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ABSTRACT Over the past decade, a growing number of studies have investigated the relationship between
the structure and function of human brain by predicting the resting-state functional connectivity (rsFC)
from structural connectivity (SC). Yet how the whole-brain patterns of FC emerge from SC still remains
incompletely understood. Unlike previous studies, here we propose an alternative approach for addressing
this issue by predicting SC from rsFC. We first hypothesize that the functional couplings among brain
areas at rest are shaped at least in three phases temporally: the initial direct interplay between brain areas,
the communications within and between network modules, and followed by the indirect interactions ascribed
to indirect structural pathways. We then introduce a network deconvolution (ND) algorithm inspired from the
mechanism of cell differentiation, named CDA, to distinguish the direct dependencies from the functional
network followed by a weight trimming algorithm based on Euclidean distance kernel function for shrinking
the modular effects. Finally, we keep those region pairs with shorter shortest path length (SPL) together with
shorter Euclidean distance as the structural connections. We apply the model and the algorithms to three
intensively studied group averaged empirical connectome datasets with different parcellation resolutions
and the results demonstrate that the predicted intrahemispheric structural connections and the weights
distribution are highly consistent with the empirical SC derived from diffusion magnetic resonance imaging
(dMRI) and probabilistic tractography, thus strongly supporting the model and algorithms proposed.

INDEX TERMS Human brain mapping, brain connectivity, structure-function relation, network
deconvolution.

I. INTRODUCTION

Unravelling the relationship between the relatively static
anatomical topology and the diverse functional repertoire
of the human brain is highly crucial for understanding the
mechanisms of how brain cognition and diseases are devel-
oped [1]-[3]. Since the beginning of 1990s, diffusion MRI
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and functional MRI (fMRI) have become two emerging types
of in vivo noninvasive neuroimaging means for mapping the
connectivity of human brain [4], [5]. Diffusion MRI espe-
cially diffusion tensor imaging (DTI) and diffusion spectrum
imaging (DSI) are able to measure the number and density of
the anatomical white matter fiber tracts between brain areas
while the functional MRI is capable of recording the blood
oxygenation level-dependent (BOLD) signals that indirectly
reflect the true neural activities occurring in human brain.
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Both imaging modalities can be used to estimate one kind
of brain connectome rendered as a square symmetric connec-
tivity matrix [6]-[8]. The matrix inferred by dMRI is called
structural connectivit (SC) in which each entry refers to the
anatomical connection strength or density measured between
two brain regions, while the matrix estimated by fMRI is
termed functional connectivity (FC) in which each element
is usually obtained by computing the statistical correlation
between BOLD time series.

In the past decade, the relationship between SC and FC
has received increasing attention in the field of neuroscience.
Numerous statistical and computational modeling studies
have been conducted to uncover how SC gives rise to FC and
how FC emerges from SC by predicting FC from SC. Some
statistical studies suggested that FC can be predicted but to
a limited extent by some anatomical connectivity features
such as fiber length, fiber counts or physical distance between
brain regions [9]-[13]. For example, a study using SC to
predict FC [9] observed that the relationship between SC
and FC is robust when structural connections are present.
However, when direct SC is absent, the FC varies over a
wide range and could be accounted by indirect linkages
which were shown a significant predictor of FC, especially
for the visual cortices of each hemisphere. Another study on
macaque also supported this finding that the generation of FC
in the absence of direct SC can be determined by signal flows
via connections with common afferents mediated by a third
area [10]. The configuration of motifs, such as length2-SC
indirect patterns, revealed an important role of SC-FC rela-
tion. Note that the brain functional and structural networks
also have topological properties, such as modularity. Intra-
modular connections, which predominate in highly modu-
lar brain networks, are generally short distance. However,
between-modular connections are generally long-distance,
even though they can help achieve high global efficiency
of brain networks. Penalizing SC connections by a function
of distance was demonstrated efficient to simulate FC [12].
Others explored the relations using network topological fea-
tures such as shortest path, search information, path transitiv-
ity [14], [15], as well as unweighted degree product [16], [17].
While computational modeling approaches such as linear
and nonlinear neural mass models (NMM) tend to simulate
the neural dynamics among neuronal populations in human
brain [3], [9], [18]-[21], in which hundreds of differential
equations and tens of physiological parameters are involved,
making it a daunting task to find an optimal solution. More
recent studies relate SC and FC through machine learning
approaches such as matrix or spectral mapping [22], [23],
connectome embedding [24], temporal multiple kernel learn-
ing [25], and routing with linear programming [26], etc. The
key difference between machine learning based approaches
and traditional methods is that the machine learning based
approaches are able to highly capture the relation between
SC and FC from the connectome data directly, yet the model
parameters need to be retrained for different connectome
data. In fact, the fundamental role of how the whole-brain
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pattern of FC particularly FC between region pairs with-
out direct anatomical link is shaped still remains fully
unknown.

Different from previous studies, here we present an oppo-
site approach to address this issue by predicting the SC from
rsFC. We first establish a FC model that allows for three
different types of effects including the direct dependencies
between neuronal populations, information exchange within
and between network modules, and the indirect interactions
via indirect pathways. We then build network inversion algo-
rithms to remove the indirect and modular effects from FC in
a reverse order and finally predict the structural connections
from the remaining connections with shorter shortest path
length and Euclidean distance. Finally, we test the model and
algorithms on three group averaged empirical connectome
datasets with different resolutions and the performances are
evaluated by comparing the predicted structural connections
with the empirical structural connections in terms of the
number of the correctly or falsely predicted links as well as
the weight distributions of the connections.

Il. MATERIALS AND METHODS

A. CONNECTOME DATASETS

Three connectome datasets with different resolutions were
used for testing and assessing the proposed models and
algorithms.

The 90 ROIs (regions of interest) dataset was obtained at
Weill Cornell Medicine and employed in [18], [19], in which
the structural and diffusion MRI together with the resting-
state fMRI data were collected on 8 healthy adults and par-
cellated into 90 cerebral regions after diffusion tractography
processing. The structural connection weight between any
two regions was estimated by a weighted sum of fiber tracts
going between them and corrected by topological distance.
The functional connectome and the corresponding matrices
were obtained by computing the Pearson correlation between
BOLD time series derived from resting-state fMRI. Both
resting-state FC and SC matrices were averaged across the
8 individual participants. To be in common with the other
two datasets, we rearranged the lobe order as: frontal, parietal,
occipital, temporal, and subcortical.

The 246 ROIs dataset is a subset of the connectivity-
based brain imaging research database (C-BIRD) at Beijing
Normal University [27], which contains multi-modal MRI
data from 49 young healthy subjects. Informed consent
to all participants in the Institutional Review Board (IRB)
of the State Key Laboratory of Cognitive Neuroscience
and Learning of Beijing Normal University and approved
study was obtained. All participants agreed to share data
freely on the Internet in an anonymous form. In our study,
the human Brainnetome atlases of 246 brain ROIs was
used (http://atlas.brainnetome.org) [28]. This atlas composed
of 210 cortical and 36 sub-cortical subregions, which contains
the information on both anatomy and functional connections.
Probabilistic tracking was performed and the fiber direction
was determined according to the probability to obtain the
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structural connection of 246 ROIs. The structural connectiv-
ity matrix of each participant was obtained through PANDA
software (https://www.nitrc.org/projects/panda/), in which
rows and columns represent brain nodes, and element val-
ues represent connection probabilities between nodes. The
resting-state FC matrix was calculated using pair wise
Pearson’s correlation coefficients of BOLD time series
obtained from each brain area. Both rsFC and SC matrices
were averaged across the 49 individual participants.

The high resolution dataset with 998 ROIs has been exten-
sively studied in previous research [9], [14], [29], [30],
in which the structural and diffusion MRI together with
the resting-state fMRI data were collected on 5 healthy
right-handed male subjects. DSI was performed using a
diffusion-weighted single-shot echo planar imaging (EPI)
sequence. Following diffusion spectrum and T1-weighted
MRI acquisitions, the segmented gray matter was partitioned
into 998 ROIs. White-matter tractography was performed
with a custom streamline algorithm and fiber connectivity
was aggregated across all voxels within each of the 998 prede-
fined ROIs. The resting-state FC matrix was calculated using
pair wise Pearson’s correlation coefficients of BOLD time
series obtained from each brain area. Both rsFC and SC were
averaged across the 5 individual participants. Refer to [14]
and [29] for more details.

