Neuroinformatics (2019) 17:163-179
https://doi.org/10.1007/512021-018-9389-6

SOFTWARE ORIGINAL ARTICLE

@ CrossMark

Towards Differential Connectomics with NeuroVIISAS
Sebastian Schwanke' - Jorg Jenssen’ - Peter Eipert' - Oliver Schmitt'

Published online: 16 July 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

The comparison of connectomes is an essential step to identify changes in structural and functional neuronal networks.
However, the connectomes themselves as well as the comparisons of connectomes could be manifold. In most applications,
comparisons of connectomes are applied to specific sets of data. In many studies collections of scripts are applied
optimized for certain species (non-generic approaches) or diseases (control versus disease group connectomes). These
collections of scripts have a limited functionality which do not support functional and topographic mappings of connectomes
(hemispherical asymmetries, peripheral nervous system). The platform-independent and generic neuroVIISAS framework is
built to circumvent limitations that come with variants of nomenclatures, connectivity lists and connectional hierarchies as
well as restrictions to structural connectome analyses. A new analytical module is introduced into the framework to compare
different types of connectomes and different representations of the same connectome within a unique software environment.
As an example a differential analysis of the partial connectome of the laboratory rat that is based on virus tract tracing with
the same regions of non-virus tract tracing has been performed. A relatively large connectional coherence between the two
different techniques was found. However, some detected connections are described by virus tract-tracing only.

Keywords Connectome - Differential connectomics - Neuronal networks - Multidimensional connectomes - Visualization -
Graph analysis - Rat - Nervous system

Introduction

Since the first mappings of connectomes (Bailey et al.
1940; Felleman and Van Essen 1991) and the first quan-
titative analysis of a primate cortical visual connectome
(Young 1992) the questions of connectomics have become
more and more complex (Schmitt et al. 2017; Liu et al.
2011; Shen et al. 2017; Sporns 2011, 2012). This devel-
opment is also due to the advantages of mathematical
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and analytical tools (Brandes and Erlebach 2005; Rubinov
and Sporns 2010; Schmitt and Eipert 2012), network the-
ory (Newman 2010; Jirsa and McIntosh 2007) as well as
an enhanced network granularity (Zeng et al. 2015; Kuan
et al. 2015; Oh et al. 2014) and quality (Kennedy et al.
2016). Comparisons of expression data are a fundamental
analytical principle in the field of omics (Kobeissy et al.
2016; Kebschull et al. 2017; Wille et al. 2015a, b, 2017).
Increasingly, connectomes are quantitatively compared to
find explanations for structural or functional changes of
connections and node properties under certain changes of
experimental conditions or factors that may alter the archi-
tecture of connectomes (Hendricksen 2015). In line with
the principle of multiple comparisons, a new module for
differential connectome analysis has been implemented in
neuroVIISAS (Schmitt and Eipert 2012) (http://neuroviisas.
med.uni-rostock.de/neuroviisas.shtml). The term differen-
tial connectomics is used in the same manner as in other
omics research (comparative omics, differential expres-
sion): differential proteomics (Anderle et al. 2004), com-
perative omics (Symons and Nieselt 2011; Garcia-Alcalde
et al. 2011; Kuo et al. 2013), comparative transcriptomics
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(Lawhorn et al. 2018). Differential connectomics is based
on the comparison of connectome presentations (1) and
analyses (2). Presentations in the form of matrices (adja-
cency matrices) which present neuronal connections and
graphical visualizations of neuronal connections belong to
the first category of differential connectomics. The sec-
ond catergory of differential connectomics are computed
relations between pairs of nodes (communicability matrix,
connectivity matching matrix, generalized topology matrix,
distance matrices etc.), gobal and local network parameters
as well as motifs. The objective of a differential connec-
tome analysis is the exploration of quantitative differences,
visualization of changes and identification of similarities of
different connectomes. In principle, comparisons of connec-
tomes can be applied to different types of structural con-
nectomes like complete connectomes (White et al. 1986),
partial connectomes (Schmitt et al. 2012, 2016; Sukhinin
et al. 2016; de Reus and van den Heuvel 2013; Bakker
et al. 2012; Bota et al. 2005), isolated connectomes (Koelbl
et al. 2015; Helmstiadter et al. 2013; Helmstadter 2013;
Oberléander et al. 2012) and functional connectomes (Xia
and He 2017; Amico et al. 2017; Preti et al. 2016; Leonardi
et al. 2013) as well as models of connectomes (Henriksen
et al. 2016). So far, connectomes are built by a handful of
techniques:

— histological high-throughput tract-tracing connectomes
(HTC) (Oh et al. 2014; Zeng et al. 2015; Kuan et al.
2015),

