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Abstract

Nervous systems are information processing networks that evolved by natural selection, whereas very large scale integrated
(VLSI) computer circuits have evolved by commercially driven technology development. Here we follow historic intuition
that all physical information processing systems will share key organizational properties, such as modularity, that generally
confer adaptivity of function. It has long been observed that modular VLSI circuits demonstrate an isometric scaling
relationship between the number of processing elements and the number of connections, known as Rent’s rule, which is
related to the dimensionality of the circuit’s interconnect topology and its logical capacity. We show that human brain
structural networks, and the nervous system of the nematode C. elegans, also obey Rent’s rule, and exhibit some degree of
hierarchical modularity. We further show that the estimated Rent exponent of human brain networks, derived from MRI
data, can explain the allometric scaling relations between gray and white matter volumes across a wide range of
mammalian species, again suggesting that these principles of nervous system design are highly conserved. For each of
these fractal modular networks, the dimensionality of the interconnect topology was greater than the 2 or 3 Euclidean
dimensions of the space in which it was embedded. This relatively high complexity entailed extra cost in physical wiring:
although all networks were economically or cost-efficiently wired they did not strictly minimize wiring costs. Artificial and
biological information processing systems both may evolve to optimize a trade-off between physical cost and topological
complexity, resulting in the emergence of homologous principles of economical, fractal and modular design across many
different kinds of nervous and computational networks.
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understanding of connectivity structure in the abstract, e. g. in
topological space. While this strong focus on interconnect

Introduction

Since the publication of Watts and Strogatz’s seminal article,
“Collective dynamics of ‘small-world’” networks”, network
science, as it has now come to be called, has extensively
pervaded the scientific community, transcending previously
impermeable boundaries between disciplines at every turn [1].
The availability of integrative tools to quantify the emergent
behavior of systems made up of many interacting parts, whether
they be people in a social network, proteins in a protein-
interaction network, or individual web pages in the WWW,

allowed many disciplines to add an entirely new level of

description and find common ground with traditionally unrelated
fields. The beauty of the topological formalism stemmed from its
simplicity: each connection between two parts of the system was
indicated by a line of unitary length, collectively giving an
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topology has enabled seminal discoveries in a wide variety of
networks in the past decade, it inevitably neglects a fundamental
property of the majority of these systems: their existence in a
physical space. Gene co-expression profiles have specific
anatomical distributions throughout the body; proteins have
spatial distributions within cells that may increase or decrease the
probability of their interactions; humans have physical locations
that may influence who they make friends with; countries have
frontiers with each other that may affect their trade of goods.
Each of these complex systems can be described by a network
topology that is highly dependent on each node’s physical
location. Indeed, understanding the importance of physical node
placement in network growth and resultant topologies is an active
topic of research in network science [2,3].
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Author Summary

Brains are often compared to computers but, apart from
the trivial fact that both process information using a
complex physical pattern of connections, it has been
unclear whether this is more than just a metaphor. In our
work, we rigorously uncover novel quantitative organiza-
tional principles that underlie the network organization of
the human brain, high performance computer circuits, and
the nervous system of the nematode C. elegans. We show
through a topological and physical analysis of connectivity
data that each of these systems is cost-efficiently
embedded in physical space; they are organized as
economical modular networks, paying a modest premium
in wiring cost for the functional advantages of high
dimensional topology. We also show that the fractal
properties of human brain network connectivity can be
used to explain allometric scaling relations between grey
and white matter volumes in the brains of a wide range of
differently sized mammals—from mouse opossum to sea
lion—further suggesting that these principles of nervous
system design are highly conserved across species. We
propose that market-driven human invention and natural
selection have negotiated trade-offs between cost and
complexity in design of information processing networks
and convergently come to similar conclusions.

At this timely juncture, we investigate the interdependence of
topology and physicality in a “topophysical” analysis of informa-
tion processing networks. High performance computer circuits
have been empirically observed to exhibit a simple scaling
relationship, known as Rent’s rule, between the number of nodes
or “gates” in any piece of the circuit and the number of
connections (inputs or outputs) to that piece of circuit or “block of
logic”, over a range of spatial scales [4]. First observed by Rent in
the 1960s, this scaling relationship has held up remarkably well as
circuits have evolved rapidly in terms of size and functional
performance. Circuits with greater logical capacity have higher
values of the Rent exponent, indicating more complex wiring or
higher dimensionality of the interconnect topology of the circuit.
Rentian scaling is one aspect of fractal or self-similar network
design principles that are also reflected in the hierarchical
modularity of VLSI circuits, which typically consist of “modules-
within-modules”. Minimization of the cost of wiring VLSI circuits
has been an important economic factor in their commercial
evolution. Rentian scaling represents a cost-efficient solution to the
challenge of embedding a high dimensional functional intercon-
nect topology in a relatively low dimensional physical space with
economical wiring costs [5,6].

Given the mounting evidence that many complex systems share
important organizational properties in common [7], we hypoth-
esized that other informational systems, which have evolved by
natural selection rather than technological development, would
also be characterized by high dimensional fractal topologies
mapped cost-efficiently into physical space. The hypothesis that
biological and artificial information processing systems, in
particular, might share network properties such as hierarchical
modularity that confer adaptivity or evolvability of function [8]
dates back to Simon’s prescient analysis [9] but has not yet been
extensively tested using contemporary datasets and network
analysis tools. Here we study the only complete neuronal
connectome currently available, that of the nematode worm
Caenorhabditis elegans, as well as large-scale human brain structural
networks recently derived from neuroimaging data (using both
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magnetic resonance imaging, MRI, and diffusion spectrum

imaging, DSI), and a benchmark VLSI circuit.

Results

We investigated the topological and physical properties of three
distinct and differently sized information processing networks -
two biological nervous systems and an artificial computer system.
The two biological systems were the human brain structural
network and the neuronal connectome of the nematode worm
Caenorhabditis elegans. Human brain structural networks were
measured at a relatively coarse-grained, regional level of
resolution (cm) using two complementary neuroimaging tech-
niques in two different samples; see [10] for a review of graphical
methods of network analysis in human neuroimaging. Covaria-
tion of regional gray matter volumes was measured using
conventional MRI data on a sample of 259 healthy volunteers
and a binary network was constructed by thresholding the inter-
regional partial correlation matrix [11]. Gray matter covariation
has previously been proposed as an indirect marker of anatomical
(axonal) connectivity between regions [12,13] and the rationale is
rehearsed in supplementary Text S1. As an alternative and more
direct measure of anatomical connectivity, we also estimated the
connection probabilities between regions by tractographic
analysis of diffusion spectrum imaging (DSI) data on 5 healthy
volunteers [14]. This approach allows us to construct an
anatomical network, by thresholding the inter-regional connec-
tion probability matrix, for each individual participant; whereas
the approach based on inter-individual covariation of gray matter
volumes in conventional MRI yields only a single network for the
whole group of participants. The nervous system of C. elegans has
been precisely measured at a finer-grained, cellular (<mm) level
of resolution [15,16] and is highly reproducible across individual
worms. The computational system was a benchmark very large
scale integrated (VLSI) circuit (ISCAS89 sequential logic circuit
$953 [17]).

We applied methods of network analysis, drawn mainly from
the literature on VLSI design, consistently to both nervous and
computational systems; see Materials and Methods and Table 1
for details, and Figure 1 for a graphical depiction of analysis
methods.