All the aforementioned connectivity matrices are symmet-
ric and arranged that the upper left and lower right quadrants
map the right hemisphere and left hemisphere of the brain
respectively, while the off-diagonal quadrants map the inter-
hemisphere between the two.

Because weak and non-significant links may represent
spurious connections in FC [31], therefore, we removed all
the connections whose strength were smaller than 0.1 and
the negative connections (the functional anticorrelations still
remain elusive) in FC. Furthermore, all self-connections
(diagonal elements in the FC matrix) were also excluded.

The three empirical group-averaged connectomes are
demonstrated in Fig.1.

B. MODEL OF FC

We start with the assumption that the observed resting-brain
functional network, G,ps, can be formulated as the sum of
at least three parts in temporal order of formation: the direct
network Ggir, the modular network Gy, , along with the
indirect network Gijy,g4:

Govs = Gair + Gai + Gind (D

where Gops, Ggir, Gmal, and Gipg are four M x M symmetric
matrices, containing non-negative elements only. M indicates
the number of brain areas. The direct network, Gy, stem-
ming from the relatively invariant anatomical structure, which
reflects the initial interplay among brain areas or neuronal
populations. The modular network, G4, arising from the
communication within and between network modules, which
allows for local segregation and global integration. While the
indirect network, Gj,4, induced by the indirect paths between

209928

_90-ROI SC

ROI FC
.--

: Sand ol

20 100 140 180 220
998-ROI SC

‘~20 60 100 140 180 220
_998-ROIF

log10
0
-1
%)
3
-4
-5

200 400 600 800

200 400 600 800

FIGURE 1. The mean FC and SC connectomes of the three datasets.

(A) 90-ROI dataset, averaged across 8 individual participants. (B) 246-ROI
dataset, averaged across 49 individual participants. (C) 998-ROI dataset,
averaged across 5 individual participants.

brain areas, which can facilitate the signal transmission along
structural pathways.

Define Ggirm = Gair+Gmar as the whole direct effects after
the modular effects set up. According to previous studies [9],
[14], [22], [23], the indirect effects on FC cannot be exclu-
sively attributed to the indirect paths of length 2, but there
is no denying that longer paths contribute less to the whole
FC. Here, for computational convenience, we suppose that
the indirect effects induced by the longer indirect paths are
approximately proportional to the direct effects, thus we can
model the indirect effects as

Gina ~ aG2y + (1 — @) Girm 2)

where 0 < o < 1, indicating different contributions to the
whole indirect effects by indirect paths of length 2 and longer
paths.

Putting (1) and (2) together, we obtain,

Gobs = (2 — @)Girm + 2G5, 3)

C. NETWORK DECONVOLUTION WITH CDA

Distinguishing the direct network G, from the observed
network G,ps in (3) can be formulated as a network
deconvolution problem [32]. Obviously, there are no real
and analytical solutions to (3) due to its nonlinearity
and high dimensionality. Here, we formulate the network
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deconvolution problem as finding an optimal direct connec-
tion matrix by optimization.

Specifically, for a given direct connection matrix Ggipp,
we can obtain a prediction of the observed correlation matrix
from (3), denoted by Gﬁbs. Then network deconvolution pro-
cess can be converted into searching for an optimal sparse

direct connection matrix Gj,, Subject to
. 2
arg min E(Gops. Gop,) = || Gobs = Gops 5+ | Gons = G
Gdirm
“4)

The Frobenius 2 - norm term in (4) measures how well the
direct connection matrix describes the observed connection
matrix, and here we define this as the sum of the square of all

the entries in the error matrix G,ps — Gﬁhsz

|Gobs — G5 = > [Govsti ) — G D] (5)
i
whereas the / - norm term in (4) is used to expedite the
iteration process during optimization and defined by the sum
of the absolute value of all the entries in the error matrix
Gobs — ngs:
|Gobs — Ghyplly = D |Gonsti ) = Ghyi )| (6)
ij
It is not easy to find an global optimal direct connection
matrix Ggim, from (3) and (4) using the traditional gradient
descent algorithms due to the high dimensionality of the
problem and will get even harder when the size of the network
increases. While bio-inspired optimization algorithms, such
as genetic algorithms (GAs) [33], particle swarm optimiza-
tion (PSO) [34], and ant colony optimization (ACO) [35],
etc., can only handle problems with dozens of dimensions.
It is worth noting that Zhong et al. [36] incorporated the
multi-agent concept into GAs and proposed a multiagent
genetic algorithm (MAGA) which can handle high dimen-
sional function optimization problems with 20-1000 dimen-
sions. However, the performance of MAGA worsens rapidly
when the dimensions of the solution space approaches 10000.
Normally, MAGA needs tens of thousands of iterations to get
the optimal solution even with 1000 dimensional functions.
Studies in developmental biology show that cell differenti-
ation is a fundamental and central process for shaping tissues
and organs with specific functions in our body. The resulting
morphogenesis involves several cellular behaviors such as
division, differential growth, migration, fusion, differential
adhesion, contraction, as well as apoptosis (programming
death) [37]. These behaviors allow for local cell-cell interac-
tions and gene regulations occurring under precise spatiotem-
poral coordination [38], [39]. Inspired by the developmental
mechanisms of cell differentiation at the microscale, in our
previous work, we developed a new biologically inspired
optimization algorithm for handling super-high dimensional
optimization problems [40], in which only four behaviors
were simply modeled and the algorithm can only be applied
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to numerical function optimization. In this paper, we rede-
fine all the cellular behaviors mathematically and extend the
algorithm to matrix optimization cases because a matrix can
be simply symbolized as a cell. Additionally, the elements
in the matrix can be modeled and expressed by genes and
the matrix operations can be viewed as the morphological
changes of a cell, thus the matrix optimization process can be
realized by performing the behaviors of cell differentiation.
A number of child cells descended by their parent interact
with each other by regulating their internal gene expressions
to evolve generation by generation by way of exhibiting
different differentiation behaviors aforementioned. On the
basis of the principle of survival of the fittest, cells with
higher activity values will be more likely to continue to be
alive after each differentiation behavior, while those with
smaller activity values will die and be replaced by other
more robust cells. Therefore, the quality of the cells will be
better and better. After a certain number of evolving genera-
tions, the cell swarm will be smoothly differentiated towards
the best shape representing a global optimal solution to the
problem.

Consider C is a set of N cells, C = {celly, cellp, - -,
celly}, and define C; as the stem cell of C. Where cell;
(i =1,2,...,N) is the ith cell denoted by a n x n matrix
and cell;_1, cell;; are its two neighbors. Let Py, Pag, Pfy
and P, denote the probability of cell migration, differential
adhesion or contraction, fusion, and apoptosis during cell
development and differentiation, respectively; act; and age;
refer to the activity value and age of cell i, respectively.

1) CELL DIVISION AND GROWTH
Cell division is the first developmental behavior for nearly
all types of cells, particularly asymmetric mitosis, which
occurs autonomously and can be modeled by dividing each
cell asymmetrically into descendent cells distinct from their
parents [37].

Specifically, assume & is a random number within (1, n),
the division of a cell can be defined as dividing the mother
cell into two daughter cells:

cell; = cell;) + celli @)

where the first k rows of cell; are duplicated into the corre-
sponding rows of cell;;, the remaining n — k rows of cell; are
copied into the corresponding rows of cell;>, while the rest of
the rows in cell;; and cell;; are all set to be 0.

Then make the two daughter cells grow by replacing the
last n — k rows of cell;; and the first k rows of cell;; with
random values generated from the stem cell, C;, respectively,
i.e. u(0, Cy), note that u(-,-) is a uniform random number
generator and u(0, Cy) represents a random matrix.