— retrospective histological tract-tracing connectomes
(RTC) (Schmitt et al. 2012, 2016; Wheeler et al. 2015;
Bota et al. 2015; van den Heuvel et al. 2016; Swanson
and Bota 2010; Swanson et al. 2016; Sugar et al. 2011;
Scannell and Young 1993; Stephan et al. 2000, 2001
Sukhinin et al. 2016; de Reus and van den Heuvel 2013;
Bakker et al. 2012),

— serial block-face scanning electron microscopy
(SBEM) based microconnectomes (Wanner et al. 2015;
Helmstadter et al. 2013; Helmstddter 2013; Oberldnder
etal. 2012),

— tractographic structural connectomes (TSC) (Rumple
et al. 2013),

— functional fMRI connectomes (FMC) (Ma et al. 2017,
Brynildsen et al. 2017; Paasonen et al. 2016; Bajic et al.
2016; Smith et al. 2016),

— molecular connectomes (MOC) (Livet et al. 2007,
Tomer et al. 2014; Epp et al. 2015; Chung et al. 2013;
Zador et al. 2012).

Connectomes are available at different spatial reso-
lutions like microconnectomes (synaptic-level), mesocon-
nectomes (cortical-layer-level), macroconnectomes (region-
subregion-level). Connectomes can be compared at all these
resolutions. In a few cases, connectomes are organized in
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a hierarchy which allows sampling of regions and their
connections through the branches of the hierarchy (cumu-
lated links) (Schmitt and Eipert 2012). However, most
comparisons are performed at a more or less unique level
of organization of the nodes or regions of a connec-
tome. Comparing connectomes of different species (inter-
species and multiple-species connectomes (Wheeler et al.
2015)) is a further issue of differential connectomics.
neuroVIISAS allows the administration of multiple con-
nectome projects within a single instance of the frame-
work (Schmitt and Eipert 2012). It turns out to be an
optimal approach to compare different connectomes as
well as variants of connectomes with regard to alterna-
tive nomenclatures and neuroontologies (Ding et al. 2016;
Bota et al. 2005). A comparison to detect significant differ-
ences is a fundamental statistical concept (Yau 2013). An
overview of some applications for comparing connectomes
covers:

¢  Human: Comparisons of TSC, FMC (Lee et al. 2017)

— Health: normal - diseased (van den Heuvel
et al. 2012; Fornito et al. 2012; Dai et al. 2015;
Cao et al. 2014; Gong and He 2015)

— Progress: injury - treatment (Hannawi and
Stevens 2016)

— Lateralization: left - right (Caeyenberghs and
Leemans 2014)

— Dimorphism: female - male (Sun et al. 2015)

— Development: young (Vértes and Bullmore
2015) - aged (Baker et al. 2015; Zuo et al.
2017; Collin and van den Heuvel 2013)

e Intraspecies non-human: Comparisons of HTC, RTC,
SBEM, TSC, FMC, MOC

— Control-experiment: Control organism con-
nectome - experimentally modified organism
connectome (Harris et al. 2016)

— Transgenic: Control connectome - transge-
netic connecteome (Daianu et al. 2015)

— Interregional: intrinsic super-region connec-
tome (e.g. thalamus) - other intrinsic super-
region connectome (e.g., hypothalamus)

— Connectivity architectures: direct connec-
tions of a connectome - cumulated connections
of a hierarchical connectome

— Transsynaptic pathways: Virus tract-tracing
based connectome - non-virus based tract-
tracing connectome

— Structure function relationship: Functional
connectomes - structural connectomes (Liang
etal. 2018)

— Validation: DTI-connectome - histological
connectome (Gutman et al. 2012)
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— Collation: Intercollator comparisons of con-
nectomes

— Dimorphism

— Development

e Interspecies non-human: HTC or TSC connectomes
(Keifer et al. 2015)

Such a wide range of possibilities for comparing connec-
tomes encouraged work on the design of a core functionality
for differential connectome analysis in neuroVIISAS.

To demonstrate the principle of the analysis of dif-
ferent connectomes, the comparison of monosynaptic and
transynaptic virus tract-tracing (Sizemore et al. 2016; Call-
away and Luo 2015; Parr-Brownlie et al. 2015; Wouterlood
et al. 2014; Ugolini 2011) connectivity data and non-viral
monosynaptic tract-tracing (Mesulam 1982; Heilingoetter
and Jensen 2016; Gerfen and Sawchenko 2016; Zaborszky
et al. 2006) data of the laboratory rat were used. The
motivation for this investigation is to detect coherent and
differential connections of the virus- and the non-viral tract-
tracing-methods. The results of the analysis could shed
light on the problem of alternative routes of dense connec-
tomes (Schmitt et al. 2016). Coherency of monosynaptic
chains of connections (non-viral tract-tracing pathways) and
transsynaptic pathways (virus tract-tracing) could support
the selection of a specific route against a large amount
of alternative routes through a directed connectome. The
objective of this study is to present a novel extension of
connectome analysis in the neuroVIISAS framework and to
apply this new functionality of differential connectomics to
the comparison of virus and non-viral based tract-tracing
connectivity.

