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Abstract: The amount of integrated information, Φ, proposed in an integrated information theory
(IIT) is useful to describe the degree of brain adaptation to the environment. However, its computation
cannot be precisely performed for a reasonable time for time-series spike data collected from a large
count of neurons.. Therefore, Φ was only used to describe averaged activity of a big group of neurons,
and the behavior of small non-brain systems. In this study, we reported on ways for fast and precise
Φ calculation using different approximation methods for Φ calculation in neural spike data, and
checked the capability of Φ to describe a degree of adaptation in brain neural networks. We show that
during instrumental learning sessions, all applied approximation methods reflect temporal trends
of Φ in the rat hippocampus. The value of Φ is positively correlated with the number of successful
acts performed by a rat. We also show that only one subgroup of neurons modulates their Φ during
learning. The obtained results pave the way for application of Φ to investigate plasticity in the brain
during the acquisition of new tasks.

Keywords: brain; learning; adaptation; hippocampus; information processing; integrated information
theory; entropy

1. Introduction

An integrated information theory (IIT) and its main concept—the amount of integrated
information Φ—were initially proposed, and successfully applied to quantify a level of
consciousness in the brain [1–7], in nervous systems in simpler organisms [8], and in
computational models [9]. This index increases in the conscious states of the brain, and is
relatively small in unconscious states. At the same time, since this theory was released, it
was shown that Φ reflects the performance of many non-brain, complex, self-organized
systems consisting of some interacting nodes [10–13] quite well. It can be used to predict the
level of success in a task, expressed in standard terms of an environment where the system
operates. Researchers claim that Φ reflects the internal state of a self-organized system
(“what the system is”), instead of describing externally visible system features (“what the
system does”) [12]. There is evidence that Φ depicts the important internal state transitions
in a complex system [14]. It describes the dynamical complexity of a system [13,15], rising
from the local information exchange between self-organizing elements. This is applicable
for all complex systems with nodes that can be in “on” and “off” states. For this reason, we
think investigating the relationship between phi and the performance of a brain performing
a task will provide novel results. An integrated information theory was applied to a brain
model with neural network learned using the Hebbian rule, and the simulated EEG based
on this network. The learning progress led to the incremental increase in Φ, and Φ exhibits a
correlation with a number of attractors in a network [16]. Calculated from an EEG recorded
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in human infants, Φ increases with their age, which shows that Φ reflects the development
of the brain. [17].

The concept of Φ is based on the quantification of two abilities of a system—a gener-
ation (segregation) of information, and its integration. First, a system generates as much
information as possible. In more detail, a system has a maximal repertoire of possible
states. This allows a system to distinguish more external events or stimuli, and change
a state individually for each of them. Different parts of a system are specialized in the
processing of different features (for example, different objects in an environment). Second,
a system integrates the information. It means that the states of system components are
interdependent, which is crucial to make inferences from information encoded in different
components [4,10]. To act in an environment, a system makes a decision based on the
available information. Without any integration, the information encoded by a variety of
states of a system is useless, because it cannot be exploited by other parts of the system.
For example, the visual system in the human brain integrates information about shape and
color, and identifies them as a known object, such as a house, a tree, or a car. The coefficient
Φ quantifies the degree of such integration. Small values of Φ means that there is a lack
of connectivity in a certain place in a system, and the information transfer in this place is
hampered, which, in turn, lessens the performance of a system.

According to the original definition, Φ is calculated as:

Φ =
r

∑
k=1

H(Mt,k|Mt+∆t,k)− H(Xt|Xt+∆t) (1)

where H(A|B) is the conditional entropy of variable A with given knowledge of variable
B; Xt and Xt+∆t are the system state vectors at time moments t and t + ∆t (see later); Mt,k
and Mt+∆t,k are the state vectors of system subsets at time moments t and t + ∆t; and r
is the number of subsets. The expression written here is the information loss caused by
the separation of a system into independent subsets Mk, breaking all connections between
these subsets. Time here is discrete; it is a set of sequential system states taken at the
same time intervals. Partition by subsets, so-called minimum information partition (MIP),
is performed in such a way that subsets are maximally independent, i.e., this partition
minimizes Φ. This rule highlights a mostly weak spot of a system, and prevents its
coverage by any other well-interacting parts. In the extreme case, when some absolutely
independent parts (without any connections between them) are present in a system, Φ = 0,
which depicts the full absence of information integration between these parts. The higher
Φ is, the harder it is to split a system into parts without breaking any connections, and the
more interconnections that are present between all parts of a system. This decreases the
length of the path of information transfer, allowing the system performance to increase.
Therefore, Φ is a good metric for the quantification of the performance of a system.

However, there is a problem in its practical application. A calculation of Φ is computa-
tionally challenging, due to the definition required to obtain a MIP. It can be found only
using the brute force method, by checking all possible partitions of a set of neurons, and esti-
mating the loss of information due to every partitioning, as in (1). The total number of such
partitions in a network of N neurons is expressed with a Bell number BN [18], which grows
faster than an exponent. For example, B10 = 115, 975 and B25 = 4, 638, 590, 332, 229, 999, 353.
This makes it practically impossible to calculate Φ for a real dataset. Moreover, the esti-
mation of a conditional entropy in (1) requires a normal distribution of input data, which
is not necessary for real neural time-series spike data. A limited set of a neural system
states registered during an experiment may lead to the poor estimation of data distribution,
which causes an instability of Φ [19]. Thus, calculations of Φ for neural time-series data
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require another approach. One of the most widely used algorithms for such data is the
so-called autoregressive Φ (ΦAR), proposed by Barrett and Seth. One can write [19]:

ΦAR =

min
M

(
1
2 ln det(Σ(X))

det(Σ(EX))
−∑2

k=1
1
2 ln det(Σ(Mk))

det(Σ(EMk ))

)
L(M)

where Σ(X) is the covariation matrix of variable X (the same system state vector as in
(1); EX is the autoregression residuals (errors of regression that predicts the value of X at
time moment t + ∆t based on value of X at time moment t); Mk, k ∈ {0, 1} are the two
system subsets; EMk is the autoregression residuals of variable only containing the states of

elements contained in a subset Mk, and L(M) = 1
2 ln
[

min
k

{
(2πe)|Mk |det(Σ(Mk))

}]
is the

normalization factor (here |Mk| is a size of a subset Mk). Normalization is used to diminish
the influence of subsets sizes—for example, if a system is split into a big part and a small
part, non-normalized Φ for such a partition is almost less than in case of partitioning into
equal parts. Subsets are selected in a way to minimize the resulting ΦAR value. If the input
data have a normal distribution, ΦAR calculated in this way is equal to Φ calculated using
a classical definition [19]. Here, the simplification is made—the minimum information
partition is replaced by the minimum information bipartition (MIB). Thus, only two subsets
of a system need to be estimated. The number of candidate bipartitions is defined by a
Stirling number of the second kind, S(2)

N = 1/2(2n − 1) [20], for example, S(2)
10 = 511 and

S(2)
25 = 16, 777, 215, which are significantly less than corresponding numbers for classic

Φ definition. But this is still a very time-consuming task, with calculation time growing
exponentially. We experimentally estimated an upper limit of 15 neurons on a modern
computer (AMD Ryzen 7 4800H 2.9 GHz, 16 GB 3.2 GHz DDR4 RAM).

In this study, we compared different approximation methods of Φ calculation, which
made it possible to accurately calculate Φ for a reasonable time, and applied them to
the investigation of plastic changes in a rat brain during an instrumental hippocampus-
dependent learning in a maze. We performed calculations using the autoregressive Φ
algorithm on a limited set of neurons, using a bipartition calculated with a brute force
method, and on a full set using two approximate partitions. We investigated a correlation
of Φ with an environment-specific metric—the number of successfully performed acts. The
obtained results show the applicability of all approximations used for the calculation of Φ,
and its ability to predict a learning progress.

2. Materials and Methods
2.1. Behavioral Experiment

For this study, we used a public dataset from crcns.org, with data recorded from a
hippocampus [21–23]. Hippocampus-dependent learning is one of the most frequently and
actively used kinds of behavioral experiments with the acquisition a new task. Therefore,
all protocols of such experiments are well-known and well-developed, and a lot of patterns
are known in the activity of hippocampus neurons, during all stages of learning. That was
the reason for selecting such dataset in our calculations. Rats (n = 3, Long–Evans) were set
a complicated task in an W-shaped maze, with liquid reward sites at the ends of each arm.
To obtain a reward, rats were required to make a full run from an end of one arm to the
end of another arm in accordance with some rules (described in original manuscript [21]).
We selected a dataset with such a complicated task to ensure that the task led to a signif-
icant cognitive workload in the brain and, thus, according to our hypothesis, caused a
large change of Φ. After acclimatization to the maze, an array of microelectrodes were
implanted into the right hippocampus, CA1 region (coordinates: −3.6 mm AP, 2.2 mm ML).
The registration of action potentials using implanted microelectrodes gave the best time
resolution, because it directly measured a voltage on a neuron membrane. Time patterns of
spike activation encode information, so it is crucial for information-theoretic methods to
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register as precise spike times as is possible. Learning started after a rehabilitation period
of 5–7 days. Each day, one or two experimental sessions were performed for 15–20 min.
Between 15 to 50 neurons were registered during each session.

2.2. Applied Approximation Methods for Φ Calculation

Taking only some small part of neurons is a reasonable approximation itself. Such
simplifications shorten the time of brute force in search of a minimum information bipar-
tition, which is usually required in the autoregressive Φ algorithm. This approximation
was used in [11] for a non-brain complex system. A limited dataset was suitable for the
calculation of ΦAR, and this value reflected a state of a system. For a brain network, the
hypothesis was made that a small subset of neurons reflects the state of the whole brain
subregion. The brain is a multi-level network of neurons with structured patterns (intercon-
nected dense hubs) observable at each level [24,25], and probing a small group of neurons,
gives an approximate picture of the whole region. Existing registration methods, with a
single-neuron resolution, take only a part of a brain, up to some hundreds of neurons (for
example, [26,27]), and this is still only a small piece of the brain. As mentioned above, the
upper computational limit is 15 neurons. In dataset used, the lowest registered number of
neurons is 15, and the greatest is 56 (see Supplementary, Table S1). Thus, this approximation
yields an information loss from 0% (at best), to 73% (at worst).

The other way to avoid such information loss is by finding a system partition on
the whole set of neurons, but using an approximate way. One of the methods exploits
the mathematical properties of the MIP as a function to find its minimum, meaning the
MIP is found with a reduced number of considered partitions [28] Other approximations
of this class are based on replacing a minimum information partition with any other,
approximately reflecting its essence. This allows the calculation of Φ considering only
one partition. A rough approximation is so-called atomic partition [10,29]. A system of N
neurons is split into N subsets, where each subset contains one neuron (Figure 1b). This
method considers only single neurons as computational units, and neglects information
generation by neuron clusters. A structure of the brain is represented by densely connected
neuron groups, which, in turn, are connected to each other with a subset of neurons with
many synapses (the so-called rich club). Consequently, this approximation ignores brain
structure and information properties arising from such a structure. But this approximation
is the fastest to calculate and, thus, we tested it to check the borders of its application.
We used a modified autoregressive Φ (ΦAR) algorithm with an atomic partition. For
more precise calculation, other approximations, that take network structure into account,
are required.

As noted earlier, this partition is required to highlight weakly interdependent parts
of a system, which yield to the reduction in information integration. More sophisticated
approximation algorithms are based on a premise that the least interdependent parts are
the least physically interconnected parts [30] Dense networks mentioned earlier, described
by the “Small-World” model, are thought to support information segregation and special-
ization, and hubs connect such communities with each other, and perform information
integration [31] (Figure 1a). Thus, the detection of such dense communities yields a parti-
tion into subsets performing information segregation (Figure 1c). A synaptic structure of a
neural network is easily defined using the correlations between spikes in time-series data.
Then, community detection algorithms, for example the Louvain algorithm [32], spectral
clustering [33], or Weight Stochastic Block model [34] are used. This yields a relatively fine,
approximated calculation of Φ.
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Figure 1. A community structure in a brain neural network and partitions based on this structure
and reflecting information processing. (a) Dense community and hub structure. Six communities
with densely interconnected neurons connected with each other by a cohort of neurons, called hubs
(marked with asterisks). Communities are responsible for information segregation and specialization,
and hubs are responsible for information integration between these communities. (b) Atomic partition.
Each neuron is included in its’ own subset (marked with red circle). This partition does not reflect
information segregation and integration processing. (c) Partition based on community detection
algorithms. This partition separates communities performing information segregation, and is close to
the desired minimal information partition (MIP).

To obtain such community structure, a correlation matrix between time-series data of
all registered neurons was calculated. For each pair of spike trains of the neurons i and j, a
correlation coefficient was calculated, and the null hypothesis that there is no relationship
between these spike trains was tested. Each cell Aij of a final correlation matrix A contained
a correlation coefficient in a corresponding element in the case of a relationship between
spike trains i and j (if p < 0.05), and zero otherwise. Such a matrix is interpreted as a
network connectivity matrix, where a cell Aij shows a strength of connectivity between
nodes i and j. Then, we used a Louvain algorithm to split a neural network into dense
communities. Finally, ΦAR was calculated with an estimated Louvain partition.

The Louvain algorithm is a widely known method for the detection of dense commu-
nities in a graph where each edge between nodes i and j has a strength (weight) Aij. The
algorithm is based on a maximization of a special metric M, called the modularity [32]:

M =
1

2m ∑
i, j

(
Aij −

kik j

2m

)
δ
(
ci, cj

)
,

where m = ∑i,j Aij is the sum of weights of all edges in a graph; ki = ∑j Aij is the degree of
node i; ci is the community of which a node i is a member of; and δ(x, y) is a Kronecker
delta function: δ(x, y) = 1 if x = y and δ(x, y) = 0, respectively.. In this case, δ

(
ci, cj

)
= 1

when the nodes i and j are in the same community, and
(
ci, cj

)
= 0. Initially, each node

is assigned to its own community (similar to the atomic partition). Then, at each step, an
algorithm tries to move each node i into a community each containing its neighbor. For
each such attempt, a modularity change ∆M is calculated:

∆M =

(
∑in +2ki,in

2m
−
(

∑tot +ki
2m

)2
)
−
(

∑in
2m
−
(

∑tot
2m

)2
−
(

ki
2m

)2
)

,

where ∑in is the sum of weights of all edges inside the new community (the community
where i is moving into); ki,in is the sum of weights of edges connecting the node i with
all elements of the new community; and ∑tot is the sum of external links to nodes of the
new community (sum of links to nodes contained in a new community from nodes not
contained in a new community). Finally, a node i is moved into the community yielding
the biggest value of ∆M. This step is repeated until the maximal modularity is achieved.
Finally, all nodes (neurons) cluster into communities based on their connectivity.
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2.3. Calculation of Φ for Time-Series Spike Data

To calculate ΦAR using neural data, nodes of a network and their states at each time
moment must be defined. Obviously, nodes are the neurons, and states of nodes are defined
in the following way [35]. A time is split into equal intervals (bins). If a neuron produced a
spike in a bin, an “on” state is assigned to this bin, and vice versa. A bin size is defined
as a compromise between keeping all fine neuron spiking patterns, and storing excessive
information that slows down computations. Moreover, too small a bin size may cause an
algorithm to fail, because most bins will have a zero state. According to these rules, we
empirically defined a bin size as 0.03 sec. Calculations were performed using a MATLAB
script, with the use of a modified open-source code by Barrett and Seth [19]. Calculation
of a maximum modularity partition (MMP) for an MMP approximation, using a Louvain
algorithm, was performed using an open-source MATLAB library GenLouvain [36].

For some periods, an algorithm was unable to compute the value of ΦAR. This happens
when an input sequence of states of any neuron is too homogenous, i.e., a neuron was
almost always in an “on” or “off” state. In such circumstances, matrices in autoregressions
in (2) become rank-deficient, and an algorithm is unable to return a value [11]. In this case,
a neuron with the lowest Bernoulli variation of activity was removed, and the computation
repeated. It was performed until the valid value of ΦAR was obtained. If all bins in the
time-series of a neuron are in the “off” or “on” state, the Bernoulli variance is equal to zero.
On the contrary, if the numbers of “on” and “off” states are equal, the Bernoulli variance
is equal to 1/4, and this is the maximal value. The same method of neuron selection was
also used to obtain 15 neurons in the first (15-neuron) approximation. This metric does not
reflect the order of bins and, hence, misses long sequences of “off” and “on” states, which
obviously decrease the variance. However, such long “on” and “off” periods may encode
important information, for example, some place-specific cells in a hippocampus are only
active in particular place in a space [37]. Moreover, this criterion is simple for calculation,
and was useful in our computations, with many experimental sessions present, and the
selection of neurons performed for each of them.

For the 15-neuron approximation, a subgroup of 15 neurons was selected using the
same criterion—neurons were sorted using the Bernoulli variance, and 15 neurons from
the top of that list were used. In other methods, all registered neurons were used to
perform calculations, except for ones removed due to the impossibility of ΦAR calculation,
as mentioned above.

A definition of Φ contains a parameter ∆t, which shows a time interval between two
sequential states of a system.. This value is a characteristic property, which reflects the
period of main information processing in a system. In the brain, many processes of different
time scales take place, such as fast processes of spiking, or slow processes in large networks
of neurons. As in previous findings, the processes of attention, conscious perception, and
information processing are periodic [38–40], and the period, due to different points of view,
lasts from about 50 to 500 ms [17]. Just as in [11], we took ∆t, which yielded the greatest
average value of ΦAR for 8 days. This method allows for finding times that are mostly
valuable information-handling processes in the brain.

2.4. Statistical Analysis

The integrated information coefficient ΦAR was calculated for each learning session.
For days when two learning sessions were conducted, a resulting value of ΦAR was
calculated, as an average between ΦAR values during this day. To obtain a bigger resolution,
and capture thin patterns in Φ dynamics, each session was divided into 8 periods of equal
length, and Φ was calculated for neuron activity in each period. Each calculated value
of ΦAR was normalized by the number of neurons used in a calculation to provide the
possibility of comparing such values. The ability of information segregation and integration
depends particularly on system size; a small system will have a smaller repertoire of
possible states and generate a smaller amount of information. Thus, to eliminate this effect,
normalization was performed. The number of successfully performed acts, mean neuron
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frequency, and mean interspike interval were also calculated for these periods. Learning
session lengths were slightly different, so the number of rewards was normalized using
the length of periods. Finally, correlations between ΦAR and relative number of successful
acts were estimated, and a null hypotheses about absence of correlation was tested. For
the measurement of a correlation, a Spearman correlation coefficient was used. The null
hypothesis was tested using a Student distribution. Bonferroni corrections for multiple
comparisons were applied; for 15 tested hypotheses, in order to be significant, the p-value
must be less than α = 0.05/15 = 0.0034.

3. Results

All animals successfully acquired a task, and exhibit progress during the whole
experiment time. Learning curves are found in Figure S1 of Supplementary materials.

The integrated information coefficient ΦAR was calculated using all three approxi-
mation methods in all animals. The results for each day are shown in Figure 2. The ∆t
determined for each condition during optimal information-processing periods are shown
in Table 1. The obtained periods are of a scale comparable with earlier described time scales
of periodic attention and information processing (about 0.5 s) [17].
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mation methods. Left y axis: Louvain partition and atomic partition approximation. Right y axis:
15-neuron approximation.

Table 1. Optimal periods of information processing for three animals, obtained by maximization of
Φ calculated with three different approximations.

15 Neurons Louvain Partition Atomic Partition

Animal 1 14 bins (0.42 s) 15 bins (0.45 s) 15 bins (0.45 s)
Animal 2 16 bins (0.48 s) 17 bins (0.56 s) 13 bins (0.39 s)
Animal 3 13 bins (0.39 s) 12 bins (0.36 s) 12 bins (0.36 s)
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The ΦAR calculated on the full set of neurons using approximated partition (Lou-
vain and atomic) are almost equal. An atomic partition gives the result with a maximal
magnitude, which is simply explained. A Louvain partition quantifies a network more
rigorously, and reveals a greater number of weak spots in a system. The atomic partition
only considers the restricted part of network partitions, and can miss lack of interaction
between some parts of a system. Thus, the atomic partition yields larger values of Φ . The
ΦAR calculated using a 15-neuron approximation differs strongly from that calculated with
other approximations, but it catches the main trends of their temporal change, in spite
of some points. This value is one order of magnitude less than ΦAR obtained with other
approximations, which can be explained by a number of neurons used in a calculation.
Obviously, 15-neuron networks are less complicated compared to those with more neurons,
thus, the amount of information integration in 15-neuron networks is less than in larger
networks. This yields a lesser value of ΦAR despite the normalization to the number
of neurons.

For the 15-neuron approximation, in almost all sessions ΦAR was successfully cal-
culated on the whole set of 15 neurons, without rank-deficient matrices. For partition
approximations, in a valuable fraction of 33 sessions, a limited subset of all registered
neurons was used. But these approximations demonstrate a huge benefit in the number
of considered neurons, thus, avoiding the loss of information encoded in these neurons.
The most benefit is observed in the second animal; ΦAR is successfully calculated for
55 neurons (day 3, session 2, period 3), instead of 15 neurons in the first approximation.
(See the number of registered neurons in the Supplementary materials, Table S1). The
number of neurons successfully used to perform calculations is shown in Figure S2 in the
Supplementary materials.

The results of correlation analysis of different approximations of ΦAR, and a relative
number of rewards, are shown in Table 2.

Table 2. Results of correlation analysis of a relative number of rewards as a well-known marker
of learning success, and integrated information coefficient (ΦAR) calculated using three different
approximations. r is the Spearman correlation value. Significance levels are shown according to
Bonferroni correction for multiple comparisons (15 checked hypotheses totally): “ns” means the
absence of significant correlation (p > 0.05/15 = 0.0034), “*” means p < 0.05/15 = 0.0034; “**” means
p < 0.01/15 = 6.667× 10−4.

15 Neurons Louvain Partition Atomic Partition

Animal 1
r = 0.4796
p < 0.0001

**

r = 0.5364
p < 0.0001

**

r = 0.5911
p < 0.0001

**

Animal 2
r = 0.3229
p = 0.0008

*

r = −0.2274
p = 0.0213

ns

r = −0.1293
p = 0.3987

ns

Animal 3
r = 0.3096
p = 0.0014

*

r = 0.5726
p < 0.0001

**

r = 0.6544
p < 0.0001

**

A 15-neuron approximation yields good results: an observable metric of learning
success (a relative number of rewards) is significantly correlated with the integrated infor-
mation coefficient ΦAR. Other approximations give weaker results; ΦAR calculated with
these approximations does not show a significant correlation with metrics of learning, in
some cases. Scatter plots demonstrating this correlation are shown in Figure 3.
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Figure 3. ΦAR for each period of 1/8 of learning session vs. relative number of re-
wards for each rat and each method of approximation. Significance levels are shown
according to Bonferroni correction for multiple comparisons (15 checked hypotheses to-
tally): “ns” means the absence of significant correlation (p > 0.05/15 = 0.0034), “*” means
p < 0.05/15 = 0.0034; “**” means p < 0.01/15 = 6.667× 10−4.

Based on these findings, we hypothesize that a problem with the Louvain and atomic
approximations arises from the additional neurons used in these methods, but removed in
the 15-neuron approximation. Such neurons are presumably not connected with a main
network associated with execution of the main task, and in such a case, their integration
degree is not correlated with a task execution. This group of neurons changes the total Φ
and, thus, destroys a correlation. In support of this hypothesis, it is noted that for the second
animal, about 40–50 neurons were used in calculations; which is more than 20–30 neurons
for the first animal. Thus, the second rat contained almost twice as many additional neurons
that were used in the calculation of Φ with the Louvain and atomic approximations. To
check this hypothesis, we kept only 15 neurons, using the same algorithm used for the
15-neuron approximation (with the maximal Bernoulli variance), and calculated ΦAR for
this limited set of 15 neurons, while the partitions were the Louvain and atomic partitions.
Thus, the same method with autoregressive Φ and approximate partition was applied, but
only a small subset of neurons was used. The results are shown in Figure 4 and Table 3.
This approach yields a good, statistically significant correlation. It confirms a hypothesis
about excessive neurons not associated with a targeting task, and not changing their degree
of information integration during learning. The removal of these neurons yields a good
correlation of ΦAR, with an index of learning success.
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Figure 4. ΦAR vs. relative number of rewards for each rat in periods, with ΦAR calculated using
approximations with Louvain and atomic partitions on the limited set of 15 neurons. Significance
levels are shown according to Bonferroni correction for multiple comparisons (15 checked hypothe-
ses totally): “ns” means the absence of significant correlation (p > 0.05/15 = 0.0034), “*” means
p < 0.05/15 = 0.0034; “**” means p < 0.01/15 = 6.667× 10−4.

Table 3. Results of correlation analysis of a relative number of rewards, and integrated information
coefficient (ΦAR) calculated using approximations with Louvain and atomic partitions on the limited
set of 15 neurons. Significance levels are shown according to Bonferroni correction for multiple
comparisons (15 checked hypotheses totally): “ns” means the absence of significant correlation
(p > 0.05/15 = 0.0034), “*” means p < 0.05/15 = 0.0034; “**” means p < 0.01/15 = 6.667× 10−4.

Louvain Partition Atomic Partition

Animal 1
r = 0.6767
p < 0.0001

**

r = 0.6645
p < 0.0001

**

Animal 2
r = 0.4557
p < 0.0001

**

r = 0.3952
p < 0.0001

**

Animal 3
r = 0.6060
p < 0.0001

**

r = 0.6544
p < 0.0001

**

4. Discussion

We investigated time changes in the integrated information coefficient (ΦAR) for
neural activity during a process of complex instrumental learning, and its correlation
with known environment-dependent markers of learning. The number of successfully
performed acts is an environment-specific and task-specific metric of learning progress and,
thus, is not universal. We show the presence of a cohort of neurons that change their degree
of information integration during learning. The successful execution of a task is dependent
on the degree of information integration of this neuron subgroup. Of course, contemporary
registration methods allow the registering of only a small part of this network, and cannot
even give a guarantee that the same neurons from this cohort are registered during the
process of learning. However, we show that the integrated information theory successfully
and correctly describes the performance of a neural network, even only having the small
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subset. This builds up a picture of a neural network performance from these fragments.
Thus, the integrated information coefficient is a marker of neuroplasticity in different brain
regions during the acquisition of new memory.

We compared different methods of approximated calculation of ΦAR. Louvain and
atomic partition were successfully applied for spikes data, and overcame the technical
limit of 15 neurons achievable on modern computers. For this relatively small dataset,
the number was excessive, because only a fraction of registered neurons is associated
with execution of a task. Other neurons did not demonstrate a variation of information
integration related with the execution of a task. Thus, a 15-neuron approximation is the
best for experiments with the same neuron number as this dataset, because a probability of
capturing a large number of task-related neurons is very small.

In previous works investigating the integrated information in a brain, the focus of
attention is directed to the EEG data—simulated [16], and in vivo in a developing brain [17].
We investigated a possibility of utilization of neural spike data recorded from the individual
cells. This improvement significantly helps in the investigation of plastic changes in a brain,
because it paves the way to deal with individual cells encoding and processing information,
and not with data averaged from multiple neurons, as in the EEG method. This also allows
experiments to be performed involving free-behaving animals. We made this calculation
with different partitions, extending and generalizing the calculation algorithm. For time-
series data, a widely used autoregressive algorithm was applied [19], as in other research
with time-series data [17]. Barrett and Seth, in their work about an autoregressive algorithm,
make a significant simplification, and limit their work to system bipartitions, i.e., partitions
of a system into two parts. In two approximations (atomic and Louvain), we overcame this
limit and replaced a bipartition with a partition approximately describing the structure
and information processing in a system. We investigated the correlation between Φ and
the classical, observable, and task-dependent metric of success (the number of rewards), as
performed earlier in non-biological complex systems [10,11]. All previous studies show a
trend of Φ increasing during learning [10,17], and/or a correlation between Φ and a system
performance metric [10,11,16,17]. In our work, only the second is observed. The rising
trend of Φ is not observed. The possible reason for such behavior is that not all of the whole
set of neurons involved in task performance were registered, and this part does not change
Φ significantly to obtain the trend.

Additional experiments are required to know more about the self-organization of
brain networks and their evolution. New experiments must involve more animals learning
different tasks, of varying complexity. It would be interesting to investigate the modulation
of Φ for different tasks, and check whether the complexity of a task is related to the degree
of Φ variability. One more interesting hypothesis is the relation between Φ and the metric
of the performance of each individual rat, e.g., the learning speed or the maximal number
of rewards achieved during learning. Of these three rats, the second rat demonstrates
the minimal number of rewards and a minimal learning speed, and its value of ΦAR has
the minimal magnitude across all rats. The opposite is also true—the third rat finally
achieved the greatest number of rewards, and its value of ΦAR was the maximal. It is
also interesting to try to predict the final success of an animal using ΦAR on the first day
only. If this hypothesis is confirmed, it is possible to predict the success at very early
stages. More complicated methods for neural activity registration that recently appeared
and may capture a big neuron ensembles, and it will be possible to highlight a big group
associated with task performance. It will be useful to test approximations such as the
Louvain or atomic partition on this neural group, and test how it reflects changes in a brain
during learning. The next stage in investigation is human experiments. There are ways
to calculate Φ on EEG or fMRI data [16,17], and experiments with calculation of ΦAR in
humans performing different tasks, or even in long, multiple-day learning can produce a lot
of new information about the neural basis of complex behavior, inherent only to humans.
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5. Conclusions

Our results confirm the possibility of the integrated information coefficient (Φ) for real-
time investigation of self-organized neural networks in the brain. This ability was proposed
by previous studies, but the calculation of Φ for time-series spike data was computationally
challenging and, thus, not possible. We applied three different approximation methods to
spike data from the hippocampus in rats acquiring a new task, and the Φ obtained by three
methods successfully predicts the learning success. Moreover, we show that a subgroup
of neurons does not participate in the execution of a task. These results are useful in the
application of Φ as an environment-independent and task-independent metric of brain
adaptation to new environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12050596/s1, Figure S1: A learning progress of three
animals during an experiment; Table S1: A number of neurons registered in each day and an
experimental session.; Figure S2: A number of neurons registered at each day and a number of
neurons actually used in calculations of Φ.

Author Contributions: Conceptualization, O.S.; methodology, O.S. and I.N.; software: I.N.; visual-
ization: I.N.; writing—original draft preparation, I.N.; writing—review and editing, O.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Russian Foundation for Basic Research, grant number 20-34-90023.

Institutional Review Board Statement: Not applicable (animal experiments were not conducted by
authors; an open dataset was used).

Informed Consent Statement: Not applicable.

Data Availability Statement: An open dataset from crcns.org was used. This dataset can be found
at: https://crcns.org/data-sets/hc/hc-28/about-hc-28 (accessed on 1 May 2022).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Tononi, G.; Edelman, G.M.; Sporns, O. Complexity and coherency: Integrating information in the brain. Trends Cogn. Sci. 1998, 2,

474–484. [CrossRef]
2. Tononi, G. An information integration theory of consciousness. BMC Neurosci. 2004, 5, 42. [CrossRef] [PubMed]
3. Balduzzi, D.; Tononi, G. Integrated information in discrete dynamical systems: Motivation and theoretical framework. PLoS

Comput. Biol. 2008, 4, e1000091. [CrossRef] [PubMed]
4. Tononi, G. The integrated information theory of consciousness: An updated account. Arch. Ital. Biol. 2012, 150, 56–90.
5. Sarasso, S.; Boly, M.; Napolitani, M.; Gosseries, O.; Charland-Verville, V.; Casarotto, S.; Rosanova, M.; Casali, A.G.; Brichant, J.-F.;

Boveroux, P.; et al. Consciousness and complexity during unresponsiveness induced by propofol, xenon, and ketamine. Curr.
Biol. 2015, 25, 3099–3105. [CrossRef] [PubMed]

6. Casali, A.G.; Gosseries, O.; Rosanova, M.; Boly, M.; Sarasso, S.; Casali, K.R.; Casarotto, S.; Bruno, M.-A.; Laureys, S.;
Tononi, G.; et al. A theoretically based index of consciousness independent of sensory processing and behavior. Sci. Transl. Med.
2013, 5, ra105–ra198. [CrossRef] [PubMed]

7. Lee, U.; Kim, S.; Noh, G.J.; Choi, B.M.; Mashour, G.A. Propofol induction reduces the capacity for neural information integration:
Implications for the mechanism of consciousness and general anesthesia. Nat. Preced. 2008, 1. [CrossRef]

8. Leung, A.; Cohen, D.; Van Swinderen, B.; Tsuchiya, N. Integrated information structure collapses with anesthetic loss of conscious
arousal in Drosophila melanogaster. PLoS Comput. Biol. 2021, 17, e1008722. [CrossRef] [PubMed]

9. Tagliazucchi, E. The signatures of conscious access and its phenomenology are consistent with large-scale brain communication
at criticality. Conscious Cogn. 2017, 55, 136–147. [CrossRef]

10. Edlund, J.A.; Chaumont, N.; Hintze, A.; Koch, C.; Tononi, G.; Adami, C. Integrated information increases with fitness in the
evolution of animats. PLoS Comput. Biol. 2011, 7, e1002236. [CrossRef]

11. Engel, D.; Malone, T.W. Integrated information as a metric for group interaction. PLoS ONE 2018, 13, e0205335. [CrossRef]
[PubMed]

12. Niizato, T.; Sakamoto, K.; Mototake, Y.I.; Murakami, H.; Tomaru, T.; Hoshika, T.; Fukushima, T. Finding continuity and
discontinuity in fish schools via integrated information theory. PLoS ONE 2020, 15, e0229573. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/brainsci12050596/s1
https://www.mdpi.com/article/10.3390/brainsci12050596/s1
https://crcns.org/data-sets/hc/hc-28/about-hc-28
http://doi.org/10.1016/S1364-6613(98)01259-5
http://doi.org/10.1186/1471-2202-5-42
http://www.ncbi.nlm.nih.gov/pubmed/15522121
http://doi.org/10.1371/journal.pcbi.1000091
http://www.ncbi.nlm.nih.gov/pubmed/18551165
http://doi.org/10.1016/j.cub.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26752078
http://doi.org/10.1126/scitranslmed.3006294
http://www.ncbi.nlm.nih.gov/pubmed/23946194
http://doi.org/10.1038/npre.2008.1244.2
http://doi.org/10.1371/journal.pcbi.1008722
http://www.ncbi.nlm.nih.gov/pubmed/33635858
http://doi.org/10.1016/j.concog.2017.08.008
http://doi.org/10.1371/journal.pcbi.1002236
http://doi.org/10.1371/journal.pone.0205335
http://www.ncbi.nlm.nih.gov/pubmed/30307973
http://doi.org/10.1371/journal.pone.0229573
http://www.ncbi.nlm.nih.gov/pubmed/32107495


Brain Sci. 2022, 12, 596 13 of 13

13. Fischer, D.; Mostaghim, S.; Albantakis, L. How cognitive and environmental constraints influence the reliability of simulated
animats in groups. PLoS ONE 2020, 15, e0228879. [CrossRef] [PubMed]

14. Popiel, N.J.; Khajehabdollahi, S.; Abeyasinghe, P.M.; Riganello, F.; Nichols, E.S.; Owen, A.M.; Soddu, A. The emergence of
integrated information, complexity, and ‘consciousness’ at criticality. Entropy 2020, 22, 339. [CrossRef] [PubMed]

15. Mediano, P.A.; Rosas, F.E.; Farah, J.C.; Shanahan, M.; Bor, D.; Barrett, A.B. Integrated information as a common signature of
dynamical and information-processing complexity. Chaos 2022, 32, 013115. [CrossRef] [PubMed]

16. Fujii, K.; Kanazawa, H.; Kuniyoshi, Y. Spike Timing Dependent Plasticity Enhances Integrated Information at the EEG Level: A
Large-scale Brain Simulation Experiment. In Proceedings of the 2019 Joint IEEE 9th International Conference on Development
and Learning and Epigenetic Robotics (ICDL-EpiRob), Oslo, Norway, 19–22 August 2019.

17. Isler, J.R.; Stark, R.I.; Grieve, P.G.; Welch, M.G.; Myers, M.M. Integrated information in the EEG of preterm infants increases with
family nurture intervention, age, and conscious state. PLoS ONE 2018, 13, e0206237. [CrossRef] [PubMed]

18. Rota, G.C. The number of partitions of a set. Am. Math. Mon. 1964, 71, 498–504. [CrossRef]
19. Barrett, A.B.; Seth, A.K. Practical measures of integrated information for time-series data. PLoS Comput. Biol. 2011, 7, e1001052.

[CrossRef]
20. Graham, R.L.; Knuth, D.E.; Patashnik, O. Concrete Mathematics, 2nd ed.; Addison-Wesley: Boston, MA USA, 1994; pp. 257–267.
21. Jadhav, S.P.; Rothschild, G.; Roumis, D.K.; Frank, L.M. Coordinated excitation and inhibition of prefrontal ensembles during

awake hippocampal sharp-wave ripple events. Neuron 2016, 90, 113–127. [CrossRef]
22. Tang, W.; Shin, J.D.; Frank, L.M.; Jadhav, S.P. Hippocampal-prefrontal reactivation during learning is stronger in awake compared

with sleep states. J. Neurosci. 2017, 37, 11789–11805. [CrossRef]
23. Jadhav, S.P.; Frank, L. Simultaneous Extracellular Recordings from Hippocampal Area CA1 and Medial Prefrontal Cortex from

Rats Performing a W-Track Alternation Task. CRCNS.org. 2020. Available online: https://crcns.org/data-sets/hc (accessed on 23
February 2022). [CrossRef]

24. Li, Y.; Liu, Y.; Li, J.; Qin, W.; Li, K.; Yu, C.; Jiang, T. Brain anatomical network and intelligence. PLoS Comput. Biol. 2009, 5, e1000395.
[CrossRef] [PubMed]

25. Park, H.J.; Friston, K. Structural and functional brain networks: From connections to cognition. Science 2013, 342, 1238411.
[CrossRef] [PubMed]

