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Abstract

If the market has an invisible hand, does knowledge creation and representation have an
“invisible brain”? While knowledge is viewed as a product of neuron activity in the brain, can
we identify knowledge that is outside the brain but reflects the activity of neurons in the
brain? This work suggests that the patterns of neuron activity in the brain can be seen in the
representation of knowledge-related activity. Here we show that the neuron activity mecha-
nism seems to represent much of the knowledge learned in the past decades based on pub-
lished articles, in what can be viewed as an “invisible brain” or collective hidden neural
networks. Similar results appear when analyzing knowledge activity in patents. Our work
also tries to characterize knowledge increase as neuron network activity growth. The results
propose that knowledge-related activity can be seen outside of the neuron activity mecha-
nism. Consequently, knowledge might exist as an independent mechanism.

Introduction

Neuron activity has been researched extensively in the area of knowledge representation. Previ-
ous work suggested that there is another layer between neuron activity and knowledge repre-
sentation in brain activity [1, 2]. In economics, the invisible hand of the market is a metaphor
to describe the self-regulating behavior of the marketplace [3]. Our work shows that the neu-
ron-like behavior appears in knowledge systems outside of the brain, therefore suggesting that
knowledge can be represented directly by patterns of neuron activity as an “invisible brain”.
Thus we suggest that biological neuron behaviors are a good tool for the representation of
knowledge activity and might appear in multiple areas of life.

The biological neuron model describes the mathematical neuron spiking process. Neurons
are viewed as cells specialized for communication with other neurons or cell types. Biological
neuron communication is performed through synapses, which are electrical or electrochemical
signal junctions. We conceptualize knowledge in research as spiking neuron communication
and compare the research publication activity to real neuron behavior.

The method is based on identifying similarity between brain neuron behavior and research
publication activity over time, which can be considered a representation of knowledge. We
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analyze 9,799,239 research publications as well as patents in different domains according to
topics such as anaphylaxis, jet turbine, and game theory and identify the research areas over 45
years. We extract the communication activity between different research topics according to
keyword frequency correlation appearing in published articles. Then we map all research topic
activity to keyword frequency correlation and compare the resulting correlation to biological
neuron activity simulations. The communication is monitored over time for spiking activity as
in collective hidden neural networks. Similar communication in patents is analyzed to check
whether the knowledge activity appears in other areas.

Knowledge and Brain

The topic of knowledge and brain activity has been researched ever since Plato stated that
“knowledge is perception” [4] and speculated that knowledge is contained in the brain [5]. The
hypothesis that the functional unit of the brain is the neuron was formed based on the develop-
ment of a staining procedure by Golgi that used silver chromate salt to reveal the intricate
structures of a single neuron. Cajal’s use of the technique led to the formation of the neuron
doctrine, the hypothesis that the functional unit of the brain is the neuron [6].

Currently the neuron doctrine views the brain as a network [7]. There are many structure-
function relationships in a brain. One can view a set of regions as a set of nodes while a rela-
tionship between two regions is mapped to a link between corresponding nodes. How we can
determine each region is an issue which corresponds to building nodes in a network.

Previous work in graph theory employed a clustering coefficient as a measure of the degree
to which nodes in a graph tend to cluster together. Evidence indicated that in most real-world
networks, and especially in social networks, nodes tend to form tightly knit groups marked by
a relatively high density of ties which tends to be greater than the average probability of a tie
randomly established between two nodes [8, 9].

The structure of a dynamic network, or evolving network, can alter as time passes. In some
cases, we separate a period of time into several time slots, and we can view a dynamic network
as a sequence of networks, where each network represents a snapshot of the dynamic network
at each time slot [10, 11].

For a given complex system, there are actuators of the system and there are interactions,
interconnections, or relationships among them. Examples include social networks [9], collabo-
ration networks [12], the Internet [13], the World Wide Web [14], and biological networks
[15]. Many complex networks for real-world systems have the same properties, such as small
world phenomena and power-law distribution; two nodes in a network are likely connected
through a short path (a sequence of nodes of a network), and the degree (the number of neigh-
bors of a node) follows a power-law distribution so that there exist some hub nodes which have
many more connections than others.

Many methods have been developed for the analysis of homogeneous networks. But the
analysis of heterogeneous networks is not simple, for links across entities can have several
types. The Internet of Things is an example of a heterogeneous network [16]. The approach
uses a variety of things or objects which can be represented as nodes. The nodes can be con-
nected by their relations. Another approach is the network of networks, which can be viewed
as a system of coupled networks, where the networks have different nodes or multilayer net-
works and networks can be layered when each layer contains the same type of edges in the
presence of multiple types of edges [17].

Another problem is how to build a network for a given complex system. The problem is
closely related to the problem of graph drawing or network visualization [18], where there is a
suitable node-link diagram that describes a network. However, the graph drawing problem
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usually assumes that a set of nodes and a set of edges are given together and tries to find a set of
positions of the nodes in a space. Other work addressed the problem of building a complex sys-
tem by merging one network that contains the link structure and another network that con-
tains the content information [19].

Evolutionary clustering deals with the problem of processing time stamped data to produce
a sequence of clustering for each time step of the data arriving to the detecting system [20]. In
analyzing dynamic networks such as social networks, node characteristics and behavior are
often correlated with influence and homophily [21].

Optical [22, 23, 24] and electrophysiological [25, 26] techniques exist for recording activity
from many neurons. The field of recording a large number of neurons is still in its infancy.
Current techniques allow recording only a small number of neurons for imaging. The current
techniques are limited compared to the number of neurons existing in the brain of most ani-
mals analyzed today. The analysis of only a small number of neurons is limited in the isolation
of the boundary of neural network behavior [27, 28].

To analyze neuron network connectivity behavior, the electrical activity between the neu-
rons can be sampled. When sampling neurons, both the spatial resolution and the time resolu-
tion should be considered. Previous research has sampled neuron activity extending from
milliseconds to months. Regarding the neuron network area covered, the area sampled ranges
from a small number of microns to centimeters [29, 30].

