1' frontiers

in Systems Neuroscience

ORIGINAL RESEARCH
published: 08 November 2016
doi: 10.3389/fnsys.2016.00085

OPEN ACCESS

Edited by:

Maria V. Sanchez-Vives,
Consorci Institut D’Investigacions
Biomediques August Pi i Sunyer,
Spain

Reviewed by:

Preston E. Garraghty,

Indiana University Bloomington, USA
Adenauer Girardi Casali,

Federal University of Sdo Paulo, Brazil

*Correspondence:
Morten L. Kringelbach
morten.kringelbach@queens.ox.ac.uk

Received: 11 July 2016
Accepted: 20 October 2016
Published: 08 November 2016

Citation:

Lord L-D, Expert B, Fernandes HM,
Petri G, Van Hartevelt TJ, Vaccarino F,
Deco G, Turkheimer F and
Kringelbach ML (2016) Insights into
Brain Architectures from the
Homological Scaffolds of Functional
Connectivity Networks.

Front. Syst. Neurosci. 10:85.

doi: 10.3389/fnsys.2016.00085

Check for
updates

Insights into Brain Architectures from
the Homological Scaffolds of
Functional Connectivity Networks

Louis-David Lord’, Paul Expert?, Henrique M. Fernandes"*, Giovanni Petri*,
Tim J. Van Hartevelt" 3, Francesco Vaccarino*®, Gustavo Deco®’, Federico Turkheimer?
and Morten L. Kringelbach ™ %*

" Hedonia Research Group, Department of Psychiatry, University of Oxford, Oxford, UK, 2 Department of Neuroimaging,
Institute of Psychiatry, King’s College London, London, UK, ¢ Center for Music in the Brain, Aarhus University, Aarhus,
Denmark, * Institute for Scientific Interchange (IS Foundation), Torino, Italy, ° Department of Mathematical Sciences,
Politecnico di Torino, Torino, Italy, ® Center for Brain and Cognition, Universitat Pompeu Fabra, Barcelona, Spain, ” Instituci
Catalana de la Recerca i Estudis Avanats, Universitat Pompeu Fabra, Barcelona, Spain

In recent years, the application of network analysis to neuroimaging data has provided
useful insights about the brain’s functional and structural organization in both health
and disease. This has proven a significant paradigm shift from the study of individual
brain regions in isolation. Graph-based models of the brain consist of vertices, which
represent distinct brain areas, and edges which encode the presence (or absence) of
a structural or functional relationship between each pair of vertices. By definition, any
graph metric will be defined upon this dyadic representation of the brain activity. It
is however unclear to what extent these dyadic relationships can capture the brain’s
complex functional architecture and the encoding of information in distributed networks.
Moreover, because network representations of global brain activity are derived from
measures that have a continuous response (i.e., interregional BOLD signals), it is
methodologically complex to characterize the architecture of functional networks using
traditional graph-based approaches. In the present study, we investigate the relationship
between standard network metrics computed from dyadic interactions in a functional
network, and a metric defined on the persistence homological scaffold of the network,
which is a summary of the persistent homology structure of resting-state fMRI data.
The persistence homological scaffold is a summary network that differs in important
ways from the standard network representations of functional neuroimaging data: (i) it is
constructed using the information from all edge weights comprised in the original network
without applying an ad hoc threshold and (ii) as a summary of persistent homology, it
considers the contributions of simplicial structures to the network organization rather
than dyadic edge-vertices interactions. We investigated the information domain captured
by the persistence homological scaffold by computing the strength of each node in the
scaffold and comparing it to local graph metrics traditionally employed in neurocimaging
studies. We conclude that the persistence scaffold enables the identification of network
elements that may support the functional integration of information across distributed
brain networks.
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Section 3.2.

FIGURE 6 | Normalized Metric Values. The normalized nodal values are displayed for each graph measure under study. The values for PSS, BC, DC, and Eff are
respectively depicted from left to right. While computation of the PSS does not require ad hoc thresholding, the BC, DC, and Eff metrics are threshold-dependent and
nodal metric values have thus been integrated over the threshold range under study to generate a single value for each node. The analysis used is described in detail

clique complexes at an early stage in the filtration, leading to low
PSS value. Moreover, the value of the correlation between PSS
and BC was around R = 0.4 in both the binarized and weighted
network analyses, which further suggests that the PSS and BC do
not reflect identical network attributes.

The highest-ranking regions on the PSS measure
(Figures 6, 7) were distributed across the brain, consistent
with potential roles in the global integration of local networks.