For computational consideration, if the activity value of
either of the daughter cells is higher than their parent, the par-
ent cell will be replaced by the daughter cells with higher
activity value. Otherwise, the parent cell will remain to
live.
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2) CELL MIGRATION
Cell migration means the cells inside the tissue will
move from one location to another. Migration can be ran-
dom or towards a preferred direction. Here, we use two strate-
gies for modeling cell migration in CDA: directed migration
and random migration. Directed migration means the cell will
move towards where the best cell (with the highest activity
value currently) in the current generation is located, while
random migration means the cell moves to some location
between its current location and the best cell randomly.
Specifically, for each cell;, if u(0, 1) > P,,;, the cell will
perform directed migration strategy:

cell; = cellpes + (cell; — cellpest) - Mstep; - u(—1, 1) ®)

Otherwise, the cell will perform random migration
strategy:

cell; = cell; + (cellpess — cell;) - Mstep; - u(—1,1)  (9)
where cellpes 1s the best cell in the current generation, Mistep;
stands for the migration step length which is defined by,

N

Mstep; = act;/ Z act;
i=1

(10)

where act; stands for the activity value of cell;, which can be
defined by the objective function in (4).

3) CELL FUSION
Cell fusion indicates the cell will merge with the best cell
around its neighbors. There are also two strategies of cell
fusion, one is dominated by the cell per se, the other by the
best cell from its neighbors.

For each cell;, if u(0,1) < Pg, the cell will perform the
following fusion strategy:

cell; = cell?®" + (cell?®" — cell;) - u(—1,1)  (11)
Otherwise, the cell will perform strategy:
cell; = cell; + (cell; — cellf’e”) ~u(—1,1) (12)

where cell?®" is the cell with maximum activity value among

its 4 neighbors: {cell;_;, cell;_1, celliy1, celli7}.

4) CELL DIFFERENTIAL ADHESION AND CONTRACTION

Cell differential adhesion and contraction are crucial steps in
cell differentiation and defined by the gene networks. Cell
differential adhesion and contraction change the size and
shape of cells and then generate long-range forces between
the differentiated cells, and results in cell migration and
mechanical stresses on cells, which may trigger cell division,
growth, and death [39].

In CDA, cell differential adhesion and contraction are
modeled to change the values of each gene by increas-
ing or decreasing a small random value related to the stem
cell through heating or cooling the cell by changing the
temperature 7.
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For each cell;, if u(0, 1) < P44, the cell will perform the
following adhesion and contraction strategy:

cell; = cell; +u(—1/(T + 1), 1/(T +1))- Cs  (13)
where T denotes the temperature, which will increase by
1 degree after each iteration, if it exceeds a predefined value
it will be reset to zero. At present, the predefined temperature
is set to be 100 degrees Celsius for CDA.

5) CELL APOPTOSIS

Cell apoptosis is also crucial in pattern formation and mor-
phogenesis, which can transform one pattern into another.
In CDA, we model cell apoptosis by just resetting some genes
in the cell to be zero or replacing them by a small value
generated randomly if the activity values of these genes are
still below some value after a certain number of generations.
The life span of a cell, 100, is chosen in the current CDA.

Specifically, for each cell;, if its age exceeds the life span
and u(0, 1) > P, those genes with smaller activity values
will be set to zero; or if u(0, 1) < Py, these genes will be
randomly generated using u(0, 0.1).

Based on the above description, the network deconvolution
algorithm based on CDA can be implemented by the follow-
ing steps:

Step 1: Initialize the cell swarm. Generally, in an evolu-
tionary algorithm, the initial population is usually created by
randomly assigning each gene to a binary or a real number.
While for CDA-ND, all the N initial cells are descended from
the stem cell, denoted by the observed functional network,
Gops, 1.e.:

celli=Cy— ~.Cy, i=1,2,---N (14)
N
It is worth noting that each cell represents a candidate solution
and can be specified by a M x M matrix.

Step 2: Estimate the activity value of each cell, act(cell;),
based on (4);

Step 3: For each cell, exhibit the division behavior
first, then followed by growth, migration, fusion, adhesion/
contraction, and apoptosis differentiation behaviors as well.
And then evaluate all the cells after each behavior by compar-
ing the activity values between the mother cells and the child
cells and keep the cells with higher activity values;

Step 4: Update the cell swarm and find the one with the
highest activity value, i.e., the best cell in the current genera-
tion 1, cell}, ,;

Step 5: 1f act(cell}, ) > act(cellée};), leave the cell] .
in the next generation; otherwise celll’mt <~ cellé(;}. This
step will ensure the CDA to converge to the global optimum
because the best solution is always maintained in the swarm;

Step 6: Decide whether it satisfies the termination crite-
rion or not. If the stopping criterion holds, the algorithm will
end, otherwise repeat from Step3.

The overview of CDA-ND is schematically illustrated in
Fig.2.
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FIGURE 2. Overview of CDA-ND. A number of child cells descended by
their parent interact with each other by regulating their internal gene
expressions to evolve generation by generation by way of exhibiting
different differentiation behaviors such as division, growth, migration,
fusion, adhesion, contraction as well as apoptosis (programming death).
From left to right: the parent cell (the original observed FC), three
snapshots of the initial child cells coming from the parent cell, cell
differentiation behaviors, and the optimal cell after CDA-ND (the
remaining direct connectivity after the indirect effects on FC matrix are
removed.

D. KERNEL-BASED WEIGHT TRIMMING (KWT)
The deconvolved direct correlation network Gy;,, after net-
work deconvolution with CDA consists of two parts: the ini-
tial direct dependencies between brain areas and the modular
effects owing to the modular network structure. Studies on
network topology and properties of the anatomical connec-
tivity of human brain indicated that the brain structure shows
small-world characteristics, i.e., with high local clustering
coefficient and small average shortest path length, allow-
ing for local functional segregation and global functional
integration [2], [12], [29]. This can be evidenced by the
rich-club organization of the structural connectivity of the
human brain [41], in which many small group of mod-
ules clustered by short-range connections between cortical
region pairs are highly connected through hubs. The small-
world and modular structure of human brain network suggest
that there more likely exists an anatomical link between
region pairs with shorter physical distance while the proba-
bility of having a link between two distant regions is much
smaller. Thus, we can construct a Gaussian kernel matrix
based on Euclidean distance between brain areas and map
it onto the deconvolved direct network G, after CDA to
hold the short-range and weaken the long-range connection
strength.

Specifically, for each region pair (i,j), we choose the
Gaussian kernel function as,

_ DG

K@, j)=e 2»° 15)

where D(i, j) denotes the Euclidean distance between region
i and j, which can be estimated using the mean Talairach
coordinates of voxels comprising an ROI [9]; o is a volume
parameter, controlling the size of the modules and varying
with the network size.
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TABLE 1. List of the important acronyms.

Acronyms Definitions Acronyms Definitions
SC Structural connectivity KWT Kernel-based weight
trimming
rsFC Resting-state CDA-ND ND based on CDA
functional connectivity
CDA Cell differentiation ROC Receiver-operating
algorithm characteristic
SPL Shortest path length AUC Area under curves
dMRI Diffusion magnetic TPR True positive rate
resonance imaging
fMRI Functional magnetic FPR False positive rate
resonance imaging
DTI Diffusion tensor RH/LH Right/left hemisphere
imaging
DSI Diffusion spectrum IH Interhemisphere
imaging
BOLD Blood oxygenation ED-ND Eigen-decomposition
level-dependent based ND
NMM Neural mass model CDA-SPL CDA with SPL
ROIs Regions of interest CDA- CDA with KWT and
KWT-SPL SPL
ND Network deconvolution FC-TH FC thresholding

Finally, the resulting direct network can be obtained by
kernel-based weight trimming (KWT), as follows,

Gaiir = KGim (16)

Ill. RESULTS
Our results are verified by following: first, evaluating
the optimization algorithm—CDA by minimizing the error
between observed matrix (i.e., functional networks) and sim-
ulated observed matrix to find the optimal deconvolved direct
matrix on example datasets; second, validating the role of
the shortest path length (SPL) to reconstruct empirical SC by
showing the receiver-operating characteristic curves (ROC)
and the area under curves (AUC); third, verifying the pre-
dicted SC by checking both the rate of correctly predicted
connections and the similarity of connection strength with
the empirical SC; fourth, comparing proposed algorithm with
two existing methods by showing the prediction rates.