Although it is known that neurons are connected by a network structure, how this network
works and achieves the results attributed to the brain as a whole is far from being clear. The
analysis of the change of fluorescence can assist in the understanding of the activity of neural
events and the neural network spiking connectivity. Neural reconstruction can facilitate view-
ing how large networks of neurons spike and how different spiking areas in the network are
associated. The idea behind it is that when the neural network spiking is over-excitable one
neuron can trigger a large number of neurons which are not directly connected to it [31]. Previ-
ous work has also analyzed neuron spiking relative to background activity [32, 33].

The idea that the connectivity of a neuron system can be generalized across systems in differ-
ent animals based on existing knowledge of small circuits has been previously suggested [34].
Similarly, previous work suggested clustering knowledge according to passing messages by iden-
tifying a subset of processing sensory signal examples and detecting patterns in the data [35].

In the past Hopfield [36] suggested to build collective systems having a large number of sim-
ple elements similar in their activity to neurons used by biological organisms. The idea was
expanded as a conceptual framework to understand the computational processing in the neural
circuit model, where circuits consist of neurons organized in networks with effective synaptic
connections [37].

The organization of large populations of interacting elements has been researched exten-
sively in areas of physical, biological, chemical, and social systems. The problem of organiza-
tion synchronization included the approach of modeling each member of the population as a
phase oscillator [38]. Spiking neural systems are viewed as a class of distributed parallel com-
puting devices motivated by the way neurons communicate by means of spikes. Asynchronous
systems are non-synchronized systems, where the use of spiking rules is not mandatory [39].

One method used for simulating a large number of neurons was based on video viewing of
neuron activity [40]. The method was based on taking snapshots of neuron networks through
optical imaging. The video acquired from the time series snapshots allowed the measurement
of large networks of neurons. Based on the neuron activity in the video, the structure of the
neuron network could be reconstructed. The snapshots of the neuron calcium inflow assist in
estimating the resulting actions of the individual spiking neurons. The implemented method
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analyzed the changing fluorescence values, which measured reactions between fluorescent mol-
ecules and calcium ions.

The method used here is based on a simulation that aims at inferring the connectivity of
neuron networks from calcium fluorescence imaging of their network signals. The simulation
method used [41] is based on analyzing cause and effect of neuron behavior over time. The
problem is represented as a graph with nodes, neurons, and edges connecting to other nodes,
synapses. The graph is directed where all edges are from one node to another. Therefore, edges
can be viewed as either excitatory or inhibitory. The neurons are arranged in a two-dimension
“square petri dish”. The coordinate location of the neurons is predetermined and used for both
data sets including the neurons and the research activity. The simulation also includes light
scattering effects due to overlapping signals.

The data simulation [41] used is based on real neuron behavior. The neuron network struc-
ture uses topology connectivity models. The simulation is based on neuron distance and esti-
mates neuron clustering based on real biological data. The method incorporates NEST
simulator models [42, 43] for leaky integrate-and-fire models. These models provide a more
accurate simulation of experimentally observed neuron spiking recordings. The fluorescence is
modeled using time averaging of calcium fluorescence spiking and light scattering. The fluores-
cence emitted from neurons is compared to the “fluorescence” emitted from knowledge based
on the analysis of research publications and patents to view the activity of the “invisible brain”.

Research Publication Activity

Research publication activity is analyzed by the number of publications on each topic (node)
and correlation between topics (node connectivity or “synapses”). The activity on a specific
topic can be viewed by the number of article or patent publications on a specific topic analyzed
by keyword occurrences. The keyword set used to define each publication can be supplied by
the author, the publication journal, or patent classifications based on a predefined set of key-
words or extracted from the title or the abstract. The basic time frame for evaluating topic pub-
lication activity was set at one year. Smaller time frames were analyzed but seemed less
significant due to the periodic timeline of research activity.

Evaluating connectivity, or communication, between research topics is based on identifying
first the related topics. This is done by classifying multiple topics which appear in the same
research article or patent, as identified by the selected keywords. Once two topics are marked
as related, we analyze the degree of correlation of the topics’ activity over the whole time period
viewed. Then we can select the top # highly correlated nodes to be compared to n simulated
connected brain neurons and observe the “fluorescence” created by both activities.

PubMed and Web of Science provide access to multiple databases of references and
abstracts on life sciences and biomedical topics. The United States Patent and Trademark
Office provides information about all patents and intellectual property in the US. To analyze
research publication activity, articles and patents were extracted from all three data sources
according to general topic keywords such as anaphylaxis, Doppler effect, yellow fever, and
diphtheria.

The research topic analysis method includes the following steps outlined in Fig 1:

o Extract the publication year and list of specific topic keywords associated with each article or
patent.

« Count the number of appearances per year of each keyword.

« Identify the relation between keywords based on multiple keywords appearing in a single
article or patent.
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Fig 1. Extracting Florescence from Research Articles and Neurons.

doi:10.1371/journal.pone.0158590.g001

o Calculate correlations changing over time between related keywords.
« Image the changing correlations between research topics as fluorescence signals.

« Compare the fluorescence signals emitted over time between neuron activity and research
publication activity.

Neuron versus Research Activity

Analysis was performed on 9,799,239 research articles and on patents from 24 different topics
in medicine and 9 topics related to physics and game theory in over 45 years. The data topic
description is displayed in Table 1. Data sets from PubMed, Web of Science (WoS), and United
States Patent and Trademark Office (USPTO) were used in the experiments. The number of
keywords which can be used ranges from a single term per article or patent to all possible
words in the abstract. Two keyword search field tags were used from each data source. Web of
Science has WC (Web of Science Category) and SC (Subject Category). PubMed has MH
(MeSH—Medical Subject Headings Terms) and OT (Other Term). USPTO has CPC (Cooper-
ative Patent Classifications) and ICL (International Classification). The total number of article
or patent records used ranged from 182 (quantum electro dynamics) to 471,641 (diabetes).
Except for topics such as epidemiology, microbiology, oncology, and genetics, which were too
big, the input data can be found in the Supporting Information [S1-S9 Files]. Preprocessing
was performed to remove duplications. The results were organized by descending correlation.