Methods

The connectivity data of strains of laboratory rats were man-
ually curated in 7,400 peer-reviewed publications in which
tract-tracing methods were applied. Because all connections
as well as parameters of tract tracing experiments described
in the texts, tables and figures need to be extracted an
in litero extraction model could not be applied (Richardet
et al. 2015; Gokdeniz et al. 2016; Vasques et al. 2015;
French et al. 2015). Such an approach of generating a
connectome is considered to be a metastudy (Crossley
et al. 2016) or retrospective study as performed by many
groups in the field (Young 1992; Sukhinin et al. 2016;
Richardet et al. 2015; Bakker et al. 2012; Bota et al. 2005;
Wheeler et al. 2015; Beul et al. 2015; Hilgetag et al.
2000; Scannell et al. 1995, 1999; Young et al. 1994; Scan-
nell and Young 1993; Stephan et al. 2001, 2000). These
publications were filtered from Pubmed (https://www.ncbi.
nlm.nih.gov), GoogleScholar (https://scholar.google.com/),

Scopus (https://www.scopus.com) and Web of Science
(http://apps.webofknowledge.dom/). After matching the
4 database queries the references were imported into
Jabref (http://jabref.sourceforge.net/) to obtain a unique
and flexible bibtex style. The database has been contin-
uously updated until now. Added references were imme-
diately put into the pipeline of systematic curation. The
database is available at http://neuroviisas.med.uni-rostock.
de/references.html and can be queried by author names,
e.g., “Swanson” would provide 114 references from a total
of 25,202 (the author with most tract-tracing references in
the rat connectome project). In order to automatically add
new references to the database, it was allowed to leave
multiple entries of same references due to different cita-
tion styles in the four databases or specific styles of the
tools for citation export of publishers (used for publica-
tions which were accepted but not as fast available in
Pubmed). As of now 25,202 references are available in
the database. The bibtex database is loaded in neuroVI-
ISAS within a particular project like the rat connectome
project (http://neuroviisas.med.uni-rostock.de/connectome/
index.php). E.g., the mouse connectome bibtex database is
loaded when neuroVIISAS opens the mouse connectome
project. Hence, the rat connectome database of references
is constantly (“day by day”) updated. This is an impor-
tant requirement for comparing up-to-date connectomes. In
addition to a complete database, the rat connectome project
is built of ipsilateral and contralateral connectivity. For com-
paring viral tract-tracing connectivity with non-viral tract
tracing results it is essential to consider supraspinal, spinal
and peripheral nervous system connectivity. Furthermore,
the connectivity data are not mixed with regard to species.
However, they are mixed with regard to strains, sex and
age. The regions, respectively, nodes of the connectome
are organized in variants of the rat connectome ontology.
This turns out to be useful since original publication based
nomenclatures and terms are conserved. Modification of the
nomenclature by just another expert has been prevented.
For example, a simplification (cortical regions versus cor-
tical layers), a reorganization (Paxinos cytoarchitectonic
nomenclature (Paxinos and Watson 2014; Paxinos et al.
2015) versus Swanson ontogenetic nomenclature (Swanson
2004, 2014; Swanson and Bota 2010)) or a matching (Wax-
holm space nomenclature (Johnson et al. 2010; Zaslavsky
et al. 2014; Papp et al. 2014) versus Paxinos nomencla-
ture (Paxinos and Watson 2014; Paxinos et al. 2015)) was
not necessary. Hence, the curation can remain as close as
possible to the raw data of publications. The curator is not
constrained to assign or interpret a vague or even missing
definition of a region of a publication to a “standardized”
atlas region. Experts in the field of subnuclei organiza-
tion, definition of cortical transition regions and delineation
of overlapping spatial definitions of cortical visual fields
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(cf. (Paxinos and Watson 2014; Swanson 2004)) will find
full support of neuroVIISAS for interactive reorganizing and
modeling of nomenclatures and connectomes. In brief, the
curation was performed as follows:

— the publication was printed out

— the curator underlines in the hardcopy species, sex and
type of tracer

— the curator underlines in the hardcopy sources and
targets of the connections that were documented either
in tables, images or the text

— connections that were explicitly described in the texts,
tables or images as not found/not existent were also
marked