For convenience, we list the important acronyms used
in Table 1.

A. EVALUATION OF CDA
Before applying the proposed CDA to the empirical con-
nectome datasets. We first apply it to search for an optimal
symmetric matrix with 100 x 100 dimensions, which satisfies
(3), where « = 0.6. The simulated direct matrix and the
observed matrix are shown in Fig. 3 (A) and (B), respectively.
Some model parameters need to be predetermined before
the CDA works. The population size of cells, Nc, can usually
be chosen as 20-50. The migration probability P,,; determines
whether CDA exploits new locations between the current cell
and the current best cell or explores around the current global
best cell, when P,;; < 0.5, CDA mainly acts on searching new
solutions (exploitation). The fusion probability Pf, decides
how often the cells exchange their information with their local
best (within their neighbors). While the adhesion or contrac-
tion probability P,y ensures the diversity of cells, obviating
the premature of the algorithm and the apoptosis probability
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FIGURE 3. Applying CDA-ND algorithm to find an optimal symmetric
matrix with 100 x 100 dimensions. (A) the simulated direct matrix. (B) the
simulated observed matrix. (C) the deconvolved direct matrix after
CDA-ND. (D) the convergence performance. The Pearson correlation
between the simulated direct matrix and the deconvolved direct matrix

is 0.9987.

Py, controls the death of genes in a cell if the age of a cell
with lower activity value exceeds its life span.

After a large number of tests, in our study, the parameters
of CDA are chosen as: N = 20, P,;; = 0.5, Py, = 0.5, Pyg =
0.2, Py, = 0.1, the life span of a cell is 100, the temperature
T is 100. Two termination criteria are exploited: (1) to ensure
each entry in the error matrix,, Gyps — G’;bx, is less than
1073, then the total error calculated by (4) satisfies ¢ <
(M % (M — 1) /2) x 1073, where M is the order of the matrix
to be optimized; (2) the maximal number of generations
exceeds a predefined number.

The optimal direct matrix after CDA is shown in Fig.3 (C)
and the convergence performance is shown in Fig.3 (D).
It can be seen that the deconvolution error drops down to the
predefined precision (0.0495) from 14.517 after 55,597 num-
bers of generations (Fig.3 (D), about 1.634 hours on a Dell
laptop computer with Intel (R) Core (TM) i7-7560 CPU @
2.40GHz, 16G memory, and Windows10 operating system).
The Pearson correlation between the simulated direct matrix
and the deconvolved direct matrix is 0.9987, indicating that
the simulated direct network with size 100 x 100 can be fully
distinguished from the observed functional network with the
proposed CDA.

We then apply the CDA to the empirical 90-ROI and
998-ROI datasets, respectively. The recordings of the con-
vergence curves for the 45 x 45 matrix optimization (RH,
90-ROI dataset) and 500 x 500 matrix optimization (RH,
998-ROI dataset) are shown in Fig. 4 (A) and (B), respec-
tively. It can be seen that the deconvolution error drops down
to 0.0017 from 5.77 after 10,000 numbers of iterations for
the 45 x 45 matrix optimization (Fig. 4 (A), about 3 minutes
on the same Dell laptop computer), while from 258.38 to
5.76 after 20,000 numbers of iterations for the 500 x 500
matrix optimization (Fig. 4 (B), about 10 hours on the same

209932

90-ROI-RH
=577

500 998-ROLRI

S0F «—258.38

0.0017

Deconvolution error >
S = N W s Oy

© Deconvolution error

0
0 0.5 1 1.5 2
The number of generations x4

0 2000 4000 6000 8000 1000
The number of generations

FIGURE 4. Two sample convergence curves of CDA-ND for the RH of the
90-ROI and 998-ROI datasets. (A) 45 x 45 matrix optimization (RH,
90-ROI). (B) 500 x 500 matrix optimization (RH, 998-ROI).

TABLE 2. Reconstructed results of the empirical SC for the three datasets
by log-weighted SPL and the number of steps.

90 ROIs 246 ROIs 998 ROIs
RH LH RH LH RH LH
TPR(%) 93.60 9292 84.25 84.64 92.0 91.40
FPR(%) 13.56 16.44 15.28 14.67 1.28 1.25

Dell laptop computer ), showing the proposed CDA is able
to find an optimal matrix with size up to 500 x 500, i.e.
250,000 dimensions, after a certain number of iterations.

B. STRUCTURAL CONNECTION IDENTIFICATION

Note that G- represents the positive couplings between not
only the structurally connected brain regions but also some
regions that are indirectly structurally coupled, which could
be simulated by a neural mass model.Nevertheless, it is an
intractable issue to infer the true SC by inversion from a
neural mass model. Here we adopt an alternative way to build
the bridge between Gy, and the actual SC.

We find that the SPL together with the number of steps
along the shortest path between brain areas can highly cap-
ture the relation between both connected and unconnected
pairs of regions, including structural links showing negative
correlations. We validate this by extracting the SPL matri-
ces from the empirical SC matrices of the three datasets
and keeping those region pairs with shorter weighted path
length together with fewer steps along each shortest path.
Log-weighted length was chosen due to the log-normal dis-
tribution of the connection strengths [9], [29], [42]. We eval-
uate the reconstructed results using the ROC curves (Fig.5),
in which all the AUC value of the three datasets are close to 1,
meaning nearly all the intrahemispheric structural connec-
tions, including those connections with negative functional
correlations, can be correctly reconstructed when detecting
the same number of connections as the actual number of
connections within each hemisphere of the empirical SC. The
reconstructed results are assessed by true positive rate (TPR)
and false positive rate (FPR), as listed in Table 2, showing that
93.26%, 84.45%, and 91.7% of the mean intrahemispheric
links are correctly reconstructed for the 90-ROI, 246-ROI,
and 998-ROI datasets respectively.

C. SC PREDICTION
In what follows, we apply the model and algorithms to the
three empirical datasets to predict the structural links of the
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FIGURE 5. The performance evaluation of the reconstructed empirical SC using ROC curves for the three datasets by log-weighted SPL and the number of
steps. All the areas under curves (AUC) are close to 1, which suggests that the shortest path length together with the number of steps of the path can
strongly reflect the SC irrespective of whether the functional correlations between the connected node pairs are positive or negative.

right hemisphere (RH) and the left hemisphere (LH), respec-
tively. We do not evaluate the interhemisphere (IH) because
studies on dMRI suggested that the structural connections of
the TH are noisy and some structural connections might be
missed or falsely measured [43]-[47]. As the predicted SC
is weighted, we apply two methods to verify the quality of
the predicted SC. Firstly, we check the rate of correctly pre-
dicted links (prediction rate) by detecting the same number
of connections as the actual number of connections within
each hemisphere of the empirical SC and plotting ROC curves
under a range of continuous predicted SC thresholds. The
empirical structural network is binarized where connections
are either absent (strength is 0) or present (strength is positive)
before ROC analysis. A high prediction rate indicates that the
structural links are well distinguished from a dense connected
functional network regardless of the connection strength.
Secondly, to assess the connection strengths of the predicted
SC, we also graphically demonstrate the predicted connec-
tomes as compared with the empirical weighted SC for each
dataset, and the Pearson correlations which linearly depict the
strength similarity between the two are given as well. It is
worth noting that, in the current model, the optimal FC model
parameter o was determined as 0.6 after extensive tests across
all the three datasets, while the optimal kernel parameter o
was chosen as 30 for the 90-ROI dataset and 15 for the other
two datasets with higher resolutions, respectively.

The prediction results are averaged with 5 runs and
compared among CDA alone, CDA followed by SPL
(CDA - SPL), as well as CDA followed by KWT and then
SPL (CDA-KWT-SPL) (Table 3). It can be seen that, com-
pared with CDA alone, the prediction rate of the RH and LH
are increased by 4.34% and 3.98% for the 90-ROI dataset,
2.88% and 3.35% for the 246-ROI dataset, and 6.44% and
7.22% for the 998-ROI dataset with CDA-SPL, respectively.
While with CDA- KWT —SPL, the prediction rate of the RH
and LH are raised by 18.79% and 13.58% for the 90-ROI
dataset, 7.09% and 6.7% for the 246-ROI dataset, and 14.83%
and 16.29% for the 998-ROI dataset respectively as compared
with CDA alone. The mean SC prediction rates are more than
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TABLE 3. Comparison results of the prediction rates (%) for the three
datasets with the three methods.

