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Abstract

Resting-state functional MRI is a powerful technique for mapping the functional organization of
the human brain. However, for many types of connectivity analysis, high-resolution voxelwise
analyses are computationally infeasible and dimensionality reduction is typically used to limit the
number of network nodes. Most commonly, network nodes are defined using standard anatomic
atlases that do not align well with functional neuroanatomy or regions of interest covering a small
portion of the cortex. Data-driven parcellation methods seek to overcome such limitations, but
existing approaches are highly dependent on initialization procedures and produce spatially
fragmented parcels or overly isotropic parcels that are unlikely to be biologically grounded.

In this paper, we propose a novel graph-based parcellation method that relies on a discrete Markov
Random Field framework. The spatial connectedness of the parcels is explicitly enforced by shape
priors. The shape of the parcels is adapted to underlying data through the use of functional
geodesic distances. Our method is initialization-free and rapidly segments the cortex in a single
optimization. The performance of the method was assessed using a large developmental cohort of
more than 850 subjects. Compared to two prevalent parcellation methods, our approach provides
superior reproducibility for a similar data fit. Furthermore, compared to other methods, it avoids
incoherent parcels. Finally, the method’s utility is demonstrated through its ability to detect strong
brain developmental effects that are only weakly observed using other methods.
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1. Introduction

Resting-state fMRI (rsfMRI) has emerged as a valuable tool for understanding the functional
organization of the brain in both health (Yeo et al., 2011; Power et al., 2011) and disease
(Leistedt et al., 2009; Baker et al., 2014; Lynall et al., 2010; Varoquaux et al., 2010). It has
been widely adopted as a tool for understanding functional connectivity in the brain. The
high dimensionality of these spatio-temporal images, however, is an impediment for
extracting stable, reproducible and interpretable functional networks from rsfMRI data,
necessitating effective dimensionality reduction methods. According to the segregation and
integration principles (Tononi et al., 1994), information is processed in the brain by compact
groups of neurons that collaborate as functional units. Rationally grouping neighboring brain
regions that have similar activity patterns provides efficient dimensionality reduction for
connectivity studies that focus on the interaction among these units. In this paper, we focus
on methods producing a regional parcellation (Craddock et al., 2012), unlike ICA based
methods (Calhoun et al., 2001; Smith et al., 2012) and sparse dictionary based methods
(\Varoquaux et al., 2011) that segment functional networks. These functional parcellations
can provide a reduced set of functional units, to be further used in conjunction with ICA
(Calhoun et al., 2001; Smith et al., 2012), graphical theoretical analysis (Bullmore and
Sporns, 2009) or sparse network reconstruction methods (Eavani et al., 2013).

Data-driven parcellation methods proposed so far can be grouped into three broad
categories.

The first category includes methods originating from the data mining literature. They cluster
the different locations of the brain according to the similarity between their activation time-
series (Shen et al., 2013; Cordes et al., 2002; Lashkari et al., 2010b; Blumensath et al., 2013;
Honnorat et al., 2013). In these approaches, the geometry of the cortex is taken into account
via the introduction of additional constraints, in particular when connected parcels are
sought. Such grouping has been performed using K-means (Bellec et al., 2010; Mezer et al.,
2009), fuzzy clustering (Baumgartner et al., 1997), spectral clustering (Thirion et al., 2006;
van den Heuvel et al., 2008; Craddock et al., 2012; Shen et al., 2010, 2013; Kim et al., 2010;
Yeo et al., 2011), affinity propagation (Frey and Dueck, 2007; Zhang et al., 2011) and
hierarchical clustering (Salvador et al., 2005; Cordes et al., 2002). A hierarchical clustering
parcellation is also the starting point of the method proposed in (Michel et al., 2012) that
derives discriminative brain partitions in a supervised fashion. Critically, all of the existing
approaches suffer from certain limitations: they require and are sensitive to initialization
parameters (K-means clustering), rely on a heuristic (hierarchical clustering) or are known to
provide overly isotropic parcels (spectral clustering; Craddock et al., 2012).

The second family of methods encompass numerous continuous graphical models, that
model the generation of the rs-fMRI data observed. In the past, fMRI data has been modeled
as a mixture of Gaussian components in (Golland et al., 2007; Tucholka et al., 2008), a
mixture of von MisesFisher distributions (Lashkari et al., 2010b) or a mixture of Dirichlet
processes (Jbabdi et al., 2009); continuous Markov Random Fields were proposed in (Liu et
al., 2011, 2012). In the recent years, parcellation has been performed by models of
increasing complexity accounting for variable number of parcels, multiple subjects
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comparison and spatial smoothness (Lashkari and Golland, 2009; Lashkari et al., 2010a). In
these models, the optimization is jointly performed on the parcel labels and model
parameters, through variational EM (Dempster et al., 1977) or Gibbs sampling. The recent
approaches optimize a large number of parameters and rely on iterative or approximated
solvers, which may impact the quality of the local optimum obtained.

The third family of methods originates from the computer vision literature. They require a
graph encoding the geometry of the cortex, which is then segmented into compact
components (Blumensath et al., 2013). Region growing is a common approach (Bellec et al.,
2006; Heller et al., 2006; Lu et al., 2003; Blumensath et al., 2012, 2013). However, region
growing requires initial seed regions, which are gradually enlarged and fused.

Generally, all of the above approaches are strongly initialization dependent or rely on
complex models. As a result, their reproducibility is limited (Blumensath et al., 2013). Since
the parcellation of a graph is a hard problem, unless P=NP, no method will perfectly address
all these concerns. However, restricting the complexity of the approach, removing the
initialization step (which could guide the method toward bad local optima) and exploiting
advanced solvers could provide a substantial advance over existing methods and improve
reproducibility. Therefore, we present a discrete MRF based segmentation approach. We
propose a method that strongly imposes connectedness on the parcels, contrary to most
continuous graphical models. Our data modeling is simpler than recent advanced continuous
models (Lashkari and Golland, 2009; Lashkari et al., 2010a) but this simplicity portends a
higher robustness, as our method does not rely on the estimation of numerous parameters.
The discrete model proposed here is optimized by specific efficient solvers derived from
graph theory (Boykov et al., 2001). Contrary to region growing and many clustering based
methods, our method does not require an initialization.

