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Dynamical models to evaluate
structure—function relationships
in network neuroscience
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In their timely Review, Vasa and Misi¢
provide an insightful review of the range of
null models available for hypothesis testing
in network neuroscience (Vasa, F. & Misi¢, B.
Null models in network neuroscience.
Nat. Rev. Neurosci. 23, 493-504 (2022))".
A central part of their Review is dedicated
to generative models, understood as models
for the processes that lead (brain) networks
to exhibit the organization that they do. Here,
we wish to draw attention to a distinct but
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complementary kind of generative model
that can be used to embody and then test
null hypotheses in network neuroscience:
namely, dynamical models of mechanisms.
In these models, brain network structure
(and, increasingly, additional aspects such
as regional heterogeneity) gives rise to the
ebb and flow of brain activity and functional
connectivity that unfold over time** (FIC. 1).
In a notable recent example®, the topology
of the structural connectome underlying a

Kuramoto model was systematically varied,
showing that a modular but not a random
topology produces ‘events’ in the simulated
time-resolved functional connectivity,
analogous to those observed in empirical
functional MRI signals. From the perspective
of null models, this result showed that such
events are attributable neither to motion and
physiological artefacts nor solely to cognitive
operations, as the model incorporates neither.
Rather, the topology of the structural network
is sufficient to determine whether such events
will be observed in the functional dynamics.
This work exemplifies how dynamical models
can be used to arbitrate between plausible
causal mechanisms for a phenomenon
of interest, by explicitly building such
mechanisms into the model and assessing
whether the phenomenon in question
emerges.

Another notable study enriched
connectome-based mean-field models with
PET-derived maps for the 5-HT,, receptor,
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Fig. 1| Use of whole-brain dynamical models to test null hypotheses
about the relationship among brain network structure, regional hetero-
geneity and brain activity. Dynamical whole-brain models simulate the
emergence of brain activity and functional connectivity in silico, combining
amodel of local dynamics (red), with varying degrees of biological realism,
and global connectivity (yellow), typically obtained from diffusion MRl trac-
tography in humans or tract-tracing in animals. The role of regionally
heterogeneous features of neurobiology in shaping brain function can
be evaluated by modulating local dynamics according to empirical maps,

such as TIw:T2w ratio, receptor density from PET or transcriptomics, the
principal component of gene expression (PC1), or excitation:inhibition ratio
(among others). The heterogeneous model’s goodness-of-fit to empirical
functional data is then compared against a distribution of models enriched
with null maps. The contribution of specific features of structural network
topology to brain function can be evaluated by comparing the model’s
goodness-of-fit to empirical data against a distribution of null models,
rewired to remove the network feature, or features, of interest. Figure
adapted with permission from REF, Elife; REF?, Elsevier; and REF., AAAS.
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recapitulating blood oxygen level-dependent
dynamics under the effects of the serotonergic
psychedelic lysergic acid diethylamide (LSD)°.
Null models enriched with alternative 5-HT
receptors, or with uniform or scrambled
5-HT,, maps, allowed the authors to embody
and then reject alternative hypotheses whereby
the spatial distribution of the 5-HT,, receptor
does not contribute to the dynamics of LSD.
A subsequent transcriptomics-enriched
model evaluated non-5-HT receptors and the
role of spatial autocorrelation’, highlighting
the synergy between different facets of null
hypothesis testing in network neuroscience.
Increasingly, dynamical models are being
enriched with other aspects of neurobiology,
such as T1w:T2w ratio®, excitatory:inhibitory
ratio’, the principal component of gene
expression’, or feedback versus feedforward
connectivity'” (to name just a few in a fast-
growing literature), representing additional
avenues with which to embody and test
hypotheses about annotated brain networks.
Overall, generative models of brain
dynamics represent a powerful recent addition
to the hypothesis-testing toolset of network
neuroscientists. They provide an avenue to
embody and assess mechanistic hypotheses,
not only of how the organization of structural
brain networks came to be, but also of how
in turn it interacts with regional dynamics
to shape the temporal unfolding of brain
activity. We hope that explicit recognition of
this flexible framework for testing mechanistic
hypotheses will facilitate the emerging research
on the interrelationships of brain network
structure, dynamics and neuromodulation,
bringing additional aspects of neurobiology
into consideration for the study of both
structural and functional brain networks.

1238 Joana Cabral{[2)4>6,
78, Alain Destexhe(2)7,
Gustavo Deco(2)'0'"12 and
Morten L. Kringelbach(2)%456.13

'Division of Anaesthesia and Department of Clinical
Neurosciences, University of Cambridge,

Cambridge, UK.

2Leverhulme Centre for the Future of Intelligence,
University of Cambridge, Cambridge, UK.

3The Alan Turing Institute, London, UK.

“Life and Health Sciences Research Institute (ICVS),
School of Medicine, University of Minho,

Braga, Portugal.

SCentre for Eudaimonia and Human Flourishing,
Linacre College, University of Oxford, Oxford, UK.
SCenter for Music in the Brain, Department of Clinical
Medicine, Aarhus University, Aarhus, Denmark.
’Institute of Neuroscience (NeuroPSI-CNRS),
Paris-Saclay University, Gif sur Yvette, France.
8CIMFAV-Ingemat, Facultad de Ingenieria, Universidad
de Valparaiso, Valparaiso, Chile.

