying functional connectivity,

involves a movement in the 14 s before the peak of a synchronization

illustrated in Figure 4b. This leads to the following hypotheses. Early

event of the pattern of functional connectivity as shown in the panel

visual cortical areas have a high probability of being involved in (and

“Time 3 – Time 2”; and a movement away from that in the 14 s after

initiating) synchronization events because they have high functional

the event as shown in panel “Time 5 – Time 4”.

connectivity between them, so that if one of these regions moves

Further evidence on these changes is shown in Figure 5c, which

towards a peak of activity, its very strong functional connectivity with

illustrates the differences from the mean functional connectivity at

other early visual cortical areas moves them towards a peak of the

successive time steps (each again 20 TRs long). Figure 5c shows that

BOLD signal too. Consistent with this, early visual areas have low

the functional connectivity at the top of a synchronization event does

temporal variability, partly because they all tend to move together

ROLLS ET AL.
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F I G U R E 5 Functional connectivity changes associated with a synchronization event. (a) The index for each time point. The length of each
time window is 20 TR (0.72*20 s). (b) The dynamics of the functional connectivity around the synchronization event, with the times as shown in
(a), that is, each time is the functional connectivity across 20 TRs. The difference of the functional connectivity between successive timesteps is
shown by the t value. (c) The functional connectivity matrix at different times relative to a synchronization event minus the functional
connectivity for the whole time series. The differences of the functional connectivity r values are shown. The data are from the 1,017 HCP
participants

dynamically, because of their strong connections with each other,

relating it is suggested to their connections with many brain regions

keeping the temporal variability measure low. This contrasts with

(like hubs in a graph), and can all therefore move independently of

other areas such as the hippocampus and parahippocampal gyrus,

each other dynamically, because they have connections with many

amygdala, and orbitofrontal cortex that have high temporal variability,

brain areas. These same areas, because of their “high degree”
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F I G U R E 6 (a) The probability that different AAL3 regions are involved in synchronization events (left) and the temporal variability of different
AAL3 regions (right). (b) A brain surface diagram (based on AAL3) showing the temporal variability of different brain regions. The data are from
the HCP. (c) A brain surface diagram (based on AAL3) showing the probability that different AAL3 regions are involved in synchronized events.
The data are from the HCP. (d) The relation between the probability that each AAL3 region has a peak in a synchronization event and the
temporal variability of the Functional Connectivity of each AAL3 region, for the HCP dataset. r = −.91, p < 1.0 × 10−10

connectivity with many brain regions (each not necessarily very

4

|

DI SCU SSION

strong), and of their weak connections with each other, tend not to
get dragged into synchronization events. For early visual cortical areas

We have shown here how synchronization events in brain activity are

in the above, we can also include conceptually some other areas that

related to the underlying functional connectivity (Figures 4 and 5).

are strongly connected with each other, but not with widespread

Synchronization events are evident as synchronized high activity

areas of the brain. These other areas include some motor areas such

involving a number of different brain regions each of which has a peak

as premotor cortex, pre- and postcentral cortex, supplementary motor

of activity at about the same time (Figure 1). We show that early

area, and perhaps the basal ganglia (putamen and pallidum especially).

visual cortical areas are the most probable areas to be involved in syn-

Thus, the key to understanding synchronization events and tem-

chronization events (Figure 3), and relate this to the high functional

poral variability is the mean functional connectivity between pairs of

connectivity between early visual cortical areas, so that if one area

brain regions, we propose, in the ways just outlined.

has high activity at a particular time, this may propagate easily to the
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other early visual cortical areas. We further relate the extent to which