Datasets 90 ROIs 246 ROIs 998 ROIs
Methods RH LH RH LH RH LH
DA 72.83 7715 7611 7713 5959  58.65
CDA-SPL 7717 8113 7899 8048  66.03  65.87
CDA-KWT-SPL | 91.62 90.73 8320 83.83 7442  74.94

91% for the 90-ROI dataset, 83% for the 246-ROI dataset,
and 74% for the 998-ROI dataset, respectively. These results
suggest that the indirect paths and the Euclidean distance
between brain areas are two contributing factors and play
different roles in yielding the whole brain FC at rest, while
the shortest paths with shorter lengths reflect the key features
of SC.

Furthermore, Fig.6 demonstrates the predicted intrahemi-
spheric SC connectomes in contrast to the corresponding
empirical connectomes for all the three datasets.

D. COMPARED WITH EIGEN-DECOMPOSITION

BASED (ED-ND) ALGORITHM

We further evaluate the performance of the proposed
CDA-ND in contrast to the ED-ND algorithm [30], [32] as
well as the FC thresholding (FC-TH) method [9], [11] in
terms of ROC curves, as illustrated in Fig.7. The results show
that the ED-ND approach outperforms the FC-TH method for
the 90-ROI dataset, but both ED-ND and FC-TH methods
have the similar performance for the 246-ROI and 998-ROI
datasets. Whereas the performance of the proposed CDA-ND
approach far exceeds the other two methods across all the
three datasets.

IV. DISCUSSIONS

A. SUMMARY OF THE MAIN FINDINGS

This study aims to explore how the long-time averages
of the whole brain functional connectivity emerges from
the relatively invariant structural topology in the absence
of any external stimuli, which intrigues a growing num-
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FIGURE 6. Graphical demonstration of the predicted intrahemispheric SC in comparison with the corresponding empirical SC for the three datasets.
(A) 90 ROIs, Pearson correlation: (RH) R = 0.8926; (LH) R = 0.9169. (B) 246 ROIs, Pearson correlation: (RH) R = 0.8721; (LH) R = 0.8749 (C) 998 ROIs,
Pearson correlation: (RH) R = 0.7391; (LH) R = 0.7384. All correlations reported in this paper are P « 1e — 3. Abbreviations and meaning of the legend
names are as follows: SCemp denotes the empirical SC, SCpre refers to the predicted SC, RH/LH indicates the right/left hemisphere.

ber of researchers in neuroscience during the past decade.
Traditional approaches usually laid emphasize on predict-
ing FC from SC using various of computational models.
However, none of these models are able to completely cast
light on the nature of the phenomenon. There is still much
unknown for how the correlations emerged between regions
that are not directly structurally coupled. The key distinction
between our research and previous studies is that our study
shows how one might go in the other direction as opposed
to the prediction of FC, to uncover the structural connec-
tions from the resting-state fMRI correlations between brain
regions.

We first put forward a FC model in which the observed
whole resting-brain FC is formulated as the weighted com-
bination of direct dependencies and indirect dependencies
majorly owing to the indirect paths of length 2. Then we
introduce a bio-inspired network deconvolution algorithm as
well as a kernel-based weight trimming algorithm to search
for the best structural connections that produce the observed
fMRI correlations by minimizing the wiring strength and the
shortest path length.
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The major finding of our study is that the predicted
structural connection strengths are well fit by lognor-
mal distributions (Fig.8). The predicted connection strength
ranges from 3.5476e-9 to 0.4635 for the 90-ROI dataset,
3.4087e-9 to 0.3438 for the 246-ROI dataset, and 3.1997e-5
to 0.3625 for the 998-ROI dataset, respectively, showing
that the connection strengths span several orders of mag-
nitude. Furthermore, the mean Pearson correlation between
the predicted intrahemispheric SC and the corresponding
empirical SC are 0.9048 for the 90-ROI dataset, 0.8735 for
the 246-ROI dataset, and 0.7388 for the 998-ROI dataset,
respectively. These results are highly consistent with the
empirical SC derived with dMRI and the probabilistic trac-
tography [9], [14], [17], [29], [45], [46]. The minimized
wiring cost together with the maximized efficiency (shortest
path length or shorter Euclidean distance between structurally
connected node pairs) provide strong accounts for supporting
the view that the human brain network is organized in a
tradeoff between wire cost and efficiency [48].

After CDA-ND, we found that more than 62% of the mean
intrahemispheric FC was caused by the indirect effects for the
90-ROI dataset, 64% for the 246-ROI dataset, and 73% for the
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FIGURE 7. Performance comparison of the predicted intrahemispheric SC
for the three datasets with the three different ND approaches using ROC
curves. (A) Prediction performance of the three methods for the 90-ROI
dataset. (B) Prediction performance of the three methods for the 246-ROI
dataset. (C) Prediction performance of the three methods for the 998-ROI
dataset. From left to right: the right hemisphere, the left hemisphere.
Abbreviations and meaning of the legend names are as follows: FC-TH
means thresholding the FC matrix directly; ED-ND refers to the
eigen-decomposition based network deconvolution algorithm [32];
CDA-ND indicates the proposed CDA based network deconvolution
algorithm. ROC: receiver-operating characteristic. AUC: Area under Curve.
Note that both ED-ND and CDA-ND algorithms have a control parameter,
the optimal values are set as: for 90-ROI dataset, 8 = 0.9 (ED-ND), o = 30
(CDA-ND); for 246-ROI and 998-ROI datasets, 8 = 0.1 (ED-ND), o = 15
(CDA-ND).

998-ROI dataset, respectively. While after KWT, we found
that the modular effects remain relatively steady, accounting
for ~24% of the whole FC for the 90-ROI dataset, ~29%
for the 246-ROI dataset, and ~20% for the 998-ROI dataset,
respectively. Finally, our findings indicated that only a small
fraction of FC directly reflects SC, accounting for ~14%
of the mean intrahemispheric FC for the 90-ROI dataset,
~T% for the 246-ROI and 998-ROI datasets, respectively,
indicating that the higher the resolution of parcellation is, the
smaller the direct effects influenced by SC.

The main methodological contributions of our work are
the integration of indirect effect and modular effect in the
contributing factors of shaping FC to uncover SC; and the
utilization of new method CDA to search optimal results,
leading to several benefits. First of all, the indirect effect is
mainly attributed to the length2-paths, therefore, providing
a simple representation in the model of FC which reduces
computing and time complexity. Besides, SPL, the minimum
path distance, is used to remove the indirect effect further,
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providing new insight and methodology to uncover SC. The
modular effect, described by physical distance, is trimmed via
a Gaussian kernel, suggesting a possible relationship between
network topology and functional network. The integration of
above effects not only helps to shed light on how much they
contribute to generating FC but can offer a way of comparison
between the two by removing effects one by one. The second
benefit of our method is the possibility to apply the CDA to
other optimization studies, especially for the high-dimension
solution. CDA has been demonstrated efficient with the result
of low deconvolution error and good performance when the
dimensions of the solution space are 500 x 500 = 250,000,
compared with other optimization algorithms [33]-[36].