Hierarchical modularity

All three information processing networks demonstrated
modularity of community structure, such that each network could
be sub-divided into a number of sparsely interconnected modules
cach comprising a number of densely intra-connected nodes.
Indeed, we found that there were often “modules within
modules”, such that community structure was present on a
hierarchy of topological scales. This property of hierarchical
modularity can be discerned simply by inspection of the co-
classification matrix of each network (Figure 2 lgff) but is more
robustly demonstrated by the results of iterative modular
decomposition using the Louvain algorithm [18,19] (Figure 2
night). The C. elegans nervous system and the VLSI circuit both had
significantly non-random modularity over 4 hierarchical levels.
The human brain network derived from DSI data was significantly
modular over 3 hierarchical levels and the network derived from
conventional MRI data was modular over 2 levels; see
supplementary Text S1 for additional results. It is important to
note that such hierarchical modularity is consistent with a fractal
or scale-invariant topology of connections between elements of the
systems [5,6].
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Rentian scaling

In the development of VLSI circuits, a simple power law, known
as Rent’s rule, has been discovered to define the scaling relationship
between the number of external signal connections C to a block of
logic and the number of connected nodes N in the block [4]:

C=k N” (1)

where 0 <p <1 is the Rent exponent and k& is the Rent coefficient.
Moreover, this scaling relationship can be measured in both
physical space and topological space by defining a ‘block’ as either a
physical box or a topological partition; see Figure 1 and Materials and
Methods for details. We will refer to the Rent exponent estimated in
physical space as the physical Rent exponent, denoted simply p; and
we will refer to the Rent exponent estimated in topological space as
the topological Rent exponent, denoted pr. As we show below, the
topological Rent exponent can be used to estimate the fractal
dimension of the network topology, and can be compared to the
physical Rent exponent to assess the cost-efficiency with which the
network has been embedded in a Euclidean dimensional space.
Topological Rentian scaling and fractal dimension.
Topological Rentian scaling is generally defined as the scaling of
the number of nodes n within a topological partition with the
number of connections or edges, e, crossing the boundary of that
topological partition. If these two variables scale with each other in
log-log space, the network is said to show topological Rentian
scaling or fractal topology. The exponent of this scaling relationship
is known as the topological Rent exponent, p,. and is related
to the topological dimension, Dz, of the network according to

pTZI—D— [5]. Thus higher values of the topological Rent
T

exponent are indicative of higher dimensional network topology.
We found that all information processing networks demonstrated
topological Rentian scaling (see Table 1 and Figure 3). For all

@ PLoS Computational Biology | www.ploscompbiol.org

Table 1. Measures of fractal connectivity and physical embedding in computational and nervous systems.

Network Nodes P Dg Py i)r (1’1) P ¥ K

Observed

VLSI 440 0.4% 2 0.73+0.04 3.81+0.64 0.901 +0.006 7.78 1.68

C. elegans 277 2.7% 3 0.77 £0.06 442+1.53 0.74+0.07 53.34 28.39

Human brain (MRI) 104 15% 3 0.75+0.07 412+1.55 0.828 +0.005 3.02 1.60

Human brain (DSI) 1000 2.7% 3 0.78+0.07 4.54+2.12 0.782+0.014 4.55+0.33 1.97 £0.20
Randomly rewired

VLSI 440 0.4% 2 0.81+0.06 526+242 0.927 +0.003 10.90 1.98

C. elegans 277 2.7% 3 0.7940.05 4.76+1.48 0.805+0.003 88.43 44.54

Human brain (MRI) 104 15% 3 0.82+0.06 5.55+1.06 0.874 +0.003 12.00 6.27

Human brain (DSI) 1000 2.7% 3 0.86 +0.05 7144277 0.925 +0.002 10.88 3.23

Minimally rewired

VLSI 440 0.4% 2 0.46 +0.06 1.85+0.23 0.509 +0.005 1.21 0.43

C. elegans 277 2.7% 3 0.43+0.28 1.75+1.69 N/A 134 1.36

Human brain (MRI) 104 15% 3 0.59+0.13 2434113 0.93+0.01 1.88 1.47

Human brain (DSI) 1000 2.7% 3 0.574+0.11 2.3240.79 0.68 +0.004 217 1.01

p connection density; Dg, Euclidean (embedding) dimension;pT, observed topological Rent’s exponent; Dr o) fractal dimension of network topology estimated from
the topological Rent’s exponent, Ppi P observed physical Rerlt exponent; 7, mean connection distance between nodes (Eq 6); k, measure of cost-efficient embedding (Eq
4). Errors reported are 950{? confidence intervals for fits of Dy Py ), pi and standard deviation over individual subject’s values for the DSI estimations of 7 and . For
the DS estimations of p,, Dr (p,. ). and p, combined errors () are reported which include the errors of fit (o) and individual variation (5;,4) as given by 6=, /%, + a3,
(see supplementary Text S1 for results from individual DSI scans). Values for the randomly rewired networks are averages over 10 random network instantiations.
doi:10.1371/journal.pcbi.1000748.t001

networks, a power law provided a better fit to the topological data
on log(n)versuslog(e) than comparable exponential, linear or
polynomial models; see supplementary Text S1. It was also notable
that all the networks had a topological dimension Dr greater than
the Euclidean dimension Dg in which they were physically
embedded. This inequality indicates that the dimensionality of
connections between nodes of information processing networks is
generally greater than one would expect for a 2- or 3-dimensional
lattice (for which D7 =Dg). In the evolution of VLSI circuitry,
progressively higher dimensional interconnections between logic
gates have been associated with greater logical capacity; see Figure 4.
However, the development of high dimensional network topologies
necessarily comes at a cost in terms of wiring. The wiring cost of a
network with Dy > Dg will inevitably be greater than the absolute
minimum cost of wiring an equivalent sized network with Dy < Dp
(e.g., a regular lattice). Indeed, it is nontrivial (NP-complete) to find
the physical layout of a high dimensional topology which optimally
minimizes its wiring cost [20].

These findings were supported by the results of estimating
fractal dimension of the network topology by an alternative, box-
counting estimator [21,22], which provided consistent estimates of
D7, as discussed in the supplementary Text S1.

Physical Rentian scaling and efficient embedding. The
physical Rent exponent is estimated from the scaling of the
number of nodes n within a physically located subset with the
number of connections or edges, e, crossing the boundary around
the nodes; see Figure 1 and Materials and Methods. For a given
network topology, the minimum possible physical Rent exponent,
Pmin, assoclated with the most efficient possible physical
placement, is theoretically related to the topological Rent
exponent, p., as follows [23]:

E

1
Prmin =Max (1 ~ Do pT> : (2)
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B(i) (iii)

C(i) (iii)

log(e)

log(n)

Figure 1. Schematic of some key methods. A hierarchical modular network, A(i), is made up of modules, A(ii) green, which are made up of sub-
modules, Afii) yellow, and sub-sub-modules, A(ii) red, which are collectively visualized by a co-classification matrix, Af(iii), where hierarchical
modularity is evident by layers of color located along the diagonal [74]. To estimate the topological Rent exponent and dimension of a network, B(i),
we first cover the network with a single box large enough to cover it entirely; then we recursively partition the box (B(ii) and B(iii)) into halves,
quarters, and so on using a partition algorithm that minimizes the number of edges cut by each partition. For each iteration of this process, we count
the number of nodes within a partition (r), and the number of edges (¢) crossing the partitions; a linear relationship between these two variables
plotted on logarithmic axes indicates topological Rentian scaling of network connectivity and provides an estimator of the topological dimension Dy
of the network[21,22]. To estimate the physical Rent exponent, we randomly place 5000 randomly sized boxes on the physically embedded network,
e.g., the human brain network in anatomical space C(i). Then we count the number of nodes 1 and the number of boundary-crossing edges e for each
box C(ii) and estimate the physical Rent exponent p by the linear relationship between these two variables on logarithmic axes, Cfiii).
doi:10.1371/journal.pcbi.1000748.g001

For all information processing networks, a power law provided a Wiring length. FIrom the theory of VLSI design, we also
better fit to the physical data on log(n)versuslog(e) than know that the mean connection distance 7 between nodes in a
comparable exponential, linear or polynomial models; see circuit is related to its size N, topological dimension D7 and

bedding di ion Dg by th tion [5,24
supplementary Text S1. In all cases, we found that p.>1— — embedding dimension D by the equation [5,24]