Simulated Neuron Activity

The simulated neuron data is based on a realistic simulator of real neurons and a model of cal-
cium fluorescence recording. The data used in the simulation was based on the ChaLearn Con-
nectomics Challenges (http://connectomics.chalearn.org/). The data used was generated by a
simulator described in [41] and detailed in the Methods Section. The motivation behind the
simulation is to be able to isolate a predetermined number of neurons and allow them to inter-
actin a “square petri dish”. While creating the option of isolating neurons and supplying the
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Table 1. Data of 24 medicine and 9 physics topics analyzed.

Topic (Medicine) Records Data Source
Irritable Bowel Syndrome 12,768 WoS
8,893 PubMed
In Vitro Fertilization 29,005 WoS
36,939 PubMed
Angina 57,216 Pubmed
Nephrology 80,920 Pubmed
Hematology 124,883 PubMed
Ophthalmology 142,924 Pubmed
Hepatitis 189,561 Pubmed
Orthopedic 191,934 Pubmed
Infectious disease 163,816 Pubmed
Diphtheria 8,680 WoS
12,099 PubMed
12,717 USPTO
Gastritis 16,081 WoS
25,045 PubMed
Epidemiology 1,743,446 Pubmed
Hypoglycemia 34,033 Pubmed
Typhus 1,932 WoS
2,836 PubMed
Poliomyelitis 3,999 WoS
9,705 PubMed
Anaphylaxis 12,353 WoS
19,299 PubMed
Microbiology 1,044,080 Pubmed
Oncology 2,037,722 Pubmed
Diabetes 471,641 Pubmed
Genetics 2,821,631 Pubmed
Obesity 206,555 Pubmed
Obstetrics 203,450 Pubmed
Yellow Fever 4,122 WoS
3,824 PubMed
Topic (Physics) Records Data Source
Quantum Electro Dynamics 182 WoS
Antimatter 1,107 WoS
Jet Turbine 1,471 WoS
Bubble Chamber 1,996 WoS
587 USPTO
Photoelectric Effect 2,332 WoS
Uncertainty Principle 8,676 WoS
Atomic Collision 10,356 WoS
Game Theory 13,902 WoS
702 USPTO
Doppler Effect 23,819 WoS

doi:10.1371/journal.pone.0158590.t001
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correct input is difficult due their connectivity to other neurons, the simulation allows tools to
provide a controlled environment closely resembling real neurons. The simulation is based on
a network of neurons interacting with one another. Each neuron spike is based on input
received from nearby connected neurons. In the case of real neuron simulation, the spike or fir-
ing of a neuron depends on the chemical / electrical signal received from nearby connected
neurons. In the case of research activity, the signal is based on information transfer between
topics of research representing a neuron node. The visual aspects of the simulation are based
on imaging the calcium florescence emitted by the interaction between neurons. The simula-
tion is built on spiking based on interaction between neurons instead of separate neurons spik-
ing at random times independently. The simulation also considers light effects based on
multiple nearby neurons or light simulation based on multiple emitting sources.

The data used for the neuron activity simulation included files from the ChaLearn Connec-
tomics Challenges (https://www.kaggle.com/c/connectomics/data). Two types of files were
used. The first type of files describes the neural fluorescence activity. These files represent a
time series of each neuron activity every 20ms. The neurons are ordered by rows and columns.
The second type of files includes a list of X and Y position of each neuron in the “square petri
dish”. The simulation represents neurons in an area of Imm?. The files used for simulation
included small networks of 100 neurons and normal networks of 1,000 neurons. In addition, a
high rate of spiking neurons and a normal rate of spiking neurons with low signal noise were
also analyzed.

Research Topic Activity

For the analysis of research records, the time series activity used was every year. The compari-
son was made using the same number of top 100 or 1,000 keywords in each of the topics. The
location of each of the keywords was based on the neuron positions in the “square petri dish”

and was randomly picked from the existing set of neuron positions appearing in the file.

To extract publications in medicine and physics, each of the topics appearing in Table 1 was
used in the Web of Science, PubMed, or USPTO. All of the records were used for each topic.
For each topic all possible keywords describing the publications were counted each year. For
every pair of keywords that appeared at least once in the same publication, the correlation was
analyzed over the whole time period. The keywords were organized in descending order of cor-
relation followed by number of appearances. To compare research topic activity to neuron sim-
ulation, the top 100 or 1000 ranking keyword correlations were used. The simulated neuron
activity data and the research topic activity data can be found in the Supporting Information
[S1-S9 Files].

Image Comparison

Earth Mover's Distance (EMD) is used for image similarity comparison. EMD is a true metric
if the ground distance is metric and if the total weights of two signatures are equal. This allows
use of image spaces with a metric structure. EMD matches perceptual similarity better than
other measures, when the ground distance is perceptually meaningful. This was shown by [44]
for color- and texture-based image retrieval.

Results

Fig 2 displays neuron activity change versus research activity on the topic of anaphylaxis. In

this case, 100 neuron activity nodes were selected and compared to 100 high ranking correlated
activity topics. The locations of the nodes of the research activity topics were randomly selected
from the set of existing locations of the neuron nodes. The time line compares peaks in activity
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Fig 2. Neuron Activity vs. Research Activity on Anaphylaxis (100 nodes).
doi:10.1371/journal.pone.0158590.g002
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and the time scale is obviously not identical since the neuron activity is sampled at 20ms inter-
vals and the publication activity in years. The neurons span a 1mm? square area. The activity
was calibrated to show similar color shades for maximum and minimum activity. The EMD
indicates the size of difference between each of the two images.