— if available all experiments or individual tracer injec-
tions which demonstrate a neuronal connection were
collated

The data were conveyed to standardized spreadsheets
(Excel or Calc) and exported as tab spaced csv files. The
page numbers within the publications were assigned to
each source-target-tuple. Furthermore, each source-target-
tuple is built of a feature vector consisting of 25 elements
(user-dependent) and each feature vector contains a unique
bibtex-id to identify the underlying publication. To allow
coding of transsynaptic virus propagation, the feature vec-
tors which code monosynaptic parts of the virus pathway
are linked by a modality item (“P”: pathway indicator) and
a connectivity logic: the target of a connection must be the
source of the following monosynaptic part of the polysy-
naptic pathway. The last target of the monosynaptic chain
or polysynaptic pathway is built of a feature vector with-
out the “P” pathway indicator (stop signal). Axon colaterals
are coded in a similiar way with a “C” colateral indica-
tor. Ipsilateral connectivity is coded by “IPSI”, contralateral
by “CONTRA”, unilateral connectivity by “LL” (left to left
connection) or “RR” (right to right connection) or “LR”
(left to right) or “RL”, respectively which turns out to be
necessary to code unilateral connectivity of the vegetative
nervous system in the rat. Among different possibilities
of data import into neuroVIISAS (quadratic connectivity
matrix, BAMS-xml-file, GraphML-file, UMCD-UCLA-file
and streamline file of DTI and tractographic data) the most
simple form of a connection import is described in the fol-
lowing step by step: click on “File” in main window—
Create new Project — Continue — Continue — “test”
project name — click on root node “test” in project frame
— click on “Hierarchy” in main window — select “Import
connections and create regions under selected node” —
select the csv file. A simple csv file contains one connection
per row with source region, target region and weight, e.g.,
A[TAB]B[TABI{0, 1, 2, 3, 4}[CRLF]B[TAB]C[TABJ{0, 1,
2, 3, 4}[CRLF].... “A” is source region “A”, “B” is traget
region “B” followed by a value for the connection weight
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and then carriage return line feed (CRLF) and the second
row with the connection from B to C follows. The default
set of all values is documented in the help function or
help.pdf of neuroVIISAS. Then proceed with “Analysis” —
“Advanced connectivity analysis” double click on root node
— “Refresh” button. Several connectome project files in the
neuroVIISAS format are available on the neuroVIISAS web-
page. The csv-file(s) may contain multiple collations of con-
nections from different publications. They were imported
into the rat connectome project and accumulated in the
connectome database which can be exported directly from
neuroVIISAS to a mysql database which is available online
for the readership: http://neuroviisas.med.uni-rostock.de/
connectome/index.php. Obviously, the virus-connectivity
can be switched on or off by data-filtering within neuroVI-
ISAS to allow an integration into or removal of non-viral
tracer based connectivity. A core function of the framework
is the advanced connectivity analysis (Figs. 1 and 3a). It
activates an instance of a GUI for all aspects of connec-
tome analysis (visual analytics, global network parameters,
local network parameters, multivariate statistics (10 hier-
archical clustering algorithms, multidimensional scaling,
Kohonen self-organizing maps, principal component anal-
ysis, population simulations), community detection, motif
analysis, vulnerability analysis, hub and rich-club analy-
sis, 3D-visualization of analysis results, population-based
simulations). Within an instance the regions of a connec-
tome can be sampled. For a comparison more than one
instance need to be opened (Figs. 1 and 3c and d). Several
configurations can be realized for comparing connectomes
(Fig. 1). The first possibility is to compare different types
of a connectome of a particular project (Fig. 1a). A type of
a connectome is a derivate of a connectome, which could
differ with regard of selected regions, the selection of types
of connections (direct or cumulated neuronal connections
of a hierarchical organization of connections), the attributes
of the neuronal connections or at least the selection of a
surrogate (10 different models of network randomizations
are available). More than two types of connectomes can be
defined and used for differential comparisons. Each type
of a connectome is an instance (Fig. 2). An example of 3
instances is shown in Fig. la. This first configuration of
a differential connectome analysis is a single project and
multiple attributed connectomes compilation (SPMC). The
final selection of a pair of instances is done in the dif-
ferential matrix selection (Fig. 3b) within the differential
analysis window. A pairwise comparison has been realized,
however, it is possible to open more than two instances
to allow fast interactive switching between instances in
the differential analysis window (Fig. 3b). The differen-
tial matrix displays quantitative values and/or qualitative
information. A difference matrix which contains quantita-
tive differences is shown in Fig. 3e. Differential values can
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Fig. 1 Configurations of differential connectome analyses. Each
connectome expresses a single instance. a Single project and multiple
attributed connectomes (SPMC). b Multiple projects and multiple
attributed connectomes (MPMC)