D

(which is 2/3 or 0.67 for Dg=3 and 0.5 for Dg =2). Therefore, F=x(Dr DE)NI/DE—I/DT (3)
the minimum physical Rent exponent possible for each of these ’ ’

networks was equal to its topological Rent exponent: pyin =py. As where the coefficient x ~ 1 if the network has been cost-efficiently
shown in Table 1, the observed physical Rent exponent, p, was embedded. As shown in Table 1, all information processing
indeed close to its theoretically predicted minimum value, p, networks, especially the human brain networks, had values of x
indicating that both biological and computational networks had close to unity, providing additional evidence in favor of their cost-
been cost-efficiently embedded in physical space. efficient embedding. The relatively large value of x for the C.
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Figure 2. Hierarchical modularity in nervous and computational systems. Dendrograms displaying significant modular and sub-modular
structure for (A) a very large scale integrated circuit, (B) the nematode worm C. elegans, (C) the human cortical anatomical network estimated using
conventional MRI in 259 normal volunteers and (D) the human cortical anatomical network estimated using diffusion spectrum imaging (DSI) from an
independent sample of 5 normal volunteers. The modularity, m, of each of these matrices was estimated using the Louvain community detection
algorithm [18]; 1-tailed t-tests were performed to determine where the modularity of the observed network was higher than the modularity of
a functional random (p-value, p,), and pure random (p-value, p) network. The matrices were decomposed into their sub-modules, and each sub-
module was tested for modularity, m, greater than functional and pure random networks (p,, p) of the same size as the module being tested. This
process was iteratively performed: sub-modules were tested for non-random modularity, and if sub-sub-modules were identified in this way
then each of them was in turn tested for non-random modularity. All modules shown in the decomposition had p, p, <.05 except for those few
indicated in gray (p, <.05) and blue (p <.05). Complete decompositions are shown for the VLS| and human brain MRI network; both the C. elegans
and human brain DfSI networks continue to deeper hierarchical levels, here not shown due to space constraints (see supplementary Text S1 for full
decompositions). Insets The inset panels give a visual depiction of the hierarchical modularity of each system, which has been represented by a co-
classification matrix where red/brown colors highlight modules or clusters of nodes with high local interconnectivity and relatively sparse
connectivity to nodes in other modules [74]; see also Figure 1 for a schematic.

doi:10.1371/journal.pcbi.1000748.9002

elegans system reflects the fact that its connections are physically
extended to innervate an entire organism.

Allometric scaling
In VLSIs, the self-similar nature of Rent’s rule is used to predict

Although these information processing networks were efficiently
embedded, they were not wired for absolutely minimum cost. We
rewired each circuit to minimize its wiring cost and compared the
cost and topological dimension of this minimally wired version of
the network to its observed cost and dimensionality. In all cases,
we found that wiring cost could be further reduced by a
minimization algorithm, indicating that cost had not been
minimized by selection pressures on the observed networks.
However, such wiring minimization could only be achieved at the
expense of a reduced topological dimension (see Table 1 and
Figure 5).

@ PLoS Computational Biology | www.ploscompbiol.org

the effect of scaling the system, by keeping the exponent and
coefficient the same. Indeed, despite the lack of any explicit
imperative for individual circuit designers to follow this law, Rent
exponents can be a remarkably reliable predictor for emergent
VLSI  allometric scaling properties, over many orders of
magnitude, such as can be seen in Figure 4A.

We considered the related question of whether the Rentian
scaling of connections between cortical regions in the human brain
networks could be related to the allometric scaling of gray matter
G and white matter W volumes previously described over a wide
range of differently sized mammalian species, from mouse

April 2010 | Volume 6 | Issue 4 | 1000748
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Figure 3. Topological and physical Rentian scaling in nervous and computational systems. Physical Rentian scaling in (A) a very large
scale integrated circuit, (B) the nematode worm C. elegans, (C) the human cortical anatomical network estimated using conventional MRI in 259
normal volunteers and (D) the human cortical anatomical network estimated using diffusion spectrum imaging (DSI) from an independent sample of
5 normal volunteers, is shown by a power law scaling of the number of connections or edges (log(e)) and number of processing elements (log()) in a
physical box; data points for each physical box are shown by black stars. The Rent exponents for each system were estimated by the gradients of the
fitted red lines (see Table 1). Note: Data and linear shown in D are for a single subject. Insets Topological Rentian scaling in nervous and
computational systems is shown by a power law scaling of the number of nodes (log(n)) in a topological partition and the number of edges crossing
the boundary of that partition (log(e)); data points for each topological partition are shown by black circles. The network topology of each system
was iteratively partitioned in topological space. All networks contained a linear scaling regime (so-called Region |, filled black circles) and a regime at
larger partition sizes where linear scaling broke down due to boundary effects (so-called Region II, empty black circles). The slope, p,., of the line
through points within Region | was estimated using a weighted linear regression (red line); see Table 1. Note: Data and linear fits for all six DSI scans
are shown in D.

doi:10.1371/journal.pcbi.1000748.9003

opposum to sea lion [25,26] (Figure 4). It can be shown that the strong
power law relationship log W ~ alog G has an allometric exponent a
that is simply related to the physical Rent exponent p of mammalian

cortical networks, ie., a= TP; see Materials and Methods and

supplementary Text S1 for details. On this basis, we used the estimate
of p for human anatomical networks measured using MRI,
Dyrp ~0-828+£0.005, and using DSIL, ppg ~0.770—0.807, to
predict the allometric scaling relationship between cerebral gray
and white matter (Figure 4). The 95% confidence interval on the slope
of the true data leads to a range of 1.24 <a <1.33 while the interval
estimated from the MRI network was 1.234 <a <1.249 and for the
DSI networks 1.152 <a < 1.194 (the slight underestimation of a from
DSI data may be related to a measurement bias against long distance

@ PLoS Computational Biology | www.ploscompbiol.org 6

connections in DSI-based tractography; see supplementary Text S1).
The quality of prediction of mammalian allometric scaling from Rent
exponents estimated in a single species is consistent with the idea that
mammalian cortical networks are generally connected in accordance
with the same Rent exponent, and this constrains the allometric
scaling relations between gray and white matter volume which
emerge over differently sized species.

To make the same point a different way, we converted previously
reported allometric scaling exponents for the cerebral cortex and
cerebellum [26] to the corresponding Rent exponents and fractal
dimensions. Prior estimates of the cortical allometric scaling
exponent 1.24 <a(Cortex) <1.33 correspond to an interval of
Rent exponents 0.83 <p(Cortex) <0.89 which includes the
empirical estimates from human MRI data (Table 1); whereas the

April 2010 | Volume 6 | Issue 4 | 1000748
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Figure 4. Allometric and Rentian scaling of VLSI circuits and mammalian brains. In computer circuits (A), the number of connections at the
boundary of a chip scales in a Rentian power law with the number of processing elements; the Rent exponent p is greater for high performance
computers (shown in blue) than for simpler dynamic memory circuits (shown in red); see pp. 416-421 in [76] for data values plotted here. In the
cerebral hemispheres of mammalian brains (B), there is an allometric scaling relationship between white matter volume (related to connectivity of
elements) and gray matter volume (related to number of processing elements); see Table 1 in [26] for data values plotted here. The exponent of this

volume scaling relationship over species, a= —p, is simply related to the Rent exponent of mammalian cerebral connectivity, p. Lines fitted through

the intercept of the data show the allometric scaling relationship predicted by the Rent exponent estimated for neuroimaging data on a single
species (Homo sapiens), using MRI (cyan, p~0.828) and DSI (blue, p~0.782) (Table 1). Errors in the fits are smaller than the line width.

doi:10.1371/journal.pcbi.1000748.9004

prior cerebellar allometric scaling exponents 1.08 < a(Cerebellum) <
1.18 correspond to an interval of Rent exponents 0.72<
p(Cerebellum) <0.79. Although we were unable to verify the
allometrically predicted Rent exponents for human cerebellum
(because the MRI datasets did not include cerebellar measure-
ments), we note that the prediction of larger Rent exponents and
fractal dimensions for human cortical compared to cerebellar
systems is consistent with the arguably greater logical capacity of
cortical systems and the observation from VLSI circuits that higher
dimensional connectivity 1s associated with greater logical capacity;
see Figure 4. The hypothesis that cerebellar Rent exponents are
indeed significantly reduced compared to cortical systems, and the
more general idea that Rent exponents of neural systems are
functionally related to their logical capacity, demand further direct
investigation in future.