There was nevertheless a tendency for the PSS hubs to belong
to frontal cortical areas (middle and superior frontal gyri,
precentral gyrus, rolandic operculum, cingulate), and subcortical
structures (amygdala, globus pallidum, caudate nucleus). In
the posterior brain, PSS-hubs within the parietal lobe included
the inferior and superior divisions of the parietal gyrus but did
not include midline parietal structures. In the occipital lobe, a
visual association area located in the superior occipital cortex
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FIGURE 7 | Graphical display of the highest-ranking nodes. Functional hubs identified on the PSS measure and three standard topological centrality metrics
(BC, DC, Eff). Hubs on each measure are defined as having a value >1 S.D. of the mean of their respective distribution. Nodes overlapping with the PSS hubs are
shown in brown. The corresponding AAL labels for each numerical index are included in Supplementary Figure S1.

ranked highly as a PSS hub, as did the calcarine fissure which
includes part of the primary visual cortex (V1). We note that
V1, which also ranked highly on the DC metric in this study,
has previously been shown to engage in distributed networks
thought to support mental imagery during the resting-state
(Wang et al., 2008). Interestingly, no subdivision of the temporal
cortices were included amongst PSS-hubs, despite several of
these regions ranking highly on the DC measure.

We also paid attention to the special case of high-ranking
PSS nodes which did not qualify as “hubs” on any of the
three standard topological centrality measures (DC, Eff, BC).
This subset of nodes was anatomically restricted to the lateral
frontal and parietal cortices. They included the middle and
superior frontal gyri, as well as inferior and superior sections
of parietal gyri. These findings would suggest that, relative
to standard topological centrality metrics, the PSS may be
particularly sensitive to the network activity of frontal and
parietal association areas located on the lateral surface of
the brain. This would be consistent with the established role
of these regions toward supporting high-level cognitive and
behavioral functions requiring the large-scale coordination of
network elements. The relative importance of PSS-hubs toward
the information processing capacities of the brain should notably
be assessed in future studies by means of virtual lesions in whole-
brain computational models (Deco and Kringelbach, 2014; Deco
etal., 2015; V4sa et al., 2015).

It has now become well recognized that the brain performs
local computations in segregated modules that become
seamlessly integrated over space and time to support high-level
functions necessary for survival. Some brain regions are likely
to play a more critical role than others toward enabling the
global integration of information. The exact identities of these
regions and the optimal experimental approaches for identifying
them remain unclear. However, recent evidence would suggest
that integrative nodes, such as those potentially identified via
the persistence homological scaffold, require metastability for
maximal exploration of the full dynamic repertoire of the brain
(Kringelbach et al, 2015). Previous research has employed

diffusion tensor imaging (DTI) and graph theoretical analysis
to identify a subset of hubs which forms a central core or
“rich-club” that has been suggested to be important for global
brain integration by linking together spatially remote network
communities (van den Heuvel and Sporns, 2011). Yet, the
mapping of a structural network architecture that can plausibly
support segregation and integration does not describe the causal
mechanisms and/or activity dynamics that actually underlie
functional segregation and integration of information (Deco
et al.,, 2015). The identification of integrator hubs directly from
functional neuroimaging data using the homological scaffold
may be particularly valuable in this regard.

The application of computational topology analysis to
functional neuroimaging data is a novel avenue of research,
and the physiological significance of homological scaffolds and
related measures remains unclear. Given that high PSS nodes
participate in a large proportion of cycles along the filtration,
such nodes may be well positioned to contribute to a specific
type of integration where, for example, a given neural pathway
diverges than re-converges. Examples of such pathways include
the dorsal/ventral visual streams and the well-defined cortico-
basal loops between the basal ganglia and motor cortex. Further
studies will be needed to test these hypotheses with specificity,
but we nevertheless point out that the identification of both visual
areas as well as basal ganglia and cortical motor areas amongst the
PSS-hubs in the present analysis supports this idea.

Whilst the present results suggest that high-ranking PSS
nodes could be well positioned to support the integration of
information across segregated brain modules, further studies
will be needed to confirm this observation. One potential
approach would be to apply recently developed measures
of perturbational integration and segregation in a whole-
brain computational model. Previous work has shown that,
by perturbing in silico neural dynamics by a random set of
Gaussian inputs, one can estimate the amount of integration in
the system calculated after each perturbation. In this context,
perturbational integration is defined by considering the length
of the largest connected component of the functional network
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as an estimate of the amount of integration in the system
after each perturbation, as described in detail in Deco et al.
(2015). One would therefore expect virtual lesions to high-
PSS nodes to have a particularly profound impact on the
system’s integration capabilities, relative to randomly selected
network nodes. Another possibility would be to investigate
changes in PSS hubs assignment and distributions in clinical
syndromes characterized by disordered functional integration at
the whole-brain scale, such as schizophrenia (Alexander-Bloch
et al, 2010; Lynall et al., 2010). Both approaches could help
determine to what extent PSS-hubs support the integration of
network elements, and potentially provide useful insights into the
neurobiological attributes of topologically central brain regions
in the homological scaffold.