be distinguished from values of pairs of regions which occur
in one instance, only (green filled circles: data occurs in
the instance “Direct” but not in the instance “Cumulated”;
blue filled circles: data occurs in the instance “Cumulated”
but not in the instance “Direct”. The degree of differences
is color coded with square symbols and can be directly
related to the instances which are coded by the same col-
ors. If there exist no difference between values then the
color white is assigned to the squares (Fig. 3e). Users are

allowed to change color codes to improve visibility. Another
possibility, e.g., for comparison of connectomes of dif-
ferent species, is the multiple project multiple attributed
connectomes (MPMC) configuration. Different projects can
be opened within a neuroVIISAS framework and types of
connectomes can be defined in the advanced connectiv-
ity analysis function followed by transfer of the instances
into the differential analysis window (Fig. 1b). In summary,
the two configurations SPMC and MPMC are possible
for comparing connectivity data of a single neuroVIISAS
framework.

neuroVIISAS is a generic framework for digital atlasing,
structural and functional connectome analysis, visualiza-
tion and simulation. Simulations are possible by perform-
ing population models (NEST, http://www.nest-simulator.
org/), coupled differential equtions (FitzHugh-Nagumo,
Hindmarsh-Rose, Morris-Lecar, Kuramoto) in directed and
weighted or binary connectomes, diffusion models (SER)
and the Wilson-Cowan neural mass model. The module
“differential connectivity analysis” (DCA) has been inte-
grated into the framework. It is programmed in Java 1.6.
The GUI of DCA is based on the GUI-Toolkit Swing which
belongs to the Java foundation classes (JFC). In addition,
the open source Java Swing docking framework Dock-
ingFrames (http://www.docking-frames.org/) was used to
allow a more flexible design of the user interfaces. Fur-
thermore, ColorBrewer functionality was used in DCA
(http://colorbrewer2.org). The DCA window is based on the
JFrame class. However, it is inherited from the “Advanced
connectivity analysis” (ACA) window of neuroVIISAS
(Fig. 2). An important feature is the dependence of DCA
from ACA. If connectomes have been specified in more
than one ACA instance, these instances can be recognized
by DCA and configured in the compare control matrix of
DCA (Fig. 2). Then a pairwise comparison of different
data types like matrices, tables and motif configurations
must be specified. An advantage of the implementation is
the specification of matrices, tables, motifs and simulations
(functional connectomics) in the ACA instances because the
definitions of analyses could be complex. For example, in
one instance an edge weighted connectome is defined by
filtering only VTT connections. In the second instance, an
edge-weighted connectome is defined where all edges have
been detected by non-viral tract tracing methods, respec-
tively, nVTT connectome. Then motif analyses should be
performed on the VIT connectome from instance one and
nVTT connectome from instance two. However, these anal-
yses can be specified in more detail by adding customized
microcircuits to the subgraph search and to select multiple
null models (rewiring + Watts-Strogatz + Klemm-Eguilez
etc.) for 10 to 10% iterations. More complex specifications
concern functional connectomes with regard to varying
parameters of coupled neuron models (FitzHugh-Nagumo,
Hindmarsh-Rose, Morris-Lecar, Kuramoto etc.). Hence,
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Fig.2 Workflow of a differential connectome analysis. In this exam-
ple, 2 instances are presented, however, more than 2 instances can be
controlled by the compare control matrix (Fig. 3b). The gray arrow
points to an extensive difference of connections of the VTT (instance
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1) and nVTT (intance 2) in the differential results matrix. All symbols
with a gray triangle and a red point indicate differences between a pair

of regions (see gray arrow)
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equal quantitative count:
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0,5 very light
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Fig. 3 Differential connectomes in distinct windows. a Main win-
dow of neuroVIISAS. b Differential analysis window with differential
matrix. The red dashed arrows point to the compare control matrix
(CCM). In this case, instance 1 (Cum) and instance 2 (Direct) are
selected and will be compared. Cumulated edges are connecting
regions between nodes of subtrees and direct edges are connections
between nodes, only. ¢ Instance 1 window (semiquantitative weighted

cumulated links). d Instance 2 window (semiquantitative weighted
direct links). e The differential matrix for the instances “Cum” and
“Direct”. The legend of this matrix is shown in (b). The “Cum”
instance has far more connections as indicated by blue filled circle
(882). The “Direct” instance has 33 connections which do not occur
in “Cum”. 30 “Direct” connections have larger values than “Cum” and
241 connection have larger values in “Cum”
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Left CNS
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Right CNS | PNS

supraspinal spinal

Left CNS

PNS | Right CNS

Q

Fig. 4 a Viral tract tracing connectivity of direct and cumulated
connections in a binary adjacency matrix. b Non-viral tract tracing
connectivity. The adjacency matrix is binary and built of connections
between visible regions (direct connections) as well as connections

instance dependent connectome definitions are flexible and
the change of a connectome configuration is recognized
by the DCA windows through listener technology. A dif-
ferential connectome analysis has been visualized by a