Discussion

We have shown that several topological and physical principles
of network organization are quite consistently represented across a
wide range of different information processing systems. Artificially
generated computer circuits and biologically evolved nervous
systems are generally fractal modular networks that represent the
cost-efficient physical embedding of a high dimensional intercon-
nect or connectome topology in a lower dimensional Euclidean
space. These properties help to explain the allometric scaling
relationship between grey and white matter volumes across
differently sized mammalian species and they provide fresh insight
into why the wiring costs of nervous systems are not more strictly
minimized.

In the remainder of this discussion, we will attempt to locate
these key findings in the context of both past and present biological
descriptions, computational models, and analysis methods.

Hierarchical modularity
Modularity is a fundamental and protean word with many
meanings in neuroscience. Psychological or functional modularity
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refers to separability or informational encapsulation of cognitive
processes, which may be neurally represented by specialist, localised
processing centres in the brain. It is one of the key ideas behind
phrenology and faculty psychology [27]. There is also a well
articulated neurodevelopmental aspect of modularity. For example,
the embryonic development of chick hindbrain follows a strict
chronological progression of cellular differentiation from caudal to
rostral modules of nervous tissue, called rhombomeres, each of
which comprises cells that share distinctive patterns of genetic co-
expression compared to cells in neighbouring tissue modules [28].
Here we are concerned with topological modularity [18,29] - a
more general and quantitative version of the concept - that we have
applied to analysis of information processing network organization.

Topological modularity is sometimes also referred to as the
community structure of a network because it decomposes the
global network into a set of modules or communities each
comprising nodes that are densely intra-connected with each other
and relatively sparsely inter-connected to nodes in other modules.
This basic design of sub-systems within the global system is
functionally advantageous in various ways. As Herbert Simon
argued originally, the key advantage of such a design for an
information processing network is that it confers rapid adaptivity
or evolvability: the system can evolve or adapt to new information
one module at a time, without risking loss of function in modules
that are already well-adapted. For this reason, Simon predicted
that all “physical symbol processing systems” would share a
general architecture of complexity, including modularity (or near-
decomposability as he sometimes called it) as a key principle [9].
Our results are compatible with Simon’s prediction - all the
information processing systems we considered could be decom-
posed into modules, or indeed “modules within modules”. For a
classically modular decomposition, the system is decomposed into
a single lower level of organization in terms of multiple sub-
systems. FFor a hierarchically modular decomposition, the system is
iteratively decomposed into multiple nested lower levels of
organization in terms of sub-systems, sub-sub-systems, etc. When
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Figure 5. Minimally rewired networks. Wiring costs of nervous and computational networks are lower than expected in a random network, but
can be reduced by a rewiring algorithm designed to minimize connection distance between elements (A); see Table 1. However, the fractal
dimension of network topology, while lower than expected in a randomly rewired network, is also reduced by rewiring for cost minimization (B).
Rentian scaling is either destroyed or disrupted by minimally rewiring the C. elegans connectome (C) or the human MRI network (D). The inset panels
in (C,D) show the hierarchical modularity of each minimally wired system, which has been represented by a co-classification matrix as in Figure 2.

doi:10.1371/journal.pcbi.1000748.9005

modularity is expressed consistently at several scales, we can
describe the system as hierarchically modular. This property was
clearly seen for the VLSI circuit, C. elegans and human
connectomes, for each of which modularity was expressed
consistently across several (4 or more) topological scales, so the
system as a whole could be described in terms of sub-sub-sub-
systems, or even lower hierarchical levels in the case of C. elegans
and the human DSI network (see supplementary Text S1). Even
the smallest and least precisely estimated connectome, that derived
from the human MRI datasets, also generated networks with some
hierarchical modular properties (across 2 topological scales) and
this observation is compatible with other data demonstrating
hierarchical modularity in human brain functional networks
derived from “‘resting state” functional MRI data [30].

The observation that nervous systems generally share a
hierarchically modular topology is particularly relevant to the
question of how they support function. As is perhaps intuitive,
there is mounting evidence that the modular architecture of
anatomical structure determines the possible emergent functions of
the network under study [31,32]. Functional patterns on
hierarchically modular architectures have specifically been shown
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to display computationally advantageous dynamics characterized
by stability and diversity [33], unlike simulated dynamics on either
random or non-hierarchically small-world architectures [34].
Sporns provides a simple generative model for fractal hierarchical
networks and shows further relationships between their structural
and functional properties, suggesting that connectivity may
strongly constrain dynamics [32,35]. Computational models of
hierarchical modularity have shown that networks configured in
this way have the distinctive advantage of being robustly stable
under large scale reconnection of substructure [36].

Opverall, we find there is strong empirical evidence, convergent
with prior theoretical and computational results, for fractal
modularity of information processing networks. We now consider
some other aspects of the scale invariance of these systems.

Fractal dimensions and wiring costs

Fractal dimensions are most frequently encountered in analysis
of the physical properties of some rough, irregular process in space
or time. A famous example is the fractal dimension of the fjord-
riven western coastline of Norway (1.52) which is considerably
greater than the Euclidean dimension of a straight line (1) but less
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than the 2 dimensions of the Euclidean plane in which the
coastline 1s embedded on the page of an atlas. This is a fractional
or non-integer measure of the dimensionality of a geometric
system, D¢, and it will generally be less than or equal to the integer
dimensional Euclidean space in which the process is embedded.
Thus the irregular convolutions of sulco-gyral folding in the
human brain are associated with fractal dimension of the cortical
surface Dg ~2.7, greater than a smooth 2D plane but less than the
3-dimensional volume in which the brain is embedded. Although
its estimation is a matter of ongoing methodological research
[37,38], the fractal dimension of the cortical surface has already
been used to describe healthy and abnormal neurodevelopment
[39,40] as well as aging [41].

However, here we have been concerned with a related but
different measure: the fractional dimension of a topologically
defined system, D7. The dimension of a topology is a non-integer
measure of the complexity of the interconnections between nodes,
regardless of their physical location, and is therefore not
constrained by the dimensionality of the physical embedding
space. The dimension of a topology can range from 0 to infinity, in
the limiting case of a very large, perfectly random network. If the
network is embedded in a physical space, its topological dimension
may therefore be larger than its embedding dimension, which in
real space is at most 3. We found convergent evidence, by two
independent estimators, for information processing network
topologies having fractional dimensions greater than 3. Thus it
scems brains have both fractal geometry and fractal topology,
although how these two aspects of brain organization are related
to each other is a fascinating question we will leave unaddressed
for the moment.

In VLSIs, such high dimensional interconnect topology is
related to logical capacity of the circuits, and we suggest that it is
also likely to be functionally advantageous in nervous systems.
However, greater than three-dimensional connection topology
incurs an extra wiring cost, compared to the minimum cost of
wiring the same set of physically located nodes interconnected by a
nearest-neighbour, lattice-like topology with D7 <3. Our results
indicate that nervous systems and computational circuits are cost-
efficiently but not cost-minimally embedded in physical space,
meaning the wiring length of these networks is close to the
minimum length it could be, given their high dimensional
topology, but it is not absolutely minimized.

Previous studies of brain and neuronal networks have shown
that wiring costs are nearly if not absolutely minimized [15,42],
using a combination of component placement optimization and
wiring placement optimization. Component placement optimiza-
tion creates minimally wired networks by retaining the connec-
tivity of the system (edges) while allowing components of the
systems (nodes) to move in space. This approach maintains the
inherent functionality of the system and asks whether, given such
functionality, the components can be ordered in a different way to
provide shorter average wiring. Conversely, in wiring placement
optimization [15], we retain the placement of the components of
the system (nodes) and alter the connectivity of the system (edges).
As such, wiring placement optimization does not retain the
inherent functionality of the systems but instead retains the
inherent anatomical structure (heterogeneous localization of brain
regions or neurons). In this work, given the placement of nodes in
space and preserving the number of edges, we ask: could these
nodes be reconnected in a different configuration so as to yield a
shorter average wiring length? Our purpose in choosing wiring
placement over component placement was to compare the
topological and physical characteristics of a given brain network
to those of a 3-dimensional lattice-like network in a realistic brain
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anatomy. By this approach we found that wiring costs in brain
networks were nearly but not absolutely minimal.

Given the high metabolic costs of the brain (about 20% of the
total energy budget for only 2% of body mass in the human), of
which a large proportion is due to the costs of building and
maintaining functional connections between anatomically distrib-
uted neurons [43,44], it seems reasonable to ask: why have brain
wiring costs not been more strictly minimized by natural selection?
Our answer to this question is that the selection of greater than 3-
dimensional (> 3D) network topologies, which are associated with
hierarchical modularity and greater logical capacity, has been
prioritized despite the adverse impact on wiring cost that is
entailed when any system that is topologically more complex than
a 3D lattice is embedded in physical space [15,42]. Absolute
minimization of wiring cost in these nervous systems could only be
achieved at the expense of reduced topological complexity.
Moreover, the generalizability of this result to both C. elegans and
Homo sapiens suggests that a trade-off between high dimensional
connectivity and wiring cost has been negotiated in the evolution
of nervous systems at microscopic (cellular) and macroscopic
(whole brain) levels of description and in phylogenetically removed
species.

Rentian and allometric scaling of nervous systems

In comparing the results of these and other studies, it is
important again to highlight the distinction between Rentian
characteristics for partitioning (topological Rentian scaling) versus
placement (physical Rentian scaling) [23]. Partitioning examines
the un-embedded network topology, whereas placement examines
the position of nodes embedded in a physical substrate. Therefore,
the partition-based Rent exponent measures a characteristic more
mtrinsic to the VLSI circuit topology while the placement-based
Rent exponent measures a characteristic of the extrinsic physical
wiring properties [23]. In the construction of a VLSI, placement is
the artificial process by which a given network topology is
somehow embedded into a physical substrate by the manipulation
of nodal placement. Minimization of wiring costs is an important
economic factor in VLSI production and designers will seek to
optimise the efliciency of network embedding. The optimal cost-
efficient embedding will have a physical Rent exponent, based on
placement, equivalent to the topological Rent exponent, based on
partitioning. However, optimal placement is an NP-complete
problem, as is optimal partitioning, and as such different
placement algorithms can yield sub-optimal Rent exponents.

While topological Rentian scaling of the C. elegans connectome
has been previously reported [45—47], the present work is the first,
to the best of our knowledge, to report topological Rentian scaling
in human anatomical networks derived from neuroimaging and
also the first to explore physical Rentian scaling in neuronal
networks. In the nervous systems studied here, the placement and
topology have both been evolved by nature, and as such the
physical Rent exponent is constrained by the (sub)optimality of
natural selection rather than by the particular placement
algorithm chosen (as is the case for a VLSI). We found that for
both human brains and the nematode connectome, the physical
Rent exponent p was close to its theoretical minimum, the
topological exponent p., indicating that natural selection has
resulted in near-optimisation of cost-efficient network placement.

This analysis has also provided the first direct evidence for a
simple relationship between physical Rentian scaling of connec-
tivity within the nervous system of a single species and allometric
scaling of gray and white matter volumes across the differently
sized brains of a range of mammalian species. This result needs to
be considered in the context of a rich prior literature on allometric
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brain scaling and its possible theoretical relationship to isometric
or fractal scaling of network connectivity. Early studies of
allometric scaling in the brain showed, for example, that the
number of neurons scaled with gray matter density while the
number of synapses remained constant [48-50]. The study of the
relationship between white and gray matter in mammalian cortex
began with the work of Schlenska [51] and later Frahm [52] in the
late 70s and early 80s. Both reported scaling relationships in
independent mammalian datasets with exponents of 1.22 and 1.24
respectively. The strength and consistency of this finding, later
underscored by a comparative MRI study [53], prompted
theoreticians to propose various geometric and mechanistic
models which have been used to predict other scaling relationships
between related neuronal variables [54,55], serving as important
guides for further experimental work.

Beiu et al. suggested that the allometric scaling exponent for
gray and white matter volumes between species was identical to the
Rent exponent within a species [56]. The assumption that the
scaling exponent between white and gray matter volumes is
identical to Rent’s exponent necessarily neglects the differences
between a volumetric scaling and a network scaling (e.g., a scaling
of nodes and connections). As we have shown in our derivation
here and in the supplementary Text S1, nodes and connections do
not in fact scale directly with volume, and thus the exponents of
volumetric scaling and Rentian scaling are not directly equivalent.

Prothero developed a repeating units model [54] which suggests
that all brains are made up of identical repeating units: larger brains
simply have more of these units than smaller brains. Changizi
developed a slightly more complicated, two-part model [55]
partially based on the application of West’s theory of branching to
neuronal arbors [57]. While these two models sought to describe
allometric relationships between a wide variety of neuronal
variables, Zhang and Sejnowski elegantly propounded a model to
explain only the allometric relationship between gray and white
matter [25]. However, following the publication of these models,
empirical developments have challenged one of the main
assumptions underlying all three: namely, that there is a basic
uniformity of the cerebral cortex as evidenced by a constant number
of neurons in a unit area of cortical surface; this assumption now
seems unrealistic [58]. Also, although the final two models produce
an near-perfect 4/3 scaling exponent between white matter volume
and cortical gray matter volume in mammals, they do not readily
allow for distinct scaling exponents in non-cortical systems, e.g.,
cerebellum, or in non-mammalian species.

These challenges aside, prior studies have contributed seminal
insights to our understanding of allometric scaling of brain
properties which we hope we have been able to further refine. We
suggest that the allometric scaling of white matter volume with
gray matter volume is a direct consequence of the physical Rentian
scaling of connectivity in a given brain. In contrast to the models
previously described, our explanation allows an independent
empirical validation or cross-check: we separately estimate the
Rentian scaling within a single mammalian system and use it to
predict the allometric scaling of white matter volume with gray
matter volume across a range of mammalian species. In addition,
our heuristic allows for differences in scaling relationships between
distinct areas of cortex such as the neocortex and cerebellum or
between different classes of animals such as vertebrates and
mvertebrates. This isometric generative mechanism for allometric
scaling does not stand or fall by producing an ideal, e.g., 4/3,
scaling relationship between white matter volume and gray matter
volume, but allows for irrational or non-integer scaling exponents
that may vary somewhat depending on the type of brain network
and/or the phylogenetic class of species considered.
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However, like the other available models, our derivation does
include some assumptions or approximations: 1) we have made the
approximation of ignoring the effect of white matter dilation after
determining that its contribution is small over the range of white
matter volume values studied (see supplementary Text S1), and 2)
we have assumed that the number of synapses in a cross-sectional
area Is constant as a function of gray matter volume based on the
known invariance of synaptic density [50]. Empirically required
alterations to these approximations and assumptions may induce
small corrections to the estimation of the Rent exponent, p.

The formal and empirical connection we have made between
fractal or self-similar connectivity of the nervous system of a single
mammalian species and the allometric scaling of gray and white
matter volumes over multiple mammalian species provides a novel
mechanistic explanation for a long-established observation. We
propose that allometric scaling of brain anatomy is constrained by
fractal properties of the cortical network for information transfer in
broadly the same way as the allometric scaling of mammalian
metabolic rate with body mass is constrained by fractal properties
of the respiratory network for gas exchange [57,59].

Methodological limitations

There are several methodological issues to be considered in
evaluating the results of this study. The small size of both the
human MRI and C. elegans networks limits the precision with
which we have been able to estimate the fractal dimension of
network topology, Dr. We have tried to address this by reporting
convergent results from two complementary estimators (topolog-
ical Rentian scaling and box counting) and by using DSI data
which have been parcellated into 1000 nodes. Nonetheless in
future studies, it will be useful to apply finer grained parcellation
templates to human neuroimaging data to improve estimation of
fractal properties of network topology by analysing the systems
over a larger range of scales.