Another limitation of this study, as mentioned in Section
2.2.6, is the choice of the representative cycles for homology
classes, which could result in selecting edges that do not belong
to the shortest cycle around a certain hole. A possible way
around this limitation would be to perform an a posteriori
analysis of the cycles, in which one controls for the evolution
of the subgraph’s transitivity (as done in Petri et al., 2014). One
could also consider employing computationally cumbersome
techniques to track the shortest path across the filtration and
then update the scaffold accordingly, Dey et al. (2011a,b). Further
work is needed to establish which protocol would be most suited
to the specific case of fMRI networks. Our results on network
communities nevertheless suggest that the cycle choice issues
might not be so critical in our study and potentially lead to a
stronger PSS interpretation. Indeed network communities, being
densely connected internally and strong information integrators,
likely constitute the network regions where connected triangle
components reside and thus the regions where different
representative cycle choices are possible. Moreover, scaffold
hubs already tend to have large participation coefficients
suggesting that they behave as information brokers between these
communities and are therefore, although imperfectly, capturing
the large-scale homological structure.

In summary, the present study has explored the relationship
between standard network metrics in functional brain network
and the persistence homological scaffold derived from the same
fMRI dataset. The computation of a local graph measure on
the PSS differs from standard applications of graph theory to

REFERENCES

Alexander-Bloch, A. F., Gogtay, N., Meunier, D., Birn, R, Clasen, L., Lalonde, F.,
et al. (2010). Disrupted modularity and local connectivity of brain functional
networks in childhood-onset schizophrenia. Front. Syst. Neurosci. 4:147. doi:
10.3389/fnsys.2010.00147

Bassett, D. S., Nelson, B. G., Mueller, B. A., Camchong, J., and Lim, K. O. (2012).
Altered resting state complexity in schizophrenia. Neuroimage 59, 2196-2207.
doi: 10.1016/j.neuroimage.2011.10.002

Bauer, U., and Lesnick, M. (2014). “Induced matchings of barcodes and the
algebraic stability of persistence,” in Proceedings of the Thirtieth Annual

Symposium on Computational Geometry SOCG’14 (New York, NY: ACM),

355:355-355:364.

functional neuroimaging data as the scaffolds are not derived
from typical dyadic interactions between network elements, and
consider information from all edges in the network. The results
suggest that topologically central nodes in the persistence scaffold
may play important roles toward supporting the functional
integration of information across brain modules. Future work
should investigate the sensitivity of the homological scaffolds and
derived measures to disease-related changes in brain function as
well as the specific type of integration performed by the strongest
edges and nodes in the scaffolds.

AUTHOR CONTRIBUTIONS

LDL, PE, MK, FT designed the study. TV, HE MK collected and
processed the fMRI data. PE, GP, FV developed and implemented
the persistence homological scaffolds methodology essential to
this study. LDL, HF performed the graph theoretical analysis
of the data. PE, LDL, TV made the figures. PE, GP, FV, and
LDL wrote the methods section. LDL wrote the results section.
LDL and PE wrote the introduction and discussion sections, with
editorial guidance from MK, FT, and GD.

ACKNOWLEDGMENTS

LDL is supported by the Canadian Institutes of Health
Research (LDL), the Canadian Centennial Scholarship Fund,
and a scholarship award from Hertford College (University of
Oxford). MK is supported by European Research Council (ERC)
Consolidator Grant: CAREGIVING (615539). FT and PE are
supported by a PET Methodology Programme grant from the
Medical Research Council UK (ref no. G1100809/1). GD is
supported by ERC Advanced Grant: DYSTRUCTURE (295129)
and by the Spanish Research Project PSI2013-42091-P. GP and
FV are supported by the TOPDRIM project supported by the
Future and Emerging Technologies programme of the European
Commission under Contract IST-318121.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnsys.
2016.00085/full#supplementary-material

Blondel, V. D., Guillaume, J.-L., Lambiotte, R., and Lefebvre, E. (2008). Fast
unfolding of communities in large networks. J. Stat. Mech. 2008, P10008-
P10013. doi: 10.1088/1742-5468/2008/10/P10008

Brandes, U. (2001). A faster algorithm for betweenness centrality*. J. Math. Sociol.
25,163-177. doi: 10.1080/0022250X.2001.9990249