When the activity peaks, the similarity between the neuron activity and the research activity
becomes visible. The similarity extends to both location and intensity of a specific node area.
Prior to the peak, the activity seems considerably different and the neurons are not very active.
The peak appears and disappears suddenly within a few seconds of neuron brain activity and
similarly within a few years of publication. The assumption of continued similarity of activity
in the future makes future extrapolations possible. Analysis of the peak activity and view of the
next “frame” of the movie in neuron activity might provide some information on the future
decrease in activity in a research topic such as anaphylaxis.

Fig 3 presents a more detailed perspective using 1000 nodes of neuron activity versus
research activity on the topic of in vitro fertilization. Comparison of the results shows again
that, as the activity increases, the similarity between the communication of the nodes becomes
more visible. However, assuming the activity similarity will continue, the peak of research in
the area of in vitro fertilization has not yet been achieved, as seen in the last neuron activity
frame.

Fig 4(a) compares medical-based research activity with physics research activity over time.
The medical domain includes five randomly selected topics: anaphylaxis, irritable bowel syn-
drome, diphtheria, yellow fever, and gastritis. Similarly the physics domain includes four topics:
bubble chamber, jet turbine, uncertainty principle, and Doppler effect. An additional topic of
game theory was added to represent a topic that spreads over multiple domains, including eco-
nomics, political science, biology, and computer science. The Y-axis displays the EMD value
based on comparing each image activity to a baseline image representing no activity, where
higher values represent more research activity, while the X-axis represents the change in years
from 1970.

The results show similarity between the activity of the different domains. Some topics repre-
sent a slow decrease and then fast growing research activity in areas such as Doppler effect, yel-
low fever, and diphtheria. Other topics show increased interest over time, such as irritable
bowel syndrome and uncertainty principle. Game theory, representing a collection of research
disciplines, is portrayed as a more stable research activity. Overall, no difference between the
research domain activities and research domain areas is visible.

Fig 4(b) compares using EMD on two data sources, Web of Science and PubMed, to no
activity baseline image based on the previous five medical topics. The sudden peaks in topics
such as anaphylaxis and diphtheria can be attributed to the response to concerns about vaccine
safety at the end of the 1980s. The Web of Science data source shows much more research
activity than PubMed although topics are related to medical terms. This could be explained by
the number of terms, or keywords, associated with each article. Web of Science has consider-
ably fewer terms associated with each article, making each term more unique and making it
easier to identify increase in specific research activity. This shows that different data sets of
“similar knowledge” can be interpreted differently.

Fig 5 presents activity of anaphylaxis, irritable bowel syndrome, bubble chamber, diphtheria,
and game theory research topics on a similar timeline. The small empty frames represent the
time gap between the research activities analyzed over a period of 45 years. Although all research
topics seem to be currently active, diphtheria displays decreased researched activity compared to
previous years. Game theory seems to display a comeback from the early 70s, when in the 80s
and 90s it seems to have “departed” from research activity. Many of the topics display a cycle of
recurring peaking sudden research activity which also resembles the neuron activity.
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Fig 3. Neuron Activity vs. Research Activity on In Vitro Fertilization (1000 nodes).

doi:10.1371/journal.pone.0158590.g003
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Fig 4. (a) Earth Moving Distance in the Domains of Medicine and Physics (b) Earth Moving Distance in Different Data Sets.
doi:10.1371/journal.pone.0158590.9004

Patents were analyzed to examine whether knowledge activity similar to neuron behavior
also appears in other areas. The results show that knowledge processing activity similar to neu-
ron behavior can be seen in patents as well as in research publications. Fig 6 displays similarity
between article research activity and patent activity on the topics of bubble chamber and game
theory. The activity of the two topics is presented in two timelines. The results show that for a
long duration there is no activity in patents while the article research publication is active. In
both topics there appears a small fluctuation in the patents, shortly followed by a sharp peak of
activity in the patents, which becomes more active than the article research activity in that time
duration.

The results show that neuron-like knowledge activity is not limited only to the area of article
research and can be viewed also in patents. The research activity based on articles can be
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Fig 6. Research versus Patent Activity on a Similar Timeline.

doi:10.1371/journal.pone.0158590.9006

viewed as representing expanding knowledge, while the patents activity can be viewed as repre-
senting business activity or possibility of expanding economic activity in the topic field. One
perspective is viewing the activity peak as knowledge transfer from research to patents for a
short duration. Another perspective is that in comparison to neuron activity the patents also
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display a sudden short peak or excitation of activity due to an external stimulator, the article
research activity. In both perspectives the result is similar to neuron activity—long durations of
very little to no activity followed by short durations of extreme activity.

Discussion

The goal of the paper is to show similarity between the knowledge activities. Based on this simi-
larity it might be possible to view knowledge as independent of neurons. The minimum short
term similarity presented is a year. Longer similarity, and possible knowledge explosion, can be
analyzed based on rising activities detected in previous cases of similarity between knowledge
publication topic activity and neuron activity. Pairs of similarities can be generated and stored
based on a large number of cases. When a new topic is analyzed, it can be compared to previ-
ously known pairs and the case with highest similarity can be identified. Furthermore, groups
of topics can be analyzed together to check if a combination of them yields a higher chance of
knowledge explosion.

The method is used based on past knowledge activities. However, full cycles of neuron activ-
ities can be analyzed and compared showing peaks and lower points of the topic activity. New
keywords are hard to simulate since the content of the possible label of keywords is harder to
extract. However, previous work suggested that analyzing papers by clusters of topics can assist
in identifying possible labels of new clusters [45].

Words are currently the most common method of storing knowledge. The keywords ana-
lyzed in this work can be viewed as concepts representing the main issues researched in each of
the topics. Other tools of storing knowledge can be considered such as voice, music, or movies.
In these cases the relations between each of the instances would have to be defined.

We show knowledge-related activity by observing similarity in behavior of brain neurons
and research publication activity. This similarity is viewed as peaks in communication between
neuron cells or alternatively communication between research topic areas. The results may
allow us to examine knowledge according to neuron behavior patterns and to infer future
knowledge behavior according to these patterns in different fields such as research, social
behavior, or natural biological systems. In addition, the behavior of knowledge systems may
allow us to infer neuron behavior.

Methods
Publication Correlation Analysis

To analyze correlation between publication topics over time, we employed the Pearson prod-
uct-moment correlation coefficient. The Pearson correlation analyzes dependence between
topic nodes, when dependence can be viewed as activity between neurons. The correlation is
obtained by dividing the covariance of the two variables by the product of their standard
deviation.

The correlation coefficient px y between two random variables X and Y with expected
value iy and py and standard deviation ox and oy is defined as:

cov(X,Y) _ E[(X = pd)(Y = 1y)]

pxy = corr(X,Y) = =
0x0y 0x0y

where E is the expected value operator, cov means covariance, and corr for the correlation coef-
ficient. The correlation coefficient is symmetric.

The Pearson correlation reaches a maximum of 1 in the case of a perfect direct (increasing)
linear relationship (correlation) and a minimum of —1 in the case of a perfect decreasing
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(inverse) linear relationship (anticorrelation) [46]. All other values between —1 and 1 indicate
the linear dependence degree between the variables. The closer the values are to 0, the less cor-
related the variables are, which can be viewed as having less relationship between them. A Pear-
son correlation coefficient of 0 means the variables are totally independent.
For a given series of n measured variables of X and Y, x; and y; wherei=1,2, .., n, the sam-
ple correlation coefficient can represent the population Pearson correlation r between X and Y.
The sample correlation coefficient is defined as:

D DR D DN T s
T S s

where x and y are the sample means of X and Y, and S, and S, are the standard deviations of X
and Y.

Simulation of Neural Network Activity

The changing activity of the neuron networks was generated using the NEST simulator [42, 43].
The neurons simulation was modeled as leaky integrate-and-fire neurons. The membrane

potential V() of a neuron i defined by:

dv.(t) L, (t)

- V. +

K ' g

where g; = 50pS is the leak conductance and 7,,, = 20ms is the membrane time-constant. The
time-dependent input current that derives from recurrent synaptic connections is defined by I,

The membrane potential was set to decrease exponentially and remain at zero when there
are no synaptic inputs. Inputs from other neurons increase the membrane potential stimula-
tion. When the membrane potential reaches a threshold of V};,, = 20mV an action potential is
obtained, defined as neuron firing or neuron spiking. The spiking is followed by resetting the
membrane voltage to zero for a time period of ¢,;,= 2ms.

The result of the membrane potential activates post-synaptic neurons connected to the spik-
ing neuron. The total synaptic currents are defined by

(1) 1

D WL CIETETARS SRS

where A is the adjacency matrix, and 7, = 2ms represents a synaptic time constant. The out-

come is described as excitatory post-synaptic potentials (EPSPs) and has a standard difference-
of-exponentials time-course [47].

There is a limited amount of synaptic resources, and therefore neuron connection with syn-
apses includes short term depression [48]. To simulate the conditions where the inhibitory
transmission is fully blocked, fully excitatory networks were created. For each reoccurring
input of given neuron i, the set {t]"} represents times of spikes created by the presynaptic neu-
ron j, where t, represents a delay of ¢; = 2ms. The synaptic weights of the recurrent connections
are defined as homogeneous by a;,,.. The recurrent time dependent strength a;,,.E;i(t) is defined
by using the network firing history as:

dE,(t)
dt

=- +URZ(3t—t

Tmad
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; 1
I —__(1—-R,—E.
dt T ( 7 ")

rec

where Ej(t) is the portion of neuron transmitting in what is viewed as the “effective state”, simi-
larly R;;(t) represents the “recovered state”, while I;;() = 1 — R;; — Ej; represents the “inactive
state” [48, 49]. Similar to the synaptic current, the recovered state is set to U = 0.3 of neuron
transmitters after the presynaptic action potential is reached. The portion decreases exponen-
tially to the inactive state with values of time scale 7;,,.; = 3ms. The recovery time scale is set to
Tree = 500ms.

Random neuron networks with depressing synapses generate synchronous activity of inte-
grating and spiking neuron behavior [49]. On the other hand, all or none activity behavior is
observed in cultured networks [50, 51]. The weight of the synaptic connections was set in all
networks to represent a network bursting of 0.1 + 0.01 Hz which is viewed as a realistic bursting
rate [51]. Each neuron network was created and simulated for 200 seconds of network activity
to evaluate the bursting rate average with an initial value of @;,,, = 5.0pA. Each time it was bigger
than the target bursting rate the synaptic weight a;,,, was decreased by 10% and vice versa for
smaller values. Linear extrapolation was used to iteratively adjust until the result was smaller
than 0.01 Hz to the target value.

Simulating Neural Network Calcium Fluorescence Spiking Signals

Neuron spiking activity was used to model the calcium fluorescence signals and simulate the
experiments of fluorescence signal measured. Based on [52], a simulation model was used
which performs rapid increase of fluorescence after activation. The rapid increase is followed
by a gradual decay of 7, = 1s. The model includes the concentration of calcium located
between the neurons that match to the fluorescence experimental values. The concentration is
changed for each action potential that the neuron evokes for a time step ¢ by a fixed amount of
Ac = 50y, which causes fast changes of the concentration defined by

‘ At
[Capr]t - [Ca2+]t71 == [Ca2+]t71 + Aca n,

T c,

where #, is the total number of action potentials.

For a given neuron i the fluorescence level F is reached by performing saturating static non-
linearity on the calcium concentration, followed by adding noise 1, using Gaussian distribution
with zero mean represented as:

C 2+
Fi.t :&ﬁ_nt

[Ca], + K,
The noise in the simulations was with a standard deviation of 0.03 and a set simulation satu-
ration concentration of K; = 300uM.

Simulation of Light Scattering

The simulation included light scattering around the neuron cells based on a predefined area
between them. The distance between each two neurons i and j is defined by d;;. The scattering
length scale is based on the normal light deviation for such optical devices and instruments
and set to A¢c = 0.15mm. For a given neuron Fj; the fluorescence extent is defined by:

N
Ftsct = Fi‘t + Asc Z Fj‘texp{_(dij/isc)Q}

=L
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Where the scattering effect overall capacity in the simulation is determined by A.. The value of
the scaling factor is small, A;. = 0.15 to represent the continuing effect on the simulation.

Simulation of Generalized Entropy for Neuron Signal

The Transfer Entropy (TE) from two discrete Markov processes X and Y of order k is defined
by [53]:

P(x, 16, 7)

TE, ., = P(x ., x® "o
Y—X Z ( n+1 n yn ) g P(xn+1|x£,k))

where n represents each time period measured, x*) is a vector of size k with measurements of X

in time periods n, n—1, . .., n—k. For all values of x,,, ,, x and y® the total value is calculated.

n+19

According to Kullback-Leibler divergence [54], TE represents the distance based on proba-
bility of the space between a neuron node transition matrix P(x,  , |x*¥)) and two neuron node
transition matrices P(x, ., |x\, y®). If the two transition matrices are identical, then the dis-
tance measure, TE, is defined as zero and vice versa. Signaling dependence of the transition
dynamics of X on Y occurs only if transitions of X are not dependent on existing values of Y
and are greater than zero.

To analyze directed functional connectivity between different neuron network nodes, the
Transfer Entropy was applied. To isolate potential spike events, a discrete differentiation opera-
tor was used on the calcium fluorescence time series FY,. For a neuron network node

x,x, = F¥

wni1 — Fy,- This is performed as pre-processing in order to improve the signal-to-

noise ratio. The preprocessing creates for a limited number of data points more accurate proba-
bility distributions.

Evaluating Similarity with Earth Mover's Distance

The Earth Mover’s Distance (EMD) is a method for image comparison based on measuring
two signatures in color space. Each image is represented by color histograms, and the distance
between the two distributions can be viewed as a given ground distance.

The problem can be viewed as two given distributions, the mass of earth spread in space and
collection of holes in space. The EMD calculates the least amount of work needed to move the
earth to cover the holes with earth. The unit of work relates to transporting a unit of earth by a
unit of ground distance.

A signature is defined as a set of clusters or modes of a distribution. Each cluster is repre-
sented by a single point representing the cluster center and a weight representing the cluster
size.

EMD can be formalized as a linear programming problem: Let P =

{(®1,w,),- - (p,sw, )} be the first signature with m clusters, where p; is the cluster represen-
tative and wy, is the weight of the cluster; Q = {(q,,w, ), ..., (q,,w, )} the second signature

with 7 clusters; and D = [d;;] the ground distance matrix where d;; is the ground distance
between clusters p; and g;.

The goal is to find a flow = [f;;], with f; the flow between p; and gj, that minimizes the overall
cost

WORK(P,Q,F) = Zm: Z df;

i=1 j=1
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subject to the following constraints:

f,20  1<i<ml1<j<n

szv = min (; W, Zw%)

i=1 j=1

The first constraint allows moving “earth” from P to Q and not the opposite way. The fol-
lowing two constraints restrict the amount of earth that can be moved by the clusters in P to
their weights and the clusters in Q to receive no more earth than their weights. The last con-
straint forces the movement of the maximum amount of earth possible. This amount is defined
as the total flow. After the transportation problem is solved, and the optimal flow F has been
found, the earth mover's distance is defined as the work normalized by the total flow:

v A
BuD(p, @) = ==
i=1 2j=1Jj

EMD is used to analyze the differences between the neuron brain activity and the research-
related “invisible brain” activity images. The EMD is also used to compare a set of images,
which can be viewed as a movie, each set representing a research topic over time.

The activities of the research topics are compared between the domain of medicine and the
domain of physics according to the subject category identified by Web of Science field tags. In
addition, an analysis is performed to compare research activity based on data extracted from
different sources, including Web of Science subject category, PubMed registry number repre-
senting concept records, and USPTO representing patent classifications.

Supporting Information

S$1 File. Input files1.
(ZIP)

S2 File. Input files2.
(ZIP)

S$3 File. Input files3.
(Z1P)

$4 File. Input files4.
(ZIP)

S5 File. Movies.
(Z1P)

S6 File. Framesl.
(ZIP)

PLOS ONE | DOI:10.1371/journal.pone.0158590 July 20, 2016 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158590.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158590.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158590.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158590.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158590.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158590.s006

@’PLOS ‘ ONE

Invisible Brain: Knowledge in Research Works and Neuron Activity

S7 File. Frames2.
(ZIP)

S8 File. Frames3.
(Z1P)

S9 File. Patents_Bubble_Chamber.
(TXT)

Author Contributions

Conceived and designed the experiments: AS DC SJ. Performed the experiments: AS SC §J.
Analyzed the data: AS DC SC S]. Contributed reagents/materials/analysis tools: AS DC SC §J.
Wrote the paper: AS.

References

1.

e 0w

10.

11.

12

13.

14.
15.

16.

17.

18.

19.

20.

21.

Fodor J, Pylyshyn Z. Connectionism and cognitive architecture: A critical analysis. Cognition. 1988;
28:3-71. PMID: 2450716

Fodor J. The Mind Doesn't Work That Way: The Scope and Limits of Computational Psychology. Cam-
bridge, MA: MIT Press; 2001.

Smith A. Theory of Moral Sentiments ( 2 ed.). Strand & Edinburgh: Millar A.; Kincaid A. & Bell J.; 1761.
Plato. Theaetetus, Project Gutenberg; 2008.
Plato. Timaeus, Project Gutenberg; 2008.

De Carlos JA, Borrell J. A historical reflection of the contributions of Cajal and Golgi to the foundations
of neuroscience. Brain Research Reviews. 2007; 55(1): 8—16. PMID: 17490748

Rubinov M, Sporns O. Complex network measures of brain connectivity: Uses and interpretations.
Neurolmage. 2010; 52:1059—1069. doi: 10.1016/j.neuroimage.2009.10.003 PMID: 19819337

Holland PW, Leinhardt S. Transitivity in structural models of small groups. Comparative Group Studies.
1971; 2:107-124.

Watts DJ, Strogatz SH. Collective dynamics of 'small-world' networks. Nature. 1998; 393 (6684): 440—
442. PMID: 9623998

Berger-Wolf TY. A framework for analysis of dynamic social networks. Proc. of the 12th ACM SIGKDD.
2006; 523-528.

Aggarwal C, Subbian K. Evolutionary network analysis: A survey. ACM Computing Surveys. 2014;
47:10.

Newman MEJ. The structure of scientific collaboration networks. Proc. Natl. Acad. Sci. 1998; 98:404—
4009.

Faloutsos M, Faloutsos P, Faloutsos C. On power-law relationships of the Internet topology. ACM SIG-
COMM Computer Communication Review. 1999; 29:251-262.

Albert R, Jeong H, Barabasi AL. Diameter of the World Wide Web. Nature. 1999; 401:130-131.

Jeong H, Tombor B, Albert R, Oltvai ZN, Barabasi AL. The large-scale organization of metabolic net-
works. Nature. 2000; 407:651-655. PMID: 11034217

Atzori L, lera A, Morabito G. The Internet of Things: A survey. Computer Networks. 2010; 54:2787—
2805.

Buldyrev SV, Parshani R, Pau G, Stanley HE, Havlin S. Catastrophic cascade of failures in interdepen-
dent networks. Nature. 2010; 464:1025—1028. doi: 10.1038/nature08932 PMID: 20393559

Herman |, Melancon G, Marshall MS. Graph visualization and navigation in information visualization: A
survey. I[EEE Transactions on Visualization and Computer Graphics, 2000; 6:24—43.

RuanY, Fuhry D, Parthasarathy S. Efficient community detection in large networks using content and
links. Proc. of the 22nd WWW. 2013; 1089-1098.

Chakrabarti D, Kumar R, Tomkins A. Evolutionary clustering. Proc. of the 12th ACM SIGKDD. 2006;
554-560.

Aral S, Muchnik L, Sundararajan A. Distinguishing influence-based contagion from homophily-driven
diffusion in dynamic networks. Proc. Natl. Acad. Sci. 2009; 106(51):21544—21549. doi: 10.1073/pnas.
0908800106 PMID: 20007780

PLOS ONE | DOI:10.1371/journal.pone.0158590 July 20, 2016 19/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158590.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158590.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158590.s009
http://www.ncbi.nlm.nih.gov/pubmed/2450716
http://www.ncbi.nlm.nih.gov/pubmed/17490748
http://dx.doi.org/10.1016/j.neuroimage.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19819337
http://www.ncbi.nlm.nih.gov/pubmed/9623998
http://www.ncbi.nlm.nih.gov/pubmed/11034217
http://dx.doi.org/10.1038/nature08932
http://www.ncbi.nlm.nih.gov/pubmed/20393559
http://dx.doi.org/10.1073/pnas.0908800106
http://dx.doi.org/10.1073/pnas.0908800106
http://www.ncbi.nlm.nih.gov/pubmed/20007780

@’PLOS ‘ ONE

Invisible Brain: Knowledge in Research Works and Neuron Activity

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

46.

Ahrens MB, Li JM, Orger MB, Robson DN, Schier AF, Engert F,et al. Brain-wide neuronal dynamics
during motor adaptation in zebrafish. Nature. 2012; 485: 471-477. doi: 10.1038/nature11057 PMID:
22622571

Katona G, Szalay G, Maék P, Kaszas A, Veress M, Hillier D, et al. Fast two-photon in vivo imaging with
three-dimensional random-access scanning in large tissue volumes. Nature Methods. 2012; 9: 201—
208. doi: 10.1038/nmeth.1851 PMID: 22231641

Grewe BF, Langer D, Kasper H, Kampa BM, Helmchen F. High-speed in vivo calcium imaging reveals
neuronal network activity with near-millisecond precision. Nature Methods. 2010; 7: 399-405. doi: 10.
1038/nmeth.1453 PMID: 20400966

Churchland MM, Cunningham JP, Kaufman MT, Foster JD, Nuyujukian P, Ryu Sl,et al. Neural popula-
tion dynamics during reaching. Nature. 2012; 487:51-56. doi: 10.1038/nature11129 PMID: 22722855

Marre O, Amodei D, Deshmukh N, Sadeghi K, Soo F, Holy TE, et al. Mapping a complete neural popu-
lation in the retina. Neuroscience. 2012; 32:14859-14873. doi: 10.1523/JNEUROSCI.0723-12.2012
PMID: 23100409

Ahrens MB, Orger MB, Robson DN, Li JM, Keller PJ. Whole-brain functional imaging at cellular resolu-
tion using light-sheet microscopy. Nature Methods. 2013; 10: 413—420. doi: 10.1038/nmeth.2434
PMID: 23524393

Battaglia D, Witt A, Wolf F, Geisel T. Dynamic effective connectivity of inter-areal brain circuits. PLoS
Computational Biology. 2013; 8(3):1-20.

Maschio MD, Beltramo R, De Stasi AM, Fellin T. Two-photon calcium imaging in the intact brain.
Advances in Experimental Medicine and Biology. 2012; 740:83-102. doi: 10.1007/978-94-007-2888-
2_4 PMID: 22453939

Mishchencko Y, Vogelstein JT, Paninski LA. Bayesian approach for inferring neuronal connectivity
from calcium fluorescent imaging data. Annals of Applied Statistics. 2011; 5:1229-1261.

Orlandi JG, Stetter O, Soriano J, Geisel T, Battaglia D. Transfer entropy reconstruction and labeling of
neuronal connections from simulated calcium imaging. PLOS One. 2014; 9(6):1-20.