]

: |

Fig.5 Differential analysis window with the selected instance 0 (non-
viral connectivity) and instance 1 (VTT-connectivity). The difference
is calculated by [non-viral]-[VTT]. If the difference is larger than O,
the connection is non-viral and it is indicated by a green label. If the
difference is smaller than O, the connection is viral and it is indi-
cated by a red label. Most connections are found or described by
non-viral tract tracing. However, some connections (red) are found by
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between not expanded branches of the hierarchy (cumulated connec-
tions). The black line marks those regions in the rows of the matrix
which have been enlarged between the both matrices

workflow (Fig. 2). In the workflow, 2 instances are shown
and one differential matrix result with a significant num-
ber of regions and an obvious connectional difference of
central and peripheral nervous systems connections (Fig. 2

virus-tract-tracing, only. a Main window of differential connectome
analysis with the comparison control matrix (arrow). b Enlarged part
of (a) with triangle coincidence markers. Green labels: connections
that have been detected exclusively by non-viral tract tracing. Red
labels: connections that have been detected exclusively by VTT. Gray
triangles: coincident connections which were described by VIT and
non-viral tract tracing
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Table 1 Combinations of matrix element values in the differential
adjacency matrix may provide loss of information

Instance 0 Instance 1 =~ Numerical results Matrix label
no data no data 0 - 0 = 0  black

no data not present 0 - —-10 = 10 green scale
not present not present —10 - —10 = 0 red triangle
not present  exist -10 - 1 = —11 redscale
exist not present 1 - =10 = 11 green scale
exist exist 1 - 1 = 0  gray triangle

arrow). However, more than two instances can be loaded
in ACA and then added to the compare control matrix in
DCA to interactively change the connectomes that are to
be analyzed differentially. The very basic functionality is
presented in the workflow, only. Parameter spaces, binary
filter options, parameter selection processes as well as the
flexibility of population definitions for the NEST simulator
have been ignored in the workflow. Differential analysis of
functional connectomes is limited to coactivation matrices
(coupled neuron models) and spike coincidence matrices
(population simulations). Furthermore, the workflow is cut
off because differential graph visualization tools have been

Fig.6 The coincidence matrix
results from the division of the
two adjacency matrices of
instance O and 1. If a connection
is indicated in the non-viral tract
tracing adjacency matrix as well
as in the VTT adjacency matrix,
then it is labeled by a green
square in the coincidence matrix

disregarded. The latest version of neuroVIISAS has been
tested successfully on Microsoft Windows, Mac and Linux
OS.

Results

The rat connectome project contains connections that were
described by virus tract-tracing (VTT) of the peripheral
and the central nervous system. Most of these VTT con-
nections are monosynaptic, however, some connections
were described as transsynaptic (multisynaptic, polysynap-
tic) with known intermediate neurons or regions describing
a neuronal chain of transmission. However, most VIT
transynaptic connections are documented by a source and
target without determining intermediate regions and con-
nections. Furthermore, most VTT connections were not
characterized in the original publications by semiquantita-
tive estimation of connection density or by stereological
counting of the number of axons or measuring the optical
density of labeled axons. The total number of ipsi- and
contralateral VTT connections is 18,798 distributed over
all branches of the hierarchy of the central and peripheral
nervous system. These connections were collated out of
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363 different publications which describe at least one VTT
experiment in the rat. In order to compare the VTT with the
non-VTT connectivity, those regions were selected from the
hierarchy which possess most VIT connections. The adja-
cency matrix of virus tract tracing consists of 213 regions
connected by 1,095 links resulting in a line density of 2.42%
(Fig. 4a). 220 reciprocal connections are realized and the
average pathlength is 2.47.

