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Abstract: Network neuroscience, a multidisciplinary field merging insights from neuroscience and
network theory, offers a profound understanding of neural network intricacies. However, the impact
of varying node sizes on computed graph metrics in neuroimaging data remains underexplored.
This study addresses this gap by adopting a data-driven methodology to delineate functional nodes
and assess their influence on graph metrics. Using the Neuromark framework, automated inde-
pendent component analysis is applied to resting state fMRI data, capturing functional network
connectivity (FNC) matrices. Global and local graph metrics reveal intricate connectivity patterns,
emphasizing the need for nuanced analysis. Notably, node sizes, computed based on voxel counts,
contribute to a novel metric termed ‘node-metric coupling’ (NMC). Correlations between graph
metrics and node dimensions are consistently observed. The study extends its analysis to a dataset
comprising Alzheimer’s disease, mild cognitive impairment, and control subjects, showcasing the
potential of NMC as a biomarker for brain disorders. The two key outcomes underscore the in-
terplay between node sizes and resultant graph metrics within a given atlas, shedding light on an
often-overlooked source of variability. Additionally, the study highlights the utility of NMC as a
valuable biomarker, emphasizing the necessity of accounting for node sizes in future neuroimaging
investigations. This work contributes to refining comparative studies employing diverse atlases and
advocates for thoughtful consideration of intra-atlas node size in shaping graph metrics, paving the
way for more robust neuroimaging research.
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1. Introduction

The human brain, a marvel of biological complexity, intricately weaves together a
multitude of interconnected regions. For decades, researchers have been captivated by the
profound challenge of unraveling the enigmatic workings of the mind. This pursuit has
led us to the realm of brain networks, including regions as nodes within a graph, with
their interconnections depicted as edges [1,2]. Leveraging graph theory, a mathematical
framework originally designed for analyzing networks and relationships, has proven
invaluable in deciphering the brain’s mysteries. Notably, it has emerged as an indispensable
tool for decoding neuroimaging data, ushering in a new era of understanding [1,3-5].

As we venture deeper into the study of brain function, a pivotal question arises: what
constitutes a ‘node” within these intricate brain networks? Some researchers construct
intricate graphs using tiny brain units known as ‘voxels’, a method that offers its own set
of advantages. Conversely, many others opt for an alternative approach known as the
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atlas-based method [6,7] In this method, atlases predominantly partition voxels into regions
of interest (ROIs).

A large number of brain atlases are currently being utilized. Most of these have
inherent variability in the size of the delineated ROIs within a given atlas. That is, across
widely utilized atlases, the size of these regions can exhibit substantial disparities. For
instance, the ratio of the largest ROI volume to the smallest ROI volume has been observed
to vary from a modest 3.8 [8] to an astonishing 45 [7], or even an unprecedented 443 [6].
This striking heterogeneity in ROI size among different atlases underscores a dimension of
the atlas-based neuroimaging pipeline that has received limited scrutiny.

While substantial research efforts have been dedicated to developing and validat-
ing various brain atlases, a noticeable gap remains in our understanding of how the size
of ROIs/nodes, when employed in graph-based analyses, impacts the computed graph
metrics. Graph theory and network science heavily rely on the precise delineation and
characterization of these nodes, providing a mathematical foundation for modeling the
intricate interplay of brain regions and extracting meaningful insights from functional and
structural connectivity data. Nevertheless, the influence of varying node sizes within the
context of graph theory remains predominantly uncharted territory. Ref. [9] investigates
the impact of spatial and temporal scales on the characterization of human brain networks,
revealing strong correlations between the number and diversity of motifs. The findings
emphasize the importance of spatial resolution in comparing characteristic node finger-
prints derived from both topological and spatial network features in connectome analysis.
Ref. [10] investigates hub identification in healthy aging subjects’ brain networks using
four measurements and explores the impact of various parcellation schemes, revealing con-
sistent hub identification within the same type of brain network. These studies along with
others predominantly focus on overall size rather than the relative sizes within subjects.
Consequently, while these studies involve subdividing existing parcellations, they do not
delve into the examination of cross-correlation between the ROI and graph metrics.

This paper endeavors to bridge this gap by conducting a quantitative investigation of
the influence of node size on computed graph metrics. Through our research, we aim to
shed light on whether and to what extent the size of nodes affects the outcomes of graph-
based analyses. By addressing this important but often overlooked aspect of brain network
analysis, we seek to contribute to the refinement of neuroimaging studies, ensuring their
accuracy and interpretability.

The remainder of the paper is organized as follows: In Section 2, we elaborate on our
methodology, focusing on the exploration of the relationship between intra-atlas node sizes
and computed graph metrics using resting-state fMRI data. Section 3 provides a detailed
presentation of our findings, specifically addressing the correlations between the size of
nodes in the graph network and the corresponding values of graph metrics. In Section 4, we
conduct a thorough review of these results, emphasizing the implications for understanding
the inner structural characteristics of individual brain regions. Finally, in Section 5, we
draw conclusions based on our analyses, highlighting insights gained from the node-metric
coupling (NMC) outcomes and the impact of variations among different subjects or groups,
particularly those diagnosed with Alzheimer’s disease and mild cognitive impairment.

2. Materials and Methods

We investigated the relationship between intra-atlas node sizes and computed graph
metrics. To ensure the temporal coherence of the included timecourses, we adopt a fully
automated data-driven functional atlas based on independent component analysis (ICA).
Subsequently, we construct a graph by computing cross-correlations among the ICA time-
courses, a method known as functional network connectivity (FNC). The determination
of strong node connections involves the application of a ‘proportional thresholding’ (PT)
technique [9], wherein connections are retained based on a predefined PT%. To quantify
the size of each component node, we perform voxel counting within each component and
subject, considering only those voxels with values exceeding a specified threshold.
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We proceed to assess the structure of the graph using a combination of global and
local metrics. Firstly, we determine the degree of each node, representing the count of
connections linked to that node. Additionally, we calculate the characteristic path length,
which provides the average shortest path length between all pairs of nodes, as well as
identifies densely interconnected clusters of brain regions. These clusters play a vital role
in revealing the functional specialization within the network, showcasing areas where
neural processing is distinctly segregated. These path lengths and cluster formations are
considered global metrics. Moreover, we identify specific regions within the brain known
as ‘hubs’ for each node in the network. Hubs are central nodes that are more likely to
participate in numerous shortest paths within the network. To quantify this centrality, we
employ the closeness centrality metric, which measures a node’s connectivity to all other
nodes in the network. These node-specific graph metrics allow us to gain insights into the
inner structural characteristics of individual brain regions.

To explore the relationship between the size of nodes in the graph network and
the corresponding values of graph metrics, we employ statistical analysis. Specifically,
we compute the Pearson correlation between these two variables. The outcome of this
correlation analysis is referred to as ‘node-metric coupling’ (NMC). Additionally, we
investigate whether variations among different subjects or groups might influence the
NMC. To explore this aspect, we extend our analysis to include a dataset consisting of
resting fMRI data collected from individuals diagnosed with Alzheimer’s disease and mild
cognitive impairment.

In the following sections, we begin by providing an overview of the dataset employed,
followed by an exposition of our node estimation methodology. Subsequently, we detail
our approach for establishing connections between graph metrics and node size.

2.1. Data Information

In this study, we leveraged functional magnetic resonance imaging (fMRI) data ob-
tained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) dataset. The ADNI
studies (ADNI-1, ADNI-GO, ADNI-2, and ADNI-3) have overarching goals centered
around advancing research in Alzheimer’s disease (AD) and related conditions. Its pri-
mary objectives encompass the development of improved and standardized methods for
acquiring longitudinal, multi-site MRI and PET data from patients with AD, mild cognitive
impairment (MCI), and elderly controls. ADNI seeks to establish a comprehensive and
widely accessible data repository, documenting longitudinal changes in brain structure and
metabolism, while concurrently collecting clinical cognitive and biomarker data to validate
imaging surrogates.

ADNI-1 includes a total of 800 subjects from 50 sites in the United States and Canada,
and all subjects had clinical/cognitive assessments and 1.5 T structural MRI at specified
intervals (6 or 12 months) for 2-3 years. Approximately 25% of subjects had MRI at 3 Tesla.
In ADNI-GO/ADNI-2 (2010-2016), imaging was conducted using 3T scanners, employing
T1-weighted imaging parameters akin to those in ADNI-1. ADNI-2 includes 550 newly
enrolled subjects and approximately 450-500 followed from the original ADNI study. In-
stead of the dual-echo T2-weighted image utilized in ADNI1, 2D FLAIR, and T2*-weighted
imaging were introduced at all sites. Each imaging session included both fully sampled and
accelerated T1-weighted images. Advanced imaging techniques were incorporated based
on the scanner manufacturer, featuring diffusion imaging on GE scanners, resting-state
functional MRI on Philips scanners, and arterial spin labeling on Siemens scanners. Imaging
for ADNI 3 is exclusively conducted using 3T scanners. In ADNI-3, 1070-2000 total partici-
pants enrolled across three cohorts (700-800 follow-up from ADNI2, and 370-1200 newly
enrolled). Almost all imaging sequences from ADNI2 have been revised and incorporated
into the ADNI 3 protocol. Each series in each exam undergoes two levels of quality control
to ensure compliance with the protocol parameters and to assess series-specific quality,
including factors such as subject motion and anatomic coverage. All subjects have clini-
cal/cognitive assessments supervised by the study physician to ensure accuracy. During
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the on-site visit, a consent form was signed by every subject screened. ADNI dataset is
widely used in the literature and Alzheimer’s disease investigations. More details of the
ADNI dataset can be found in [10].

In this study, we investigate our methods using participants who underwent imaging
using 3.0 Tesla scanners. The fMRI dataset utilized herein encompasses a comprehen-
sive cohort from ADNI studies (ADNI-1, ADNI-GO, ADNI-2, and ADNI-3) consisting of
213 scans diagnosed with Alzheimer’s disease, 368 with mild cognitive impairment, and
947 control. Detailed subject characteristics for each group are provided in Table 1. Using
an SPM 12 pipeline, preprocessing steps included rigid body motion correction to address
subject head motion, correction for slice timing, normalization to the standard MNI space
using the EPI template, resampling to achieve 3 x 3 x 3 mm isotropic voxels, and applying
Gaussian smoothing with a kernel of FWHM =6 x 6 x 6 mm.

Table 1. Overview of analyzed participant demographics.

. M/F Count
Group Categories Number of Subjects Average Subject Age
Male Female
Healthy Controls (HC) 947 384 563 74
Mild Cognitive Impairment (MCI) 368 199 169 73
Alzheimer’s Disease (AD) 213 115 98 75

2.2. Data-Driven Node Estimation

We employed independent component analysis (ICA) to identify the nodes of a
graph, which involves decomposing whole-brain fMRI data into intrinsic connectivity
networks (ICNs). Each ICN represents a functional unit comprising voxels that exhibit
strong correlations in spontaneous BOLD signal fluctuations. However, when using fully
blind ICA to extract ICNs, different components can be identified across datasets, leading to
challenges in replication and comparison. To address this issue, we utilized the automated
Neuromark pipeline [11]. This approach applies spatially constrained ICA guided by
reliable network templates. To create the Neuromark templates and identify robust ICNs,
we performed spatial ICA on two large datasets (the Human Connectome Project [HCP]
and Genomics Superstruct Project [GSP]) of typical controls, resulting in group-level
components. We then matched independent components from the HCP and GSP datasets
based on spatial similarity (correlation > 0.4) and selected reproducible ICNs as network
templates. Five neuroscience experts performed ICN identification and functional domain
labeling. Further details on the Neuromark templates can be found in [11]. Subsequently,
we used the network templates as prior information within a spatially constrained ICA
algorithm to obtain spatial maps and time courses (TCs) for the fBIRN dataset. For this
purpose, we applied the multivariate objective optimization independent component
analysis with reference (MOO-ICAR) method, implemented in the GIFT toolbox, specifically
the Neuromark_fMRI_1.0 template, from TReNDS (http://trendscenter.org/software/ gift
accessed on 15 December 2021). Our choice of MOO-ICAR was based on its demonstrated
performance in previous studies [12,13].

2.3. Estimation of Edge and Local/Global Metrics

To elucidate the functional connectivity within the brain network previously computed,
we executed the following procedures: (1) calculating a functional network connectivity
(FNC) matrix, and (2) quantifying the FNC network through the calculation of graph
metrics. FNC is derived by computing Pearson cross-correlation coefficients among the
ICA time courses [14]. This process yields a matrix from which we calculate graph metrics.
Next, we concentrated our analysis on a selection of commonly employed local graph
metrics (node degree, participation coefficient, and closeness centrality) as well as global
graph metrics (global efficiency, characteristic path length, and clustering coefficient) within
the graph.
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Local graph metrics are instrumental in gaining insights into the attributes and roles of
individual nodes, as well as the nature of their connections within the network [15]. These
metrics provide a detailed understanding of how each node contributes to the network. The
degree of a node in a network refers to the number of edges (connections) that are directly
linked to that node. In other words, it quantifies how many neighbors or connections a node
has in the network. A node with a high degree is considered more central or influential
within the network. The participation coefficient assesses the extent of intermodular connec-
tions of individual nodes within a network. Nodes with low participation coefficients, often
referred to as provincial hubs, tend to be primarily connected within their own module,
indicating modular segregation. In contrast, nodes with high participation coefficients,
known as connector hubs, play a crucial role in facilitating intermodular integration by
connecting multiple modules within the network. Closeness centrality is a network metric
used to quantify how close or central a specific node is to all other nodes in a network.
It is calculated based on the shortest path distances between the node of interest and all
other nodes in the network. In essence, closeness centrality measures how quickly a node
can interact with or reach all other nodes in the network. A node with a high closeness
centrality is considered more central and influential because it can efficiently communicate
with other nodes, serving as a bridge for the flow of information. Mathematically, closeness
centrality is often expressed as the reciprocal of the sum of the shortest path distances
from the node to all other nodes in the network. Nodes with higher closeness centrality
values have shorter average distances to other nodes, indicating their greater proximity
and connectivity within the network [16].

Global graph metrics are quantitative measures employed to assess the overall struc-
tural properties of a network or graph. They offer valuable insights into the organization,
connectivity, and behavior of the network as a whole [17]. In the context of brain network
analysis, these metrics play a pivotal role in comprehensively describing various aspects
such as network shape, functional integration, and communication (correlation) between
different brain regions. Global efficiency is a graph metric used to quantify how efficiently
information or signals can be exchanged or transferred throughout an entire network.
It provides insight into how well a network facilitates global communication between
its nodes.

Mathematically, global efficiency is typically defined as the reciprocal of the average
shortest path length between all pairs of nodes in the network. The characteristic path
length is a graph metric that quantifies the average distance between all pairs of nodes in a
network. It provides insight into how well-connected or compact a network is. Mathemati-
cally, the characteristic path length is calculated as the average of the shortest path lengths
(the minimum number of edges needed to travel from one node to another) between all
possible pairs of nodes in the network. In simpler terms, it represents the average number
of steps it takes to move from one node to any other node in the network. The clustering
coefficient is a graph metric that quantifies the degree to which nodes in a network tend to
form clusters or tightly interconnected groups. It measures the local density of connections
within a network, providing insight into the presence of cliques or communities [16].

Table 2 presents a summary of the formulas employed for both local and global graph
metrics [15,17-20].
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Table 2. Formulas for local and global graph metrics.

Graph Metrics Formula
i jeN Wij
Node degree wjj represents the connection weights.
. . . . . k'U) m 2
Participation coefficient vY =1— Yuem ( i k(,w ))
Closeness centrality (L7~”)71 = =l
i Yjen,ji 4
-1
Yien, jzi (47
Global efficiency EY = %ZieN #
df;’ is the shortest weighted path length between i and j
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Characteristic path length Lo = Ly, =2
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where the number of triangles is
1/3
1
tlz-u =3 Zj,hEN (w,-]-wihw]-h> and
wjj represents the connection weights.

Clustering coefficient

2.4. Quantification of Node Size

We determine node size using the individual component maps generated via the
Neuromark pipeline. This process involves thresholding each component image, using
a threshold set at 3.5 times the standard deviation of the image data. Subsequently, we
tally the number of voxels in the component map that surpasses this threshold. This
count is proportional to the volume of highly participating voxels within the specific brain
network and serves as the basis for comparing the graph metrics. Notably, the maximum-
to-minimum volume ratio for the Neuromark atlas stands at 14.2, slightly exceeding that of
the Craddock atlas (3.8) [8], yet notably lower than that of the Glasser atlas (45) [7]

2.5. Node-Metric Coupling

We investigated the association between node size in functional connectivity and
brain network metrics (i.e., NMC) by computing the correlation between each graph metric
and node size for subjects in our dataset, which included individuals with Alzheimer’s
disease, mild cognitive impairment, and control participants. The correlation coefficient is

calculated as
o -0y -7
VEG -1 - 7)°

where ¥ and ¥ are the sample mean.

Additionally, we examined whether NMC varied across subjects and among different
groups. To do so, we assessed the significance of correlations within each group and com-
pared NMC between groups. We assessed the significance of our results using Bonferroni
correction for multiple comparisons at a significance level of 0.05, considering a total of 6
graph metrics and 53 components.

3. Results

We chose 53 ICNs for subsequent analysis and grouped them into seven distinct
functional domains. These labeled domains encompass auditory, sub-cortical, sensorimotor,
visual, cognitive control, cerebellar, and default mode networks, as illustrated in Figure 1.
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Figure 1. Fifty-three ICNs categorized into seven functional domains.

Figure 2 presents the FNC matrix for each group, organized by functional domain. In
the matrix, darker colors signify stronger positive or negative correlations, indicating robust
relationships within the network. Conversely, lighter colors denote weaker relationships.
Notably, the AD group has slightly, but significantly, lower FNC values than either the
control or MCI groups.
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Figure 2. FNC matrices for each group.

Figure 3 illustrates the group-wise differences in cellwise Functional Network Con-
nectivity (FNC) between the AD, HC, and MCI groups. In this depiction, we note that the
AD-HC comparison reveals elevated correlation values, indicating stronger connections
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among brain components, particularly within the subcortical, auditory, and visual domains.
Within the cognitive control domain, there is a mixture of higher and lower correlation
values. Furthermore, the AD group exhibits slightly weaker correlations, notably in the
visual domain.
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Figure 3. Group differences.

Table 3 presents group differences in global metrics, including global efficiency, charac-
teristic path length, and clustering coefficient, among HC, MCI, and AD. When contrasting
these metrics across different groups, we observe that both MCI and HC exhibit higher
values for global efficiency compared to AD. Additionally, we assess brain network density
using the clustering coefficient measure, revealing that node distances are lower in HC
and AD when compared to MCI, along with similar findings for node density. Lastly, the
segregation of nodes, as measured by the clustering coefficient, is lower in AD and HC
relative to MCL

Table 3. Global graph metric group differences + standard error.

Graph Metric HC-MCI HC-AD MCI-AD
Global Efficiency 0.007 £ 0.001 0.012 £ 0.001 0.005 + 0.001
Characteristic Path Length —1.505 £ 0.162 —1.6557 £ 0.207 0
Clustering Coefficient —2.0458 £ 0.361 —0.4387 £ 0.566 0.0005 + 0.0001

Table 4 displays the outcomes of two-sample ¢-tests conducted to assess group differ-
ences in global metrics, including global efficiency, characteristic path length, and clustering
coefficient, within the HC, MCI, and AD groups. All group comparisons yield significant
results (marked with *), even after applying the False Discovery Rate (FDR) correction for
multiple comparisons, except for the global efficiency in the HC-MCI comparison. This
underscores the significance of evaluating node-metric coupling, as it demonstrates its
significance even at the global level.

Table 4. Two-sample t-tests comparing group differences in global graph metrics.

Graph Metric HC-MCI HC-AD MCI-AD
P t-Value t-Value t-Value
Global Efficiency 7.066 *11.64 *4.029
Characteristic Path Length * —9.304 * —7.986 0.0
Clustering Coefficient * —5.668 * —0.775 *3.459

Figure 4 provides a component-level summary of the FNC matrix. We assess the
significance of each node using three metrics: node degree, indicating nodes with numerous
connections; closeness centrality, representing nodes in proximity to their neighbors; and
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participation coefficient, which gauges node activity across the network. Notably, the
HC group exhibits a higher level of interconnectedness among nodes in the FNC matrix
compared to both AD and MCIL.
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Figure 4. Node degree analysis and network differences among HC, MCI, and AD groups.

Figure 5 provides a component-level summary of the FNC matrix, emphasizing the
evaluation of the shortest pathways from one node to all others based on their closeness
centrality. Closeness centrality is commonly defined as the normalized inverse of the total
topological distances across the graph, often referred to as the nodes” accessibility. Notably,
in the FNC matrix, the HC group exhibits a greater level of integral connectivity among
most nodes compared to MCI and AD.
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Figure 5. Closeness centrality analysis and network differences among HC, MCI, and AD groups.

In Figure 6, we present the results of the participation coefficient analysis in HC, MCI,
and AD. The participation coefficient assesses how a node’s edges are distributed among
the various communities within a graph. A node’s participation coefficient is zero if all its
edges are exclusively connected to members of its own community. Notably, the figure
reveals that after HC, AD exhibits the highest participation coefficient, while MCI shows
the least difference in coefficients. We aim to identify the columns of significance among
HC, MCI, and AD within the specified brain regions. Our goal is to discern whether AD
and MCI exhibit significant values within these regions. Our observations indicate that
MCI displays stronger significance within the considered regions compared to AD.
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Figure 6. Participation coefficient analysis and network differences among HC, MCI, and AD groups.

Figure 7 presents the key findings, emphasizing the relationship between graph
metrics and node size within different brain network groups. In Figure 7a, it is evident
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that AD exhibits a robust correlation with global graph metrics compared to HC and M(I,
while MCI displays a lower correlation with component graph metrics compared to AD
and HC. These results underscore the highly significant relationship between node size and
resulting graph metrics in each brain network. For instance, the characteristic path length
shows a positive correlation in the control and MCI groups (meaning larger node size leads
to greater characteristic path length), but a negative correlation in the AD group (larger
node size leads to lower characteristic path length). Regarding global efficiency, coupling
is predominantly negative in all three groups, indicating that larger nodes are associated
with lower global efficiency. Other metrics, such as closeness centrality and participation
coefficient, exhibit dependency on the specific network. For instance, subcortical networks
display a positive node-metric coupling in all three groups, while most visual networks
demonstrate a negative node-metric coupling. These differences may represent either a
significant source of potential bias or a potential biomarker measure.

Figure 8 illustrates the differences in correlations between different groups. Notably,
the AD group exhibits more pronounced differences in their correlations with graph
metrics compared to both HC and MCI, whereas the differences between HC and MCI
are comparatively smaller. This highlights the significance of the relationship between
node size and graph metrics, which is also notably influenced by the specific graph metric
under consideration.

Correlation between graph metrics and voxel count for each node
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Figure 7. (a) Correlation between node size and the global and local metrics in the AD group.
(b) Correlation between node size and the global and local metrics in HC. (c) Correlation between
node size and the global and local metrics in MCI.
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Figure 8. Differences in correlations between the global and local metrics. (a) AD-HC, (b) MCI-HC,
(c) AD-MCIL.

Tables 5 and 6 display the correlation values at which significance was achieved, along
with the number of networks that exhibited significant correlation for each graph metric.

Table 5. The correlation values at which significance was achieved.

Correlation
HC (significant value) 0.12
AD (significant value) 0.26
MCI (significant value) 0.20
MCI-CN 0.11
AD-CN 0.12
AD-MCI 0.16

Table 6. Number of networks that exhibited significant correlation for each graph metric.

Graph Metric HC AD MCI HC-MCI AD-HC AD-MCI
Global Efficiency 0 3 0 24 4 0
Characteristic Path Length 53 4 53 0 48 53
Clustering Coefficient 5 3 17 5 30 46
Degree 8 10 16 10 9 17
Closeness Centrality 9 26 8 12 3 5
Participation Coefficient 14 8 14 10 15 17

In general, our analysis reveals numerous significant differences in node-metric cou-
pling across all tested graph metrics. Specifically, when examining the effects within the AD
group, we observe that closeness centrality exhibits the most pronounced and significant
differences. Meanwhile, characteristic path length and clustering coefficient show the most
substantial differences when comparing AD with HC and MCI groups. Thus, the results
underscore the substantial influence of node size on the resulting graph metrics.
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4. Discussion

We conducted an initial study to explore the potential relationship between intera-atlas
node size and resulting graph metrics. Our findings revealed a robust relationship, which
also interacts with the comparisons between patients and controls. These results carry
significant implications for the utilization of graph measures in neuroimaging research.
Network science holds substantial promise for advancing our understanding of the human
brain development, pathology, and aging, and such analyses are increasingly prevalent
in the field [21]. Nevertheless, despite its widespread adoption, challenges persist in its
application to neuroimaging data. One such challenge is the ongoing debate surrounding
the definition of a network node in functional brain network analysis. An important caveat
in previous studies lies in the absence of an accepted standard for defining brain nodes.
The diverse array of approaches employed in this regard can significantly influence the
outcomes. For instance, in the context of atlas-based node definition, which is commonly
employed in most studies, researchers have the option to choose between anatomically
predefined nodes, functionally informed nodes [22], or data-driven nodes [11,23]. However,
more recent studies have begun to compare multiple atlases [24]. Notably, the published
and shared atlases exhibit significant variations in the volumes of included brain regions.
To date, there has been a lack of systematic research into whether the volume of brain
regions included has an impact on the resulting graph metrics.

In this study, we adopted a data-driven approach to identify functionally defined
nodes and investigate how their size influences the resulting metrics. We processed resting
fMRI data via a fully automated ICA using the neuromark_fMRI_1.0 template. Subse-
quently, we applied a proportional threshold to prune node connections based on correla-
tion, leading to the computation of FNC matrices, which represent the correlations among
component-time courses. Based on these matrices, we derived various global and local
graph metrics. Local metrics capture structural details at the component level, while global
metrics provide an overall summary of the network structure. To assess the relationship
between node size and graph metrics, we estimated node size by counting the number of
voxels above a specified threshold. Larger node sizes corresponded to a higher voxel count.

Employing our node-metric coupling technique, we computed the cross-correlation
between the obtained node sizes and graph metrics. To assess the impact of this relationship,
we conducted a comparative analysis using a dataset comprising individuals from three
categories: controls, individuals with mild cognitive impairment, and those diagnosed with
Alzheimer’s disease. Our findings revealed a significant disparity in node-metric coupling
across these groups. We observed that node size exhibited a substantial correlation with the
resulting graph metrics. These two key findings suggest that node-metric coupling could
potentially serve as a valuable biomarker for mental diseases. In summary, our findings
underscore a robust connection between graph node size and graph metrics. Additionally,
we identify noteworthy disparities in these correlations when comparing patient and
control groups. This not only underscores the potential of our proposed joint approach,
involving both node volume and graph metrics, as a potential brain-based marker but also
emphasizes the necessity of meticulous evaluation when interpreting results in previous
and forthcoming studies that rely on atlas-based methods employing nodes of irregular
sizes. Interestingly, we observed variations in these correlations among different groups.
Our findings specifically indicated that the Alzheimer’s group exhibited predominantly
positive correlations between FNC and node properties compared to HC and MCI groups.
This observation opens the possibility of considering NMC as a potential biomarker.

This study comes with some limitations. First, our initial assessment focused on only a
subset of graph metrics, and there are numerous alternative approaches for characterizing a
node’s role within a network. Some of these metrics operate at a local level, considering con-
nections with neighboring nodes, while others operate at a global level, taking the node’s
position within the entire network into account. Secondly, the dataset we utilized from the
ADNI exhibited an imbalance between the number of Alzheimer’s and control subjects,
with more data available for controls. This imbalance can lead to a higher likelihood of



Sensors 2024, 24, 814

15 of 17

negative correlation values. To address this issue and enable meaningful comparisons
across varying subject sizes, we implemented a proportional thresholding mechanism to
eliminate low-impact areas of nodes within the dataset. It is worth noting that alternative
thresholding strategies could be explored, and a more comprehensive investigation into the
impact of thresholding on the results is a goal for future research. Additionally, this study
centered on a single data-driven node parcellation approach. The choice of a data-driven
atlas was deliberate, as it enables the grouping of temporally coherent and distinguishable
brain regions, offering several advantages such as heightened sensitivity and the ability
to capture dynamic changes within nodes [25]. In future research, it would be valuable
to conduct a more extensive analysis encompassing various atlas-based approaches, each
characterized by distinct node-size ratios. Furthermore, exploring the potential linkage
between these changes and different types of Mild Cognitive Impairment (e.g., early MCI,
late MCI, stable and progressive MCI) to determine if they hold predictive value for fu-
ture cognitive decline could be an intriguing avenue for investigation. The deliberate
use of multiple scans was intended to ensure a robust sample size and a comprehensive
exploration of the method. Our analysis reveals a noteworthy observation—even when
employing a subset of scans and considering only one scan per subject, our reported results
demonstrate a remarkable level of consistency. This consistency not only reinforces the
reliability of our findings but also suggests that the observed effects hold true, irrespective
of the specific subset of scans or subjects considered. Furthermore, while our study has
provided valuable insights into the relationship between intra-atlas node size and graph
metrics, it is essential to consider the generalizability of our findings. The current investi-
gation is based on the ADNI dataset and focuses on certain parameters. To enhance the
generalizability of our results, future studies should consider diverse datasets and possibly
different populations. Additionally, we acknowledge the need for replication studies to
validate our findings across various contexts. As part of our ongoing research, we are
committed to exploring these aspects to provide a more comprehensive understanding of
the broader implications of our observations. Lastly, to address potential concerns related
to the heterogeneity in data acquisition procedures and collection intervals, we conducted
covariate analysis, revealing no significant impact on the study’s outcomes across different
sites. It may be beneficial for future research to consider standardizing data collection
intervals or employing additional statistical methods that account for such variations. This
would contribute to a more consistent and rigorous approach, ensuring the integrity of the
study’s findings.

In brief, our findings emphasize the substantial impact of node size on resulting graph
metrics. This underscores both the challenge of comparing existing graph metric studies
and the potential opportunity for node size to serve as an informative marker of brain
health and disorders. Further research is essential to delve deeper into the node-metric
coupling and its potential applications.

5. Conclusions

In the realm of neuroimaging research, it has been a common practice to disregard the
influence of node size on graph metrics. However, our research has unveiled a compelling
revelation: the size of a node plays a pivotal role in shaping the resulting graph metrics,
and this interplay is not to be underestimated, particularly in the context of the statistical
tests being employed. Our study introduces the concept of Node-Metric Coupling (NMC),
shedding light on its potential to provide invaluable insights into the comparative analyses
we undertake. Furthermore, NMC could potentially serve as a biomarker, highlighting its
significance in understanding brain health and disorders. Looking ahead, future investi-
gations should delve deeper into this intricate relationship. This exploration may involve
conducting comparisons with voxel-level graphs, exploring the utility of uniformly sam-
pled graphs, and conducting systematic assessments of the contrasts between atlas-based
and data-driven approaches. These endeavors will contribute to a more comprehensive
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understanding of the dynamic interplay between node size and graph metrics in the context
of neuroimaging studies.

Author Contributions: Conceptualization, V.D.C.; methodology, V.D.C.; software, S.K.; validation,
V.D.C. and S.K,; formal analysis, V.D.C. and S.K.; investigation, V.D.C. and S.K,; resources, V.D.C.;
data curation, Z.F. and A.A.; writing—original draft preparation, S.K.; writing—review and editing,
H.E. and V.D.C,; visualization, S.K.; supervision, V.D.C.; project administration, V.D.C.; funding
acquisition, V.D.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Dr. Vince D. Calhoun grant numbers NIH R01AG073949 and
NSF 2112455.

Institutional Review Board Statement: The study was approved by the institutional review board
at each participating site and described at https://adni.loni.usc.edu/ accessed on 10 January 2024.

Informed Consent Statement: Written, informed consent was obtained from all subjects participating
in the study according to the Declaration of Helsinki.

Data Availability Statement: The MRI data that support the findings of this work are available
to researchers via the Alzheimer’s Disease Neuroimaging Initiative (ADNI) data access procedure
described at http://adni.loni.usc.edu/data-samples/access-data/ accessed on 10 January 2024.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Fornito, A. Graph theoretic analysis of human brain networks. In FMRI Techniques and Protocols; Springer: Berlin/Heidelberg,
Germany, 2016; pp. 283-314.

2. Telesford, Q.K.; Simpson, S.L.; Burdette, ].H.; Hayasaka, S.; Laurienti, P.J. The brain as a complex system: Using network science
as a tool for understanding the brain. Brain Connect. 2011, 1, 295-308. [CrossRef] [PubMed]

3.  Fornito, A.; Zalesky, A.; Bullmore, E. Fundamentals of Brain Network Analysis; Academic Press: Cambridge, MA, USA, 2016.

4. van den Heuvel, M.P; Fornito, A. Brain networks in schizophrenia. Neuropsychol. Rev. 2014, 24, 32-48. [CrossRef] [PubMed]

5. Falakshahi, H.; Vergara, V.M.; Liu, J.; Mathalon, D.H.; Ford, ].M.; Voyvodic, ].; Mueller, B.A ; Belger, A.; McEwen, S.; Potkin, S.G.;
et al. Meta-modal Information Flow: A Method for Capturing Multimodal Modular Disconnectivity in Schizophrenia. IEEE Trans.
Biomed. Eng. 2020, 67, 2572-2584. [CrossRef] [PubMed]

6. Gordon, EIM,; Laumann, T.O.; Adeyemo, B.; Huckins, J.F; Kelley, WM.; Petersen, S.E. Generation and evaluation of a cortical
area parcellation from resting-state correlations. Cereb. Cortex 2016, 26, 288-303. [CrossRef] [PubMed]

7. Glasser, M.F.; Coalson, T.S.; Robinson, E.C.; Hacker, C.D.; Harwell, J.; Yacoub, E.; Ugurbil, K.; Andersson, J.; Beckmann, C.E;
Jenkinson, M; et al. A multi-modal parcellation of human cerebral cortex. Nature 2016, 536, 171-178. [CrossRef] [PubMed]

8.  Craddock, N.; Jones, I. Genetics of bipolar disorder. J. Med. Genet. 1999, 36, 585-594. [CrossRef] [PubMed]

9. vanden Heuvel, M.P,; de Lange, S.C.; Zalesky, A.; Seguin, C.; Yeo, B.T.; Schmidt, R. Proportional thresholding in resting-state
fMRI functional connectivity networks and consequences for patient-control connectome studies: Issues and recommendations.
Neuroimage 2017, 152, 437-449. [CrossRef] [PubMed]

10. Petersen, R.C; Aisen, P.S.; Beckett, L.A.; Donohue, M.C.; Gamst, A.C.; Harvey, D.].; Weiner, M.W. Alzheimer’s disease neuroimag-
ing initiative (ADNI): Clinical characterization. Neurology 2010, 74, 201-209. [CrossRef]

11. Du, Y, Fu, Z,; Sui, J.; Gao, S.; Xing, Y.; Lin, D.; Salman, M.; Abrol, A.; Rahaman, M.A; Chen, J.; et al. NeuroMark: An automated
and adaptive ICA based pipeline to identify reproducible fMRI markers of brain disorders. Neurolmage Clin. 2020, 28, 102375.
[CrossRef]

12. Du, Y;; Fan, Y. Group information guided ICA for fMRI data analysis. Neuroimage 2013, 69, 157-197. [CrossRef]

13. Du, Y,; Allen, E.A; He, H.; Sui, J.; Wu, L.; Calhoun, V.D. Artifact removal in the context of group ICA: A comparison of
single-subject and group approaches. Hum. Brain Mapp. 2016, 37, 1005-1025. [CrossRef] [PubMed]

14.  Jafri, M.].; Pearlson, G.D.; Stevens, M.; Calhoun, V.D. A method for functional network connectivity among spatially independent
resting-state components in schizophrenia. Neuroimage 2008, 39, 1666-1681. [CrossRef] [PubMed]

15.  Freeman, L.C. Centrality in Social Networks: Conceptual Clarification. Social Network: Critical Concepts in Sociology; Routledge:
London, UK, 2002; Volume 1, pp. 238-263.

16. Rubinov, M.; Sporns, O. Complex network measures of brain connectivity: Uses and interpretations. Neuroimage 2010, 52,
1059-1069. [CrossRef] [PubMed]

17.  Watts, D.J.; Strogatz, S.H. Collective dynamics of ‘small-world networks. Nature 1998, 393, 440-442. [CrossRef] [PubMed]

18. Guimera, R.; Amaral, L.A.N. Functional cartography of complex metabolic networks. Nature 2005, 433, 895-900. [CrossRef]
[PubMed]

19. Sabidussi, G. The centrality index of a graph. Psychometrika 1966, 31, 581-603. [CrossRef] [PubMed]


https://adni.loni.usc.edu/
http://adni.loni.usc.edu/data-samples/access-data/
https://doi.org/10.1089/brain.2011.0055
https://www.ncbi.nlm.nih.gov/pubmed/22432419
https://doi.org/10.1007/s11065-014-9248-7
https://www.ncbi.nlm.nih.gov/pubmed/24500505
https://doi.org/10.1109/TBME.2020.2964724
https://www.ncbi.nlm.nih.gov/pubmed/31944934
https://doi.org/10.1093/cercor/bhu239
https://www.ncbi.nlm.nih.gov/pubmed/25316338
https://doi.org/10.1038/nature18933
https://www.ncbi.nlm.nih.gov/pubmed/27437579
https://doi.org/10.1136/jmg.36.8.585
https://www.ncbi.nlm.nih.gov/pubmed/10465107
https://doi.org/10.1016/j.neuroimage.2017.02.005
https://www.ncbi.nlm.nih.gov/pubmed/28167349
https://doi.org/10.1212/WNL.0b013e3181cb3e25
https://doi.org/10.1016/j.nicl.2020.102375
https://doi.org/10.1016/j.neuroimage.2012.11.008
https://doi.org/10.1002/hbm.23086
https://www.ncbi.nlm.nih.gov/pubmed/26859308
https://doi.org/10.1016/j.neuroimage.2007.11.001
https://www.ncbi.nlm.nih.gov/pubmed/18082428
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://www.ncbi.nlm.nih.gov/pubmed/19819337
https://doi.org/10.1038/30918
https://www.ncbi.nlm.nih.gov/pubmed/9623998
https://doi.org/10.1038/nature03288
https://www.ncbi.nlm.nih.gov/pubmed/15729348
https://doi.org/10.1007/BF02289527
https://www.ncbi.nlm.nih.gov/pubmed/5232444

Sensors 2024, 24, 814 17 of 17

20.
21.
22.
23.

24.

25.

Latora, V.; Marchiori, M. Efficient behavior of small-world networks. Phys. Rev. Lett. 2001, 87, 198701. [CrossRef]

Sporns, O. Graph theory methods: Applications in brain networks. Dialogues Clin. Neurosci. 2022, 20, 111-121. [CrossRef]
Blevins, A.S.; Bassett, D.S. Reorderability of node-filtered order complexes. Phys. Rev. E 2020, 101, 052311. [CrossRef]
Anderson, R.J.; Long, C.M.; Calabrese, E.D.; Robertson, S.H.; Johnson, G.A.; Cofer, G.P; O’Brien, R.J.; Badea, A. Optimizing
diffusion imaging protocols for structural connectomics in mouse models of neurological conditions. Front. Phys. 2020, 8, 88.
[CrossRef]

Staiger, C.; Cadot, S.; Kooter, R.; Dittrich, M.; Muller, T.; Klau, G.W.; Wessels, L.F. A critical evaluation of network and pathway-
based classifiers for outcome prediction in breast cancer. PLoS ONE 2012, 7, e34796. [CrossRef]

Yu, Q.; Du, Y,; Chen, J.; He, H.; Sui, J.; Pearlson, G.; Calhoun, V.D. Comparing brain graphs in which nodes are regions of interest
or independent components: A simulation study. J. Neurosci. Methods 2017, 291, 61-68. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1103/PhysRevLett.87.198701
https://doi.org/10.31887/DCNS.2018.20.2/osporns
https://doi.org/10.1103/PhysRevE.101.052311
https://doi.org/10.3389/fphy.2020.00088
https://doi.org/10.1371/journal.pone.0034796
https://doi.org/10.1016/j.jneumeth.2017.08.007

	Introduction 
	Materials and Methods 
	Data Information 
	Data-Driven Node Estimation 
	Estimation of Edge and Local/Global Metrics 
	Quantification of Node Size 
	Node-Metric Coupling 

	Results 
	Discussion 
	Conclusions 
	References