Steinmetz PN, Thorp C. Testing for effects of different stimuli on neuronal firing relative to background
activity. Neural Engineering. 2013; 10(5).

Truccolo W, Eden U, Fellows MR, Donoghue JP, Brown ENJ. A point process framework for relating
neural spiking activity to spiking history, neural ensemble, and extrinsic covariate effects. Neurophysiol-
ogy. 2005; 93:1074-1089. PMID: 15356183

Bargmann C, Marder E. From the connectome to brain function. Nature Methods. 2013; 10(6): 483—
490. PMID: 23866325

Frey B, Dueck D. Clustering by passing messages between data points. Science. 2007; 315: 972-976.
PMID: 17218491

Hopfield J. Neural networks and physical systems with emergent collective computational abilities,
Proc. Natl. Acad. Sci. 1982; 79:2554—2558. PMID: 6953413

Hopfield J, Tank D. Computing with neural circuits: a model. Science. 1986; 233: 625-633. PMID:
3755256

Acebrén J, Bonilla L, Pérez Vicente C, Ritort F, Spigler R. The Kuramoto model: A simple paradigm for
synchronization phenomena. Reviews of Modern Physics. 2005; 77: 137—-185.

Song T, Pan L, Palin G. Asynchronous spiking neural P systems with local synchronization. Informa-
tion Sciences. 2013; 219: 197-207.

Grienberger C, Konnerth A. Imaging calcium in neurons. Neuron. 2012; 73:862—885. doi: 10.1016/j.
neuron.2012.02.011 PMID: 22405199

Stetter O, Battaglia D, Soriano J, Geisel J. Model-free reconstruction of excitatory neuronal connectivity
from calcium imaging signals, PLOS Computational Biology. 2012; 8(8).

Gewaltig MO, Diesmann M. NEST (NEural Simulation Tool). Available: http://www.scholarpedia.org/
article/NEST (NEural_Simulation_Tool). Accessed 16 December 2015.

Eppler JM, Helias M, Muller E, Diesmann M, Gewaltig MO. PyNEST: a convenient interface to the
NEST simulator. Front Neuroinform. 2009; 2: 4-12.

Rubner Y, Tomasi C, Guibas LJ. A metric for distributions with applications to image databases. IEEE
International Conference on Computer Vision. 1998; 59—66.

Jung S, Segev A, Analyzing future communities in growing citation networks. Knowledge-Based Sys-
tems. 2014; 69:34—44.

Dowdy S, Wearden S. Statistics for Research. New York, NY: Wiley; 1983.

PLOS ONE | DOI:10.1371/journal.pone.0158590 July 20, 2016 20/21


http://dx.doi.org/10.1038/nature11057
http://www.ncbi.nlm.nih.gov/pubmed/22622571
http://dx.doi.org/10.1038/nmeth.1851
http://www.ncbi.nlm.nih.gov/pubmed/22231641
http://dx.doi.org/10.1038/nmeth.1453
http://dx.doi.org/10.1038/nmeth.1453
http://www.ncbi.nlm.nih.gov/pubmed/20400966
http://dx.doi.org/10.1038/nature11129
http://www.ncbi.nlm.nih.gov/pubmed/22722855
http://dx.doi.org/10.1523/JNEUROSCI.0723-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23100409
http://dx.doi.org/10.1038/nmeth.2434
http://www.ncbi.nlm.nih.gov/pubmed/23524393
http://dx.doi.org/10.1007/978-94-007-2888-2_4
http://dx.doi.org/10.1007/978-94-007-2888-2_4
http://www.ncbi.nlm.nih.gov/pubmed/22453939
http://www.ncbi.nlm.nih.gov/pubmed/15356183
http://www.ncbi.nlm.nih.gov/pubmed/23866325
http://www.ncbi.nlm.nih.gov/pubmed/17218491
http://www.ncbi.nlm.nih.gov/pubmed/6953413
http://www.ncbi.nlm.nih.gov/pubmed/3755256
http://dx.doi.org/10.1016/j.neuron.2012.02.011
http://dx.doi.org/10.1016/j.neuron.2012.02.011
http://www.ncbi.nlm.nih.gov/pubmed/22405199
http://www.scholarpedia.org/article/NEST
http://www.scholarpedia.org/article/NEST

@’PLOS ‘ ONE

Invisible Brain: Knowledge in Research Works and Neuron Activity

47.

48.

49.

50.

51.

52.

53.
54.

Dayan P, Abbott LF. Theoretical Neuroscience Computational and Mathematical Modeling of Neural
Systems. Cambridge, MA: MIT Press; 2005.

Tsodyks M, Markram H. The neural code between neocortical pyramidal neurons depends on neuro-
transmitter release probability. Proc. Natl. Acad. Sci. USA. 1997; 94:719-723. PMID: 9012851

Tsodyks M, Uziel A, Markram H. Synchrony generation in recurrent networks with frequency-depen-
dent synapses. Neurosci. 2000; 20:1-5.

Eytan D, Marom S. Dynamics and effective topology underlying synchronization in networks of cortical
neurons. Neurosci. 2006; 26:8465-8476.

Eckmann JP, Jacobi S, Marom S, Moses E, Zbinden C. Leader neurons in population bursts of 2D living
neural networks. New J Phys. 2008; 10:1-19.

Vogelstein JT, Watson BO, Packer AM, Yuste R, Jedynak B, Paninski. Spike inference from calcium
imaging using sequential Monte Carlo methods. Biophys. 2009; 97:636-655.

Schreiber T. Measuring information transfer. Phys Rev Lett. 2000; 85:461-464. PMID: 10991308

MacKay DJC. Information Theory, Inference, and Learning Algorithms. Cambridge University Press;
2003.

PLOS ONE | DOI:10.1371/journal.pone.0158590 July 20, 2016 21/21


http://www.ncbi.nlm.nih.gov/pubmed/9012851
http://www.ncbi.nlm.nih.gov/pubmed/10991308