The use of covariation in gray matter volumetric variables as a
measure of anatomical connectivity between brain regions
[12,60-62] is indirect and entails some assumptions. For example,
it has been assumed that reciprocal afferent connections have a
mutually trophic effect on the growth and maintenance of both
connected regions leading to positively correlated volumes in adult
brains [13,62]. Recent studies have provided some experimental
validation of this hypothesis by comparing pairs of regions with
highly correlated volumetric properties to known fiber tracts
established using diffusion tensor imaging [13,63-65] and tract
tracing studies [66-68]. Nevertheless, the assertion of anatomical
connectivity on the basis of regional covariation in gray matter
volumes remains somewhat conjectural at this time. Moreover, the
construction of a single group mean anatomical network from the
MRI data means that the error in estimation of the Rent exponent
Pmrr, may be under-estimated by exclusion of any between-
subject or between-network components of variability.

The diffusion spectrum imaging network, on the other hand,
contains an inherent distance bias [14], meaning that long distance
connections have a lower probability of being included in the
network than short distance connections. While Hagmann and
colleagues did use a distance bias correction in the preprocessing
of these networks, the most complete correction method remains a
matter of ongoing debate [14]. It is possible that some distance
bias remains in the current dataset which may artefactually
decrease the topological dimension, Dz, the Rent exponent, ppsy,
and the average wiring length, 7. However, it is not the purpose of
this study to evaluate the available methods for distance bias
correction and we have instead used this recently published dataset
which represents one of the currently accepted methods.
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This previously published DSI dataset [14] includes data for 5
subjects with 1 subject scanned twice. As such, this dataset is not
adequate to assess the inter-scan reliability or inter-subject
reliability of the anatomical structural properties we are studying
in this work. Recently, it has been shown that similar whole-brain
networks derived from functional MEG data have reproducible
topological properties [69]. However, a similar study in anatom-
ical networks has not yet been published, and it will be important
in future work to describe the reproducibility of network
architecture in terms of both topology and physical embedding.

In this work, the distance between any two network nodes was
defined as the Euclidean distance between the center of mass of
the brain regions (in the human) or neuronal cell bodies (in C.
elegans). While this definition is currently widely used [11,15,63,70],
it provides an indirect estimate and likely an under-estimate of the
true length of white matter tracts and axons in these neural
systems, which may take convoluted paths to connect a given pair
of nodes. Future advances in diffusion imaging may provide us
with better length estimates for major white matter tracts in the the
human brain while advances in the microscopic characterization
of neuronal tissue may provide us with better estimates of
individual axonal pathways.

The placement embedding for the VLSI circuit required the use
of simulated annealing. The estimated physical Rent exponent
based on placement, p=0.901, was less optimal than a previously
reported Rent’s exponent based on partitioning [71]. It is
important to be aware that Rent exponents based on placement
and based on partitioning may not be identical; the partitioning
method does not require simultaneous physical embedding of all
gates in the entire system. We have chosen to use the placement
embedding technique to make the results most comparable to the
C. elegans and human brain network results. In a similar vein, it is
important to note that we used the formalism of graphs and edges
rather than hypergraphs and hyperedges. The latter are often used
in the analysis of VLSI circuits but the concepts are not simply
transferable to the biological networks studied here. Thus we have
chosen to use simple edges in all reported analyzes to facilitate
comparability across systems.

The relationship between allometric scaling and Rentian scaling
could be further supported by studying Rentian scaling in MRI or
DSI/DTI datasets from a range of mammalian species rather than
the human alone. In particular, it would be interesting to discern
whether there is a difference in isometric Rentian scaling between
mammalian and non-mammalian species as well as between
marine and terrestrial mammals who arguably show distinct
volumetric scaling relationships [72,73]. The construction of a
comparable species-dependent MRI network would require
structural scans from over 200 animals in that species. While no
such data is currently available or likely to become available in the
near future, the application of D'TT specifically to the macaque
monkey is a pressing line of current inquiry.

Conclusion

The parallels we have identified between the properties of
naturally selected nervous systems and commercially selected
computational systems suggest that diverse information processing
networks have convergently evolved to satisfy ubiquitous fitness
criteria. Just as principles of natural selection were originally
informed by Darwin’s analysis of artificial selection pressures
operating in the market for domestic animals, principles of nervous
system evolution may be elucidated by comparative analysis of
computational systems that have evolved in the market for
logically advanced computers.
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Materials and Methods

Network data

For the C. elegans nervous system, connection data and two-
dimensional spatial coordinates for each neuron were taken from
[15,16]. Each neuron was taken to be a node in the network and
nodes were connected by edges where a chemical or electrical (gap
junction) synapse between two neurons was known to exist. For the
human nervous system, we used two sets of neuroimaging data from
independent samples studied using complementary magnetic
resonance imaging (MRI) methods; these include the most fine-
grained view to date of whole brain white matter tract connectivity
and the classical cytoarchitecturally constrained view of whole brain
gray matter connectivity. It was hoped that in the combination of
both complementary lines of inquiry, the discovery of consistent
properties would underscore both replicability and robustness. In
259 healthy adults, regional gray matter volume measurements
were made in 104 cortical and subcortical regions defined by an
anatomically informed parcellation template applied to conven-
tional MRI data [11]. The inter-regional partial correlation in gray
matter volume was estimated for each pair of regions and
thresholded to create an undirected graph where each node
corresponded to a region and an edge indicated a suprathreshold
correlation of volumes between regions [11,13,63]. In 5 healthy
adults with 1 adult scanned twice, the probabilities of fiber tracts
between any two regions of interest (N =1000) were determined
from diffusion spectrum imaging (DSI) data using an altered path
integration method [14]. The connectivity backbone of this
probability matrix was determined by first calculating the minimum
spanning tree and then adding connections with the highest
probability weights until the average degree was 4 [14]. For the
VLSI (s953) circuit [17], each node in an undirected graph
represented one of 440 logic gates and an edge represented a wire
between gates. The C. elegans data is freely downloadable from the
Biological Networks website http://www.biological-networks.org/;
the DSI data are freely downloadable from the Brain Connectivity
Toolbox www.brain-connectivity-toolbox.net.

Hierarchical modularity

To visually represent the hierarchical community structure of
the networks, we used a co-classification algorithm which
iteratively determines hierarchical nodal affinities based on
topological overlap in the symmetrized matrix and uses this
information to determine the relative relationships between nodes
at all hierarchical levels [74]; see Figure 1. Modularity of these
matrices was estimated using the Louvain community detection
algorithm [18] and compared to the modularity distribution
(N=100) of two benchmark networks: 1) Pure random networks,
i.e., networks with the same number of nodes and edges as the
original network, and 2) Functional random networks, i.e., those
with the same number of nodes and degree distribution as the
original networks [75] such that each edge was rewired on average
15 times. A network was defined as being hierarchically modular if
it contained first-level modules with significantly non-random
modularity, i.e., the presence of submodules was confirmed; see
supplementary Text S1 for details.

Topological dimension

The fractal dimension of the network topology Dr was
estimated in two ways. First, we used a topological partitioning
algorithm (hMetis software, version 1.5) to compute the topolog-
ical Rent’s exponent, p., which is then related to the topological

dimension by pTZIfD— [5]. The network was recursively
T
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partitioned into halves, quarters, and so on in topogical space. The
slope in log-log space of the average number of nodes in a partition
versus the average number of edges crossing the boundary of the
topological partition was defined as the topological Rent’s
exponent, p,. In a complementary analysis, we estimated Dt
using the box-counting algorithm of Concas et. al [21] based on
Song’s renormalization algorithm [22]. This estimator counts the
number of boxes B required to cover all nodes in each network as
box size S is varied between 1 and Sj,,4y. The gradient of a straight
line fitted to log B versus log .S using weighted linear regression is
a consistent estimator of Dr; see Figure 1.

Average expected wiring
The expected wiring of a high dimensional topology which is
embedded in a lower dimensional physical space is

F=x(D7.Dg)N'/PEZPT (4)
for NY/PE=1/DT 1 where 7 is the mean connection distance in
terms of node-to-node spacing, x is a constant of order unity, D is
the fractal dimension of the topology, Dg is the Euclidean
dimension of the embedding, and N is the number of nodes [5,24].
The node-to-node spacing, s, is given by

1 .
s= N;mm(d,»,j) (5)

where d; ; is the Euclidean distance between any pair of nodes i
and j. The mean connection distance in terms of node-to-node
spacing, 7, is then given by

(6)

where J; ; is the Euclidean distance between any pair of connected
nodes i and j.