SEuropean Institute for Theoretical Neuroscience,

Gif sur Yvette, France.

19Center for Brain and Cognition, Computational
Neuroscience Group, Universitat Pompeu Fabra,
Barcelona, Spain.

[nstitucié Catalana de la Recerca i Estudis Avangats
(ICREA), Barcelona, Spain.

2Department of Neuropsychology, Max Planck
Institute for Human Cognitive and Brain Sciences,
Leipzig, Germany.

3Department of Psychiatry, University of Oxford,
Oxford, UK.

®e-mail: al857 @cam.ac.uk

https://doi.org/10.1038/s41583-022-00646-w

Andrea I. Luppi
Rodrigo Cofre

1. Vasa, F. & Misi¢, B. Null models in network
neuroscience. Nat. Rev. Neurosci. 23, 493-504
(2022).

2. Breakspear, M. Dynamic models of large-scale brain
activity. Nat. Neurosci. 20, 340-352 (2017).

3. Shine, J. M. et al. Computational models link
cellular mechanisms of neuromodulation to large-scale
neural dynamics. Nat. Neurosci. 24, 765-776
(2021).

4. Suarez, L. E., Markello, R. D., Betzel, R. F. &

Misic, B. Linking structure and function in macroscale
brain networks. Trends Cogn. Sci. 24, 302-315
(2020).

5. Pope, M., Fukushima, M., Betzel, R. F. & Sporns, O.

Modular origins of high-amplitude cofluctuations

in fine-scale functional connectivity dynamics.
Proc. Natl Acad. Sci. USA 118, 2109380118
(2021).

6.  Deco, G. et al. Whole-brain multimodal neuroimaging
model using serotonin receptor maps explains
non-linear functional effects of LSD. Curr. Biol. 28,
3065-3074.e6 (2018).

7. Burt, J. B. et al. Transcriptomics-informed large-scale
cortical model captures topography of pharmacological
neuroimaging effects of LSD. eLife 10, €69320 (2021).

8.  Demirtas, M. et al. Hierarchical heterogeneity across
human cortex shapes large-scale neural dynamics.
Neuron 101, 1181-1194.e13 (2019).

9. Deco, G. et al. Dynamical consequences of regional
heterogeneity in the brain’s transcriptional landscape.
Sci. Adv. 7, eabf4752 (2021).

10. Joglekar, M. R., Mejias, J. F, Yang, G. R. &

Wang, X. J. Inter-areal balanced amplification
enhances signal propagation in a large-scale circuit
model of the primate cortex. Neuron 98, 222-234.e8
(2018).

Acknowledgements

A.l.L. was supported by a Gates Cambridge Scholarship
(OPP 1144), the E. G. Fearnsides Travel Fund and a Travel
Grant from the Boehringer Ingelheim Fonds. J.C. is funded
by the Portuguese Foundation for Science and Technology
grants UIDB/50026/2020, UIDP/50026/2020 and
CEECIND/03325/2017, Portugal. R.C. and A.D. are sup-
ported by the European Union’s Horizon 2020 Framework
Programme for Research and Innovation under the Specific
Grant Agreement No. 945539 (Human Brain Project SGA3).
G.D. is supported by HBP SGA3 Human Brain Project Specific
Grant Agreement 3 (945539), funded by the EU H2020 FET
Flagship program; the Spanish national research project
(PID2019-105772GB-100 MCIU AEI), funded by the Spanish
Ministry of Science, Innovation and Universities (MCIU), State
Research Agency (AEI); SGR Research Support Group (refer-
ence 2017 SGR 1545), funded by the Catalan Agency for
Management of University and Research Grants (AGAUR);
Neurotwin Digital twins for model-driven non-invasive electri-
cal brain stimulation (grant agreement 101017716), funded
by the EU H2020 FET Proactive program; euSNN (grant
agreement 860563), funded by the EU H2020 MSCA-ITN
Innovative Training Networks; The Emerging Human Brain
Cluster (CECH) (001-P-001682) within the framework of the
European Research Development Fund Operational Program
of Catalonia 2014—-2020; Brain-Connects: Brain Connectivity
during Stroke Recovery and Rehabilitation (201725.33),
funded by the Fundacio La Marato TV3; and Corticity,
FLAG-ERA JTC 2017 (reference PCI2018-092891), funded
by the MCIU, AEIl. M.L.K. is supported by the Center for
Music in the Brain, funded by the Danish National Research
Foundation (DNRF117), and the Centre for Eudaimonia and
Human Flourishing, funded by the Pettit Foundation
and Carlsberg Foundation.

Competing interests
The authors declare no competing interests.

768 | DECEMBER 2022 | VOLUME 23

www.nature.com/nrn


http://orcid.org/0000-0002-3461-6431
http://orcid.org/0000-0002-6715-0826
http://orcid.org/0000-0002-7498-7122
http://orcid.org/0000-0001-7405-0455
http://orcid.org/0000-0002-8995-7583
http://orcid.org/0000-0002-3908-6898
mailto:al857@cam.ac.uk
https://doi.org/10.1038/s41583-022-00646-w

	Dynamical models to evaluate structure–function relationships in network neuroscience

	Acknowledgements

	Fig. 1 Use of whole-​brain dynamical models to test null hypotheses about the relationship among brain network structure, regional hetero­geneity and brain activity.