Bullmore, E., and Sporns, O. (2009). Complex brain networks: graph theoretical
analysis of structural and functional systems. Nat. Rev. Neurosci. 10, 186-198.
doi: 10.1038/nrn2575

Bullmore, E., and Sporns, O.
organization.  Nat.  Rev.
nrn3214

Buzsiki, G., and Draguhn, A. (2004). Neuronal oscillations in cortical networks.
Science 304, 1926-1929. doi: 10.1126/science.1099745

(2012). The economy of brain network
Neurosci. 13, 336-349. doi:  10.1038/

Frontiers in Systems Neuroscience | www.frontiersin.org

13

November 2016 | Volume 10 | Article 85


http://journal.frontiersin.org/article/10.3389/fnsys.2016.00085/full#supplementary-material
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive

Lord et al.

Persistence Homology of Functional Connectivity Networks

Chazal, F., de Silva, V., Glisse, M., and Oudot, S. (2012). The structure and stability
of persistence modules. ArXiv e-prints.

Cohen-Steiner, D., Edelsbrunner, H., and Harer, J. (2007). Stability of persistence
diagrams. Discrete Comput. Geom. 37, 103-120. doi: 10.1007/s00454-006-1
276-5

Cole, M. W., Yarkoni, T., Repov§, G., Anticevic, A., and Braver, T. S. (2012).
Global connectivity of prefrontal cortex predicts cognitive control and
intelligence. J. Neurosci. 32, 8988-8999. doi: 10.1523/JNEUROSCI.0536-1
2.2012

Csermely, P. (2004). Strong links are important, but weak links stabilize them.
Trends Biochem. Sci. 29, 331-334. doi: 10.1016/j.tibs.2004.05.004

Deco, G., and Kringelbach, M. L. (2014). Great expectations: using whole-brain
computational connectomics for understanding neuropsychiatric disorders.
Neuron 84, 892-905. doi: 10.1016/j.neuron.2014.08.034

Deco, G., Tononi, G., Boly, M., and Kringelbach, M. L. (2015). Rethinking
segregation and integration: contributions of whole-brain modelling. Nat. Rev.
Neurosci. 16, 430-439. doi: 10.1038/nrn3963

Dey, T. K., Hirani, A. N,, and Krishnamoorthy, B. (2011a). Optimal homologous
cycles, total unimodularity, and linear programming. SIAM J. Comput. 40,
1026-1044. doi: 10.1137/100800245

Dey, T. K., Sun, J., and Wang, Y. (2011b). Approximating cycles in a shortest
basis of the first homology group from point data. Inverse Probl. 27:124004.
doi: 10.1088/0266-5611/27/12/124004

Doyle, A. C. (1998). The Hound of the Baskervilles. Oxford, UK: Oxford University
Press.

Garrison, K. A., Scheinost, D., Finn, E. S, Shen, X., and Constable, R. T. (2015).
The (in) stability of functional brain network measures across thresholds.
Neuroimage 118, 651-661. doi: 10.1016/j.neuroimage.2015.05.046

Giusti, C., Ghrist, R, and Bassett, D. S. (2016). Two’s company, three (or more) is
a simplex: algebraic-topological tools for understanding higher-order structure
in neural data. arXiv preprint arXiv:1601.01704.

Granovetter, M. S. (1973). The strength of weak ties. Am. J. Sociol. 78, 1360-1380.
doi: 10.1086/225469

Hansen, E. C., Battaglia, D., Spiegler, A., Deco, G., and Jirsa, V. K. (2015).
Functional connectivity dynamics: modeling the switching behavior of the
resting state. Neuroimage 105, 525-535. doi: 10.1016/j.neuroimage.2014.11.001

Kringelbach, M. L., McIntosh, A. R,, Ritter, P., Jirsa, V. K., and Deco, G. (2015).
The rediscovery of slowness: exploring the timing of cognition. Trends Cogn.
Sci. 19, 616-628. doi: 10.1016/j.tics.2015.07.011

Lord, L.-D., Allen, P., Expert, P., Howes, O., Broome, M., Lambiotte, R,
et al. (2012). Functional brain networks before the onset of psychosis: a
prospective fMRI study with graph theoretical analysis. Neuroimage 1, 91-98.
doi: 10.1016/j.nicl.2012.09.008

Lord, L.-D., Allen, P., Expert, P., Howes, O., Lambiotte, R., McGuire, P.,
et al. (2011). Characterization of the anterior cingulate’s role in the at-
risk mental state using graph theory. Neuroimage 56, 1531-1539. doi:
10.1016/j.neuroimage.2011.02.012

Lynall, M.-E., Bassett, D. S., Kerwin, R., McKenna, P. ], Kitzbichler, M., Muller, U,
et al. (2010). Functional connectivity and brain networks in schizophrenia. J.
Neurosci. 30, 9477-9487. doi: 10.1523/JNEUROSCI.0333-10.2010

Munkres, J. R. (1984). Elements of Algebraic Topology, Vol. 2. Menlo Park:
Addison-Wesley Reading.