The adjacency matrix of non-viral tract tracing consists
of the same selection of regions which are connected by
5,097 links with a line density of 11.3%. 1,745 connections
are reciprocal and the average pathlength is 2.04 (Fig. 4b).
These adjacency matrices are binary and elements indicate
direct connections or links between branches of the
hierarchy. The selection of a pair of instances which are to
be compared is performed in the compare control matrix
(CCM) (Fig. 5a). The small control matrix provides the
Jaccard indices or Jaccard similarity coefficients J(A, B) =
%. Besides this default parameter further parameters
can be switched to: Forbenius distance and correlation
matrix measure (Herdin et al. 2005) of identical selections

Fig.7 The comparison matrix
of absolute values of weights of
two instances is magnified. The
same part of the matrix has been
cropped as in Fig. 5b. Upper
corner triangles indicate
connections of the first instance
(cumulated edges) and lower
corner triangles indicate
connections of second instance
(direct edges). A filled matrix
element represents a connection
of both instances

@ Springer

of regions of two instances. The matrix which shows the
result of a comparison can be calculated for identical
regions (identity matrix) and for identical regions and non-
identical regions in combination with identical regions
(Fig. 5b). Either the difference or the quotient between
matrix elements is calculated. The contents of the matrices
can be binary connections, weighted connections, number
of experiments which have documented a connection. An
attribute of a connection could be “no data” (no data
available if a connection exists or not) and “non existent”. If
these attributes are assigned to a value of 0 and the matrix
element is coded by a black matrix element label, then it
is not possible to differentiate between several cases of a
matrix element-connectivity property (Table 1):

Therefore, all three values of a connection can be
differentiated by checkmarking the required cases. The VIT
and non-VTT matrices are available in an instance 0 and
instance 1 window. After loading all instances, the instances
0 and 1 are visible in the differential analysis window and
the instances which should be compared were selected by
the compare control matrix (Fig. 7a: white arrow).
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The differential adjacency matrix does not show coinci-
dences of connections between the pairs of instances. The
coincidences are calculated by the quotients of the two adja-
cency matrices (Fig. 6). 943 VTT-connections were detected
by non-viral tract tracing as well. 137 VTT-connections
were found exclusively by VTT. 4,286 connections were
found exclusively by non-viral tract tracing.

Further differences and divisions of the matrices have
been realized in the differential connectome analysis mod-
ule of neuroVIISAS. A differential representation is avail-
able for the matrices of reciprocity, distance, shortest path
count, extended distance (weighted distance), communica-
bility, generalized topology, connectivity matching index
(output, input, output+input) and the path matrix (con-
nection between region through a chain of at least one
intermediate region). To better compare the original matrix
values of instances an upper matrix element triangle and
lower upper matrix element triangle representation was
added (Fig. 7). In this matrix the original values of, e.g.,
weights can be compared directly. If a triangle of a partic-
ular element of the matrix is filled in the upper left corner,
then the connections occur in the first instance (cumulated
edges) that was selected for comparison. If a triangle of a
particular element of the matrix is filled in the lower right
corner, then the connections occur in the second instance
(direct connections) that was selected for comparison. If

o ol d
File Analysis panels _Hierarchy panels Other Help

Difference Region Outine

Differential Result Window

both triangles occur in one matrix element, then the connec-
tion exists in both instances. The same magnified part of the
matrix shown in Fig. 5a is magnified in Fig. 5b.

Tables are a further group for the representation of
analytical results of connectomes. Differential tables of
global (Fig. 8) and local parameters (not shown) are
available. The differential table of global parameters
summarizes the original global parameters of instance 0
and 1, their difference, the magnitude, quotient and the
relative increase, relative differences (instance O and 1 as
well as instance 1 and 0). The average clustercoefficient
increases by 27.4% and the average pathlength by 7.7%
when comparing instance 0 (non-VTT) with instance 1
(VTT). The parameter of reciprocal connections provides
a strong difference which is 1,715 in non-VTT instance 0
and 223 in VTT instance 1. In addition, differential tables
of cycle count, vulnerability, rich club analysis and extrinsic
connectivity are realized. A unique multiaxis representation
of point processes allows the visualization of specific
differential global parameters in relation to connectome
surrogates of 8 randomization models (not shown). The
same approach was used to differentially compare motif
analysis results (Fig. 9). The frequency of 3-node motifs
was determined in non-VTT instance O (red) and in the
VTT instance 1 (blue). 8 different models of randomization
were iterated 1000 times (Erdos Rényi (ER), Watts-Strogatz
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Fig.8 Differential table of global network parameters. Original instance values are displayed and the absolute as well as relative differences
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Fig.9 Differential motif
analysis. The relatively long
continuous diagram has been
splitted into 5 parts. The
ordinate shows the logarithmic
frequencies of the motifs. The
red color indicates the non-VTT
frequencies and the blue color
the frequencies of VTT motifs.
The 8 different randomizations
models are shown on the
abscissa. Small red dots indicate
the frequencies of motifs in the
randomization models of
instance 1 (VTT) and blue dots
of instance 0 (non-VTT).
Randomization models are
shown on the abscissa: Erdos
Rényi (ER), Watts-Strogatz
(WS), Barabasi-Albert (BA),
modified Barabasi-Albert (MB),
modified Oho (MO), rewiring
(RW), rewiring with reciprocal
edges (RR), Klemm-Eguilez
(KSW)
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Fig. 10 Differential planar graph using bus router layout. Red connections occur in instance 1, only. Green connections occur in instance 2, only.