B. COMPARISONS WITH RELATED METHODS
So far, systematic comparisons of structural connectivity and
resting-state functional connectivity have gained significant
success in using the observed dMRI structural strengths to
predict the resting-state fMRI correlations, including cor-
relations between regions that are not directly structurally
coupled. One previous research evidenced that the fMRI
correlations can be better predicted by the topology of the
shortest (and presumably most efficient) structural paths [14].
The results showed that both search information (accessi-
bility of a path) and path transitivity (the density of local
detours along a path) along the shortest path can predict the
strength of FC among both connected and unconnected node
pairs well. Here our study showed that the presence of FC
between brain regions cannot be exclusively attributed to the
shortest paths. A large portion of FC is induced by indirect
paths, particularly by two-step paths linking two brain areas
rather than the local detours along the path. Furthermore, the
shortest paths can highly capture the anatomical structure
of the human brain (Fig.5), indicating that there is more
likely a direct structural link between two regions with shorter
shortest path length even though the functional correlation
between the two regions is relatively weak or even negative.
In a study by Feizi and colleagues [32], they also formu-
lated the inference of the direct relationship from the observed
correlations as a network deconvolution problem and derived
a closed-form solution based on eigen-decomposition. Mean-
while, Robinson et al [30] presented the similar solution
based on linear neural field theory and applied it to the
determination of effective brain connectivity from FC. The
eigen-decomposition based network deconvolution (ED-ND)
models the observed correlation as the combination of direct
and indirect dependencies owing to transitive effects of corre-
lations of all indirect paths with arbitrary length, and therefore
the solution can be solved analytically with infinite-series
sums. However, their results can be achieved only on condi-
tion that the largest absolute eigenvalue of the direct connec-
tion matrix is strictly less than one, otherwise the observed
correlation matrix needs rescaling. Unfortunately, it does
not apply to the human brain networks. In fact, the human
brain functional network is much more intricately organized,
in which the observed functional correlations are related not
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FIGURE 8. Distributions of the negative logarithm of the predicted structural connection strengths between region pairs for the three datasets.
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= 4.4949) to 0.3625 (-log;q (0.3625) = 0.4407) for the 998-ROI dataset, respectively.

only to the indirect effects by transitivity but also to the
modular effects owing to the modularized network topolog-
ical structure. To address such a daunting issue, we pro-
posed a bio-inspired network deconvolution algorithm based
on the mechanism of cell differentiation for distinguish-
ing the direct dependencies from the observed functional
correlations. Results on all the three connectome datasets
demonstrate that the CDA-ND far outperforms the ED-ND
in predicting the human brain SC from FC (Fig.7).

In addition, it should be noted that our findings revealed
different statistical results on the ratio of each component
to the whole FC in contrast to previous studies [21], [49],
in which FC was simulated from increasingly computational
models. Our approach obtained the statistical results through
removing each type of effect from the whole FC. Moreover,
our study also showed that the establishment of the indirect
effects on FC rests on the modular effects rather than the
anatomical connectivity directly.

C. LIMITATIONS AND FUTURE WORK

Although the modeling approach and the network deconvolu-
tion algorithms proposed in this paper have shown promising
results, they also have some limitations. First, the rela-
tionship of FC and SC is so complex that there are still
many unresolved challenges and open debates. Some studies
even challenged the point that the structural and functional
connectivity are related in a straightforward manner. For
example, O’Reilly and colleagues [50] demonstrated rela-
tively intact interhemispheric functional connectivity in a
macaque brain in the absence of major commissural fibers;
Uddin er al. [51], [52] partly characterize residual func-
tional connectivity between two hemispheres in a complete
commissurotomy patient. All these findings indicate that the
mechanisms shaping the relationship between structure and
function especially the FC between distant cortical regions
still remain open issues. Therefore, the proposed FC model
may not fully capture the relationship between the direct and
indirect effects of the functional network. However, it can be
improved with more insights gleaned from both empirical and
theoretical findings.
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Secondly, the performance of our approach is prone to the
accuracy of the fMRI data acquisition and dMRI tractogra-
phy. More noise may be produced by fMRI and dMRI for
datasets with higher resolutions.

In addition, the negative functional correlations were not
considered in the current study since the mechanism of anti-
correlations still remains elusive.

However, it is worth highlighting that the proposed
CDA-ND algorithm is promising although it takes longer
time when dealing with large-scale network. In fact, the CDA
really works when tackling super high dimensional opti-
mization problems. To our best knowledge, an optimization
algorithm that can find an optimal solution globally in a
nonlinear space with at least 250,000 dimensions has never
been reported before and it will find more unexpected appli-
cations in revealing direct dependencies for some other types
of complex networks.

In the future, we will apply the proposed model and algo-
rithms to optimize some noisy or falsely measured as well as
to infer some missed interhemispheric structural connections
measured with dMRI, which will produce a better human
brain structural map in combination with the current diffusion
MRI tractography.

D. CONCLUSIONS

We present an opposite approach to investigating the
structure-function relationship by predicting SC from rsFC.
Our method relied on one presupposition—the direct anatom-
ical links, indirect pathways, and module topology interact
with one another forming temporally dependent FC. Based
on CDA optimization, we demonstrated that empirical SC
can be reliably predicted, provided that both SPL and dis-
tance kernel function (i.e, KWT) constraints are set in the
deconvolution process. The indirect length2-paths and mod-
ule interplay are found to account for a large proportion effect
with above 60% and 20% of intrahemispheric FC across
three datasets, respectively. The direct SC, on the contrary,
is suggested to play a small role (less than 10%) in shaping
intrahemispheric FC. By analyzing the different contributing
factors, our study leads to a better understanding of how
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the underlying anatomy configures functional networks and
points out the importance of different effects.

ACKNOWLEDGMENT

The authors cordially thank F. Abdelnour for sharing the
90-ROI connectome data together with the implementation
codes of their network diffusion model, O. Sporns for sharing
the 998-ROI connectome data, and Y. He for sharing the
structural and diffusion MRI together with the resting-state
fMRI data of 147 subjects from Beijing Normal University.

REFERENCES

[1] F. Crick and E. Jones, “Backwardness of human neuroanatomy,” Nature,
vol. 361, no. 6408, pp. 109-110, Jan. 1993.

[2] H.-J. Park and K. Friston, “Structural and functional brain networks:
From connections to cognition,” Science, vol. 342, no. 1658, Nov. 2013,
Art. no. 1238411.

[3] D.S. Bassett and O. Sporns, “Network neuroscience,” Nature Neurosci.,
vol. 20, no. 3, pp. 353-364, Feb. 2017.

[4] Y. Iturria-Medina, E. J. Canales-Rodriguez, L. Melie-Garcia,
P. A. Valdés-Hernandez, E. Martinez-Montes, Y. Aleman-Gémez,
and J. M. Sanchez-Bornot, “Characterizing brain anatomical connections
using diffusion weighted MRI and graph theory,” Neurolmage, vol. 36,
no. 3, pp. 645-660, Jul. 2007.

[5] D. Zhu, T. Zhang, X. Jiang, X. Hu, H. Chen, N. Yang, J. Lv, J. Han,
L. Guo, and T. Liu, “Fusing DTI and fMRI data: A survey of methods
and applications,” Neurolmage, vol. 102, pp. 184—191, Nov. 2014.

[6] O. Sporns, “The human connectome: Origins and challenges,” Neurolm-
age, vol. 80, pp. 53-61, Oct. 2013.

[71 S. Qi, S. Meesters, K. Nicolay, B. M. T. H. Romeny, and P. Ossenblok,
“The influence of construction methodology on structural brain net-
work measures: A review,” J. Neurosci. Methods, vol. 253, pp. 170-182,
Sep. 2015.

[8] K. J. Friston, “Functional and effective connectivity in neuroimaging:
A synthesis,” Human Brain Mapping, vol. 2, nos. 1-2, pp. 56-78, 1994.

[9] C.J. Honey, O. Sporns, L. Cammoun, X. Gigandet, J. P. Thiran, R. Meuli,
and P. Hagmann, “‘Predicting human resting-state functional connectivity
from structural connectivity,” Proc. Nat. Acad. Sci. USA, vol. 106, no. 6,
pp. 2035-2040, Feb. 2009.

[10] Y. Adachi, T. Osada, O. Sporns, T. Watanabe, T. Matsui, K. Miyamoto, and
Y. Miyashita, “Functional connectivity between anatomically unconnected
areas is shaped by collective network-level effects in the macaque cortex,”
Cerebral Cortex, vol. 22, no. 7, pp. 1586-1592, Jul. 2012.

[11] A. M. Hermundstad, D. S. Bassett, K. S. Brown, E. M. Aminoff,
D. Clewett, S. Freeman, A. Frithsen, A. Johnson, C. M. Tipper,
M. B. Miller, S. T. Grafton, and J. M. Carlson, “Structural foundations of
resting-state and task-based functional connectivity in the human brain,”
Proc. Nat. Acad. Sci. USA, vol. 110, no. 15, pp. 6169-6174, Apr. 2013.