Rentian scaling in Euclidean space

The Euclidean space of the networks was tiled with M = 5000
overlapping randomly sized boxes (e.g., two-dimensional squares
or three-dimension cubes for the VLSI, C. elegans, and human
networks. In each box we determined the number of nodes () and
the number of connections (¢) that cross the box boundaries; see
Figure 1. The gradient of a straight line fitted to logn versus loge
using iteratively weighted least squares regression is an estimate of
the Rent exponent p; see Figure 3. To minimize (Region II)
boundary effects, p was estimated using the subset of boxes which
contained less than half the total number of nodes, n <N /2.

Minimally and randomly wired networks

Each network was minimally rewired by first computing a
minimum spanning tree to ensure that all nodes were connected
then iteratively adding the next shortest edge to the network until
the connection density matched that of the observed networks
[15]; see Table 1. Randomly wired networks were pure random
networks with the same number of nodes and edges as the
observed network; see Table 1, bottom panel.

Allometric scaling

If we approximate the brain as a sphere, then the cross-sectional
area, A, of white matter volume, W, is given by
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()

which can be related to the number of connections, C, according
to

c 9%3W%
)

where 0 denotes the number of connections per unit surface area
of white matter which we assume to be constant given the
independence of synaptic density and brain volume over the
mammalian class of species [50]. We use ¢ to denote the number
of constant-complexity processing elements, N, per unit volume of
gray matter, G, which scales with synaptic density and is therefore
a constant. On this basis, we can write

(8)

N=

1
396, 9)

A system obeys Rent’s rule if C=kN? for some Rent coefficient k
and exponent p; inserting (8) and (9) we then have:

) ().

which simplifies to

()

(11)

Thus,
3 3p
3p 4 (k\2/p\2
log(W)=—log(G)+log|— (=) |3 12
o) = Lioe(G)+log |- (5)°(3) | a2
C . . 3p 2
and multiplying the allometric scaling exponent a=- by 3

provides an estimate of the Rent exponent, p. For a more detailed
derivation, see supplementary Text S1.

Supporting Information

Text S1 Supplementary Information

Found at: doi:10.1371/journal.pcbhi.1000748.s001 (1.22 MB
PDF)
Acknowledgments

We thank Olaf Sporns for giving us access to the human diffusion spectrum
imaging data used in this work and Marcus Kaiser for making the C. elegans
neuronal network data freely available.

Author Contributions

Conceived and designed the experiments: DSB DLG ETB. Performed the
experiments: DSB DLG. Analyzed the data: DSB DLG. Contributed
reagents/materials/analysis tools: AML DRW SWM. Wrote the paper:
DSB DLG ETB.

April 2010 | Volume 6 | Issue 4 | 1000748



References

1.

20.

21.

22.

23.

24.

30.

31.

32.

33.

34.

Watts DJ, Strogatz SH (1998) Collective dynamics of ‘small-world’ networks.
Nature 393: 440-442.

. Ozik J, Hunt BR, Ott E (2004) Growing networks with geographical attachment

preference: emergence of small worlds. Phys Rev E 69: 026108.

. Masuda N, Miwa H, Konno N (2005) Geographical threshold graphs with

small-world and scale-free properties. Phys Rev E 71: 036108.

. Christie P, Stroobandt D (2000) The interpretation and application of Rent’s

Rule. IEEE Trans VLSI Syst 8: 639-648.

. Ozaktas HM (1992) Paradigms of connectivity for computer circuits and

networks. Opt Eng 31: 1563-1567.

. Chen WK, ed. (1999) The VLSI Handbook. Boca Raton, FL: CRC Press.
. Barabasi AL (2009) Scale-free networks: A decade and beyond. Science 325:

412-413.

. Kashtan N, Alon U (2005) Spontancous evolution of modularity and network

motifs. Proc Natl Acad Sci U S A 102: 13773-13778.
Simon H (1962) The architecture of complexity. Proc Amer Philos Soc 106:
467-482.

. Bullmore ET, Sporns O (2009) Complex brain networks: Graph theoretical

analysis of structural and functional systems. Nat Rev Neurosci 10: 186-98.

. Bassett DS, Bullmore ET, Verchinski BA, Mattay VS, Weinberger DR, et al.

(2008) Hierarchical organization of human cortical networks in health and

schizophrenia. J Neurosci 28: 9239-9248.

. Wright IC, Sharma T, Ellison ZR, McGuire PK, Friston KJ, et al. (1999) Supra-

regional brain systems and the neuropathology of schizophrenia. Cereb Cortex
9: 366-78.

. Lerch JP, Worsley K, Shaw GP, Greenstein DK, Lenroot RK, et al. (2006)

Mapping anatomical correlations across cerebral cortex (MACACC) using
cortical thickness from MRI. NeuroImage 31: 993-1003.

. Hagmann P, Cammoun L, Gigandet X, Meuli R, Honey CJ, et al. (2008)

Mapping the structural core of human cerebral cortex. PLoS Biol 6: ¢159.

. Kaiser M, Hilgetag CC (2006) Non-optimal component placement, but short

processing paths, due to long-distance projections in neural systems. PLoS
Comput Biol 2: €95.

. Choe Y, McCormick BH, Koh W (2004) Network connectivity analysis on the

temporally augmented C. elegans web: A pilot study. Society of Neuroscience
Abstracts 30: 921-929.

. Brglez F, Bryan D, Kozminski K (1989) Combinational profiles of sequential

benchmark circuits. Proceedings of IEEE International Symposium on Circuits
and Systems. pp 1929-1934.

. Blondel VD, Guillaume JL, Lambiotte R, Lefebvre E (2008) Fast unfolding of

communities in large networks. J Stat Mech: P10008.

. Meunier D, Achard S, Morcom A, Bullmore E (2008) Age-related changes in

modular organization of human brain functional networks. Neurolmage 44:
715-723.

Shahookar K, Mazumder P (1991) VLSI cell placement techniques. ACM
Computing Surveys (CSUR) 23: 143-220.

Concas G, Locci MF, Marchesi M, Pinna S, Turnu I (2006) Fractal dimension in
software networks. Europhys Lett 76: 1221-1227.

Song C, Havlin S, Makse HA (2005) Self-similarity of complex networks. Nature
433: 392-395.

Verplaetse P, Dambre J, Stroobandt D, Campenhout JV (2001) On partitioning
vs. placement Rent properties. In: In Proc. of Intl. Workshop on System-Level
Interconnect Prediction. pp 33-40.

Donath WE (1979) Placement and average interconnection lengths of computer

logic. IEEE Trans Circuits Syst 26: 272-277.

. Zhang C, Sejnowski TJ (2000) A universal scaling law between gray matter and

white matter of cerebral cortex. Proc Natl Acad Sci USA 97: 5621-5626.

. Bush EC, Allman JM (2003) The scaling of white matter to gray matter in

cerebellum and neocortex. Brain Behavior and Evolution 61: 1-5.

. Fodor JA (1983) The Modularity of Mind: An essay on faculty psychology.

Cambridge MA: MIT Press.

Callebaut W, Rasskin-Gutman D (2005) Modularity: Understanding the
development and evolution of natural complex systems. Cambridge MA: MIT
Press.

. Newman ME]J (2006) Modularity and community structure in networks. Proc

Natl Acad Sci USA 103: 8577-8582.

Meunier D, Lambiotte R, Fornito A, Ersche K, Bullmore E (2009) Hierarchical
modularity in human brain functional networks. Front Neuroinformatics 3: 37.
Miiller-Linow M, Hilgetag CC, Hiitt MT (2008) Organization of excitable
dynamics in hierarchical biological networks. PLoS Comput Biol 4: ¢1000190.
Sporns O (2006) Small-world connectivity, motif composition, and complexity of
fractal neuronal connections. Biosystems 85: 55-64.

Kitzbichler MG, Smith ML, Christensen SR, Bullmore E (2009) Broadband
criticality of human brain network synchronization. PLoS Comput Biol 5:
¢1000314.