This approach was suggested in part by previous work using MRF (Ryali et al., 2013),
which we built upon a connectedness constraint in preliminary studies (Honnorat et al.,
2013). Contrary to the original method of Ryali et al. that was used for segmenting small
brain regions (Ryali et al., 2013), our method can segment the entire cortex into properly
connected regions.

Here, we validated our approach on a large neurodevelopment data-set (Satterthwaite et al.,
2014). Results demonstrate the superior performance of our method compared to two
common parcellation approaches. As described below, we found that our constrained MRF
method rapidly segments the human cortex with improved reproducibility compared to other
methods. Finally, an application to neurodevelopment reveals robust developmental effects
of interest, to which other methods are less sensitive.

2. Materials and Methods

Markov Random Fields (MRF) constitute a mature and versatile tool that has been useful for
many computer vision and imaging tasks, such as registration (Glocker et al., 2011) and
segmentation (Wang and Komodakis, 2013). For rs-fMRI processing, MRF were used for
signal denoising (Descombes et al., 1998) and segmentation (Lashkari et al., 2010b; Liu et
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al., 2010, 2012, 2011). Most of the graph-based segmentation schemes proposed so far rely
on continuous models, that are optimized by Gibbs sampling (Lashkari et al., 2010b; Liu et
al., 2010) or variational methods (Lashkari and Golland, 2009).

By contrast, we propose a discrete formulation. Similar to the approach in (Ryali et al.,
2013), the segmentation is performed by an efficient solver relying on graph cuts (Boykov et
al., 2001; Komodakis and Tziritas, 2007; Komodakis et al., 2008). Contrary to (Ryali et al.,
2013), however, our model segments the brain into parcels that are guaranteed to be
spatially connected: the fragmentation of brain regions into discontinuous parts is prevented,
which allows us to control the number of parcels precisely.

Connectedness is a challenging property to achieve with MRF segmentation scheme,
because they rely on local interactions, while connectedness is a global property that can not
be enforced locally. For this reason, this property was not modeled by other discrete
graphical models before our preliminary work (Honnorat et al., 2013). In our approach,
connectedness is guaranteed by enforcing a stronger topological property using shape priors.
Shape priors (Veksler, 2008; Gulshan et al., 2010) are used for enforcing the star convexity
of the parcels. By definition, this property states that there exists a node in each parcel that is
connected to all the nodes of the parcel by at least one geodesic path entirely included in the
parcel. This property implies that for all the parcels, any pair of nodes can be linked by a
path that is entirely within the parcel. This is the topological definition of connectedness.

The current paper builds upon preliminary work presented in (Honnorat et al., 2013), by
extending it in several ways. First, a reformulation rendered initialization completely
unnecessary. Second, the cortex is parcellated in only one optimization step, using a
different solver. This approach is simultaneously easier to implement, faster and more robust
because the dependency on the initialization was removed. We finally present a comparison
of our discrete MRF approach with alternative methods on a large database (= 850 scans)
including detailed reproducibility experiments and novel scores accounting for the quality of
the parcellations.

2.1. Graph-based Parcellation Model

This work adopts the traditional functional preprocessing procedure (Blumensath et al.,
2013; Ryali et al., 2013). A mesh capturing the geometry of the cortex is first extracted
using Freesurfer (Dale et al., 1999) and the rs-fMRI signal is projected on that mesh. A
graph parcellation method is then applied, with the aim of clustering neighboring cortical
locations into geometrically compact parcels according to a measure of the similarity of the
time-series.

Several similarity measures were proposed for comparing the time-series of cortical regions.
Simulation studies have shown that “full” correlation and partial correlation measures are
reliable for network identification (Smith et al., 2011). Hence, in this paper, we adopt full
correlations as the similarity measure between cortical node time-series and the related
Pearson distance (Blumensath et al., 2013; Ryali et al., 2013; Honnorat et al., 2013).
However, any similarity criterion and associated distance could be utilized within our
modular framework.
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Let us assume that a mesh & of N cortical nodes has been extracted. We assume that the
average signal of each parcel is represented by the signal of one of its nodes, which lies near
the geometric center of the parcel. This node is referred to the parcel center in the remainder
of the paper. The purpose of the parcellation is to determine a label I; for each mesh node |
that indicates which parcel should contain j. Since a parcel center belongs to only one parcel,
we identify the parcels with their center: a parcel center is a node such that I; =i and for any
i € 2, the parcel i is the set of nodes j with labels Ij = i.

Our parcellation framework, GraSP, consists of three parts. (i) The functional coherence of
the parcels is enforced by singleton potentials V(l;), that diminish when the node i is
assigned to a parcel |; that is well correlated with its signal. (ii) The number of parcels is
penalized by a sum of label costs L;j({lj}jc#), that penalize the introduction of a parcel of
center i. (iii) The connectedness of the parcels is enforced using a star shape prior

Wi ({lj}je2) for each parcel i. As a result, the optimal parcellation is determined by
minimizing the following energy:

E({li}iey’): Z W(li)‘FLi({lj }jey)‘”‘fi({lj}jey)
e

The first two components of the model are described in the following section. They model
the segmentation of the rs-fMRI data into a small number of functionally coherent parcels
and is similar to the method proposed in (Ryali et al., 2013). One of the specific
contributions of this paper, the functional shape priors W, is presented in the next section.
These potentials prevent the fragmentation of the parcels into small regions as in (Ryali et
al., 2013), allowing to precisely penalize the number of connected components, for any size
of the cortical mesh.

2.2. Resting-state Data Modeling

Correlations and partial correlation are often used for measuring the similarity between
activation time-series (Craddock et al., 2012; Blumensath et al., 2013; Lashkari et al.,
2010b) and their robustness was validated on synthetic data (Smith et al., 2011). Our signal
model tends to assign the nodes of the mesh to the parcels with the most similar signal,
while penalizing the number of parcels. This behavior is dictated by two families of
potentials: i) singleton “data potentials” favoring high correlation between a node and the
signal of the parcel it is assigned to, and ii) labels costs penalizing the number of parcels.

Let us describe with i € & one of the node of the cortical mesh & and with y; the time-series
of i. For the sake of simplicity, we will now only deal with normalized de-meaned time-
series:

__Yi~ y(@)
i — 9|3

i

Where y(i) is the average of the BOLD signal y; of the node i. With the above notation, the
data singleton potentials introduced for each mesh mode, V;(l;), is given by:
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where (,) denotes the standard inner product.

The label costs penalize the presence of a given label in a segmentation result (Delong et al.,
2012). For each parcel i, the following cost is introduced:

_ | K Fjly=i
Li({lj}je@)_{ 0 otherwise

This potential adds a cost K as soon as a node j is assigned to the parcel i. Label costs are
high-order MRF potentials, which can be decomposed into a sum of singleton and sub-
modular pairwise potentials by introducing supplementary variables (Kohli and Kumar,
2010). Delong et al. suggested a new approach, that efficiently manages the labels costs by
modifying a well-known MRF solver (Delong et al., 2012). Contrary to our preliminary
work (Honnorat et al., 2013), the second approach was adopted here, and a similar label cost
of value K was introduced for all the parcels. Since our singleton cost is fixed, K is also the
parameter that balances the high-order potentials with respect to the singleton costs. As
opposed to the model (Ryali et al., 2013), we have removed the spatial smoothing term for
the sake of simplicity and with the aim of obtaining irregular parcels, as suggested by
(Blumensath et al., 2013).

So far, the potentials that we have introduced are based only on the fMRI signal. Because
connectedness is a geometric/topologic property, it requires a new set of potentials that are
described in the next section.

2.3. Connectedness Enforcement

Connectedness is very challenging to achieve with MRF, because this is a global property
that takes the whole segmentation into account, while graphical models are based on local
interactions. We impose a stronger property that guarantees connectedness and is easier to
model in discrete MRF: star-convexity. A set is star convex with respect to a center when
the shortest path between any point of the set and the center is included in the set. It was
proved that star convexity can be enforced in a MRF framework by introducing simple, sub-
modular, pairwise potentials (Veksler, 2008). Below, we will refer to the sum of these
potentials as “star shape prior”. Gulshan et al. suggested considering a geodesic data-
dependent distance when deriving the shortest paths, in order to adapt the shape prior and
have access to a broader set of parcel shapes (Gulshan et al., 2010). We propose to enforce
the connectedness of the parcels with geodesic star shape priors based on the Pearson
distance between the neighboring nodes of the cortical mesh. Their ability to fit challenging
shapes is illustrated in section 4.2.2.

The geodesic star shape priors are built in the following manner. First, the Pearson distance
between each pair of neighboring nodes i,j of the cortical mesh 2 is computed:
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The shortest paths through the mesh are computed in order to extend the definition of d to all
the pairs of nodes. The figure (1) presents one of the geodesic distance map obtained.

Once the geodesic distances have been computed, the shape priors are defined in the
following manner: the connectedness of each parcel (of center) i is enforced by a shape prior
Wi ({lj}je#) equal to the sum of pairwise potentials:

Willli}je)=D_ Wigortia Ui Lrtiay) Wikl le)=

jEZ

oo Ij —idandly #1
0 otherwise

where /(j,i) is the neighbor of the node j that is the closest to i, according to our geodesic
distance d. Thus, when a node j is assigned to the parcel of center i, the node .#/(j,i) is
constrained to be part of the parcel. Because .//(j,i) is the closest point to j belonging to the
shortest geodesic path between j and i, from node to node, these constraints guarantee that
the whole shortest geodesic path between j and i is part of the parcel. This ensures the star-
convexity of the parcel with respect to its center i. The construction of a star shape potential
is shown in figure (1). In practice, the maximum value of W j « (theoretically infinite) was
set to a value much larger than K and the singleton potentials (that are all lower than 2), in
order to ensure that the shape priors dominate all the other terms and act like hard
constraints.

In our framework, particular attention was paid to introducing only sub-modular potentials.
For this reason, the optimization of our parcellation model can be solved by efficient solvers
(Boykov et al., 2001; Delong et al., 2012) that optimize the MRF energy by performing a
sequence of fast label expansions using a graph-cut algorithm.

The next section describes the indices that we have measured for assessing the performance
of GraSP and the other parcellation methods that were tested on our data and provides
further implementation details.

3. Validation Measures and Comparison with Existing Methods

This section presents the measures that were employed for comparing the parcellations
across subjects, the different parcellation methods that we have tested, and how they were
compared. Two indices measuring the reproducibility of the parcellation are first presented.
The fit of the parcellation to the rs-fMRI signal is also evaluated using a set of measures that
is presented in the second section. The third section presents the clustering approaches that
we have compared with our method. Implementation details conclude the section.

3.1. Dice and Adjusted Rand Indices

In our framework, two parcellations do not necessarily contain the same number of parcels.
Also, the parcels indices do not reflect their spatial proximity. For these reasons, the metrics
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that are classically employed in the registration literature are impractical, unless the parcels
are matched across the parcellations (Blumensath et al., 2013). Such an approach requires a
matching algorithm, which is time consuming and suffers from approximation when a one-
to-one matching is performed (since such settings cannot match all the parcels). Because
one-to-one matches are the only ones that can be performed efficiently, e.g. using the
Hungarian method (Lange et al., 2004) and other strategies involve NP hard problems, this
approach necessarily leads to complicated and unsatisfying comparisons.

We address this concern by exploiting clustering comparison metrics. Many such metrics
deal with varying num-bers of clusters/parcels, and a review (Pfitzner et al., 2009) compares
more than fifty similarity metrics that meet our requirements.

We have chosen two standard measures: the adjusted Rand index (aR) and the Dice index
generalized for the simultaneous comparison of multiple clusters (Di). These were
introduced in (Hubert and Arabie, 1985) and (Dice, 1945) respectively. These indices are
efficiently computed from the elements of the mismatch matrix between the clusterings/
parcellations. Let us denote with X = {x} and Y = {y} two parcellations (x and y are parcels)
of the whole cortex and |x| the number of cortical nodes assigned to the parcel x. The
mismatch matrix (my ) contains one element my \, for each parcel x of the first parcellation
and each parcel y of the second one, that is equal to the number of nodes that are shared by
these two parcels:

My y=|z Ny

The indices are computed from my, and the sums ay = ¥, my y and by = >, my y in the
following manner:

o () P52

A B ey

where N is the size of the cortical mesh and a,b and c are defined as follows:

1 1 1
sy =) ) [t - Yooz, | =3[ Yo
x,y x z,y y x,y

The Dice and adjusted Rand indices assess the reproducibility of the parcellation, but a high
reproducibility does not necessarily relate to good segmentation performance. The fit of the
parcellation to the rs-fMRI data needs to be estimated as well when comparing parcellation
methods, as some methods could have high reproducibility but fit the data poorly. The next
section presents the measures that were adopted for this purpose.
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3.2. Functional Coherence Measures

In order to measure the functional homogeneity of the parcellation, we introduced two
indices. The first is a global index that was measured in the following manner. Let denote
with X a parcellation segmenting the cortical mesh £ into n parcels x;, i =1 ...n. The
average signal z(x;) of each parcel x; was computed. Then, the correlation ratio between all
the nodes of the parcels and the average signal was computed. Fisher z-transform:

f(r):%ln <11__|—T )

r

was applied to these correlation ratios in order to obtain real scores that can be averaged.
The average of the scores over the whole cortical mesh was used for measuring the
functional homogeneity of the parcels. We refer to this as the Average Functional Coherence
(AFC). The AFC increases when the signals of the nodes of the parcels are better correlated,
and summarizes the global quality of a parcellation. However, it suffers from two
limitations. First, it takes only the parcel coherence into account. As a result, it necessarily
improves when the size of the parcels is reduced. Second, it computes a global fit to the data
that does not take into account the quality of the individual parcels, and does not penalize
methods that produce incoherent parcels.

In order to address these concerns, a variant of Dunn index (Dunn, 1973) was also adopted,

that will be denoted as Functional Clustering Index (FCI). The FCI of a parcellation is equal
to the ratio between the smallest Pearson distance between the averaged signals z(x;) of the

parcels x; and the maximal functional heterogeneity of a parcel:

mini’j{l — <Z(~'Ei)> Z(:c7)>}
max; A(z;)

FCI(X)=

The Pearson distance associated with the “average” correlation inside the parcel was
calculated for measuring the functional heterogeneity of a parcel, which is denoted as parcel
scatter:

1

- zf«zp,z(xz-»))

tpew;

Az)=1—f~! (

where the inverse of the Fisher z-transform is given by:

er —1

-1 o
f (T)_ 627«_’_1

The FCI increases when the parcels are more coherent and when the distance between the
parcels signal increases. We increased the robustness of the index by replacing the minimum
and the maximum with quantiles. Because the number of inter-parcel distances is
proportional to the square of the number of parcels, we considered a tighter approximation
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for the numerator. More precisely, FCl1go(X) will denote the FCI measured when the
maximum parcel scatter is replaced by the ninth decile of the parcel scatter and the
minimum of the inter-parcel distance is replaced by the smallest centile of the inter-parcel
distances. It is strongly related to the indices that were proposed in the data mining literature
for estimating the number of parcels from the data: the Dunn (Dunn, 1973) and Davies-
Bouldin (Davies, 1979) indices as well as the Silhouette index that is also often used for the
same purpose (Rousseeuw, 1987).

During our experiments, both AFC and FCI were measured; for our method and the alternate
methods presented in the next section.

3.3. Comparison with Existing Methods

We compare the parcellation method presented in this paper, GraSP, with two clustering
methods. The Ward hierarchical clustering method (Ward, 1963) was considered first. This
agglomerative hierarchical clustering algorithm starts with singleton parcels, and iteratively
merges neighboring parcels until the requested number of clusters is reached, in such a way
that the variance of the parcels remains low. Such an approach has already been considered
for segmenting fMRI data (Cordes et al., 2002; Salvador et al., 2005; Michel et al., 2012;
Blumensath et al., 2013). For our experiments, we considered the normalized signals z, and
processed them with the Scikit-learn implementation of Ward clustering (Pedregosa et al.,
2011).

A spectral clustering method was also considered (Shi and Malik, 2000). This algorithm first
builds a dissimilarity matrix that is used for finding a projection of the data in a space where
they are easier to cluster. A K-means clustering is finally performed in that space. As
suggested by Shen et al. (Shen et al., 2010), we reduced the size of the similarity matrix by
considering only the Pearson distances between the time-series of neighboring nodes. For
each node, we considered approximately 400 neighbors (= 4% of the full graph) that were
chosen according to their distance to the node (lower than 10 edges). The same weight
matrix was computed and scaled by the median of the functional distance (Shen et al.,
2010). Each K-mean clustering was repeated 10 times.

In order to obtain comparable results, these algorithms were run after our method while
controlling for the same number of clusters. The next section describes the implementation
improvements that were introduced to significantly increase the speed of our method during
our experiments.

3.4. Implementation Details

In order to determine the pairs of cortical nodes that are constrained by the star-shape priors,
it is necessary to compute the geodesic distances between all the pairs of nodes. The Floyd-
Warshall algorithm could perform this task, but we used a Dijkstra’s algorithm variant
known to perform faster on sparse graphs: the Johnson’s algorithm (Johnson, 1977).
Contrary to our preliminary work (Honnorat et al., 2013), we used the MRF optimizer
(Boykov et al., 2001; Kolmogorov and Zabih, 2004; Boykov and Kolmogorov, 2004;
Delong et al., 2012). This choice was dictated by the different time/memory trade-off
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offered, which is more favorable when the MRF involves many different labels (in our case:
more than 10k). The computational time was significantly reduced by restricting the span of
the shape priors to a value p. A node j was only considered in a star shape prior of center i
when its geodesic distance to i, d(i, j) was smaller than p. We set this maximum parcel
radius to p = 10dayerage: Where daverage IS the average Pearson distance between neighboring
nodes of the cortical mesh. This operation discarded a large number of useless potentials and
allowed us to fully exploit the acceleration abilities of the solver (Delong et al., 2012). The
computational time was considerably reduced, and our implementation reached the speed of
the other algorithms. For all the methods tested, the computational time was lower than ten
minutes per parcellation on a standard office computer. The next section presents the
parcellation results obtained at different resolutions/number for parcels and for the different
age groups.

To test our method, we used a sample of 859 subjects from the Philadelphia
Neurodevelopmental Cohort (Satterthwaite et al., 2014). The next section highlight the
limitations of the model introduced in (Ryali et al., 2013) and illustrates the flexibility of the
geodesic star shape priors that we have chosen. The parcellation results are presented in the
next section. The following section presents a detailed comparison of the three methods
according to the measures presented in the previous section: Dice and adjusted Rand index,
average functional coherence (AFC) and functional clustering index (FCI). The next section
investigates age related trends and the ability of the different methods to highlight these
trends. An identification of the default mode network in the group parcellations concludes
this experimental section. This validation illustrates also the future exploitation of our
method.

4.1. Databases and Preprocessing

We validated our method using 859 rs-fMRI scans. For each subject, a T1 image was
acquired prior to a 6 minutes long fMRI scan at TR of 3000 ms (120 time-points). Each
fMRI scans was first registered to its related T1 using (Greve and Fischl, 2009) with
distortion correction provided by FSL 5 (Jenkinson et al., 2012). The T1 images were
registered to the FreeSurfers fsaverage5 cortical template (10,242 nodes/hemisphere) (Dale
etal., 1999). The fMRI subjects timeseries was projected to the fsaverage surface space
using FreeSurfers mrivol2surf command. Motion correction was performed through
confound regression (Satterthwaite et al., 2013). The rs-fMRI time-series were finally band-
pass filtered in order to retain only the signal between 0.01 and 0.08 Hz.

As the left and right hemispheres are segmented separately by FreeSurfer, all the
parcellation results presented were produced for the two hemispheres separately and are
presented accordingly. The subjects were divided into three age groups: 8-14 years old (249
scans), 14-18 years old (357 scans) and 18-24 years old (253 scans). In order to reduce the
effect of inter subject variability, the methods were compared in a group parcellation setting.
The reproducibility of the parcellation methods was assessed by randomly dividing each
group into 5 disjoint sets of scans, that were concatenated and parcellated. The
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reproducibility was measured by computing the Dice and Rand indices between all the pairs

5

2

=10
of parcellations, which provided < ) values for each age group and each cortical

hemisphere.

4.2. Shape Priors Utility and Flexibility

4.2.1. Parcels Fragmentation—In this section, we show that even a significant
parcellation smoothing can not prevent the method of (Ryali et al., 2013) from generating
segments made of multiple parts. For this reason, the parcel cost does not grant the user a
direct control of the number of parcels, unless a significant smoothing is applied, which
results in isotropic parcels.

This validation was carried out using all the scans of the oldest subject groups (5
concatenated rs-fMRI scans, for each hemisphere). A non iterative version of (Ryali et al.,
2013) corresponding to the following model was implemented:

E({liYieo)=) Vill)+)_Lil{lj};ep)tv > Plll)

€2 €2 1,jEN (1)

Where the singleton costs V; and labels costs Lj were described in sections 2.1 and 2.2, /(i)
is the set of neighbors of the node i, P(lj, Ij) is the classical Potts potential and the set of
admissible labels 2 contains 1000 mesh nodes randomly selected. The smoothing of the
segmentation is controlled by the parameter v: high v leads to fewer, isotropic parcels,
because the Potts potential penalize the length of the frontier between the segments.

This energy was optimized in one step using the solver (Delong et al., 2012). The figure 2.a
reports the number of labels and the number of connected components obtained for ten
different values of the labels cost K = {1,2,...10} and three different amounts of
regularization v = {0.05,0.1,0.15}. The regularization of the segmentation prevents the
apparition of isolated nodes and small fragments. However, many segments are divided into
large fragments, such as the red fragments (highlighted with black arrows) in the figure 2.b
that correspond to the default mode network.

When the parcel cost increases, the number of labels and the number of connected fragments
diverge, as the algorithm starts merging nodes from different parts of the brain. An increased
regularization of the segmentation delays this phenomenon, but generates isotropic parcels
that are less realistic. Without smoothing, we obtained very fragmented results. Our dataset
seems to be not very well adapted for investigating unconstrained clustering algorithms like
(Thirion et al., 2014), unless very large parcels are required.

By contrast, shape priors have the advantage of preventing the fragmentation without
smoothing the parcellation. In the next section, we demonstrate on a synthetic image that the
geodesic shape prior based on Pearson distances that we have chosen is flexible enough to
segment complex shapes.
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4.2.2. Advantages of the Geodesic Shape Priors—Following (Gulshan et al., 2010),
we parcellated a complex shape made of several loops in a 2D image. Each pixel of the
image was considered as a node, and each node was linked to its 4 closest neighbors. The
node timeseries considered were the RGB values at each pixel. Our parcellation algorithm
was applied with parameters (K,p) = (10,0.05). Figure 3 presents the original image and its
parcellation. The main parcel, containing the letter, is depicted in white (and its center is
marked in red). In figure 4, we compare the supports of the smallest Euclidean and geodesic
shape priors centered like the main parcel and containing all the pixels of the letter. These
supports contain all the pixels that would belong to the main parcel if all the pixels of the
letter were included. The geodesic shape prior and the underlying geodesic distance map
clearly fit the data. They are perfectly able to handle tortuous parcels with holes, contrary to
the Euclidean shape priors (Veksler, 2008). Such parcels being much more complex than the
cortical functional areas, we think that the geodesic priors that we have chosen are flexible
enough to not overconstrain the parcellation.

4.3. Parcellation Results

In this section, we first present parcellations generated by our algorithm for different parcel
costs/resolutions. The reproducibility results are then provided. We conclude the section by
reporting the parcellation fit to the data, and the functional clustering indices obtained with
the different methods.

All the experiments were reproduced four times, with the following parcel cost values: K =
(75,15,10,5) and p = 10.0, more parcels being introduced as the parcel cost declines. With
such parameters, the segmentations contain between 50 and 200 parcels, which corresponds
to the number of nodes classically handled during connectivity analyses (Power et al., 2011).
When less than 200 parcels are considered, they contain also more than 50 nodes in average
(the fsaverage5 graph containing 10,242 nodes), which guarantees that the statistical
analyses carried out at the parcel level are valid (normality can be assumed). Figure 5
presents the parcellations obtained for one concatenated group of fMRI scans. The number
of parcels is reported in figure 6, for all the experiments. We present also in this figure a
complete analysis of the variation of the number of parcels with the parameters K and p: the
10 concatenated scans of the oldest group of subjects where parcellated for all the parcels
costs K = 2,4,...50 and five parcel maximal geodesic radii p = (5.0,7.5,10.0,15.0,20.0) (total:
1250 parcellations). When p is large, the parcels reach the maximum size at a larger K (but
the computational burden is increased as well). While K is small enough with respect to the
maximal radius, the curves of a same scan describe the same (purely data driven)
relationship between K and the number of parcels (p does not have an effect until the largest
parcel reaches the maximum geodesic radius).

4.3.1. Reproducibility—Figure 7 shows the reproducibility for the different experiments,
for the oldest age group separately, measured using Dice and adjusted Rand indices. For
both measures, a value of unity indicates perfect reproducibility. From the figure, it is clear
that the parcellation reproducibility is consistently higher for GraSP, for all the resolutions
considered. The parcel coherence measures are presented in the next section.
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4.3.2. Functional Coherence—Figure 8 shows that this increase in reproducibility does
not come at the cost of a reduced parcellation fit to the rs-fMRI signal, as the average
functional coherence of the parcels produced by the three methods is similar in the oldest
age group. The complete results for all three age groups are displayed in Figure A.12.

The values obtained for the functional clustering index introduced in section 3.2 are
presented in Figure 8. This index emphasizes the ability of GraSP to find functionally
coherent, yet functionally distinct brain regions, as seen in Figure 8.b. In order to better
understand the origin of the difference observed, we have computed separately the inter-
parcel distance and the parcel scatter (the numerator and denominator of the functional
clustering index respectively). Figure 8.c shows that the inter-parcel distance is higher for
GraSP, which means that our method was able to better separate the parcels. However, the
significant differences seen in FCI between the methods are mainly due to difference in the
parcel scatter, as shown in Figure 8.d. This suggests that our method produces fewer
incoherent parcels compared to the other methods.

In the previous sections, an extensive comparison of the performance of the parcellation
methods was carried out. The different age groups of the database were only used for
replicating the experiments and accumulating evidence. The PNC database, however, was
acquired as a part of a neurodevelopment study (Satterthwaite et al., 2014). It offers thus a
supplementary way to validate the methods, by analyzing the trends across age groups that
they are able to detect. This additional insight is presented in the next section.

4.4. Functional Coherence and Development

In order to investigate developmental effects, the results from the earlier experiments were
grouped according to age. As shown in Figure 9, all the methods consistently depict a
decrease of the functional coherence of the parcels when the age increases, for all the
parcellation resolutions. The significance of this effect was measured by grouping the AFC
obtained for both hemispheres and performing two-group t-tests between the 3 sets of values
obtained at each resolution. All the methods detect significant trends (p-value < 0.05) for
most of the parcellation resolutions, as shown in Figure 9.

According to Figure 10.a1-3, this trend is confirmed by the variations of the functional
clustering index obtained with GraSP. Unpaired t-tests between the FCI measures of the
younger group and the FCI measures of the older group revealed that this trend is significant
for all the values of K (p-values: 2.6 1073, 4.1 1074, 1.6 1075, 9.3 104). This age trend seen
in FCI originates from a trend affecting the intra-parcel coherence, as the inter-parcel
distances is constant over age.

By contrast, Figure 10.b1-3 and 10.c1-3 show that the other methods are not able to capture
the same age trend, because the intra parcel scatter measure is not reliable enough. The same
t-tests lead to poor p-values (5.3 1072, 1.8 1071, 5.7 1071, 9.5 1072 for Ward clustering and

7.61071,9.6 1071, 4.0 1071, 5.3 1072 for spectral clustering) and the trend is not consistently
observed for the different resolutions. These results are further discussed in the next section.
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4.5. Functional Network ldentification

In this section, we qualitatively assess our parcellations by identifying the default mode
network (DMN). In order to verify that the DMN can be identified at different parcellation
resolutions and for different groups of subjects, we considered two groups of old subjects
(18-24 years old subjects), at the most extreme resolutions that we have considered so far (K
=75 and K = 5). The average of the (normalized) bold signal over the parcels was first
computed. A node part of the Posterior cingulate cortex (PCC) was chosen and, for each
subject of the group, the correlations between all the parcels and the parcel containing this
node were computed. The Fisher z-transform was applied to these correlations and for each
parcel, the average and standard deviation of these values were computed. Figure 11
presents the standardized mean obtained (the ratio between the mean and the standard
deviation) multiplied by the sign of the correlation (red colors correspond thus to likely
positive correlations, while blue colors correspond to likely negative correlations). This
measure varies like the one-sample t-test minus log p-value classically presented (it was
preferred for the sake of presentation).

The Inferior parietal lobule (IPL) appears to be the cortical area that is the most correlated
with the PCC. Then, the medial prefrontal cortex (MPFC) is quite well correlated with the
PCC. A part of the Lateral temporal cortex (LTC) is also positively correlated. Besides, the
visual cortex is often anti-correlated with the DMN, and regions covering the supplementary
motor area (SMA), the intra parietal sulcus (IPS) and the dorsal anterior cingulate (dACC)
seem anti-correlated with the DMN. These results closely relates to the classical description
of the DMN and the task positive network (Buckner et al., 2008). They illustrate the network
analyses that our parcellation method will allow to conduct in the future.

5. Discussion

In this paper, we propose a novel parcellation method, GraSP, based on a discrete MRF
framework where the connectedness of the parcels is enforced using geodesic shape priors.
Contrary to many existing methods, ours is initialization free and segments the cortex in a
single optimization, which increases the reproducibility of the parcella-tions produced. In
our method, contrary to previous discrete MRF framework (Ryali et al., 2013), the
connectedness of the parcels is strictly enforced using shape priors. The number of parcels is
therefore penalized and the whole brain can be parcellated without producing small parcel
fragments. The adaptation of the shape priors to the data through the use of a functional
geodesic distance ensures that a broad variety of anisotropic parcels can be obtained with
our approach.

During the experiments, GraSP exhibited a significantly higher reproducibility than Ward
and Spectral clustering method (Figure 7), while segmenting compact regions of comparable
coherence (Figure 8). The FCI also emphasizes the good performance of our method, which
produces less incoherent parcels with comparable separation than the alternative approaches
(Figure 8).
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Coherent Age Trend Detection

We observed a significant age trend underlying our rs-fMRI data. According to our
observations, the parcels are less functionally coherent with increasing age (Figure 9). This
phenomenon is confirmed by observing the number of parcels chosen by our method (Figure
6): as the age increases, when the parcel cost is fixed, fewer parcels are introduced during
the parcellation, because segmenting highly coherent parcels is increasingly difficult.

This trend could be explained by three phenomena. (i) First, the inter-subject variability
increases with age, as the subject’s brains develop differently. This variability reduces the
coherence of the (concatenated) group signals. (ii) Clinical studies have also established that
the strength of the correlation between neighboring brain regions decreases with brain
development from childhood to adulthood, as the segregation and integration of the brain
function improves (Fair et al., 2009, 2007). (iii) Finally and despite the advanced motion
correction algorithm employed (Satterthwaite et al., 2013), the data could be confounded by
motion artifacts: since motion artifacts artificially inflate the correlation between
neighboring nodes, and since the younger subjects tend to move more during the data
acquisition, this confound could partly explain the trend observed. If this was the case,
however, motion artifacts would reduce the reproducibility of the parcellation, because it
would blur the frontiers between the cortical functional units. It is clear from Figure A.14
that this is not the case, as no significant increase of the reproducibility with age can be
observed. These results indicate that motion is unlikely to explain the developmental trend.

Regardless of its origin, the trend should be consistently observed with the different
parcellation methods. Figure 10 shows that the clustering methods fail to clearly extract the
trend for some coherence measures, because these methods introduce too many incoherent
parcels; which is not the case of our method. This consistency is a positive indication of the
correct behavior of GraSP.

Parameter Selection

The parcellation produced by our method depends on one parameter only: the parameter K
that is closely related to the resolution of the parcellation.

The users that have criteria in mind for selecting the level of refinement of the segmentation
can adopt a strategy for fixing K. Yeo et al. (Yeo et al., 2011) suggest for instance to select
the resolution that leads to the highest stability of the parcellation, the stability being a
reproducibility measure based on the Hamming distance between parcellations (Lange et al.,
2004). According to Figure 7, the same approach, based on our Dice reproducibility, would
favor the selection of a small number of large parcels. The FCI could be used as well,
because it derives from the Dunn index that was proposed for determining good clusters
number (Dunn, 1973). This index tends, however, to select small parcels, as shown in Figure
8. Whichever approach is chosen, K can be easily selected by producing parcellations at
different resolution and scoring them.

The reproducibility of our method opens also the way to multiscale experiments that do not
require the selection of K. Such experiments convey more information than single scale
studies, as pointed by recent studies (Blumensath et al., 2013).
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6. Conclusion

In this article, we have presented a novel graph-based method for the parcellation of the
cortex into functional units, GraSP. The method was validated on a large dataset of resting
state fMRI scans and compared with two alternate clustering methods. The parcellations
provided by our method had superior reproducibility, while being as functionally coherent as
the ones provided by the clustering methods. Finally, in contrast to existing methods, our
method was able to reveal a developmental trend that is consistent with prior reports on
brain maturation.

In the future, we plan to apply our parcellation method to other challenging segmentation
problems. Because our model is modular, a broad variety of potentials could be introduced
for these adaptations. Local adaptation of the parcellation resolution is also a promising
direction to investigate that could further increase the stability and the reliability of the
parcellation. The stability of the parcels when the resolution of the parcellation and/or the
age of the subjects vary is an another interesting topic to investigate. Such analysis, that
would ascertain the confidence that can be placed in the parcels and would reveal the strong
functional frontiers (invariant across the resolutions) and the evolving frontiers (across age)
can probably be addressed by the mean of local Dice and Rand indices. Further
investigations are required to validate this idea and develop a novel, generic, quantification
of the stability of the parcels.
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Appendix A. Complete Results

In this section, we present the parcellation results obtained for all the age groups of our
database. The repro-ducibility results are first presented. The next section provides the
functional coherence measured for our method.

Appendix A.1. Reproducibility

This section presents the reproducibility results for the three age groups of the database.
Figure A.12 presents first the Dice measures. These measures perfectly agree with the
adjusted Rand values of the figure A.13. According to these results, our method consistently
outperforms Ward and Spectral clustering methods.

Figure A.14 presents the Dice reproducibility across age and suggests that the
reproducibility of the parcellation do not increase with age.

Appendix A.2. Functional Coherence

Figure A.15 presents the average functional coherence (AFC) measured for all the age
groups and methods. These results suggest that our method provides parcellations that fit as
well the data as the parcellations provided by the clus-tering methods. Figure A.16 confirms
the superior ability of our method to prevent the production of very incoherent parcels,
which leads to significantly better functional coherence measures (FCI), as shown in figure
Al7.

Neuroimage. Author manuscript; available in PMC 2016 February 01.



Honnorat et al. Page 22

Neuroimage. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Honnorat et al. Page 23

244
I 19.3
4.13

0,09

(b)

Figure 1.
(a) For one of the subjects of the database: geodesic distances from a mesh node located in

the cuneus (black cross), visualized on the inflated brain surface and on the pial brain
surface. The irregularity of the distance level sets illustrates the ability of our geodesic
distance to produce anisotropic parcel shape priors. (b) illustration of the constraints
introduced by a shape prior. The black node i is the candidate parcel center. When a node j
of the mesh is assigned to this center, the shape prior forces the neighboring node of j that is
the closest to the center i according to the geodesic distance map, ./ (j,i) to be assigned to
the center as well.
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Figure2.
(a) Number of labels/segments introduced by the variant of (Ryali et al., 2013) tested, and

true number of connected components (fragments) obtained. (b) One of the segmentation for
v =0.05, where three fragmented segments have been highlighted (respectively with black
squares, black triangles and black arrows).
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(b)

Figure 3.
(a) Original image (japanese hiragana character YU with yellow gausssian noise) (b)

Parcellation: except the main parcel (in white), all the parcels are depicted with different
green colors. The center of the main parcel is marked in red.
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Figure4.
(a) Support of the smallest shape prior related to the main parcel containing all the pixel of

the letter. (b) Support of the smallest Euclidean shape prior centered at the same location
containing all the pixel of the letter. (c) Euclidean distance map from the center of the shape
prior. (d) Pearson geodesic distance map.
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Figure5.
Parcellations of the same data with increasing number of parcels (for decreasing parcel cost

K, and interpolated on the highest resolution fsaverage mesh). (a) medial surface of the left
hemisphere. (b) lateral surface of the left hemisphere.
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Figure®6.
(a) Number of parcels introduced by our method for the different age groups and parcels

costs K, for each hemisphere. (b) A raw parcellation result in the native fsaverage5 space.
(c) Evolution of the number of parcels with K for all the parcellations of the older group; for
different parcel maximum radii p.
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number of parcels (decreasing parcel cost K).
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Spectral Clustering

Average Functional Coherence across age groups; for both hemispheres and increasing
number of parcels. (a) for the parcellation method proposed in this paper (b) for Ward
clustering (c) for Spectral Clustering. All three methods detect a decrease of the average
functional coherence with age. The brackets indicate the boxplots that are significantly

different (p-value < 0.05)
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scatter; for (a.) our method (b.) Ward clustering and (c.) Spectral clustering, across age. The

high variability of the intra-parcel scatter masks the development trend.
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Figure 11.
DMN identification in the lateral (left) and medial (right) surfaces of the left hemisphere at

(a) coarse resolution K = 75 (b) fine resolution K = 5; for two different groups of 18-24
years old subjects. The selected PCC parcel is marked in yellow.
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Dice index computed for measuring the parcellation reproducibility, for our method (green),
Ward clustering (red) and spectral clustering (blue); for both hemispheres and increasing
number of parcels (decreasing parcel cost K). (a) for 8 to 14 years old subjects (b) for 14 to

18 years old subjects (c) for 18 to 24 years old subjects.
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Figure A.15.

Average Functional Coherence of the parcels provided by our method (green), Ward
clustering (red) and spectral clustering (blue) methods; for both hemispheres and increasing
number of parcels. (a) for 8 to 14 years old subjects (b) for 14 to 18 years old subjects (c) for
18 to 24 years old subjects.
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(a.) Inter-parcel distance involved in the computation of the functional index FClqg, (b.)
Intra-parcel distance involved; for the parcellation provided by our method (green), Ward
clustering (red) and spectral clustering (blue) methods; for both hemispheres and increasing
number of parcels. (1) for 8 to 14 years old subjects (2) for 14 to 18 years old subjects (3)
for 18 to 24 years old subjects.
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Figure A.17.
Functional Clustering Index (FClqqo,) Of the parcellations provided by our method (green),

Ward clustering (red) and spectral clustering (blue) methods; for both hemispheres and
increasing number of parcels. (a) for 8 to 14 years old subjects (b) for 14 to 18 years old
subjects (c) for 18 to 24 years old subjects.
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