White connections occur in both instances

(WS), Barabasi-Albert (BA), modified Barabasi-Albert
(MB), modified Oho (MO), rewiring (RW), rewiring with
reciprocal edges (RR), Klemm-Eguilez (KSW)) (Prettejohn
et al. 2011). The frequency of a motif within a certain
randomization model in instance 0 is indicated by a small
red dot and in instance 1 by a small blue dot. Using
this diagram, motif frequencies of the empirical models
can easily be compared with randomization models. If
the empirical frequency of a motif overlaps with the
frequencies of a randomization model, then it does not
differ from the randomization process or a randomization
process is similar to the empirical data with regard to
a particular motif. The rewiring randomization with the
same number of reciprocal connections as in the empirical
connectome is most similiar with the empirical connectome.
The complete reciprocal motif 3-13 appears to be most
different with regard to its frequency when comparing it
with motif frequencies of randomizations. Differences of
connections of two instances were visualized in a new
type of graph visualization. This differential planar graph
(Alper et al. 2013) represents all connections which possess

differences when comparing two instances (Fig. 10). As an
example the bus router layout, which is most common in
visualizing neuronal connectivity in neuroanatomy (Shipp
2005; Felleman and Van Essen 1991), was chosen to
demonstrate differential connectivity.

Discussion

It was shown that differential connectome analysis is rea-
lized in the generic framework of neuroVIISAS. A proof
of principle was demonstrated by comparing two complex
hierarchical connectomes of different modalities like non-
VTT and VTT connectomes. The concept of multiple ins-
tances that are managed in a GUI for differential connec-
tome analysis turned out to be flexible and scalable with
regard to the number of pairwise comparisons among more
than 2 instances. Different types of data representations were
demonstrated like matrix comparison of identical regions
and non-identical regions, table (global and local network
parameters) comparisons and planar graph comparisons.
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It was found that 137 connections were described exclu-
sively by VTIT methods and 943 coinciding connections
of VIT and non-VTT were found indicating a relatively
large confirmation of viral and non-viral detected connectiv-
ity. Nevertheless, viral connectivity with all its advantages
and disadvantages compared to non-viral detected connec-
tivity should be included in retrospective collator based
connectome generation. The tract-tracing data that are based
on transfections of neurotrophic viruses are strongly time-
dependent. Especially those that, are derived from viruses
which propagate transsynaptically. Therefore, these virus-
based connections may reflect connectivity somewhere in
between a highly specific monosynaptic connectivity up to a
total infection or unspecific connectivity. Nevertheless, sev-
eral experiments describe very clearly plausible transynap-
tic pathways which are also verified by stepwise non-virus
tract-tracing methods. Certain functions of connectome
analyses are comparative or differential like isomorphism
search of a motif analysis. However, the results of a motif
analysis can be considered differentially by comparing the
results of motif frequencies of two different instances. Fur-
thermore, the comparison of global parameters of a real
connectome with different surrogates or models of random-
ization has been realized before in the form of a comparison
table in the “Advanced connectivity analysis” module. In
addition, the selection of regions of partial connectomes
has been realized before within “Advanced connectivity
analysis” module to obtain just an overview of complex con-
nectomes. A problem that has not been addressed so far
is the processing of a batch of comparisons. For example,
the comparison of about 50 tractographic-based connec-
tomes of normal individual with the tractographic based
connectomes of 50 individuals suffering from psychiatric or
neurological disorders. The export of matching regions of
two connectomes is not a differential core function, how-
ever, it supports the work with pairs of connectomes. A
matched connectome can simply be generated and analyzed
independently from the differential analysis. For several
years neuoVIISAS has undergone substantial extensions of
its functionality. Because the differential analysis module
uses analytical core functions of network and graph analysis
it has been developed under the aspect of software exten-
sibility. Added functions for graph analysis (randomization
models, network parameters) are automatically recognized
by the differential analysis module and become visible for
the user (Alper et al. 2013). As an outlook new functions
which should support visual analytical (Simoff et al. 2008;
Dill et al. 2012; Gleicher et al. 2011) investigations like
jo-jo visualization, transparent shifting (@-blending), false-
color and backward-forward switching of a pair of instances
is under development. Further progress will be made by
implementing tools to perform stack or batch based differ-
ential analysis which is an important demand in comparing
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populations of DTI-connectomes from normal persons and
diseased individuals.
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