[12] P.E. Vertes, A. F. Alexander-Bloch, N. Gogtay, J. N. Giedd, J. L. Rapoport,
and E. T. Bullmore, *“Simple models of human brain functional networks,”
Proc. Nat. Acad. Sci. USA, vol. 109, no. 15, pp. 5868-5873, Apr. 2012.

[13] M. Ercsey-Ravasz, N. T. Markov, C. Lamy, D. C. Van Essen, K. Knoblauch,
Z. Toroczkai, and H. Kennedy, “A predictive network model of cerebral
cortical connectivity based on a distance rule,” Neuron, vol. 80, no. 1,
pp. 184-197, Oct. 2013.

[14] J. Goni, M. P. van den Heuvel, A. Avena-Koenigsberger,
N. V. de Mendizabal, R. F. Betzel, A. Griffa, P. Hagmann,
B. Corominas-Murtra, J.-P. Thiran, and O. Sporns, ‘Resting-brain
functional connectivity predicted by analytic measures of network
communication,” Proc. Nat. Acad. Sci. USA, vol. 111, no. 2, pp. 833-838,
Jan. 2014.

[15] Y. Osmanlioglu, B. Tung, D. Parker, M. A. Elliott, G. L. Baum, R. Ciric,
T. D. Satterthwaite, R. E. Gur, R. C. Gur, and R. Verma, “System-level
matching of structural and functional connectomes in the human brain,”
Neurolmage, vol. 199, pp. 93—-104, Oct. 2019.

[16] P. Tewarie, A. Hillebrand, E. van Dellen, M. M. Schoonheim, F. Barkhof,
C. H. Polman, C. Beaulieu, G. Gong, B. W. van Dijk, and C. J. Stam,
“Structural degree predicts functional network connectivity: A multimodal
resting-state fMRI and MEG study,” Neurolmage, vol. 97, pp. 296-307,
Aug. 2014.

VOLUME 8, 2020

(17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(371

C. J. Stam, E. C. W. van Straaten, E. Van Dellen, P. Tewarie, G. Gong,
A. Hillebrand, J. Meier, and P. Van Mieghem, “The relation between
structural and functional connectivity patterns in complex brain networks,”
Int. J. Psychophysiol., vol. 103, pp. 149-160, May 2016.

F. Abdelnour, H. U. Voss, and A. Raj, “Network diffusion accurately mod-
els the relationship between structural and functional brain connectivity
networks,” Neurolmage, vol. 90, pp. 335-347, Apr. 2014.

F. Abdelnour, M. Dayan, O. Devinsky, T. Thesen, and A. Raj, “Func-
tional brain connectivity is predictable from anatomic network’s Laplacian
Eigen-structure,” Neurolmage, vol. 172, pp. 728-739, May 2018.

G. Deco, A. Ponce-Alvarez, D. Mantini, G. L. Romani, P. Hagmann,
and M. Corbetta, “Resting-state functional connectivity emerges from
structurally and dynamically shaped slow linear fluctuations,” J. Neurosci.,
vol. 33, no. 27, pp. 11239-11252, Jul. 2013.

A. Messé, D. Rudrauf, A. Giron, and G. Marrelec, ““Predicting functional
connectivity from structural connectivity via computational models using
MRI: An extensive comparison study,” Neurolmage, vol. 111, pp. 65-75,
May 2015.

J. Meier, P. Tewarie, A. Hillebrand, L. Douw, B. W. van Dijk,
S. M. Stufflebeam, and P. Van Mieghem, “A mapping between struc-
tural and functional brain networks,” Brain Connectivity, vol. 6, no. 4,
pp. 298-311, May 2016.

C. O. Becker, S. Pequito, G. J. Pappas, M. B. Miller, S. T. Grafton,
D. S. Bassett, and V. M. Preciado, “‘Spectral mapping of brain functional
connectivity from diffusion imaging,” Sci. Rep., vol. 8, no. 1, Jan. 2018,
Art. no. 1411.

G. Rosenthal, F. Vasa, A. Griffa, P. Hagmann, E. Amico, J. Goiii,
G. Avidan, and O. Sporns, ‘“Mapping higher-order relations between brain
structure and function with embedded vector representations of connec-
tomes,” Nature Commun., vol. 9, no. 1, p. 2178, Dec. 2018.

S. G. Surampudi, J. Misra, G. Deco, R. S. Bapi, A. Sharma, and D. Roy,
“Resting state dynamics meets anatomical structure: Temporal multiple
kernel learning (tMKL) model,” Neurolmage, vol. 184, pp. 609-620,
Jan. 2019.

S.-H. Chu, K. K. Parhi, and C. Lenglet, “Function-specific and enhanced
brain structural connectivity mapping via joint modeling of diffusion and
functional MRI,” Sci. Rep., vol. 8, no. 1, Mar. 2018, Art. no. 4741.

Q. Lin, Z. Dai, M. Xia, Z. Han, R. Huang, G. Gong, C. Liu, Y. Bi, and
Y. He, “A connectivity-based test-retest dataset of multi-modal magnetic
resonance imaging in young healthy adults,” Sci. Data, vol. 2, no. 1,
Dec. 2015, Art. no. 150056.

L. Fan, H. Li, J. Zhuo, Y. Zhang, J. Wang, L. Chen, Z. Yang, C. Chu, S. Xie,
A. R. Laird, P. T. Fox, S. B. Eickhoff, C. Yu, and T. Jiang, “The human
brainnetome atlas: A new brain atlas based on connectional architecture,”
Cerebral Cortex, vol. 26, no. 8, pp. 3508-3526, Aug. 2016.

P. Hagmann, L. Cammoun, X. Gigandet, R. Meuli, C. J. Honey,
V.J. Wedeen, and O. Sporns, ‘“Mapping the structure core of human
cerebral cortex,” PLoS Biol., vol. 16, no. 7, p. €159, Jul. 2008.

P. A. Robinson, S. Sarkar, G. M. Pandejee, and J. A. Henderson,
“Determination of effective brain connectivity from functional connec-
tivity with application to resting state connectivities,” Phys. Rev. E, Stat.
Phys. Plasmas Fluids Relat. Interdiscip. Top., vol. 90, no. 1, Jul. 2014,
Art. no. 042712.

M. Rubinov and O. Sporns, “Complex network measures of brain
connectivity: Uses and interpretations,” Neurolmage, vol. 52, no. 3,
pp. 1059-1069, Sep. 2010.

S. Feizi, D. Marbach, M. Médard, and M. Kellis, “Network deconvolution
as a general method to distinguish direct dependencies in network,” Nat.
Biotechnol., vol. 31, no. 8, pp. 726734, Aug. 2013.

L. B. Booker, D. E. Goldberg, and J. H. Holland, ‘““Classifier systems
and genetic algorithms,” Artif. Intell., vol. 40, nos. 1-3, pp. 235-282,
Sep. 1989.

J. Kennedy and R. C. Eberhart, “Particle swarm optimization,” in Proc.
IEEE Int. Conf. Neural Netw., Perth, WA, Australia, Nov./Dec. 1995,
pp. 1942-1948.

M. Dorigo, V. Maniezzo, and A. Colorni, “The ant system: Optimization
by a colony of cooperating agents,” IEEE Trans. Syst. Man, Cybern. B,
Cybern., vol. 26, no. 1, pp. 1-13, Feb. 1996.

W. Zhong, J. Liu, M. Xue, and L. Jiao, “A multiagent genetic algorithm
for global numerical optimization,” IEEE Trans. Syst. Man, Cybern. B,
Cybern., vol. 34, no. 2, pp. 1128-1141, Apr. 2004.

1. Salazar-Ciudad, ‘“Mechanisms of pattern formation in development and
evolution,” Development, vol. 130, no. 10, pp. 2027-2037, May 2003.

209937



IEEE Access

Y. Wang et al.: Understanding the Relationship Between Human Brain Structure

[38] H.S. Silva and M. L. Martins, “A cellular automata model for cell differ-
entiation,” Phys. A, Stat. Mech. Appl., vol. 322, pp. 555-566, May 2003.