promote a peak of activity of the other strongly connected visual cor-

other cortical areas are involved in synchronization events to their

tical areas. This thus provides a unifying account of synchronization

connectivity with early visual cortical areas (Figures 4 and 5). These

events and temporal variability in terms of the underlying mean func-

other areas include the temporal and parietal cortical areas (Figures 3

tional connectivity. We note that the functional connectivity mea-

and 4). We also note that some movement-related cortical areas,

sured at the time of synchronization events reflects the mean

including the precentral gyrus, are also likely to be involved in syn-

functional connectivity (Zamani Esfahlani et al., 2020). We further

chronization events (Figure 3), but even here this may be related to

note that the power law statistics of the synchronization peaks

functional connectivity with each other and with early visual cortical

described here provide an indication of scale invariance, and are a

areas (Figure 4b). The medial prefrontal areas including the ventrome-

property of avalanche systems that operate close to the critical point

dial prefrontal cortex, and the hippocampus and amygdala, are unlikely

of a second order phase transition (Beggs & Plenz, 2003; Cocchi

to be involved in synchronization events, and this again reflects the

et al., 2017; Marshall et al., 2016; Tagliazucchi et al., 2012). The syn-

functional connectivity with early visual cortical areas, which for these

chronization peaks or avalanches are thus an important property of

areas is low (Figure 4b). The analysis of the dynamics of synchroniza-

dynamical systems that go beyond the mean functional connectivities

tion events shows (Figure 5) that this involves a movement of the pat-

between brain areas. Moreover, the understanding of the changing

tern of functional connectivity towards that at the time of a

dynamics of the brain as a system can be informative about the

synchronization event, and also a build-up in the magnitude of the

dynamical properties of brain systems that appear to be present in

functional connectivity at the time of a synchronization event, with

mental disorders including schizophrenia, ADHD, and depression, as

these changes taking place during 10 s before and after a synchroniza-

described elsewhere (Rolls, 2021a; Rolls et al., 2021; Rolls, Cheng, &

tion event. The analysis shown in Figure 3 is consistent with the

Feng, 2020), and referred to next.

hypothesis that the early visual cortical areas and their connections to

Finally, there are clinical applications of the types of analysis

high order visual cortical areas, and to some extent motor areas, are

described here (Rolls, 2021a; Rolls, 2021b; Rolls et al., 2021). In both

involved in the initiation of synchronization events, in that these

first episode and long-term schizophrenia, reduced functional connec-

regions start to have peaks of activity before the highest point of a

tivity of early visual and related temporal cortex areas is associated

synchronization event has been reached.

with increased temporal variability of the functional connectivity, con-

The account provided here of the key brain systems involved in

sistent with decreased stability of attractor networks related to sen-

synchronization events is based on measurements from 132 different

sory processing (Rolls et al., 2021). Consistent with this, in chronic

brain areas. In contrast, a different approach was couched in terms of

schizophrenia there were fewer synchronization events (5.2/380 s)

complex interactions between high-level networks “High amplitude

compared to 5.8/380 s in the controls (t = −3.3 p = .001). In ADHD,

cofluctuations are underpinned by the activation of a particular spatial

these functional connectivities of early visual and related temporal

mode of brain activity in which default mode and control networks

cortex areas were increased and their temporal variability was

are anticorrelated with sensorimotor and attentional systems”

decreased, and this was related to increased engagement with visual

(Zamani Esfahlani et al., 2020).

sensory input as manifest in high screen time usage in ADHD (Rolls

A strong negative correlation between the probability that an

et al., 2021). These differences in the brain dynamics relate to the

AAL3 region would be involved in a synchronization event, and the

symptoms. The greater temporal variability of the functional connec-

temporal variability of the mean functional connectivity of each AAL3

tivity in schizophrenia may be related to the difficulty in maintaining

region, was revealed for the first time (Figure 6d). Further investiga-

attention and to the loose thought associations that may be made.

tion showed that the temporal variability of the functional connectiv-

Conversely, the reduced temporal variability of ADHD may be related

ity of different AAL3 brain regions (Figure 6) is low in areas such as

to being locked in strongly to dominating sensory inputs (Rolls

the early visual cortical areas with high mean (i.e., averaged over the

et al., 2021). These discoveries thus help to advance our understand-

whole of the resting-state fMRI session) functional connectivity with

ing of cortical operation in health, and in some mental disorders

each other (Figure 4b); and is high in areas such as the orbitofrontal

(Rolls, 2021b).

cortex, amygdala, and hippocampus which have relatively low functional connectivity with early visual cortical areas, as well as connectivity with a number of different brain regions in a hub-like way

5

|

CONC LU SIONS

(Figure 4b). We propose the because of the high positive interconnectivity of the early visual cortical areas, they tend to act together to

The research described here leads to the following conclusions:

support activity in each other, and therefore have relatively low temporal variability of their functional connectivity.

1. When peaks in the resting state fMRI BOLD signal in different

This then also enables us to link the variability and mean func-

brain areas become synchronized to form synchronization events,

tional connectivity to synchronization events, which we propose tend

early visual and connected areas have the highest probability of

to be generated in and have a high probability of including early visual
cortical areas because of their strong functional connectivity with
each other, so that if some have a peak of activity, this may tend to

synchronization events.
2. Early visual and connected areas have low temporal variability of
their functional connectivity.

2800

ROLLS ET AL.

3. There is an approximately reciprocal relation between the probability
that a brain region will be involved in synchronization events and the
temporal variability of the connectivity of a brain area (Figure 6d).
4. We show that a high probability of synchronization events and a
low temporal variability of the connectivity of cortical areas is
related to high mean functional connectivity, and provide an
account of how these dynamics arise.
5. The findings described here are consistent with the hypothesis
that avalanche-like phenomena are evident in the fMRI signals
recorded from different brain areas, and that the brain is operating
close to a critical point.
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