Kaiser M, Gorner M, Hilgetag CC (2007) Ciriticality of spreading dynamics in
hierarchical cluster networks without inhibition. New Journal of Physics 9: 110.
Gray RT, Robinson PA (2009) Stability and structural constraints of random
brain networks with excitatory and inhibitory neural populations. J Comput
Neurosci 27: 81-101.

@ PLoS Computational Biology | www.ploscompbiol.org

13

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.
51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

63.

64.

66.

Physical Embedding of Information Systems

Robinson PA, Henderson JA, Matar E, Riley P, Gray RT (2009) Dynamical
reconnection and stability constraints on cortical network architecture. Phys Rev
Lett 103: 108104.

Jiang J, Zhu W, Shi F, Zhang Y, Lin L, et al. (2008) A robust and accurate
algorithm for estimating the complexity of the cortical surface. J Neurosci
Methods 172: 122-130.

Zhang L, Liu JZ, Dean D, Sahgal V, Yue GH (2006) A three-dimensional fractal
analysis method for quantifying white matter structure in human brain.
J Neurosci Methods 150: 242-253.

Bullmore E, Brammer M, Harvey I, Persaud R, Murray R, et al. (1994) Fractal
analysis of the boundary between white matter and cerebral cortex in magnetic
resonance images: A controlled study of schizophrenic and manic-depressive
patients. Psychol Med 24: 771-781.

Wu YT, Shyu KK, Chen TR, Guo WY (2009) Using three-dimensional fractal
dimension to analyze the complexity of fetal cortical surface from magnetic
resonance images. Nonlinear Dynamics 58: 745-752.

Zhang L, Dean D, Liu JZ, Sahgal V, Wang X, et al. (2007) Quantifying
degeneration of white matter in normal aging using fractal dimension. Neurobiol
Aging 28: 1543-55.

Chen BL, Hall DH, Chklovskii DB (2006) Wiring optimization can relate
neuronal structure and function. Proc Natl Acad Sci U S A 103: 4723-4728.
Attwell D, Laughlin SB (2001) An energy budget for signalling in the grey matter
of the brain. J Cereb Blood Flow and Metab 21: 1133-1145.

Niven JE, Laughlin SB (2008) Energy limitation as a selective pressure on the
evolution of sensory systems. J Exp Biol 211: 1792-804.

. Partzsch J, Schiiffny R (2009) On the routing complexity of neural network

models - Rentig ¥2s Rule revisited. ESANN’2009 proceedings.

Reda S (2009) Using circuit structural analysis techniques for networks in
systems biology. In: SLIP °09: Proceedings of the 11th international workshop on
System level interconnect prediction. New York, NY, USA: ACM. pp 37-44.
doi:http://doi.acm.org/10.1145/1572471.1572478.

Hagen L, Kahng AB, Kurdahi FJ, Ramachandran C (1994) On the intrinsic
Comput-Aided Des, Integrated Circuits & Syst 13: 27-37.

Dubois E (1897) Sur le rapport du poids de I'encephale avec la grandeur du
corps chez les mammiferes. Bull Soc Anthrop 8: 337-376.

Tower DB (1954) Structural and functional organization of mammalian cerebral
cortex: The correlation of neurone density with brain size. ] Comp Neurol 101:
9-52.

Abeles M (1991) Corticonics Cambridge University Press.

Schlenska G (1974) Volumen und Oberflichenmessungen an Gehirnen
verschiedener Saugetiere im Vergleich zu einem errechneten Modell.
J Hirnforsch 15: 401-408.

Frahm HD, Stephan H, Stephan M (1982) Comparison of brain structure
volumes in Insectivora and Primates. I. Neocortex. J Hirnforsch 23: 375-389.
Rilling JK, Insel TR (1999) The primate neocortex in comparative perspective
using magnetic resonance imaging. ] Hum Evol 37: 191-223.

Prothero JW (1997) Cortical scaling in mammals: A repeating units model.
J Brain Res 38: 195-207.

. Changizi MA, Shimojo S (2005) Parcellation and area-area connectivity as a

function of neocortex size. Brain Behav Evol 66: 88-98.

Beiu V, Ibrahim W (2008) Does the brain really outperform Rent’s rule?
Proceedings of IEEE ISCAS, In Press.

West GB, Brown JH, Enquist B] (1997) A general model for the origin of
allometric scaling laws in biology. Nature 276: 122-126.

Herculano-Houzel 8, Collins CE, Wong P, Kaas JH, Lent R (2008) The basic
nonuniformity of the cerebral cortex. Proc Natl Acad Sci USA 105:
12593-12598.

West GB, Brown JH, Enquist B] (1999) The fourth dimension of life: Fractal
geometry and allometric scaling of organisms. Science 284: 1677-1679.
Woodruff PW, Wright IC, Shuriquie N, Russouw H, Rushe T, et al. (1997)
Structural brain abnormalities in male schizophrenics reflect fronto-temporal
dissociation. Psychol Med 27: 1257-66.

Bullmore ET, Frangou S, Murray RM (1997) The dysplastic net hypothesis: an
integration of developmental and dysconnectivity theories of schizophrenia.
Schizophr Res 28: 143-156.

. Bullmore ET, Woodruff PW, Wright IC, Rabe-Hesketh S, Howard R]J, et al.

(1998) Does dysplasia cause anatomical dysconnectivity in schizophrenia?
Schizophr Res 30: 127-35.

He Y, Chen ZJ, Evans AC (2007) Small-world anatomical networks in the
human brain revealed by cortical thickness from MRI. Cereb Cortex 17:
2407-2419.

Bernhardt BC, Worsley KJ, Besson P, Concha L, Lerch JP, et al. (2008)
Mapping limbic network organization in temporal lobe epilepsy using
morphometric correlations: insights on the relation between mesiotemporal
connectivity and cortical atrophy. Neuroimage 42: 515-24.

. Bernhardt BC, Rozen DA, Worsley KJ, Evans AC, Bernasconi N, et al. (2009)

Thalamo-cortical network pathology in idiopathic generalized epilepsy: insights
from MRI-based morphometric correlation analysis. Neuroimage 46: 373-81.
Insausti R, Amaral DG, Cowan WM (1987) The entorhinal cortex of the
monkey: II. Cortical afferents. ] Comp Neurol 264: 356-95.

April 2010 | Volume 6 | Issue 4 | 1000748



67.

68.

69.

70.

71.

Jones EG, Powell TP (1970) Connexions of the somatic sensory cortex of the
rhesus monkey. 3. Thalamic connexions. Brain 93: 37-56.

Houser CR (1992) Morphological changes in the dentate gyrus in human
temporal lobe epilepsy. Epilepsy Res Suppl 7: 223-34.

Deuker L, Bullmore ET, Smith M, Christensen S, Nathan PJ, et al. (2009)
Reproducibility of graph metrics of human brain functional networks. Neuro-
image 47: 1460-8.

He Y, Chen Z, Evans A (2008) Structural insights into aberrant topological
patterns of large-scale cortical networks in Alzheimer’s disease. ] Neurosci 28:
4756-66.

Stroobandt D (1999) On an efficient method for estimating the interconnection
complexity of designs and on the existence of Region III in Rent’s rule.
Proceedings of the Ninth Great Lakes Symposium on VLSI. pp 330-331.

@ PLoS Computational Biology | www.ploscompbiol.org

14

76.

Physical Embedding of Information Systems

. Hofman MA (1985) Size and shape of the cerebral cortex in mammals: 1. The

cortical surface. Brain Behav Evol 27: 28—40.

. Hofman MA (1988) Size and shape of the cerebral cortex in mammals: II. The

cortical volume. Brain Behav Evol 32: 17-26.

Sales-Pardo M, Guimera R, Moreira AA, Amaral LAN (2007) Extracting the
hierarchical organization of complex systems. Proc Natl Acad Sci USA 104:
15224-15229.

. Maslov S, Sneppen K (2002) Specificity and stability in topology of protein

networks. Science 296: 910-913.
Bakoglu HB (1990) Circuits, Interconnections, and Packaging for VLSI Addison
Wesley.

April 2010 | Volume 6 | Issue 4 | 1000748