[39] P. Hogeweg, “Evolving mechanisms of morphogenesis: On the interplay
between differential adhesion and cell differentiation,” J. Theor. Biol.,
vol. 203, no. 4, pp. 317-333, Apr. 2000.

[40] Y. Wang, C. Yuan, and W. Liu, “Cellular differentiation algorithm for high
dimensional numerical function optimization,” in Proc. 11th Int. Conf.
Mach. Learn. Appl., Dec. 2012, pp. 276-280.

[41] E. Bullmore and O. Sporns, “Complex brain networks: Graph theoretical
analysis of structural and functional systems,” Nature Rev. Neurosci.,
vol. 10, no. 3, pp. 186-198, Mar. 2009.

[42] S. W. Oh et al., “A mesoscale connectome of the mouse brain,” Nature,
vol. 508, no. 7495, pp. 207-214, Apr. 2014.

[43] G. Deco, A. R. MclIntosh, K. Shen, R. M. Hutchison, R. S. Menon,
S. Everling, P. Hagmann, and V. K. Jirsa, “Identification of optimal struc-
tural connectivity using functional connectivity and neural modeling,”
J. Neurosci., vol. 34, no. 23, pp. 7910-7916, Jun. 2014.

[44] C. Thomas, F. Q. Ye, M. O. Irfanoglu, P. Modi, K. S. Saleem,
D. A. Leopold, and C. Pierpaoli, “‘Anatomical accuracy of brain connec-
tions derived from diffusion MRI tractography is inherently limited,” Proc.
Nat. Acad. Sci. USA, vol. 111, no. 46, pp. 16574-16579, Nov. 2014.

[45] B. Jeurissen, M. Descoteaux, S. Mori, and A. Leemans, ‘“Diffusion MRI
fiber tractography of the brain,” NMR Biomed., vol. 32, no. 4, p. 3785,
Apr. 2019, doi: 10.1002/nbm.3785.

[46] V.J. Wedeen, R. P. Wang, J. D. Schmahmann, T. Benner, W. Y. I. Tseng,
G. Dai, D. N. Pandya, P. Hagmann, H. D’ Arceuil, and A. J. de Crespigny,
“Diffusion spectrum magnetic resonance imaging (DSI) tractography of
crossing fibers,” Neurolmage, vol. 41, no. 4, pp. 1267-1277, Jul. 2008.

[47] S.Qi, S. Meesters, K. Nicolay, B. M. ter Haar Romeny, and P. Ossenblok,
“Structural brain network: What is the effect of LiFE optimization of
whole brain tractography?” Frontiers Comput. Neurosci., vol. 10, p. 12,
Feb. 2016.

[48] E.Bullmore and O. Sporns, “The economy of brain network organization,”
Nature Rev. Neurosci., vol. 13, no. 5, pp. 336-349, May 2012.

[49] A.Messé, D. Rudrauf, H. Benali, and G. Marrelec, ““Relating structure and
function in the human brain: Relative contributions of anatomy, stationary
dynamics, and non-stationarities,” PLoS Comput. Biol., vol. 10, no. 3,
Mar. 2014, Art. no. e1003530.

[50] J.X.O’Reilly, P.L. Croxson, S. Jbabdi, J. Sallet, M. P. Noonan, R. B. Mars,
P. G. F. Browning, C. R. E. Wilson, A. S. Mitchell, K. L. Miller,
M. F. S. Rushworth, and M. G. Baxter, “Causal effect of disconnection
lesions on interhemispheric functional connectivity in rhesus monkeys,”
Proc. Nat. Acad. Sci. USA, vol. 110, no. 34, pp. 13982-13987, Aug. 2013.

[51] L. Q. Uddin, E. Mooshagian, E. Zaidel, A. Scheres, D. S. Margulies,
A.M.C.Kelly, Z. Shehzad, J. S. Adelstein, F. X. Castellanos,
B. B. Biswal, and M. P. Milham, “Residual functional connectivity
in the split-brain revealed with resting-state fMRI,” Neuroreport, vol. 19,
no. 7, pp. 703-709, May 2008.

[52] L. Q. Uddin, “Complex relationships between structural and functional
brain connectivity,” Trends Cognit. Sci., vol. 17, no. 12, pp. 600-602,
Dec. 2013.

YANJIANG WANG received the M.S. degree in
communication and electronic system from the
Beijing University of Aeronautics and Astronau-
tics, Beijing, China, in 1989, and the Ph.D. degree
in signal and information processing from Beijing
Jiaotong University, Beijing, China, in 2001. He is
currently a Full Professor with the College of Con-
trol Science and Engineering, China University of
Petroleum (East China), China. He was a Post-
doctoral Researcher with the Institute of Drilling
Engineering, Shengli Oilfield, Dongying, China, from 2003 to 2006. From
2013 to 2014, he was a Visiting Scholar with the Department of Psychologi-
cal and Brain Sciences, Indiana University, Bloomington, Indiana, USA. His
current research interests include bio-inspired pattern recognition, cognitive
memory modeling, and human brain connectivity. He has authored or coau-
thored more than 200 papers in top journals and prestigious conferences.

209938

XUE CHEN received the bachelor’s degree from
the China University of Petroleum (East China),
in 2013. She is currently pursuing the Ph.D. degree
with the College of Control Science and Engineer-
ing, China University of Petroleum (East China).
Her research interests include neural networks and
neural mass models, and neuroscience.

BAODI LIU (Member, IEEE) received the Ph.D.
degree in electronic engineering from Tsinghua
University, Beijing, China. He is currently an
Associate Professor with the College of Con-
trol Science and Engineering, China University of
Petroleum, Qingdao, China. His research interests
include computer vision and machine learning.

WEIFENG LIU (Senior Member, IEEE) received
the double B.S. degree in automation and busi-
ness administration and the Ph.D. degree in pat-
tern recognition and intelligent systems from the
University of Science and Technology of China,
Hefei, China, in 2002 and 2007, respectively. He
is currently a Full Professor with the College of
Control Science and Engineering, China Univer-
sity of Petroleum (East China), China. He was
a Visiting Scholar with the Centre for Quantum
Computation and Intelligent Systems, Faculty of Engineering and Informa-
tion Technology, University of Technology Sydney, Sydney, Australia, from
2011 to 2012. His current research interests include computer vision, pattern
recognition, and machine learning. He has authored or coauthored a dozen
papers in top journals and prestigious conferences including nine ESI Highly
Cited Papers and three ESI Hot Papers. He servers as an Associate Editor of
Neural Processing Letter, Co-Chair of IEEE SMC technical committee on
cognitive computing, and Guest Editor of Special Issue for Signal Process-
ing, IET Computer Vision, Neurocomputing, and Remote Sensing. He also
serves more than 100 journals/ conferences.

RICHARD MARTIN SHIFFRIN received the
Ph.D. degree in experimental and mathematical
psychology from Stanford University, in 1968. He
is currently a Distinguished Professor and Luther
Dana Waterman Professor of cognitive science
with the Department of Psychological and Brain
Sciences, Indiana University, Bloomington. His
research interests are quite broad, covering the
fields of cognitive science and psychology. He has
contributed a number of theories of attention and
memory to the field of psychology. He coauthored the Atkinson—Shiffrin
model of memory, in 1968, with Richard Atkinson, who was his academic
adviser at the time. In 1977, he published a theory of attention with Walter
Schneider. With Jeroen G.W. Raaijmakers, in 1980, he published the Search
of Associative Memory (SAM) model, which has served as the standard
model of recall for cognitive psychologists well into the 2000s. He extended
the SAM model with the Retrieving Effectively from Memory (REM) model,
in 1997, with Mark Steyvers. He was elected to the National Academy of
Science, in 1995, and the American Academy of Arts and Sciences, in 1996.
He got the Atkinson Prize, in 2018, for the contributions to memory modeling
and the David E. Rumelhart Prize, in 2002, for the contributions to the formal
analysis of human cognition. His work and his leadership have helped to
improve education, health, and public policy worldwide.

VOLUME 8, 2020


http://dx.doi.org/10.1002/nbm.3785