26. Hong, G.; Lieber, C.M. Novel electrode technologies for neural recordings. Nat. Rev. Neurosci. 2019, 20, 330–345. [CrossRef]
[PubMed]

27. Steinmetz, N.A.; Aydin, C.; Lebedeva, A.; Okun, M.; Pachitariu, M.; Bauza, M.; Beau, M.; Bhagat, J.; Bohm, C.; Broux, M.; et al.
Neuropixels 2.0: A miniaturized high-density probe for stable, long-term brain recordings. Science 2021, 372, eabf4588. [CrossRef]
[PubMed]

28. Kitazono, J.; Kanai, R.; Oizumi, M. Efficient Algorithms for Searching the Minimum Information Partition in Integrated
Information Theory. Entropy 2018, 20, 173. [CrossRef]

29. Mediano, P.A.; Seth, A.K.; Barrett, A.B. Measuring integrated information: Comparison of candidate measures in theory and
simulation. Entropy 2019, 21, 17. [CrossRef] [PubMed]

30. Toker, D.; Sommer, F.T. Information integration in large brain networks. PLoS Comput. Biol. 2019, 15, e1006807. [CrossRef]
31. Sporns, O. Network attributes for segregation and integration in the human brain. Curr. Opin. Neurobiol. 2013, 23, 162–171.

[CrossRef]
32. Blondel, V.D.; Guillaume, J.L.; Lambiotte, R.; Lefebvre, E. Fast unfolding of communities in large networks. J. Stat. Mech-Theory E

2008, 2008, P10008. [CrossRef]
33. Ng, A.; Jordan, M.; Weiss, Y. On spectral clustering: Analysis and an algorithm. In Advances in Neural Information Processing

Systems: Proceedings of the 2001 Conference, British Columbia, Canada, 3–8 December 2001; MIT Press: Cambridge, MA, USA.
34. Faskowitz, J.; Yan, X.; Zuo, X.N.; Sporns, O. Weighted stochastic block models of the human connectome across the life span. Sci.

Rep. 2018, 8, 12997. [CrossRef]
35. Strong, S.P.; Koberle, R.; Van Steveninck, R.R.D.R.; Bialek, W. Entropy and information in neural spike trains. Phys. Rev. Lett. 1980,

80, 197. [CrossRef]
36. GenLouvain/GenLouvain: A Generalized Louvain Method for Community Detection Implemented in MATLAB. Available

online: https://github.com/GenLouvain/GenLouvain (accessed on 23 February 2022).
37. O’Keefe, J.; Dostrovsky, J. The hippocampus as a spatial map: Preliminary evidence from unit activity in the freely-moving rat.

Brain Res. 1971, 34, 171–175. [CrossRef]
38. VanRullen, R. Perceptual cycles. Trends Cogn. Sci. 2016, 20, 723–735. [CrossRef] [PubMed]
39. Fiebelkorn, I.C.; Pinsk, M.A.; Kastner, S. A dynamic interplay within the frontoparietal network underlies rhythmic spatial

attention. Neuron 2018, 99, 842–853. [CrossRef] [PubMed]
40. Helfrich, R.F.; Fiebelkorn, I.C.; Szczepanski, S.M.; Lin, J.J.; Parvizi, J.; Knight, R.T.; Kastner, S. Neural mechanisms of sustained

attention are rhythmic. Neuron 2018, 99, 854–865. [CrossRef]

http://doi.org/10.1371/journal.pone.0228879
http://www.ncbi.nlm.nih.gov/pubmed/32032380
http://doi.org/10.3390/e22030339
http://www.ncbi.nlm.nih.gov/pubmed/33286113
http://doi.org/10.1063/5.0063384
http://www.ncbi.nlm.nih.gov/pubmed/35105139
http://doi.org/10.1371/journal.pone.0206237
http://www.ncbi.nlm.nih.gov/pubmed/30356312
http://doi.org/10.1080/00029890.1964.11992270
http://doi.org/10.1371/journal.pcbi.1001052
http://doi.org/10.1016/j.neuron.2016.02.010
http://doi.org/10.1523/JNEUROSCI.2291-17.2017
https://crcns.org/data-sets/hc
http://doi.org/10.6080/K02N50G9
http://doi.org/10.1371/journal.pcbi.1000395
http://www.ncbi.nlm.nih.gov/pubmed/19492086
http://doi.org/10.1126/science.1238411
http://www.ncbi.nlm.nih.gov/pubmed/24179229
http://doi.org/10.1038/s41583-019-0140-6
http://www.ncbi.nlm.nih.gov/pubmed/30833706
http://doi.org/10.1126/science.abf4588
http://www.ncbi.nlm.nih.gov/pubmed/33859006
http://doi.org/10.3390/e20030173
http://doi.org/10.3390/e21010017
http://www.ncbi.nlm.nih.gov/pubmed/33266733
http://doi.org/10.1371/journal.pcbi.1006807
http://doi.org/10.1016/j.conb.2012.11.015
http://doi.org/10.1088/1742-5468/2008/10/P10008
http://doi.org/10.1038/s41598-018-31202-1
http://doi.org/10.1103/PhysRevLett.80.197
https://github.com/GenLouvain/GenLouvain
http://doi.org/10.1016/0006-8993(71)90358-1
http://doi.org/10.1016/j.tics.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27567317
http://doi.org/10.1016/j.neuron.2018.07.038
http://www.ncbi.nlm.nih.gov/pubmed/30138590
http://doi.org/10.1016/j.neuron.2018.07.032

	Introduction 
	Materials and Methods 
	Behavioral Experiment 
	Applied Approximation Methods for  Calculation 
	Calculation of  for Time-Series Spike Data 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