Onnela, J.-P., Saramiki, J., Hyvonen, J., Szabo, G., Lazer, D., Kaski, K., et al. (2007).
Structure and tie strengths in mobile communication networks. Proc. Natl.
Acad. Sci. U.S.A. 104, 7332-7336. doi: 10.1073/pnas.0610245104

Pajevic, S., and Plenz, D. (2012). The organization of strong links in complex
networks. Nat. Phys. 8, 429-436. doi: 10.1038/nphys2257

Pandit, A. S., Expert, P., Lambiotte, R., Bonnelle, V., Leech, R., Turkheimer, F. E.,
et al. (2013). Traumatic brain injury impairs small-world topology. Neurology
80, 1826-1833. doi: 10.1212/WNL.0b013e3182929f38

Petri, G., Expert, P., Turkheimer, F., Carhart-Harris, R., Nutt, D., Hellyer, P., et al.
(2014). Homological scaffolds of brain functional networks. J. R. Soc. Interface
11:20140873. doi: 10.1098/rsif.2014.0873

Petri, G., Scolamiero, M., Donato, I, and Vaccarino, F. (2013). Topological
strata of weighted complex networks. PLoS ONE 8:¢66506. doi:
10.1371/journal.pone.0066506

Power, J. D., Cohen, A. L., Nelson, S. M., Wig, G. S., Barnes, K. A., Church, J. A,,
et al. (2011). Functional network organization of the human brain. Neuron 72,
665-678. doi: 10.1016/j.neuron.2011.09.006

Rubinov, M., and Sporns, O. (2010). Complex network measures of brain
connectivity: uses and interpretations. Neuroimage 52, 1059-1069. doi:
10.1016/j.neuroimage.2009.10.003

Schneidman, E., Berry, M. J. II, Segev, R., and Bialek, W. (2006). Weak pairwise
correlations imply strongly correlated network states in a neural population.
Nature 440, 1007-1012. doi: 10.1038/nature04701

Schwarz, A. J., and McGonigle, J. (2011). Negative edges and soft thresholding
in complex network analysis of resting state functional connectivity data.
Neuroimage 55, 1132-1146. doi: 10.1016/j.neuroimage.2010.12.047

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E.,
Johansen-Berg, H., et al. (2004). Advances in functional and structural MR
image analysis and implementation as FSL. Neuroimage 23, $208-S219. doi:
10.1016/j.neuroimage.2004.07.051

Sporns, O. (2013). Network attributes for segregation and integration in the human
brain. Curr. Opin. Neurobiol. 23, 162-171. doi: 10.1016/j.conb.2012.11.015

Tausz, A., Vejdemo-Johansson, M., and Adams, H. (2011). “JavaPlex: a research
software package for persistent (Co) homology,” Available online at: http://
javaplex.github.io/

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N, et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 15, 273-289. doi: 10.1006/nimg.2001.0978

van den Heuvel, M. P., and Sporns, O. (2011). Rich-club organization of the human
connectome. J. Neurosci. 31, 15775-15786. doi: 10.1523/]NEUROSCI.3539-
11.2011

Vasa, F., Shanahan, M., Hellyer, P. J,, Scott, G., Cabral, J., and Leech, R.
(2015). Effects of lesions on synchrony and metastability in cortical networks.
Neuroimage 118, 456-467. doi: 10.1016/j.neuroimage.2015.05.042

Wang, K., Jiang, T., Yu, C,, Tian, L., Li, J., Liu, Y., et al. (2008). Spontaneous activity
associated with primary visual cortex: a resting-state fMRI study. Cereb. Cortex
18, 697-704. doi: 10.1093/cercor/bhm105

Zomorodian, A., and Carlsson, G. (2005). Computing persistent homology.
Discrete Comput. Geometry 33, 249-274. doi: 10.1007/s00454-004-1146-y

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Lord, Expert, Fernandes, Petri, Van Hartevelt, Vaccarino, Deco,
Turkheimer and Kringelbach. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Systems Neuroscience | www.frontiersin.org

November 2016 | Volume 10 | Article 85


http://javaplex.github.io/
http://javaplex.github.io/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive

