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ABSTRACT

Adherence determines the success and benefits of mental training (e.g., meditation) programs.

It is unclear why some participants engage more actively in programs for mental training than

others. Understanding neurobiological factors that predict adherence is necessary for

understanding elements of learning and to inform better designs for new learning regimens.

Clustering patterns in brain networks have been suggested to predict learning performance,

but it is unclear whether these patterns contribute to motivational aspects of learning such as

adherence. This study tests whether configurations of brain connections in resting-state fMRI

scans can be used to predict adherence to two programs: meditation and creative writing.

Results indicate that greater system segregation and clustering predict the number of practice

sessions and class participation in both programs at a wide range of network thresholds

(corrected p value < 0.05). At a local level, regions in subcortical circuitry such as striatum

and accumbens predicted adherence in all subjects. Furthermore, there were also some

important distinctions between groups: Adherence to meditation was predicted by

connectivity within local network of the anterior insula and default mode network; and in the

writing program, adherence was predicted by network neighborhood of frontal and temporal

regions. Four machine learning methods were applied to test the robustness of the brain

metric for classifying individual capacity for adherence and yielded reasonable accuracy.

Overall, these findings underscore the fact that adherence and the ability to perform

prescribed exercises is associated with organizational patterns of brain connectivity.

AUTHOR SUMMARY

Individuals vary in their ability to adhere to learning new skills. We have found that even

before individuals undergo training, their brain connectivity patterns are predictive of their

capacity to perform the prescribed exercises. We report that variability in brain connectivity

contributes to the capacity for adhering to prescribed learning instructions such as

meditation. Thus, adherence is associated with the extent of clustering and segregation

between known resting-state subnetworks. These findings indicate that system segregation is

a determinant feature of the motivation to learn new mental exercises and, more specifically,

is conducive for adherence to learning.
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Brain network topology predicts participant adherence

INTRODUCTION

Mental training programs such as mindfulness meditation have become widely accessible

for improving cognitive control and emotional regulation (Jha, Stanley, Kiyonaga, Wong, &

Gelfand, 2010; Tang et al., 2007; Teper, Segal, & Inzlicht, 2013). Some individuals adhere to

the prescribed practice relatively more than others, yet the reasons for this variability remain

unclear. The rationale behind mental training programs is that the training methods are acces-

sible and effective for most participants. However, variability in adherence to practive requires

further investigation. Notably high and low rates of adherence serve as major factor in cur-Adherence:
How well an individual complies
with instructions such as attending
classes and follow-up on practicing
the prescribed exercise.

tailing therapy success (Farmer, 1999; Morisky, Green, & Levine, 1986; Osterberg & Blaschke,

2005). This study investigated whether neurobiological factors play a role in mediating indi-

vidual differences in adherence.

Sustained cognitive focus is an acquired skill that requires considerable effort and commit-

ment. Many people drop out of the practice before reaping any benefits (Bados, Balaguer,

& Saldana, 2007). Some participants show more interest and exert maximal effort to follow

through on their commitment to practice prescribed tasks, whereas others drop out during

the program or perform the tasks only a few times before the study ends. This variability in

motivation to perform tasks is a well-known factor in determining the outcomes (Bados et al.,

2007; Paas, Tuovinen, van Merrienboer, & Darabi, 2005), but the neurobiological factors for

this variability have received little attention. It is hence no surprise that outcomes of mental

training exercises vary widely in their effectiveness between individuals (Mathieu, Martineau,

& Tannenbaum, 1993) and across studies (Milne, Baker, Blackburn, James, & Reichelt, 1999;

Penedo & Dahn, 2005). Factors that may influence attrition and compliance include motiva-

tion (Glombiewski, Hartwich-Tersek, & Rief, 2010), discipline (Gong, Rai, Beck, & Heffernan,

2009), innate or previously acquired skill (Dahmann, 2017), or positive expectations (Ryan,

Plant, & Omalley, 1995). However, adherence remains difficult to predict and clear mediators

of adherence remain largely unknown (Adefolalu, 2018; Holmes, Hughes, & Morrison, 2014;

Morisky, Ang, Krousel-Wood, & Ward, 2008).

Cognitive functions are closely linkedwith the organization of functional connections formed

through synchronous fluctuations in neural activity in multiple brain areas (E. Bullmore &

Sporns, 2009). Systematic variations in functional connectivity profiles distinguish individuals

(Gratton et al., 2018; Kashyap et al., 2019) and have behavioral implications (Hashmi et al.,

2014; Just, Cherkassky, Keller, & Minshew, 2004; Kashyap et al., 2019). Functional connec-

tions reorganize and segregate into modules differently in individuals, appearing to draw on

developmental trajectories (Levitt, 2003; Power, Fair, Schlaggar, & Petersen, 2010), genetic

processes (Liu et al., 2009), and prior learning (Maguire, Frith, & Morris, 1999). One such

characteristic of brain networks is network segregation, which has been implicated to predict

cognitive training success in a few studies (Arnemann et al., 2015; Wig, 2017). High mod-

ularity observed at baseline has been shown to predict cognitive training success (Arnemann

et al., 2015; Wig, 2017). It was suggested that a preexisting pattern of high segregation in brain

connectivity offers a capacity for specialized modules to work independently for allowing
Segregation in brain connectivity:
Strength of within-network
connectivity of brain regions
compared with connectivity within
the rest of the network.

better learning performance, thus leading to better training outcomes (Baniqued et al., 2018).

Interestingly, the characteristic that predicts cognitive training outcomes also predicts the ef-

fects of positively priming expectations towards treatments (Hashmi et al., 2014). The main up-

shot of these findings is that functional connectivity patterns may be among the determinants of

learning outcomes (Gottlich, Kramer, Kordon, Hohagen, & Zurowski, 2015; van Waarde et al.,

2015). Moreover, it is not clear whether high clustering and segregation in brain subnetworks

facilitates learning per se or whether it is important for motivational aspects during learning.
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While intrinsic network characteristics may serve a role in facilitating the neurobiological pro-

cesses required for adhering to prescribed tasks, this link has not yet been tested (Detweiler &

Whisman, 1999; Jones, Harris, Waller, & Coggins, 2005).

We hypothesized that intrinsic network properties predict the level of adherence shown by

participants to mental training programs. We tested this hypothesis utilizing resting-state fMRI

data acquired before healthy participants were pseudorandomized to a meditation program or

to a control creative writing program , in a clinical trial which was conducted to test the benefits

of meditation. (Greenberg et al., 2018). We investigated global brain properties such as net-

work segregation and mean clustering and also assessed whether the nodes in which clustering

potentially predicts adherence are similar or different between the two types of cognitive train-

ing programs. Nodes in which high connectivity (degree) predicted adherence were mapped

to regions partitioned into five canonical resting state networks. Nodal connectivity patterns

found to predict adherence to both of the two programs were taken to represent regions that

contribute to adherence irrespective of the differences in the tasks. Nodal connectivity that

predicted adherence only to a specific program was taken to be a system that contributes to

adherence to the specific task prescribed by that training program. This would likely reflect

specific skills related to the task prescribed by each program.

To assess the translational capacity of using such findings to predict adherence, a strategy

based on machine learning was implemented. Machine learning is the study of computer algo-

rithms that can learn complex relationships or patterns from data, improve their learning over

time in an autonomous manner, and finally make relatively more accurate decisions (Bzdok,

Altman, & Krzywinski, 2018; Varoquaux & Thirion, 2014). Thus, we used a few supervised ma-

chine learning methods to discriminate high and low adherence to mental training programs

by using brain network organizational measures.

MATERIALS AND METHODS

Experimental Design

This study was originally conducted as a trial to investigate whether mindfulness meditation

training improves cognitive performance compared with a creative writing (control) program;

a paper with cognitive findings from this study has already been published (Greenberg et al.,

2018). Subsequently, participants underwent MRI scans. Participants were asked to attend four

weekly web-based classes to receive instructions related to their respective program, and to

practice mindfulness or creative writing for 30 min per day 5 times per week. Both the creative

writing and the guided meditation home practice materials were provided via a secure web

page. This system tracked each participant’s engagement with the practice materials. Adher-

ence criteria in the training program were defined by two measures: (a) the number of classes

attended and (b) the number of completed home practice sessions. These data hence proffered

an opportunity to measure the connection between adherence and prior brain network states.

The schematic of the study design is shown in Figure 1.

Participants

A total of 51 healthy participants (age = 22–48; 35 females) were scanned using functional

magnetic resonance imaging (fMRI). All participants underwent a resting-state scan and were

pseudorandomized (by date of baseline testing completion) to a 4-week mindfulness training

program (n = 29) or a creative writing program (n = 22).
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Figure 1. Overview of study design and the pipeline for graph theoretical analysis of resting-state
fMRI time series. Healthy participants (N = 51, 35 women, age = mean 26) were (A) scanned for
structural (T1) and functional MRI resting-state data and (B) randomized to attend a meditation (n =
29) or a creative writing (n = 22) training program. (C) A set of nonoverlapping brain regions were
obtained according to a prior parcellation scheme (optimized Harvard-Oxford) from resting-state
functionalMRI, (D) averaged time series within regions of interest were extracted, and (E) a weighted
interregional correlation matrix was obtained from BOLD time series and (F) was thresholded
over a range of thresholds for each participant. (G) The correlation matrix was calculated to as-
sess various graph metrics, and statistical analysis was performed to predict adherence.

Study participants were recruited through fliers and research mailing lists. The inclusion

criteria for participants were the following: right handedness, SAT (Scholastic Assessment Test)

scores within top 25th percentile (minimal score of 580 verbal, 610 math, 570 writing), and

have either completed a 4-year degree or a minimum of 2 years completed in a 4-year degree

program in which they were currently enrolled. Additionally, having reliable internet access

with a video camera was required, because the training programs and materials were to be

administered via the web.

Participants were excluded if they had any neurologic or psychiatric disease, any experience

of more than three meditation classes, or participation in more than 20 sessions of mind-body

classes such as yoga and tai chi. Psychiatric medication other than a single antidepressant,

post-traumatic stress disorder (PTSD) symptomology as assessed by the PTSD checklist-civilian

(PCL-C 73), and presence of any MRI contraindicators (e.g., metallic implants, claustrophobia)

were other exclusion criteria.

All participants provided their written informed consent as approved by the Institutional

Review Board of Massachusetts General Hospital (protocol 2014P000157) and were remuner-

ated up to $150 for completing the study.

Training Programs

Detailed description of both programs can be found in Greenberg et al. (2018). Briefly, par-

ticipants in both programs were requested to attend four weekly, web-based training sessions

(Cavanagh et al., 2013; Gluck & Maercker, 2011; Harnett, Whittingham, Puhakka, Hodges, &

Spry, 2010; Krusche, Cyhlarova, & Williams, 2013), which consisted of 30 min of instruction
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plus 30 min of practice (meditation or creative writing). All participants were instructed to

practice on their own for 30 min per day on 5 non-class days. All home training materials

were web-based—guided audio recordings for the meditation class, and writing prompts and

response boxes for the creative writing group—so that engagement with these materials could

be monitored and recorded electronically.

Mindfulness program. The mindfulness program was led by a trained mindfulness meditation

teacher with more than 25 years of mindfulness mediation practice and 4 years’ experience

teaching mindfulness meditation. In the first 2 weeks, participants practiced focused-attention

meditation, in which attention was focused solely on the breath or body sensations. In the

final 2 weeks, they practiced open-monitoring meditation, in which attention was centered

on the present experience without predetermining a specific object of focus. The first 15 min

of each class were devoted to didactic information about the concept of mindfulness, as well

as instruction on how to practice meditation. The last 15 min of each class were devoted to

questions and answers from participants about their experiences.

Creative writing program. The creative writing program was structured similarly to the mind-

fulness program. The program was led by a professional writing tutor with 5 years of tutoring

experience. In the first 2 weeks, participants practiced writing a short text about a photo or

a short text extracted from Wikipedia.org, in a daily newspaper article format. In the last 2

weeks, they practiced writing in an academic scholarly format. The first 15 min of each class

were devoted to didactic information about effective writing techniques, concise written com-

munication, and paragraph structure. The last 15 min of each class were devoted to questions

and answers from participants about their experiences.

MRI Data Acquisition

Whole-brain images were acquired with a 3.0 T Siemens scanner using a 32-channel head

matrix coil. T1-weighted images were acquired via standard magnetization-prepared rapid

gradient-echo (MPRAGE) sequence in two different dimensions and (TE [echo time] = 1.69 ms,

TI = 1,100 ms, FA [flip angle] = 7◦; (a) 72 × 72 × 47, 1-mm isotropic voxels, TR [repetition

time] = 3 s; (b) 64 × 64 × 37, 1-mm isotropic voxels, TR [repetition time] = 2 s). MPRAGE for

high-resolution brain structure (10 min) and a resting-state fMRI (5 min; Mueller et al., 2015)

were used in the analysis.

MRI Data Processing

Preprocessing of resting-state data was performed using in-house BASH scripts that used func-

tion libraries from FMRIB Software Library v5.0 (FSL, University of Oxford, United Kingdom;

Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012), Analysis of Functional Neuroim-

ages (AFNI, National Institute of Mental Health Scientific and Statistical Computing Core, USA;

Cox, 1996), and FreeSurfer (Fischl, 2012) software. Steps included correction for head motion,

normalization to Montreal Neurological Institute (MNI) space, and smoothing of each fMRI

volume with a Gaussian filter.

The following preprocessing steps were applied: The T1-weighted anatomical scans were

processed using the “recon-all” tool from FreeSurfer. From recon-all we used the -autorecon1

command to remove unnecessary details of the anatomical image, which could lead to the ad-

dition of unneeded features, critical reconstruction, and volumetric segmentation to the next

preprocessing step. The -autorecon1 processing stage includes motion correction, registration,

Network Neuroscience 532

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/netn_a_00136 by guest on 07 March 2022

http://Wikipedia.org


Brain network topology predicts participant adherence

nonuniform intensity normalization (NU), Talairach transform computation, intensity normal-

ization 1, and skull strip.

The first five volumes were dropped to allow the blood-oxygen-level-dependent (BOLD)

signal to reach a steady state. We used Fourier interpolation to rigid-body motion correc-

tion with least squares alignment of each volume to the eighth image. We applied slice-timing

correction for interleaved acquisitions between the same slice and voxel in neighboring acqui-

sition TRs. Also, Fourier transformation—which was used to filter temporal bandpass between

0.005 and 0.3 Hz— further filtered out linear and quadratic trends using analysis of functional

neuroimages. In addition, FSL was used for spatially smoothing each fMRI volume (Gaussian

kernel full width half maximum [FWHM] = 6 mm) and normalizing mean-based intensity.

In the next step, eight nuisance signals consisting of six motion parameters and time courses

of white matter and cerebrospinal fluid were regressed out from the data as covariates of no in-

terest. The time series of cerebrospinal fluid and white matter were extracted from masks; this

mask obtained from segmentation of individual’s high-resolution structural image thresholded

at 80% tissue-type probability. The six motion parameters—for rotational movement around

3 df of a human head (pitch, yaw, and roll axes) and for movement in cardinal directions X, Y,

and Z—were generated in an FSL-based motion correction step in native functional space. The

registration of functional and structural brain data to the MNI152 template with 2 × 2 × 2 m3

resolution was done using FMRIB’s Linear and Nonlinear Image Registration Tools in the fol-

lowing steps: (a) registration of high-resolution structural image to the MNI152 2-mm template

with 12 df linear affine transformation; (b) registration of functional image to high-resolution

structural image with 6 df linear transformation; and (c) registration of functional volume to

MNI125 2-mm standard space with structural-to-standard nonlinear transformation matrix.

Head motion statistics were calculated by measuring (a) framewise displacement (FD) and (b)

motion outlier detection. Participants with FD values greater than 3 mm or motion outliers

detected in more than 30% of the acquired data were excluded (Power et al., 2011). None of

the participants fit these criteria. In addition, the behavioral findings were correlated with FD

values for further verification.

Brain Parcellation and Network Construction

Brain parcellation was defined as a data clustering problem to group image voxels into clusters.

By using a parcellation scheme we can divide the brain’s spatial domain into a set of nonover-

lapping regions. Here we used a parcellation scheme that we have previously used (optimized

Harvard-Oxford parcellation; 131 regions; Hashmi et al., 2014; Hashmi et al., 2017). To define

the brain regions, the preprocessed functional brain images were parcellated into 131 regions

of interest (ROIs) using the Harvard-Oxford atlas that divided the brain’s spatial domain into

131 nonoverlapping clusters (see Supplementary Table 1).

These regions are designated as nodes for constructing the graph. The BOLD time series

were extracted from each voxel within each node and averaged, resulting in 131 time series

points for each participant.

Computational Modeling of Functional Brain Networks and Graph Construction

A graph analysis approach was used to study segregation and integration in large-scale brainIntegration in brain connectivity:
A global coordinative coupling of
functionally distinct brain regions.

networks (Reijneveld, Ponten, Berendse, & Stam, 2007). The adjacency matrix for each func-

tional dataset was created by pairwise Pearson’s linear correlation coefficient (Gibbons, 1985)

from the BOLD time series of each participant to represent 131 × 131 weighted connectivity

graph.
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Each correlation matrix was thresholded and converted to a binarized adjacency matrix.

The process of binarizing a connectivity matrix is based on a predefined correlation threshold

(T = 0.05 to 0.5, with steps of 0.05):

Aij =

{

1, i f correlation matrices > prede f ined correlation threshold

0, others
,

where Aij is a binarized network (van Wijk, Stam, & Daffertshofer, 2010). There is no defini-

tive method for selecting optimal thresholds; hence, it is customary to use a range of possible

thresholds over a broad range of values to test for consistency of the results. Threshold values

higher than 0.5 carry the risk of overestimation because of noisy, weak, or physiologically in-

significant connections. Stringent thresholds, on the other hand, can fragment the networks

into a collection of smaller networks that lead to overlooking correlations of functional impor-

tance and misrepresenting the graph structure.

We considered brain regions as nodes (vi), and their pairwise connection (edges) represents

the relationship between the brain regions (Smith, 2012; Smith et al., 2013). The node is typi-

cally considered as brain regions (parcellations of the brain into regions) and edges represent

the connection pathway between different regions. Here the graph was described by a bina-

rized connectivity matrix Aij with entries aij = 1 when there is a connection from node i to

node j, and aij = 0 if the connection is below the predefined correlation thresholds. A net-

work of brain regions consists of a defined set of nodes, which are linked to each other through

edges.

After defining the fMRI correlation matrix, graph theory concepts were used to quantify

functional networks of the brain. Thus, the Brain Connectivity Toolbox and custom codes were

implemented in MATLAB (Avena-Koenigsberger, Misic, & Sporns, 2018; Rubinov & Sporns,

2010).

Brain network analysis. The relations between nodes and edges in a graph determine the

topology of the functional brain networks through a broad array of measures that probe lo-

cal and global aspects of network organization and the balance between them (Rubinov &

Sporns, 2010). The main advantage of using this technique is that it summarizes information

from dense and high-dimensional functional connectivity data into single values of network

characteristics representing the network. These values capture the extent of segregation and

integration that are indicators of balance between cost and efficiency. When mapped to brain

regions, graph metrics offer useful information about overall connectivity of nodes and prop-

erties of the subnetwork in which they reside. Here we focused primarily on metrics that have

been previously demonstrated to predict individual differences in how much pain changed in

response to changes in treatment expectations (Hashmi et al., 2014).

These metrics are indicators of the number of modules (modularity), the extent of con-

nectedness within neighbors (clustering coefficient and local efficiency), hub strength (degreeHub:
A node that has a disproportionately
high number of node connections
relative to other nodes.

centrality), presence of short paths in the global network and how well the graph is connected

globally (global efficiency), and system segregation. These metrics are described in detail in

the following sections:

Clustering coefficient: It is a measure of the amount of clustering in the network. It is the frac-

tion of triangles around a node. The local clustering coefficient in the neighborhood of node

vi is defined as the ratio of actual and maximum possible edges in the graph Gi (Fagiolo, 2007;

van den Heuvel & Pol, 2010; Watts & Strogatz, 1998).
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C =
1

n ∑i∈N
Ci =

1

n ∑i∈N

2Li

ki (ki − 1)
.

Based on the formula, Ci is the clustering coefficient of node i, Ki is the degree of node i,

Li is the number of triangles around node i, and N is the set of all nodes in the network.

Global and local efficiencies: Global efficiency (E(G)) is a measure of the network’s ca-

pacity for parallel information transfer between nodes through multiple series of edges. The

average global efficiency of information transfer between the graph G having N nodes can be

calculated from the inverse of the path length Lij (the edge distances from region i to all other

regions j in the network; Latora & Marchiori, 2001):

Eglob = E(G) =
1

n (n − 1) ∑i 6=j∈G

1

Lij
.

Local efficiency for each node vi is a measure that assesses how efficiently a node can

exchange information within its locally connected regions when node vi is removed. If the

subgraph of all neighbors of vi is denoted by Gi, then its local efficiency is approximately

equivalent to the clustering coefficient Ci (Achard & Bullmore, 2007).

Eloc =
1

n ∑vi∈G
E (Gi).

Modularity: Modularity is a measure that describes a set of interconnected subnetworks (mod-

ules). A module is a set of densely interconnected nodes that work together and is connected

sparsely to the rest of the network (Sporns & Betzel, 2016). Modularity was calculated using

the Louvain method for community detection.

Q =
1

2m ∑i,j

[

Aij −
kikj

2m

]

d
(

ci, cj

)

.

The network is partitioned into a set of nonoverlapping modules m (total number of modules)

defined as following the formula that Aij represents the weights (0 or 1 in the case of binary

network) of all edges between two nodes (i and j) and Ki = ∑j A
ij
is the sum of the weight

of edges attached to node i, ci is the community to which node i is belongs, the δ-function

δ
(

ci, cj

)

is 1 if i = j and 0 otherwise m = 1/2 ∑ij Aij (Blondel, Guillaume, Lambiotte, &

Lefebvre, 2008). The algorithm was tested with 150 repetitions and the resulting mean of Q

values was calculated. Since modularity was not related to adherence, network partitions and

membership were not explored further.

Hub analysis and canonical resting-state network analysis: For hub analysis, we correlated de-

gree (a measure of hubness) with adherence in order to test whether connectivity of particular

brain nodes was important for practice.

Node hubness was measured as degree centrality (Di); degree centrality is defined as the

number of connections from the node of interest to other nodes of the network.

Di = ∑j∈G
aij,

where aij is the ith row and jth column edge of connectivity matrix Aij. For an individual

node, the degree is equal to the number of edges connected to that specific node. The value

of degree reflects how important a node is in the brain network. This process is useful in

identifying highly connected nodes such as hubs that may play a critical role in information
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integration. In graph analysis, network hubs are defined as highly connected nodes (nodes with

high degree within a network neighborhood; van den Heuvel & Sporns, 2013). Values were

computed for different sparsity thresholds, and only those regions that showed a consistent

statistical significance after correction for multiple comparisons (false discovery rate, FDR) for

at least three thresholds are presented.

To describe the brain subnetworks involved in predicting adherence to the two different

programs, we observed whether the significant nodes for degree and clustering coefficient

belonged to specific subnetworks for the meditation or creative writing groups. In addition,

we also assessed the network in which the most nodes predicted adherence in all subjects

pooled together, that is, irrespective of the type of training. Towards this goal, 131 parcelled

brain regions were classified into five known resting-state networks: (a) subcortical, (b) sensory,

(c) default mode, (d) attention/executive, and (e) language/memory, using the tool Neurosynth

as described previously (Hashmi et al., 2017).

System segregation for known resting-state networks: The calculation for system segregation

between brain subnetworks was mathematically analogous to the one used previous by Cohen

and D’Esposito (2016), except that the connections within subnetworks and between subnet-

works are normalized by the total possible number of connections within and between sub-

networks using the following formula:

Binarized system segregation =
z̄binw

− z̄binb

z̄binw

.

Rather than the mean connectivity within a subnetwork, z̄binw
is the number of connections

within a subnetwork, normalized by the total number of possible connections within that sub-

network. This value was then averaged for all subnetworks. Similarly, z̄binb
is the number

of connections between different subnetworks, normalized by the total number of possible

connections between subnetworks.

To identify subnetworks, nodes were sorted into five known subnetworks (subcortical, de-

fault mode, sensory, attention/executive, and language/memory), as described in the preced-

ing section, to produce affiliation vectors that identified each node’s subnetwork and that were

used for the system segregation calculations.

Statistical Analysis

Adherence criteria. We defined them by the number of total homework assignments com-

pleted (total 20 assignments; see the Training Programs section) as well as attendance in online

instruction classes (total 4 sessions).

Predicting adherence. First we used permutation tests to establish the correlation between

hubness (degree centrality) and clustering coefficients at each node. The p values were cor-

rected for multiple comparisons by using FDR set at 0.05 for all threshold values. To find limit

analyses to the robustly significant nodes, only nodes that survived after FDR correction at the

range of 0.05 to 0.5 in 0.05-increment-tested thresholds were selected.

To compute global metrics, nodal properties (clustering coefficients, local efficiency) were

averaged over all nodes, and global metrics such as global efficiency and network segregation

were correlated with adherence measures at different sparsity thresholds. The correlation be-

tween adherence measures and nodal graph properties are described in the Hub Analysis and

Canonical Resting-State Network Analysis section above.
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Each of these measures was tested for its relation with adherence (homework assignments

completed and attendance) with 1,000 permutations either in all participants, or separately

for the mindfulness group or creative writing group. The number of independent tests was

corrected for all graph measures and all tests were thresholded using FDR for each condition

and as reported before.

Machine Learning–Based Prediction of Adherence

Machine learning was used to predict adherence to the mental training programs. Data-driven

prediction may indicate the most probable behavior expected from a person. The basic as-

sumption used is that fMRI signals taken from a human’s brain exhibit a spatial pattern that

contains information about an individual’s behavioral states.

Classifying adherence with brain network organization measures: We used the nodal mea-

sures since these measures were most strongly predictive of adherence (clustering coefficient

and degree centrality). Among the 131 nodes, we used only the significant nodes listed in

Tables 3 and 4. Our criteria were guided by previous recommendations as our features for the

machine learning model (Bzdok, Krzywinski, & Altman, 2017).

For this approach, we applied four different classifiers: random forest, AdaBoost (Adaptive

Boosting), decision tree, and Naïve Bayes. Random forest and AdaBoost are among fre-

quently used classifiers that discriminate between classes using ensembles of atomic classifiers

(J. C. W. Chan & Paelinckx, 2008). A random forest classifier (Breiman, 2001) includes several

decision trees randomly built from provided features; this classifier works based on a consen-

sus between its trees. AdaBoost classifier (Freund & Schapire, 1996) focuses on classification

problems and attempts to convert a set of weak classifiers into a strong one. A decision tree is

a graph that classifies the data by using a tree-like model to illustrate every possible outcome

of a decision (Quinlan, 1986). The Naïve Bayes classifier (Rish, 2001) assumes that the effect

of a feature on given class is independent (naïve assumption) of the values of other features.

Considering classification under a low-data regime, a lower number of features are desirable to

learn a simpler model that does not overfit to the scarce data. We selected the most important

features for each classifier using the greedy method.

We used backward elimination to prune features as described in Horst andMacewan (1960).Backward elimination:
The process of iteratively removing
irrelevant features. It begins with the
full set of features, and in each
iteration a feature is removed.

It starts evaluation using all features and eliminates the ones that are less impactful on the per-

formance of a random forest classifier consisting of 100 trees.

The classification is done in a binary setup, with individuals who completed their homework

more than 10 times falling into one class (high) and the rest considered as the other class (low).

A quarter of participants were randomly selected and separated as the hold-out set in a stratified

order. Using the rest of the data, classifiers are trained using leave-one-out cross-validation

(LOOCV) repeated with five different seeds. The 20 scores acquired for each classifier were

averaged and reported with 95% confidence. Finally, the trained classifiers were tested on the

held-out set.

Since data acquisition in human neuroimaging studies is costly, the number of total partic-

ipants is generally limited. Also, by removing a part of data for the held-out set, the number of

training data will be reduced and the risk of underfitting will be increased. Thus, generaliza-

tion ability that is afflicted by the small number of train and test sample sizes can be improved

Generalization:
A machine learning (ML)–related
term that refers to how accurately a
trained ML algorithm can predict
data that were not used in training,
or “unseen” data.

by verifying the classifier’s accuracy with a cross-validation procedure (Kohavi, 1995). One of

the frequently used methods in such a situation is k-fold cross-validation (k-fold CV; Bengio &

Grandvalet, 2004).
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In k-fold CV, the training sample data are divided into k-folds as equally as possible. Since

the sample size is small, we used leave-one-out cross-validation (Patel, Khalaf, & Aizenstein,

2016). The LOOCV strategy is the spatial case of k-fold CV, where k is equal to the training

sample size for estimating the prediction performance (Hastie, Tibshirani, & Friedman, 2013).

In each cross-validation trial, one sample was left out for the test, the remaining samples were

used for fitting the classifier, and the fitted classifier was employed to predict the left-out sam-

ple. This process was repeated for all training sample size.

The receiver operating characteristic (ROC) method was used to assess the performance and

efficacy of classifiers on classification model (Fernandez-Lozano et al., 2015). ROC curves

were generated based on the true positive (TP, sensitivity) rate versus false positive (FP) rate

(Ragab, Noaman, Al-Ghamdi, &Madbouly, 2014). For estimating the reliability of eachmethod,

we used the area under the ROC curve (AUC) as a score. The AUC score is between 0 and

1, and a perfect classifier will achieve an AUC of 1 (Stewart, Nuthmann, & Sanguinetti, 2014).

RESULTS

Demographic Distribution and Level of Adherence

Descriptive information showing the demographic and baseline characteristic of participants

in all participants pooled together, and the creative writing and mindfulness as subgroups

separately are shown in Table 1.

On assessing the variability in adherence, we found that homework (mean = 9.92 assign-

ments, SD = 5.796) and class attendance (mean = 2.92 sessions, SD = 0.91) varied significantly

between participants and were normally distributed. The number of homework assignments

completed ranged from aminimum of 1 to a maximum of 20 out of a total number of 4 classes.

There was no significant difference in classes attended or homework assignment between

participants randomized to meditation or creative writing groups (corrected p value ≤ 0.05,

t tests).

To examine whether demographic factors (sex and age) have influenceon adherence criteria,

we used multivariate analysis of variance (MANOVA). The MANOVA was conducted with age

and sex (male and female) as factors and using adherence criteria (attendance and total home-

work) as dependent variables. There was no statistically significant difference for demographic

factors. Also, post hoc comparisons of demographic factors were insignificant for attendance

and total homework.

Table 1. Demographic and baseline characteristics of participants. A total of 51 participants were
randomly separated into two types of mental training programs: a meditation group (n = 29) or a
creative writing program (n = 22).

All participants Creative writing Meditation

Parameters (N = 51) (n = 22) (n = 29)

Age (years) 18–48 18–48 19–48

Total homework 1–20 1–18 1–20

Attendance 1–4 1–4 1–4

Sex F = 35, M = 16 F = 16, M = 6 F = 19, M = 10

Years of education 12–22 13–20.5 12–22
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Figure 2. Predicting adherence based on regional connectivity. (A) Spatial pattern of the brain
connection for all participants pooled together, creative writing and meditation groups plotted dur-
ing resting-state fMRI acquisition based on relationship between graph properties and homework.
Glass brain images are showing regions (circles) in which graph metrics significantly predicted ad-
herence. The red lines represent edges (connections) between the significant nodes at threshold
(T = 0.35). The top red-colored glass brains represent clustering connections; the middle ones are
based on local efficiency; and the blue-colored glass brains are based on spatial distribution and
connectivity pattern of homework adherence and hubness as degree centrality. (B) The complete
parcellation scheme consisted of 131 regions that mapped to five resting-state networks listed in
the legend. The circles represent the regions of the brain that were predictive for each group. Over-
lapped circles indicate that the region was significant for both groups. (C) The bar graph represents
the sum of nodes available for all participants, creative writing, and meditation groups based on the
five known resting-state brain networks.

Role of Regional Network Organization in Predicting Adherence

First, to test whether optimizations in connectivity (clustering coefficient and local efficiency)

observed in intrinsic networks predict individual variability in adherence, nodewise metrics

were correlated with the total number of home practice assignments using a permutation test

corrected for multiple comparisons. Both local efficiency and clustering were significant pre-

dictors of practice showing similar results. There was significant spatial overlap between these

metrics, with a few variations (See Figure 2A/red and Table 2).

Second, to identify the nodes that contributed to predicting adherence and determining

whether they were specific to the type of practice, we identified the nodes that showed a
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Table 2. Brain regions that predict adherence to practice (total homework) based on clustering coefficients, local efficiency, and degree
centrality. (Statistical significance is based on permutation test calculated at corrected p value = 0.05 and also corrected for multiple com-
parisons.) Shown are regions based on the optimized Harvard-Oxford atlas, along with abbreviations and x, y, z MNI coordinates based on
center of mass followed by Pearson R values and permuted corrected p values.

Regions Abbreviations x y z r p

Clustering coefficient:

All participants

Caudal anterior cingulate left ACCc_L −4 40 −2 0.3223 0.031

Caudal anterior cingulate right ACCc_R 4 40 −2 0.2778 0.046

Cingulate gyrus, posterior division left Cingp_L −4 −38 32 0.3101 0.024

Dorsal medial prefrontal cortex, anterior division left dMPFCa_L −4 50 28 0.3319 0.018

Dorsal medial prefrontal cortex, anterior division right dMPFCa_R 4 50 28 0.3168 0.023

Frontal pole right FP_R 30 54 20 0.3124 0.022

Posterior insula left INSp_L −38 −14 8 0.3036 0.027

Inferior temporal gyrus, anterior division left ITGa_L −50 −6 −40 0.3176 0.023

Inferior temporal gyrus, anterior division right ITGa_R 50 −6 −40 0.3129 0.023

Inferior temporal gyrus, posterior division left ITGp_L −56 −32 −24 0.3589 0.009

Lateral occipital cortex, inferior division right LOcci_R 48 −78 −2 0.3632 0.015

Lateral occipital cortex, superior division left LOccs_L −40 −78 34 0.3033 0.031

Medial prefrontal cortex left MPFC_L −6 60 8 0.2925 0.038

Medial prefrontal cortex right MPFC_R 6 60 8 0.309 0.025

Middle temporal gyrus, anterior division right MTGa_R 58 −2 −22 0.3746 0.007

Middle temporal gyrus, posterior division left MTGp_L −62 −22 −18 0.3676 0.008

Nucleus accumbens right NAc_R 10 10 −8 −0.4049 0.003

Occipital fusiform gyrus left OccFG_L −28 −76 −14 0.434 0.002

Occipital fusiform gyrus right OccFG_R 28 −76 −14 0.3637 0.01

Temporal occipital fusiform cortex right TOF_R 34 −54 −16 0.4508 0.002

Ventral medial prefrontal cortex left vMPFC_L −4 50 −20 0.2979 0.04

Ventral medial prefrontal cortex right vMPFC_R 4 50 −20 0.3649 0.01

Meditation

Caudal anterior cingulate left ACCc_L −4 40 −2 0.6899 9.99E-04

Caudal anterior cingulate right ACCc_R 4 40 −2 0.683 0.002

Rostral anterior cingulate left ACCr_L −4 38 18 0.4839 0.013

Rostral anterior cingulate mid posterior right ACCcrm_R 6 18 34 0.3898 0.048

Rostral anterior cingulate posterior right ACCrp_R 4 22 20 0.3747 0.047

Rostral anterior cingulate right ACCr_R 4 38 18 0.4755 0.016

Amygdala left Amyg_L −24 −4 −18 −0.4271 0.021

Cingulate gyrus, posterior division left Cingp_L −4 −38 32 0.4557 0.017

Dorsal anterior insula right dINSa_R 32 20 0 0.4851 0.007

Frontal operculum cortex right Fop_R 40 20 4 0.5316 0.003

Inferior frontal gyrus, pars opercularis right IFGpo_R 54 14 16 0.4221 0.016

Inferior temporal gyrus, anterior division right ITGa_R 50 −6 −40 0.4725 0.016

Lingual gyrus left Ling_L −10 −68 −2 0.4461 0.019

Medial prefrontal cortex left MPFC_L −6 60 8 0.3772 0.049
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Table 2. Continued

Regions Abbreviations x y z r p

Meditation

Medial prefrontal cortex right MPFC_R 6 60 8 0.4389 0.025

Middle temporal gyrus, posterior division left MTGp_L −62 −22 −18 0.4236 0.037

Occipital fusiform gyrus left OccFG_L −28 −76 −14 0.4572 0.009

Occipital fusiform gyrus right OccFG_R 28 −76 −14 0.4859 0.011

Occipital pole left OccP_L −8 −100 6 0.58 9.99E-04

Occipital pole right OccP_R 8 −100 6 0.5708 0.003

Orbito frontal pole right OFP_R 32 58 −6 0.4461 0.015

Ventral anterior insula right vINSa_R 36 10 −14 0.451 0.011

Ventral medial prefrontal cortex left vMPFC_L −4 50 −20 0.5291 0.004

Ventral medial prefrontal cortex right vMPFC_R 4 50 −20 0.4445 0.018

Creative writing

Inferior temporal gyrus, posterior division right ITGp_R 56 −32 −24 0.4892 0.022

Lateral occipital cortex, superior division left LOccs_L −40 −78 34 0.4915 0.021

Orbito frontal pole left OFP_L −32 58 −6 0.5723 0.009

Local efficiency:

All participants

Caudal anterior cingulate left ACCc_L −4 40 −2 0.3629 0.01

Caudal anterior cingulate right ACCc_R 4 40 −2 0.3366 0.014

Cingulate gyrus, posterior division left Cingp_L −4 −38 32 0.3025 0.036

Dorsal medial prefrontal cortex, anterior division left dMPFCa_L −4 50 28 0.4052 0.005

Dorsal medial prefrontal cortex, anterior division right dMPFCa_R 4 50 28 0.3126 0.036

Posterior insula left INSp_L −38 −14 8 0.3239 0.016

Inferior temporal gyrus, anterior division left ITGa_L −50 −6 −40 0.3396 0.019

Inferior temporal gyrus, anterior division right ITGa_R 50 −6 −40 0.3065 0.037

Inferior temporal gyrus, posterior division left ITGp_L −56 −32 −24 0.3124 0.027

Lateral occipital cortex, inferior division right LOcci_R 48 −78 −2 0.3312 0.017

Lateral occipital cortex, superior division left LOccs_L −40 −78 34 0.306 0.032

Medial prefrontal cortex left MPFC_L −6 60 8 0.3407 0.017

Middle temporal gyrus, anterior division right MTGa_R 58 −2 −22 0.3092 0.031

Middle temporal gyrus, posterior division left MTGp_L −62 −22 −18 0.4472 9.99E-04

Nucleus accumbens right NAc_R 10 10 −8 −0.3448 0.02

Occipital fusiform gyrus left OccFG_L −28 −76 −14 0.3833 0.002

Occipital fusiform gyrus right OccFG_R 28 −76 −14 0.3642 0.015

Orbito frontal pole left OFP_L −32 58 −6 0.2855 0.038

Temporal occipital fusiform cortex right TOF_R 34 −54 −16 0.4256 9.99E-04

Ventral medial prefrontal cortex left vMPFC_L −4 50 −20 0.303 0.035

Ventral medial prefrontal cortex right vMPFC_R 4 50 −20 0.2905 0.037

Meditation

Caudal anterior cingulate left ACCc_L −4 40 −2 0.6899 9.99E-04

Caudal anterior cingulate right ACCc_R 4 40 −2 0.683 9.99E-04

Rostral anterior cingulate left ACCr_L −4 38 18 0.4839 0.007
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Table 2. Continued

Regions Abbreviations x y z r p

Meditation

Rostral anterior cingulate mid posterior right ACCcrm_R 6 18 34 0.4219 0.021

Rostral anterior cingulate posterior right ACCrp_R 4 22 20 0.4226 0.016

Rostral anterior cingulate right ACCr_R 4 38 18 0.4755 0.008

Amygdala left Amyg_L −24 −4 −18 −0.4458 0.022

Cingulate gyrus, posterior division left Cingp_L −4 −38 32 0.4481 0.014

Frontal operculum cortex right Fop_R 40 20 4 0.5387 0.002

Inferior frontal gyrus, pars opercularis right IFGpo_R 54 14 16 0.394 0.044

Posterior insula right INSp_R 38 −14 8 −0.3792 0.044

Inferior temporal gyrus, anterior division right ITGa_R 50 −6 −40 0.4701 0.011

Lingual gyrus left Ling_L −10 −68 −2 0.4728 0.011

Medial prefrontal cortex left MPFC_L −6 60 8 0.4352 0.014

Medial prefrontal cortex right MPFC_R 6 60 8 0.5325 0.003

Middle temporal gyrus, anterior division left MTGa_L −58 −2 −22 0.475 0.008

Middle temporal gyrus, posterior division left MTGp_L −62 −22 −18 0.5004 0.006

Occipital fusiform gyrus left OccFG_L −28 −76 −14 0.4528 0.014

Occipital fusiform gyrus right OccFG_R 28 −76 −14 0.409 0.026

Occipital pole left OccP_L −8 −100 6 0.6165 0.002

Occipital pole right OccP_R 8 −100 6 0.5689 0.002

Orbito frontal pole right OFP_R 32 58 −6 0.4424 0.016

Ventral anterior insula right vINSa_R 36 10 −14 0.4518 0.016

Ventral medial prefrontal cortex left vMPFC_L −4 50 −20 0.4663 0.013

Ventral medial prefrontal cortex right vMPFC_R 4 50 −20 0.4817 0.014

Creative writing

Inferior temporal gyrus, posterior division right ITGp_R 56 −32 −24 0.5137 0.009

Orbito frontal pole left OFP_L −32 58 −6 0.4847 0.025

Degree centrality:

All participants

Rostral anterior cingulate right ACCr_R 4 38 18 0.2918 0.038

Amygdala right Amyg_R 24 −4 −18 −0.3268 0.019

Angular gyrus left Ang_L −54 −56 26 0.277 0.045

Cingulate gyrus, posterior division right Cingp_R 4 −38 32 −0.3111 0.028

Frontal orbital cortex left FO_L −40 30 −14 0.3108 0.033

Frontal pole right FP_R 30 54 20 0.2874 0.043

Globus pallidus left GP_L −16 −2 −2 −0.2883 0.037

Globus pallidus right GP_R 16 −2 −2 −0.3767 0.008

Heschls gyrus (includes H1 and H2) left He_L −48 −18 6 −0.2632 0.05

Posterior insula left INSp_L −38 −14 8 −0.3042 0.04

Medial prefrontal cortex left MPFC_L −6 60 8 0.2975 0.029

Middle temporal gyrus, posterior division left MTGp_L −62 −22 −18 0.3302 0.019

Orbito frontal pole right OFP_R 32 58 −6 0.2862 0.046

Parahippocampal gyrus, posterior division left pHippp_L −24 −32 −18 −0.3074 0.034

Putamen left Put_L −30 −4 0 −0.3424 0.015
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Table 2. Continued

Regions Abbreviations x y z r p

Degree centrality:

All participants

Putamen right Put_R 30 −4 0 −0.3353 0.022

Temporal fusiform cortex, posterior division left TFCp_L −36 −16 −32 −0.3022 0.038

Thalamus right Thal_R 10 −18 8 −0.3524 0.014

Meditation

Rostral anterior cingulate left ACCr_L −4 38 18 0.6394 0.001

Rostral anterior cingulate posterior left ACCrp_L −4 22 20 0.5768 0.002

Rostral anterior cingulate posterior right ACCrp_R 4 22 20 0.455 0.011

Rostral anterior cingulate right ACCr_R 4 38 18 0.6948 0.001

Central opercular cortex right Cop_R 48 −4 8 −0.4922 0.01

Dorsal medial prefrontal cortex, anterior division left dMPFCa_L −4 50 28 0.4904 0.008

Dorsal medial prefrontal cortex, anterior division right dMPFCa_R 4 50 28 0.5203 0.005

Dorsal medial prefrontal cortex, posterior division left dMPFCp_L −4 26 48 0.3831 0.042

Frontal orbital cortex left FO_L −40 30 −14 0.4285 0.019

Heschls gyrus (includes H1 and H2) left He_L −48 −18 6 −0.4489 0.02

Middle insula right INSm_R 40 −2 −2 −0.5326 0.006

Posterior insula left INSp_L −38 −14 8 −0.3825 0.03

Posterior insula right INSp_R 38 −14 8 −0.3784 0.041

Lateral occipital cortex, inferior division left LOcci_L −48 −78 −2 −0.4794 0.008

Lateral occipital cortex, inferior division right LOcci_R 48 −78 −2 −0.372 0.042

Medial prefrontal cortex left MPFC_L −6 60 8 0.5845 0.002

Medial prefrontal cortex right MPFC_R 6 60 8 0.5837 0.003

Middle temporal gyrus, posterior division left MTGp_L −62 −22 −18 0.3702 0.048

Occipital fusiform gyrus left OccFG_L −28 −76 −14 −0.386 0.039

Planum temporale left PlT_L −60 −22 8 −0.4071 0.018

Planum temporale right PlT_R 60 −22 8 −0.377 0.03

Parietal operculum cortex left Pop_L −48 −32 20 −0.5165 0.005

Parietal operculum cortex right Pop_R 48 −32 20 −0.4545 0.014

Precentral gyrus left PreC_L −44 −8 52 −0.3989 0.037

Temporal fusiform cortex, posterior division left TFCp_L −36 −16 −32 −0.4772 0.008

Thalamus right Thal_R 10 −18 8 −0.4081 0.034

Temporal occipital fusiform cortex right TOF_R 34 −54 −16 −0.4639 0.009

Creative writing

Frontal pole right FP_R 30 54 20 0.4576 0.033

Putamen left Put_L −30 −4 0 −0.4631 0.03

Putamen right Put_R 30 −4 0 −0.4543 0.027

Superior frontal gyrus right SFG_R 22 22 54 0.4365 0.048

Superior temporal gyrus, anterior division left STGa_L −58 −4 −6 −0.4434 0.039
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significant relation between connectivity (degree) and adherence (total hours of practice) and

subsequently mapped their affiliations to known resting-state networks. The connectivity of

several nodes (degree) was predictive of the number of times participants practiced at home

(Figure 2A/blue). However, there were clear differences in nodal affiliation in the three groups

(Figure 2C). As shown in Figure 2B, nodes that predicted adherence to meditation practice

were predominantly affiliated with brain regions within the default mode network, monitoring

and sensory regions such as the anterior cingulate and anterior insula. In contrast, only a

few regions significantly predicted adherence to creative writing. The creative writing practice

was predicted by only a few nodes in subcortical, attention, and language/memory networks.

For all participants combined, there was a clear affiliation of predictive nodes with regions

in subcortical areas. The significant nodes overlapped between the groups in a few regions,

which for the most part belonged to different regions. For detailed names and strength of

correlations (R and corrected p values), see Table 2.

Predicting Adherence With Globally Integrated Graph Measures

At this stage, instead of nodewise metrics, we used globally integrated measures of network

integration (mean clustering coefficients, mean local efficiency, and modularity) and segrega-

tion (global efficiency) to investigate whether these measures can be used to predict adherence

(based on the total number of home practice assignments measured at corrected p value ≤

0.05). The relationship of these integrated values was consistent across domains.

Higher clustering coefficients and local efficiency predicted higher levels of adherence

(Figure 3A, Table 3) when results were pooled for the two groups when measured at a range of

network sparsity thresholds (T = 0.05 to 0.5, corrected p value ≤ 0.05); the results were signif-

icant after correction of multiple comparisons. In contrast, a lower global efficiency and high

system segregation was a significant predictor of more hours spent practicing. Permutation

tests using optimized Harvard-Oxford parcellation in networks held at 10 different thresholds

(T = 0.05 to 0.5) corrected at p value ≤ 0.05 showed consistent results. The results for the sub-

group that practiced meditation were similar to those of all subjects pooled together. However,

the number of practice sessions by the creative writing group was predicted primarily by the

measure of integration (global efficiency) and was less robust relative to the meditation groups

or the all-participants group.

Predicting Attendance of Instructional Classes as a Second Domain of Adherence

As a further confirmation of the link between brain network organization and adherence, the

network measures used for predicting hours spent at practice were also used to predict atten-

dance at instructional classes.

Attendance compliance showed a similar pattern as homework practice compliance for

all participants pooled together and was predicted positively by the measures of segregation

and negatively by the measure of integration. Results from the creative writing group were

significant at a range of network sparsity thresholds (0.05–0.5, corrected p value ≤ 0.05), but

the subgroup that practiced meditation did not show any significant results (Figure 3B, Table 4).

Significant correlations with framewise displacement could not be detected for any of the brain

measures or behavioral variables predicted by the brain measures (p < 0.05, uncorrected).

Predicting Adherence to Behavioral Practice Using Machine Learning

We compared different classifiers (random forest, AdaBoost, decision tree, and Naïve Bayes) to

classify and predict participants’ ability to adhere to the behavioral training practice. For this
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Figure 3. Scatterplots of the relationships between graph metrics and adherence criteria (for the
correlation observed at threshold, T = 0.35) corrected at p value ≤ 0.05. (A) Based on total home-
work, for results pooled from all participants together and separately for the meditation group.
(B) Based on attendance, for results pooled from all participants and separately for creative writing
group. Higher clustering and local efficiency and less integration (global efficiency) and high system
segregation (not shown; see Table 3) in brain connectivity in resting-state fMRI predicted adherence.
The shaded area shows confidence interval.

purpose, we separated individuals into two groups based on the number of practice hours (less

than 10 assignments defined as low homework). Determining the level of adherence to be-

havioral training courses was defined as a binary (high/low homework) classification problem.

Backward elimination method was used to reduce the number of preexisting features and to

reduce the dimensionality of the model.
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Table 3. Prediction of adherence based on graph properties averaged from the entire network. The
Pearson correlation with 1,000-permutation test was calculated in 10 thresholds (T = 0.05 to 0.5
with steps of 0.05); correlation between the segregation and integration measures of graph theory
and the total number of completed homework assignments measured at corrected p value ≤ 0.05.
Only the p values that remained significant after correction for multiple comparisons at a false
discovery rate (FDR) of 0.05 were considered.

Group Threshold R value Corrected p value Q value
All participants Mean clustering coefficient

0.35 0.2853 0.039 0.006
0.4 0.2919 0.039 0.006
0.45 0.2983 0.033 0.006
0.5 0.299 0.039 0.006
Global efficiency
0.35 −0.2936 0.037 0.006
0.4 −0.3268 0.015 0.006
0.45 −0.3717 0.005 0.006
0.5 −0.321 0.02 0.006
Mean local efficiency
0.3 0.2884 0.038 0.006
0.35 0.2929 0.034 0.006
0.4 0.2973 0.033 0.006
0.45 0.2985 0.035 0.006
0.5 0.2981 0.038 0.006
System segregation
0.1 0.331 0.018 0.006
0.15 0.330 0.019 0.006
0.2 0.360 0.010 0.006
0.25 0.373 0.007 0.006
0.3 0.394 0.004 0.006
0.35 0.391 0.005 0.006
0.4 0.386 0.005 0.006
0.45 0.380 0.006 0.006
0.5 0.370 0.007 0.006

Meditation Mean clustering coefficient
0.25 0.3827 0.048 0.0308
0.3 0.4351 0.018 0.0308
0.35 0.4074 0.03 0.0308
0.4 0.387 0.042 0.0308
Global efficiency
0.3 −0.3736 0.039 0.0308
0.35 −0.3986 0.043 0.0308
0.4 −0.3809 0.031 0.0308
0.45 −0.3497 0.046 0.0308
Mean local efficiency
0.25 0.3958 0.034 0.0308
0.3 0.4675 0.014 0.0308
0.35 0.4181 0.027 0.0308
0.4 0.3909 0.043 0.0308
System segregation
0.2 0.381 0.042 0.0308
0.25 0.402 0.031 0.0308
0.3 0.415 0.025 0.0308
0.35 0.413 0.026 0.0308
0.4 0.415 0.025 0.0308
0.45 0.412 0.026 0.0308
0.5 0.409 0.028 0.0308

Creative writing Global efficiency
0.45 −0.4577 0.023 0.0137
0.5 −0.4966 0.019 0.0137
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Table 4. Calculating the correlation between the segregation and integration measures of graph
theory and class attendance based on Pearson correlation with 1,000-permutation test in 10 thresh-
olds (T = 0.05 to 0.5 with steps of 0.05) corrected at p value ≤ 0.05. The results that remained
significant after correction for multiple comparisons at a false discovery rate (FDR) of 0.05 were
considered.

Group Threshold R value Corrected p value Q value
All participants Mean clustering coefficient

0.25 0.2938 0.041 0.0076
0.3 0.315 0.027 0.0055
0.35 0.3261 0.023 0.0052
0.4 0.3208 0.022 0.0052
0.45 0.322 0.02 0.0052
0.5 0.3226 0.018 0.0052
Global efficiency
0.1 −0.286 0.049 0.0078
0.15 −0.3264 0.022 0.0052
0.2 −0.3576 0.012 0.0052
0.25 −0.3562 0.011 0.0052
0.3 −0.3273 0.021 0.0052
0.35 −0.3282 0.022 0.0052
0.4 −0.331 0.021 0.0052
0.45 −0.341 0.02 0.0052
0.5 −0.2815 0.046 0.0077
Mean local efficiency
0.3 0.2856 0.043 0.0076
0.35 0.3104 0.028 0.0055
0.4 0.317 0.021 0.0052
0.45 0.3192 0.017 0.0052
0.5 0.321 0.017 0.0052

Creative writing Mean clustering coefficient
0.25 0.4972 0.024 0.0106
0.3 0.5525 0.009 0.006
0.35 0.5681 0.009 0.006
0.4 0.5561 0.009 0.006
0.45 0.5557 0.009 0.006
0.5 0.5424 0.012 0.0067
Global efficiency
0.15 −0.4714 0.03 0.0121
0.2 −0.5771 0.003 0.006
0.25 −0.6175 0.001 0.006
0.3 −0.5408 0.013 0.0067
0.35 −0.5143 0.02 0.0095
0.4 −0.4758 0.031 0.0121
0.45 −0.4466 0.039 0.0137
Mean local efficiency
0.25 0.4622 0.037 0.0137
0.3 0.5352 0.01 0.006
0.35 0.5605 0.008 0.006
0.4 0.5514 0.009 0.006
0.45 0.554 0.01 0.006
0.5 0.542 0.01 0.006

Figure 4B shows visual discrimination between classes (high/low homework) based on the

features that have high influence on adherence in mental training programs. The generalization

of the model to unseen data was tested with a held-out set containing 25% of the whole dataset

(no overlap with training set). Also, the performance of the classifiers was evaluated using

LOOCV. Based on Figure 4D, decision tree was found to generalize better than the other three
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Figure 4. Predicting adherence based on machine learning perspective. (A) Effective features
based on the feature selection method. (B) Regional connectivity measures of the brain selected by
the backward elimination method for predicting adherence. Blue and green points on this figure
represent low and high classes, respectively. (C) ROC curve for four different classifiers for predicting
adherence to mental training programs. As we can see, decision tree shows higher area under curve
(AUC = 0.77) compared with other classifiers. (D) Comparison of the score of different classifiers on
predicting adherence to behavioral training course (prediction based on nodal measures of resting-
state fMRI).

models and is less likely to overfit for adherence classification where it uses features selected

from regional connectivity of resting-state fMRI scans (cross-validation score = 0.82± 0.077%,

test score = 0.76%).

We compute the ROC curves of the machine learning algorithm to visualize the classifiers’

performance. In Figure 4Cwe show the results of the ROC curve. Thecurves show thepredictive

ability for classifiers. The classifier had larger AUC, which implied higher sensitivity and speci-

ficity. We used the area under the ROC curve, AUC, as a performance measure for machine

learning algorithms. We evaluated four machine algorithms (random forest, AdaBoost, deci-

sion tree, and Naïve Bayes) on our hypothesis. The AUC values for all four classifiers are given

as follows: random forest = 0.63, AdaBoost = 0.69, decision tree = 0.77, and Naïve Bayes =

0.70. As observed from the figure, the decision tree classifier (with AUC = 0.77) showed higher

sensitivity and specificity.

DISCUSSION

We investigated whether brain network configurations can predict a person’s ability to adhere

to mental training programs. We report that higher segregation and clustering in resting-state

brain networks measured before training can predict adherence to training. The results were

reproducible and consistent when tested across variables, and the predictive measures were
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demonstrably useful for classification with a machine learning approach. The findings indicate

a functional significance of brain network organization as a factor for participants’ adherence

and engagement in learning newmental skills such as meditation. Support for our investigation

comes from studies by Mascaro et al. (2018) and Mascaro, Rilling, Negi, and Raison (2013),

which show that preexisting brain activation has the capacity to predict future engagement

such as subsequent practice time and class attendance.

Network properties are useful for summarizing and understanding significant functional

connectivity patterns of the brain. Higher optimizations within local networks (clusters) and

the presence of fewer short paths between clusters are indicative of greater independence of

the local network. These properties have already received significant traction in studies on

cognitive functions such as working memory, intelligence, and learning (Arnemann et al.,

2015; Cohen & D’Esposito, 2016; Stevens, Tappon, Garg, & Fair, 2012). In recent years, con-

verging evidence has linked network segregation to learning success, but the exact mental or

mechanistic processes supported by network segregation remain unclear. Several neuroimag-

ing studies have now shown that individual differences in the organization of structural and

functional links in the brain can be predictive of individual differences in performance on dif-

ferent types of training programs designed for improving cognition (Tompson, Falk, Vettel, &

Bassett, 2018). Cognitive gains in executive function after a physical exercise program were

predicted by high modularity in baseline resting state (Baniqued et al., 2018). Improvements

in cognition after a cognitive training program could be predicted based on segregation and

modularity in intrinsic networks observed at baseline (Gallen et al., 2016). Another significant

connection was highlighted in a study by Mattar et al. (2018), in which high independence

between two modules, defined for its role in motor learning observed at baseline, was predic-

tive of better learning performance on a motor task. Taken together with the present findings,

it appears that network segregation and clustering are among the determinants of adherence

to learning.

Another notable link between network clustering and learning was observed where high

clustering predicts learning outcomes not in cognition but in top-down pain relief induced by

expectations: we feel less pain when we expect less pain (Hashmi et al., 2014). Expectations

result from predictions generated from prior conditioning and associative learning. Effects of

this type of learning could be predicted with high clustering in baseline resting-state fMRI

data. The effect was mediated by brain nodes responsible for learning, motivation, emotional

appraisal, and top-down cognition. When observed in lieu of previous findings, the present

evidence directs us to a role of organizational patterns of connections of brain clusters in

some aspect related to motivation to learn (Fagiolo, 2007; van den Heuvel & Pol, 2010; Watts

& Strogatz, 1998), but to remain parsimonious, a clear conclusion is difficult, since the two

factors are closely linked and with the present data, we cannot fully disentangle how these

predictors link with learning relative to the motivation to learn (Fagiolo, 2007; van den Heuvel

& Pol, 2010; Watts & Strogatz, 1998). The fact that the same characteristic that predicts effects

of associative learning on perceived pain can also predict adherence to learning practices is an

indicator that this system may play a central role in motivational aspects of learning. General

personality factors such as compliance (Kripalani, Risser, Gatti, & Jacobson, 2009; Svarstad,

Chewning, Sleath, & Claesson, 1999), suggestibility (Kotov, Bellman, & Watson, 2004), or

openness to new experiences (Costa & McCrae, 1989, 1992) could potentially be related to

such connectivity patterns.

The striatum plays an important role in learning and is linked with motivation (Balleine,

Delgado, & Hikosaka, 2007). We have observed that local connectivity patterns of this re-

gion predict the effects of associative learning (Hashmi et al., 2014) and also adherence in this
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study. Learning requires an active process of participant engagement, and these findings under-

score the fact that an underlying neurobiological capacity facilitates an individual’s capacity

to persist during a training program. Many of the regions that were common in their associa-

tion with adherence, regardless of the type of training prescribed in the two groups, were in

subcortical areas. The globus pallidus and putamen showed a high degree centrality, and the

accumbens showed stronger clustering coefficients in relation to adherence regardless of the

type of practice. Since the striatum and basal ganglia play an important role in learning and

motivation, it is speculated that higher connectivity within their local network neighborhood

is a substrate for optimizing behaviors such as adherence that require motivation (Doyon et al.,

1997; Voorn, Vanderschuren, Groenewegen, Robbins, & Pennartz, 2004). In contrast, nodes

known for their role inmeditation such as the default mode, anterior insula, and somatosensory

cortices showed greater connectivity in individuals who were able to adhere to the meditation

practice (Ives-Deliperi, Solms, & Meintjes, 2011). Furthermore, higher clustering in superior

temporal gyrus and superior frontal gyrus predicted adherence to the practice of writing. These

findings indicate that the capacity to adhere to a given mental exercise benefits from (a) opti-

mized intrinsic connectivity in learning and motivational circuitry and (b) optimized intrinsic

connectivity in regional substrates associated with the prescribed tasks, but these assumptions

require more thorough investigation.

We now know that the idea that cognitive networks that mediate performance of mental

tasks act in similar ways across individuals is a common misconception. Recent evidence

suggests that these networks are not structured identically in every person (Tavor et al., 2016).

Drawing inferences across groups can undermine the uniqueness and dispositional features

that contribute to heterogeneity in how each person engages and responds to task demands.

Functional connectivity profiles show systematic variations between individuals that appear

to draw from past experiences along with developmental and genetic processes. Moreover,

the way functional connections are optimized and segregated differs between individuals dur-

ing brain development and across the life span (M. Y. Chan, Park, Savalia, Petersen, & Wig,

2014; Khan et al., 2018). Like “static” connectivity that represents the time-invariant aspects

of the connectivity structure of the brain, brain networks also show dynamic and time-varying

characteristics, and both are linked with behavior, albeit somewhat differently (Monti et al.,

2014). While this study focused on establishing the link between network segregation in static

networks and behavior, there are other studies that have measured flexibility of time-varying

networks as a function of learning behaviors (Hastie et al., 2013, p. 72). Further research is

needed to establish the mechanistic features of large-scale network dynamics that facilitate

adherence.

The present observations are useful for understanding whether so-called functional net-

works observed with fMRI are important for mental functions. The upshot is that there is a

link between baseline functional network topology and adherence to learning, and we may

be able to use this information for predicting behavior. The large-scale topological properties

that emerge on observing synchronous BOLD activity in spatially distributed regions may be

a useful substrate for observing individual differences in the work space of cognitive decisions

and functions (Kanai & Rees, 2011). Brain networks are self-organized to balance efficiency

and cost by enhancing clustering and optimizing the number of short paths (E. T. Bullmore

& Sporns, 2012). The functional significance of network topology remains unclear, but the

alterations in this balance that occur during brain development (Khan et al., 2018; Power

et al., 2010), in anesthesia (Boveroux et al., 2010; Hashmi et al., 2017), during task perfor-

mance (Stevens et al., 2012), and in brain disorders (Yu et al., 2012) are evidence converging to

suggest that topology has a role in mental function. Thus, the overlap between brain network
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topology and behavior is inconsistent between individuals of the same group and is a further

indicator that we can improve precision and clinical utility of these findings by improving

the resolution of brain behavior relationships through stratification and within-group classifi-

cations of data. Further studies are needed to precisely establish the categories of functions

subserved by segregation measures and to elaborate what behavioral or neural functions are

subserved or represented by network integration. Furthermore, by mapping domain-specific

and domain-general properties to behavior, concise and useful information can be garnered

to understand variations in human behavior such as motivation, cognitive abilities, and task

performance.

To the best of our knowledge, this is the first study that uses brain data for a machine learning

model to predict adherence to a trial. However, there is growing interest in applying machine

learning to neuroimaging analysis to predict behavioral outcome (Doll, Jacobs, Sanfey, & Frank,

2009; Hoeft et al., 2011; Mansson et al., 2015). A common limitation across all neuroimaging

studies is small sample size. For improving generalization ability caused by a small dataset,

a cross-validation method can be used for validating the predictive performance of machine

learning classifiers. Moreover, a large number of features result in a high amount of variance

in machine learning models, which results in overfitting in scarce data. To prevent this, the

backward elimination method was used (Horst & Macewan, 1960) to identify only a robust

feature set.

After parameter optimization through LOOCV, the decision tree classifier achieved high

accuracy in the binary classification problem using nodal measures of resting-state functional

MRI as a classification feature. Moreover, comparing performance of random forest, AdaBoost,

decision tree, and Naïve Bayes algorithms (Fernandez-Delgado, Cernadas, Barro, & Amorim,

2014) allowed us to test the predictive strength that was not reliant on one tool or by chance.

Overall, the classifier’s performance establishes some useful parameters for predicting adher-

ence with resting-state fMRI. We have shown that the classification approach is applicable for

predicting adherence.

CONCLUSIONS

Through this study, we have established that individuals vary in their ability to adhere to learn-

ing new skills and that the variability in brain connectivity may contribute to the ability to

follow through on prescribed behavioral instructions. Thus, even before individuals undergo

training, their brain connectivity patterns are predictive of their capacity to perform the pre-

scribed exercises. This variability in adherence is associated with the extent of clustering and

segregation of brain networks. In light of previous findings, these findings indicate the role of

intrinsic patterns of the brain as a feature of the motivation to learn and, more specifically, as

a conducive indicator of adherence to learning.

SUPPORTING INFORMATION

Supporting information for this article is available at https://doi.org/10.1162/netn_a_00136.

AUTHOR CONTRIBUTIONS

Marzie Saghayi: Conceptualization; Data curation; Formal analysis; Investigation; Metho-

dology; Software; Validation; Visualization; Writing - Original Draft; Writing - Review &

Editing. Jonathan Greenberg: Conceptualization; Data curation; Formal analysis; Resources;

Writing - Review & Editing. Christopher O’Grady: Methodology; Software. Farshid Varno:

Methodology; Resources; Software. Muhammad Ali Hashmi: Formal analysis; Investigation;

Network Neuroscience 551

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/netn_a_00136 by guest on 07 March 2022

https://doi.org/10.1162/netn_a_00136


Brain network topology predicts participant adherence

Methodology; Project administration; Resources; Software; Supervision; Writing - Review &

Editing. Bethany Bracken: Conceptualization; Funding acquisition; Investigation; Project ad-

ministration; Resources; Writing - Review & Editing. Stan Matwin: Conceptualization; Investi-

gation; Project administration; Resources; Software; Supervision; Validation; Writing - Review

& Editing. Sara Lazar: Conceptualization; Data curation; Formal analysis; Funding acquisi-

tion; Investigation; Methodology; Project administration; Resources; Supervision; Validation;

Writing - Review & Editing. Javeria Ali Hashmi: Conceptualization; Data curation; Formal

analysis; Funding acquisition; Investigation; Methodology; Project administration; Resources;

Software; Supervision; Validation; Writing - Original Draft; Writing - Review & Editing.

FUNDING INFORMATION

Javeria Ali Hashmi, Natural Sciences and Engineering Research Council of Canada (http://dx.

doi.org/10.13039/501100002790), Award ID: RGPIN/05684-2016. Sara Lazar, National Insti-

tutes of Health (http://dx.doi.org/10.13039/100000002), Award ID: AG048351. Sara Lazar, In-

telligence Advanced Research Projects Activity (http://dx.doi.org/10.13039/100011039), Award

ID: 2014-13121700006. Javeria Ali Hashmi, Canada Research Chairs (http://dx.doi.org/10.

13039/501100001804), Award ID: 950-231109. Javeria Ali Hashmi, Canadian Foundation

for Innovation (CFI), Award ID: 35702. Javeria Ali Hashmi, CIHR project grant, Award ID:

168878. Javeria Ali Hashmi, Nova Scotia Health Authority Research Fund.

REFERENCES

Achard, S., & Bullmore, E. T. (2007). Efficiency and cost of economi-
cal brain functional networks. PLoS Computational Biology, 3(2),
174–183. https://doi.org/10.1371/journal.pcbi.0030017

Adefolalu, A. O. (2018). Cognitive-behavioural theories and adher-
ence: Application and relevance in antiretroviral therapy. South-
ern African Journal of HIV Medicine, 19(1). https://doi.org/10.
4102/sajhivmed.v19i1.762

Arnemann, K. L., Chen, A. J. W., Novakovic-Agopian, T., Gratton,
C., Nomura, E. M., & D’Esposito, M. (2015). Functional brain
network modularity predicts response to cognitive training after
brain injury. Neurology, 84(15), 1568–1574. https://doi.org/10.
1212/Wnl.0000000000001476

Avena-Koenigsberger, A., Misic, B., & Sporns, O. (2018). Communi-
cation dynamics in complex brain networks. Nature Reviews Neu-
roscience, 19(1), 17–33. https://doi.org/10.1038/nrn.2017.149

Bados, A., Balaguer, G., & Saldana, C. (2007). The efficacy of
cognitive-behavioral threapy and the problem of drop-out. Jour-
nal of Clinical Psychology, 63(6), 585–592. https://doi.org/10.
1002/jclp.20368

Balleine, B. W., Delgado, M. R., & Hikosaka, O. (2007). The role
of the dorsal striatum in reward and decision-making. Journal
of Neuroscience, 27(31), 8161–8165. https://doi.org/10.1523/
Jneurosci.1554-07.2007

Baniqued, P. L., Gallen, C. L., Voss, M.W., Burzynska, A. Z., Wong,
C. N., Cooke, G. E., D’Esposito, M. (2018). Brain network mod-
ularity predicts exercise-related executive function gains in older
adults. Frontiers in Aging Neuroscience, 9, 426.

Bengio, Y., & Grandvalet, Y. (2004). No unbiased estimator of the
variance of K-fold cross-validation. Journal of Machine Learning
Research, 5, 1089–1105.

Blondel, V. D., Guillaume, J. L., Lambiotte, R., & Lefebvre, E.
(2008). Fast unfolding of communities in large networks. Journal
of Statistical Mechanics: Theory and Experiment. https://doi.org/
10.1088/1742-5468/2008/10/P10008

Boveroux, P., Vanhaudenhuyse, A., Bruno, M. A., Noirhomme, Q.,
Lauwick, S., Luxen, A., . . . Boly, M. (2010). Breakdown of
within- and between-network resting state functional magnetic
resonance imaging connectivity during propofol-induced loss of
consciousness. Anesthesiology, 113(5), 1038–1053. https://doi.
org/10.1097/ALN.0b013e3181f697f5

Breiman, L. (2001). Random forests.Machine Learning, 45(1), 5–32.
https://doi.org/10.1023/A:1010933404324

Bullmore, E., & Sporns, O. (2009). Complex brain networks: Graph
theoretical analysis of structural and functional systems. Na-
ture Reviews Neuroscience, 10(4), 186. https://doi.org/10.1038/
nrn2618

Bullmore, E. T., & Sporns, O. (2012). The economy of brain network
organization. Nature Reviews Neuroscience, 13(5), 336–349.
https://doi.org/10.1038/nrn3214

Bzdok, D., Altman, N., & Krzywinski, M. (2018). Statistics versus
machine learning. Nature Methods, 15(4), 233–234. https://doi.
org/10.1038/nmeth.4642

Bzdok, D., Krzywinski, M., & Altman, N. (2017). Machine learn-
ing: A primer. Nature Methods, 14(12), 1119–1120. https://doi.
org/10.1038/nmeth.4526

Cavanagh, K., Strauss, C., Cicconi, F., Griffiths, N., Wyper, A., &
Jones, F. (2013). A randomised controlled trial of a brief on-
line mindfulness-based intervention. Behaviour Research and
Therapy, 51(9), 573–578. https://doi.org/10.1016/j.brat.2013.
06.003

Network Neuroscience 552

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/netn_a_00136 by guest on 07 March 2022

http://dx.doi.org/10.13039/501100002790
http://dx.doi.org/10.13039/501100002790
http://dx.doi.org/10.13039/100000002
http://dx.doi.org/10.13039/100011039
http://dx.doi.org/10.13039/501100001804
http://dx.doi.org/10.13039/501100001804
https://doi.org/10.1371/journal.pcbi.0030017
https://doi.org/10.4102/sajhivmed.v19i1.762
https://doi.org/10.4102/sajhivmed.v19i1.762
https://doi.org/10.1212/Wnl.0000000000001476
https://doi.org/10.1212/Wnl.0000000000001476
https://doi.org/10.1038/nrn.2017.149
https://doi.org/10.1002/jclp.20368
https://doi.org/10.1002/jclp.20368
https://doi.org/10.1523/Jneurosci.1554-07.2007
https://doi.org/10.1523/Jneurosci.1554-07.2007
https://doi.org/10.1088/1742-5468/2008/10/P10008
https://doi.org/10.1088/1742-5468/2008/10/P10008
https://doi.org/10.1097/ALN.0b013e3181f697f5
https://doi.org/10.1097/ALN.0b013e3181f697f5
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1038/nrn2618
https://doi.org/10.1038/nrn2618
https://doi.org/10.1038/nrn3214
https://doi.org/10.1038/nmeth.4642
https://doi.org/10.1038/nmeth.4642
https://doi.org/10.1038/nmeth.4526
https://doi.org/10.1038/nmeth.4526
https://doi.org/10.1016/j.brat.2013.06.003
https://doi.org/10.1016/j.brat.2013.06.003


Brain network topology predicts participant adherence

Chan, J. C. W., & Paelinckx, D. (2008). Evaluation of random for-
est and Adaboost tree-based ensemble classification and spectral
band selection for ecotopemapping using airborne hyperspectral
imagery. Remote Sensing of Environment, 112(6), 2999–3011.
https://doi.org/10.1016/j.rse.2008.02.011

Chan, M. Y., Park, D. C., Savalia, N. K., Petersen, S. E., &
Wig, G. S. (2014). Decreased segregation of brain systems
across the healthy adult lifespan. Proceedings of the National
Academy of Sciences, 111(46), E4997–E5006. https://doi.org/
10.1073/pnas.1415122111

Cohen, J. R., & D’Esposito, M. (2016). The segregation and integra-
tion of distinct brain networks and their relationship to cognition.
Journal of Neuroscience, 36(48), 12083–12094. https://doi.org/
10.1523/Jneurosci.2965-15.2016

Costa, P. T., & McCrae, R. (1989). The NEO-PI/NEO-FFI manual
supplement. Odessa, FL: Psychological Assessment Resources.

Costa, P. T., & McCrae, R. (1992). Revised NEO Personality Inven-
tory (NEO-PI-R)andNEO Five-Factor Inventory (NEO-FFI) profes-
sionalmanual. Odessa, FL: Psychological Assessment Resources.

Cox, R. W. (1996). AFNI: Software for analysis and visualization
of functional magnetic resonance neuroimages. Computers and
Biomedical Research, 29(3), 162–173.

Dahmann, S. C. (2017). How does education improve cognitive
skills? Instructional time versus timing of instruction. Labour Eco-
nomics,47, 35–47.https://doi.org/10.1016/j.labeco.2017.04.008

Detweiler, J. B., & Whisman, M. A. (1999). The role of homework
assignments in cognitive therapy for depression: Potential meth-
ods for enhancing adherence. Clinical Psychology: Science and
Practice, 6(3), 267–282.

Doll, B. B., Jacobs, W. J., Sanfey, A. G., & Frank, M. J. (2009). In-
structional control of reinforcement learning: A behavioral and
neurocomputational investigation. Brain Research, 1299, 74–94.
https://doi.org/10.1016/j.brainres.2009.07.007

Doyon, J., Gaudreau, D., Laforce, R., Castonguay, M., Bedard, P. J.,
Bedard, F., & Bouchard, J. P. (1997). Role of the striatum, cerebel-
lum, and frontal lobes in the learning of a visuomotor sequence.
Brain and Cognition, 34(2), 218–245. https://doi.org/10.1006/
brcg.1997.0899

Fagiolo, G. (2007). Clustering in complex directed networks.
Physical Review E, 76(2). https://doi.org/10.1103/PhysRevE.76.
026107

Farmer, K. C. (1999). Methods for measuring and monitoring med-
ication regimen adherence in clinical trials and clinical prac-
tice. Clinical Therapeutics, 21(6), 1074–1090. https://doi.org/
10.1016/S0149-2918(99)80026-5

Fernandez-Delgado, M., Cernadas, E., Barro, S., & Amorim, D.
(2014). Do we need hundreds of classifiers to solve real world
classification problems? Journal of Machine Learning Research,
15, 3133–3181.

Fernandez-Lozano, C., Seoane, J. A., Gestal, M., Gaunt, T. R.,
Dorado, J., & Campbell, C. (2015). Texture classification using
feature selection and kernel-based techniques. Soft Computing,
19(9), 2469–2480. https://doi.org/10.1007/s00500-014-1573-5

Fischl, B. (2012). FreeSurfer. NeuroImage, 62(2), 774–781. https://
doi.org/10.1016/j.neuroimage.2012.01.021

Freund, Y., & Schapire, R. E. (1996). Experiments with a new boost-
ing algorithm. ICML, 96, 148–156.

Gallen, C. L., Baniqued, P. L., Chapman, S. B., Aslan, S., Keebler,
M., Didehbani, N., & D’Esposito, M. (2016). Modular brain net-
work organization predicts response to cognitive training in older
adults. PLoS ONE, 11(12). https://doi.org/10.1371/journal.pone.
0169015

Gibbons, J. D. (1985).Nonparametric statistical inference (2nd ed.).
New York, NY: M. Dekker.

Glombiewski, J. A., Hartwich-Tersek, J., & Rief, W. (2010). Attri-
tion in cognitive-behavioral treatment of chronic back pain. Clin-
ical Journal of Pain, 26(7), 593–601. https://doi.org/10.1097/AJP.
0b013e3181e37611

Gluck, T. M., &Maercker, A. (2011). A randomized controlled pilot
study of a brief web-based mindfulness training. BMC Psychiatry,
11, 175. https://doi.org/10.1186/1471-244X-11-175

Gong, Y., Rai, D., Beck, J. E., & Heffernan, N. T. (2009). Does
self-discipline impact students’ knowledge and learning? Inter-
national Working Group on Educational Data Mining.

Gottlich, M., Kramer, U. M., Kordon, A., Hohagen, F., & Zurowski,
B. (2015). Resting-state connectivity of the amygdala predicts re-
sponse to cognitive behavioral therapy in obsessive compulsive
disorder. Biological Psychology, 111, 100–109. https://doi.org/
10.1016/j.biopsycho.2015.09.004

Gratton, C., Laumann, T. O., Nielsen, A. N., Greene, D. J., Gordon,
E. M., Gilmore, A.W., . . . Peterson, S. E. (2018). Functional brain
networks are dominated by stable group and individual factors,
not cognitive or daily variation. Neuron, 98(2), 439–452. https://
doi.org/10.1016/j.neuron.2018.03.035

Greenberg, J., Romero, V. L., Elkin-Frankston, S., Bezdek, M. A.,
Schumacher, E. H., & Lazar, S. W. (2018). Reduced interference
in working memory following mindfulness training is associated
with increases in hippocampal volume. Brain Imaging and Be-
havior. https://doi.org/10.1007/s11682-018-9858-4

Harnett, P. H., Whittingham, K., Puhakka, E., Hodges, J., Spry, C.,
& Dob, R. (2010). The short-term impact of a brief group-based
mindfulness therapy program on depression and life satisfaction.
Mindfulness, 1(3), 183–188.

Hashmi, J. A., Kong, J., Spaeth, R., Khan, S., Kaptchuk, T. J., &
Gollub, R. L. (2014). Functional network architecture pre-
dicts psychologically mediated analgesia related to treatment in
chronic knee pain patients. Journal of Neuroscience, 34(11),
3924–3936. https://doi.org/10.1523/Jneurosci.3155-13.2014

Hashmi, J. A., Loggia, M. L., Khan, S., Gao, L., Kim, J., Napadow,
V., . . . Akeju, O. (2017). Dexmedetomidine disrupts the
local and global efficiencies of large-scale brain networks.
Anesthesiology, 126(3), 419–430. https://doi.org/10.1097/ALN.
0000000000001509

Hastie, T., Tibshirani, R., & Friedman, J. H. (2013). The elements
of statistical learning: Data mining, inference, and prediction
(2nd ed., corrected at 7th printing). New York, NY: Springer.

Hoeft, F., McCandliss, B. D., Black, J. M., Gantman, A., Zakerani,
N., Hulme, C., . . . Gabrieli, J. D. E. (2011). Neural systems
predicting long-term outcome in dyslexia. Proceedings of the
National Academy of Sciences, 108(1), 361–366. https://doi.org/
10.1073/pnas.1008950108

Holmes, E. A. F., Hughes, D. A., &Morrison, V. L. (2014). Predicting
adherence tomedications using health psychology theories: A sys-
tematic review of 20 years of empirical research. Value in Health,
(17), 8863–876. https://doi.org/10.1016/j.jval.2014.08.2671

Network Neuroscience 553

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/netn_a_00136 by guest on 07 March 2022

https://doi.org/10.1016/j.rse.2008.02.011
https://doi.org/10.1073/pnas.1415122111
https://doi.org/10.1073/pnas.1415122111
https://doi.org/10.1523/Jneurosci.2965-15.2016
https://doi.org/10.1523/Jneurosci.2965-15.2016
https://doi.org/10.1016/j.labeco.2017.04.008
https://doi.org/10.1016/j.brainres.2009.07.007
https://doi.org/10.1006/brcg.1997.0899
https://doi.org/10.1006/brcg.1997.0899
https://doi.org/10.1103/PhysRevE.76.026107
https://doi.org/10.1103/PhysRevE.76.026107
https://doi.org/10.1016/S0149-2918(99)80026-5
https://doi.org/10.1016/S0149-2918(99)80026-5
https://doi.org/10.1007/s00500-014-1573-5
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1371/journal.pone.0169015
https://doi.org/10.1371/journal.pone.0169015
https://doi.org/10.1097/AJP.0b013e3181e37611
https://doi.org/10.1097/AJP.0b013e3181e37611
https://doi.org/10.1186/1471-244X-11-175
https://doi.org/10.1016/j.biopsycho.2015.09.004
https://doi.org/10.1016/j.biopsycho.2015.09.004
https://doi.org/10.1016/j.neuron.2018.03.035
https://doi.org/10.1016/j.neuron.2018.03.035
https://doi.org/10.1007/s11682-018-9858-4
https://doi.org/10.1523/Jneurosci.3155-13.2014
https://doi.org/10.1097/ALN.0000000000001509
https://doi.org/10.1097/ALN.0000000000001509
https://doi.org/10.1073/pnas.1008950108
https://doi.org/10.1073/pnas.1008950108
https://doi.org/10.1016/j.jval.2014.08.2671


Brain network topology predicts participant adherence

Horst, P., & Macewan, C. (1960). Predictor elimination techniques
for determining multiple prediction batteries. Psychological Re-
ports, 7(1), 19–50.

Ives-Deliperi, V. L., Solms, M., & Meintjes, E. M. (2011). The neural
substrates of mindfulness: An fMRI investigation. Social Neuro-
science, 6(3), 231–242. https://doi.org/10.1080/17470919.2010.
513495

Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., &
Smith, S. M. (2012). FSL. NeuroImage, 62(2), 782–790. https://
doi.org/10.1016/j.neuroimage.2011.09.015

Jha, A. P., Stanley, E. A., Kiyonaga, A., Wong, L., & Gelfand, L.
(2010). Examining the protective effects of mindfulness training
on working memory capacity and affective experience. Emotion,
10(1), 54–64. https://doi.org/10.1037/a0018438

Jones, F., Harris, P., Waller, H., & Coggins, A. (2005). Adherence to
an exercise prescription scheme: The role of expectations, self-
efficacy, stage of change and psychological well-being. British
Journal of Health Psychology, 10(Pt. 3), 359–378. https://doi.
org/10.1348/135910704X24798

Just, M. A., Cherkassky, V. L., Keller, T. A., & Minshew, N. J. (2004).
Cortical activation and synchronization during sentence com-
prehension in high-functioning autism: Evidence of undercon-
nectivity. Brain, 127, 1811–1821. https://doi.org/10.1093/brain/
awh199

Kanai, R., & Rees, G. (2011). The structural basis of inter-individual
differences in human behaviour and cognition. Nature Reviews
Neuroscience, 12(4), 231–242. https://doi.org/10.1038/nrn3000

Kashyap, R., Kong, R., Bhattacharjee, S., Li, J., Zhou, J., & Yeo,
B. T. (2019). Individual-specific fMRI-subspaces improve func-
tional connectivity prediction of behavior. NeuroImage, 189,
804–812.

Khan, S., Hashmi, J. A., Mamashli, F., Michmizos, K., Kitzbichler,
M. G., Bharadwaj, H., . . . Kenet, T. (2018). Maturation trajec-
tories of cortical resting-state networks depend on the mediating
frequency band. NeuroImage, 174, 57–68. https://doi.org/10.
1016/j.neuroimage.2018.02.018

Kohavi, R. (1995). A study of cross-validation and bootstrap for ac-
curacy estimation andmodel selection. IJCAI, 14(2), 1137–1145.

Kotov, R. I., Bellman, S. B., & Watson, D. B. (2004). Multidimen-
sional Iowa Suggestibility Scale (MISS).

Kripalani, S., Risser, J., Gatti, M. E., & Jacobson, T. A. (2009). De-
velopment and evaluation of the Adherence to Refills and Med-
ications Scale (ARMS) among low-literacy patients with chronic
disease. Value in Health, 12(1), 118–123.

Krusche, A., Cyhlarova, E., & Williams, J. M. (2013). Mindfulness
online: An evaluation of the feasibility of a web-based mindful-
ness course for stress, anxiety and depression. BMJ Open, 3(11).
e003498. https://doi.org/10.1136/bmjopen-2013-003498

Latora, V., & Marchiori, M. (2001). Efficient behavior of small-
world networks. Physical Review Letters, 87(19). https://doi.org/
10.1103/PhysRevLett.87.198701

Levitt, P. (2003). Structural and functional maturation of the de-
veloping primate brain. Journal of Pediatrics, 143(4), S35–S45.
https://doi.org/10.1067/S0022-3476(03)00400-1

Liu, J. Y., Pearlson, G., Windemuth, A., Ruano, G., Perrone-
Bizzozero, N. I., & Calhoun, V. (2009). Combining fMRI and SNP

data to investigate connections between brain function and ge-
netics using parallel ICA. Human Brain Mapping, 30(1), 241–255.
https://doi.org/10.1002/hbm.20508

Maguire, E. A., Frith, C. D., & Morris, R. G. M. (1999). The func-
tional neuroanatomy of comprehension and memory: The im-
portance of prior knowledge. Brain, 122, 1839–1850. https://
doi.org/10.1093/brain/122.10.1839

Mansson, K. N. T., Frick, A., Boraxbekk, C. J., Marquand, A. F.,
Williams, S. C. R., Carlbring, P., . . . Furmark, T. (2015). Predict-
ing long-term outcome of internet-delivered cognitive behavior
therapy for social anxiety disorder using fMRI and support vector
machine learning. Translational Psychiatry, 5. https://doi.org/10.
1038/tp.2015.22

Mascaro, J. S., Kelley, S., Darcher, A., Negi, L. T., Worthman, C.,
Miller, A., & Raison, C. (2018). Meditation buffers medical stu-
dent compassion from the deleterious effects of depression. Jour-
nal of Positive Psychology, 13(2), 133–142. https://doi.org/10.
1080/17439760.2016.1233348

Mascaro, J. S., Rilling, J. K., Negi, L. T., & Raison, C. L. (2013).
Pre-existing brain function predicts subsequent practice of mind-
fulness and compassion meditation. NeuroImage, 69, 35–42.
https://doi.org/10.1016/j.neuroimage.2012.12.021

Mathieu, J. E., Martineau, J. W., & Tannenbaum, S. I. (1993).
Individual and situational influences on the development of self-
efficacy: Implications for training effectiveness. Personnel Psy-
chology, 46(1), 125–147. https://doi.org/10.1111/j.1744-6570.
1993.tb00870.x

Mattar, M. G., Wymbs, N. F., Bock, A. S., Aguirre, G. K., Grafton,
S. T., & Bassett, D. S. (2018). Predicting future learning from base-
line network architecture. NeuroImage, 172, 107–117. https://
doi.org/10.1016/j.neuroimage.2018.01.037

Milne, D. L., Baker, C., Blackburn, I.-M., James, I., & Reichelt,
K. (1999). Effectiveness of cognitive therapy training. Journal
of Behavior Therapy and Experimental Psychiatry, 30(2), 81–92.
https://doi.org/10.1016/S0005-7916(99)00011-7

Monti, R. P., Hellyer, P., Sharp, D., Leech, R., Anagnostopoulos, C.,
& Montana, G. (2014). Estimating time-varying brain connectiv-
ity networks from functional MRI time series. NeuroImage, 103,
427–443. https://doi.org/10.1016/j.neuroimage.2014.07.033

Morisky, D. E., Ang, A., Krousel-Wood, M., & Ward, H. J. (2008).
Predictive validity of a medication adherence measure in an out-
patient setting. Journal of Clinical Hypertension, 10(5), 348–354.
https://doi.org/10.1111/j.1751-7176.2008.07572.x

Morisky, D. E., Green, L. W., & Levine, D. M. (1986). Concurrent
and predictive-validity of a self-reported measure of medication
adherence. Medical Care, 24(1), 67–74. https://doi.org/10.1097/
00005650-198601000-00007

Mueller, S., Wang, D., Fox, M. D., Pan, R., Lu, J., Li, K.,
. . . Liu, H. (2015). Reliability correction for functional con-
nectivity: Theory and implementation. Human Brain Mapping,
36(11), 4664–4680. https://doi.org/10.1002/hbm.22947

Osterberg, L., & Blaschke, T. (2005). Drug therapy: Adherence to
medication. New England Journal of Medicine, 353(5), 487–497.
https://doi.org/10.1056/NEJMra050100

Paas, F., Tuovinen, J. E., van Merrienboer, J. J. G., & Darabi, A. A.
(2005). Amotivational perspective on the relation between mental

Network Neuroscience 554

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/netn_a_00136 by guest on 07 March 2022

https://doi.org/10.1080/17470919.2010.513495
https://doi.org/10.1080/17470919.2010.513495
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1037/a0018438
https://doi.org/10.1348/135910704X24798
https://doi.org/10.1348/135910704X24798
https://doi.org/10.1093/brain/awh199
https://doi.org/10.1093/brain/awh199
https://doi.org/10.1038/nrn3000
https://doi.org/10.1016/j.neuroimage.2018.02.018
https://doi.org/10.1016/j.neuroimage.2018.02.018
https://doi.org/10.1136/bmjopen-2013-003498
https://doi.org/10.1103/PhysRevLett.87.198701
https://doi.org/10.1103/PhysRevLett.87.198701
https://doi.org/10.1067/S0022-3476(03)00400-1
https://doi.org/10.1002/hbm.20508
https://doi.org/10.1093/brain/122.10.1839
https://doi.org/10.1093/brain/122.10.1839
https://doi.org/10.1038/tp.2015.22
https://doi.org/10.1038/tp.2015.22
https://doi.org/10.1080/17439760.2016.1233348
https://doi.org/10.1080/17439760.2016.1233348
https://doi.org/10.1016/j.neuroimage.2012.12.021
https://doi.org/10.1111/j.1744-6570.1993.tb00870.x
https://doi.org/10.1111/j.1744-6570.1993.tb00870.x
https://doi.org/10.1016/j.neuroimage.2018.01.037
https://doi.org/10.1016/j.neuroimage.2018.01.037
https://doi.org/10.1016/S0005-7916(99)00011-7
https://doi.org/10.1016/j.neuroimage.2014.07.033
https://doi.org/10.1111/j.1751-7176.2008.07572.x
https://doi.org/10.1097/00005650-198601000-00007
https://doi.org/10.1097/00005650-198601000-00007
https://doi.org/10.1002/hbm.22947
https://doi.org/10.1056/NEJMra050100


Brain network topology predicts participant adherence

effort and performance: Optimizing learner involvement in in-
struction. Educational Technology Research and Development,
53(3), 25–34. https://doi.org/10.1007/Bf02504795

Patel, M. J., Khalaf, A., & Aizenstein, H. J. (2016). Studying dep-
ression using imaging and machine learning methods. Neuro-
Image: Clinical, 10, 115–123. https://doi.org/10.1016/j.nicl.2015.
11.003

Penedo, F. J., & Dahn, J. R. (2005). Exercise and well-being: A
review of mental and physical health benefits associated with
physical activity. Current Opinion in Psychiatry, 18(2), 189–193.
https://doi.org/10.1097/00001504-200503000-00013

Power, J. D., Cohen, A. L., Nelson, S. M., Wig, G. S., Barnes, K. A.,
Church, J. A., . . . Petersen, S. E. (2011). Functional network or-
ganization of the human brain. Neuron, 72(4), 665–678. https://
doi.org/10.1016/j.neuron.2011.09.006

Power, J. D., Fair, D. A., Schlaggar, B. L., & Petersen, S. E. (2010).
The development of human functional brain networks. Neuron,
67(5), 735–748. https://doi.org/10.1016/j.neuron.2010.08.017

Quinlan, J. R. (1986). Induction of decision trees. Machine Learn-
ing, 1, 81–106.

Ragab, A. H. M., Noaman, A. Y., Al-Ghamdi, A. S., & Madbouly,
A. I. (2014). A comparative analysis of classification algorithms
for students college enrollment approval using data mining.
Proceedings of the 2014 Workshop on Interaction Design in
Educational Environments, 106–113.

Reijneveld, J. C., Ponten, S. C., Berendse, H. W., & Stam, C. J.
(2007). The application of graph theoretical analysis to com-
plex networks in the brain. Clinical Neurophysiology, 118(11),
2317–2331. https://doi.org/10.1016/j.clinph.2007.08.010

Rish, I. (2001). An empirical study of the naive Bayes classifier.
IJCAI 2001 Workshop on Empirical Methods in Artificial Intelli-
gence, 3(22), 41–46.

Rubinov, M., & Sporns, O. (2010). Complex network measures of
brain connectivity: Uses and interpretations. NeuroImage, 52(3),
1059–1069. https://doi.org/10.1016/j.neuroimage.2009.10.003

Ryan, R. M., Plant, R. W., & Omalley, S. (1995). Initial motiva-
tions for alcohol treatment: Relations with patient characteristics,
treatment involvement, and dropout. Addictive Behaviors, 20(3),
279–297. https://doi.org/10.1016/0306-4603(94)00072-7

Smith, S. M. (2012). The future of fMRI connectivity. NeuroImage,
62(2), 1257–1266. https://doi.org/10.1016/j.neuroimage.2012.
01.022

Smith, S. M., Vidaurre, D., Beckmann, C. F., Glasser, M. F.,
Jenkinson, M., Miller, K. L., . . . Van Essen, D. C. (2013). Func-
tional connectomics from resting-state fMRI. Trends in Cognitive
Sciences, 17(12), 666–682. https://doi.org/10.1016/j.tics.2013.
09.016

Sporns, O., & Betzel, R. F. (2016). Modular brain networks. Annual
Review of Psychology, 67, 613–640. https://doi.org/10.1146/
annurev-psych-122414-033634

Stevens, A. A., Tappon, S. C., Garg, A., & Fair, D. A. (2012).
Functional brain network modularity captures inter- and intra-
individual variation in working memory capacity. PLoS ONE,
7(1). https://doi.org/10.1371/journal.pone.0030468

Stewart, A. X., Nuthmann, A., & Sanguinetti, G. (2014). Single-
trial classification of EEG in a visual object task using ICA and

machine learning. Journal of Neuroscience Methods, 228, 1–14.
https://doi.org/10.1016/j.jneumeth.2014.02.014

Svarstad, B. L., Chewning, B. A., Sleath, B. L., & Claesson, C.
(1999). The Brief Medication Questionnaire: A tool for screening
patient adherence and barriers to adherence. Patient Education
and Counseling, 37(2), 113–124.

Tang, Y. Y., Ma, Y. H., Wang, J., Fan, Y. X., Feng, S. G., Lu, Q. L.,
. . . Posner, M. I. (2007). Short-term meditation training im-
proves attention and self-regulation. Proceedings of the National
Academy of Sciences, 104(43), 17152–17156. https://doi.org/
10.1073/pnas.0707678104

Tavor, I., Jones, O. P., Mars, R. B., Smith, S. M., Behrens, T. E., &
Jbabdi, S. (2016). Task-free MRI predicts individual differences
in brain activity during task performance. Science, 352(6282),
216–220. https://doi.org/10.1126/science.aad8127

Teper, R., Segal, Z. V., & Inzlicht, M. (2013). Inside the mindful
mind: How mindfulness enhances emotion regulation through
improvements in executive control. Current Directions in Psy-
chological Science, 22(6), 449–454. https://doi.org/10.1177/
0963721413495869

Tompson, S., Falk, E. B., Vettel, J. M., & Bassett, D. S. (2018). Net-
work approaches to understand individual differences in brain
connectivity: Opportunities for personality neuroscience. Per-
sonality Neuroscience, 1. https://doi.org/10.1017/pen.2018.4

van den Heuvel, M. P., & Pol, H. E. H. (2010). Exploring the brain
network: A review on resting-state fMRI functional connectivity.
European Neuropsychopharmacology, 20(8), 519–534. https://
doi.org/10.1016/j.euroneuro.2010.03.008

van den Heuvel, M. P., & Sporns, O. (2013). Network hubs in the
human brain. Trends in Cognitive Sciences, 17(12), 683–696.
https://doi.org/10.1016/j.tics.2013.09.012

van Waarde, J. A., Scholte, H. S., van Oudheusden, L. J. B., Verwey,
B., Denys, D., & van Wingen, G. A. (2015). A functional MRI
marker may predict the outcome of electroconvulsive therapy in
severe and treatment-resistant depression. Molecular Psychiatry,
20(5), 609–614. https://doi.org/10.1038/mp.2014.78

van Wijk, B. C. M., Stam, C. J., & Daffertshofer, A. (2010). Com-
paring brain networks of different size and connectivity density
using graph theory. PLoS ONE, 5(10). https://doi.org/10.1371/
journal.pone.0013701

Varoquaux, G., & Thirion, B. (2014). How machine learning is
shaping cognitive neuroimaging. Gigascience, 3, 28. https://doi.
org/10.1186/2047-217X-3-28

Voorn, P., Vanderschuren, L. J. M. J., Groenewegen, H. J., Robbins,
T. W., & Pennartz, C. M. A. (2004). Putting a spin on the dorsal-
ventral divide of the striatum. Trends in Neurosciences, 27(8),
468–474. https://doi.org/10.1016/j.tins.2004.06.006

Watts, D. J., & Strogatz, S. H. (1998). Collective dynamics of “small-
world” networks. Nature, 393(6684), 440–442. https://doi.org/
10.1038/30918

Wig, G. S. (2017). Segregated systems of human brain networks.
Trends in Cognitive Sciences, 21(12), 981–996. https://doi.org/
10.1016/j.tics.2017.09.006

Yu, Q. B., Allen, E. A., Sui, J., Arbabshirani, M. R., Pearlson, G.,
& Calhoun, V. D. (2012). Brain connectivity networks in
schizophrenia underlying resting state functional magnetic res-
onance imaging. Current Topics in Medicinal Chemistry, 12(21),
2415–2425. https://doi.org/10.2174/156802612805289890

Network Neuroscience 555

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/netn_a_00136 by guest on 07 March 2022

https://doi.org/10.1007/Bf02504795
https://doi.org/10.1016/j.nicl.2015.11.003
https://doi.org/10.1016/j.nicl.2015.11.003
https://doi.org/10.1097/00001504-200503000-00013
https://doi.org/10.1016/j.neuron.2011.09.006
https://doi.org/10.1016/j.neuron.2011.09.006
https://doi.org/10.1016/j.neuron.2010.08.017
https://doi.org/10.1016/j.clinph.2007.08.010
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1016/0306-4603(94)00072-7
https://doi.org/10.1016/j.neuroimage.2012.01.022
https://doi.org/10.1016/j.neuroimage.2012.01.022
https://doi.org/10.1016/j.tics.2013.09.016
https://doi.org/10.1016/j.tics.2013.09.016
https://doi.org/10.1146/annurev-psych-122414-033634
https://doi.org/10.1146/annurev-psych-122414-033634
https://doi.org/10.1371/journal.pone.0030468
https://doi.org/10.1016/j.jneumeth.2014.02.014
https://doi.org/10.1073/pnas.0707678104
https://doi.org/10.1073/pnas.0707678104
https://doi.org/10.1126/science.aad8127
https://doi.org/10.1177/0963721413495869
https://doi.org/10.1177/0963721413495869
https://doi.org/10.1017/pen.2018.4
https://doi.org/10.1016/j.euroneuro.2010.03.008
https://doi.org/10.1016/j.euroneuro.2010.03.008
https://doi.org/10.1016/j.tics.2013.09.012
https://doi.org/10.1038/mp.2014.78
https://doi.org/10.1371/journal.pone.0013701
https://doi.org/10.1371/journal.pone.0013701
https://doi.org/10.1186/2047-217X-3-28
https://doi.org/10.1186/2047-217X-3-28
https://doi.org/10.1016/j.tins.2004.06.006
https://doi.org/10.1038/30918
https://doi.org/10.1038/30918
https://doi.org/10.1016/j.tics.2017.09.006
https://doi.org/10.1016/j.tics.2017.09.006
https://doi.org/10.2174/156802612805289890

