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Mild traumatic brain injury (mTBI) is a major public health concern that can
result in a broad spectrum of short-term and long-term symptoms. Recently,
machine learning (ML) algorithms have been used in neuroscience research
for diagnostics and prognostic assessment of brain disorders. The present
study aimed to develop an automatic classifier to distinguish patients suffering
from chronic mTBI from healthy controls (HCs) utilizing multilevel metrics
of resting-state functional magnetic resonance imaging (rs-fMRI). Sixty mTBI
patients and forty HCs were enrolled and allocated to training and testing
datasets with a ratio of 80:20. Several rs-fMRI metrics including fractional
amplitude of low-frequency fluctuation (fALFF), regional homogeneity (ReHo),
degree centrality (DC), voxel-mirrored homotopic connectivity (VMHC),
functional connectivity strength (FCS), and seed-based FC were generated
from two main analytical categories: local measures and network measures.
Statistical two-sample t-test was employed comparing between mTBI and
HCs groups. Then, for each rs-fMRI metric the features were selected
extracting the mean values from the clusters showing significant differences.
Finally, the support vector machine (SVM) models based on separate and
multilevel metrics were built and the performance of the classifiers were
assessed using five-fold cross-validation and via the area under the receiver
operating characteristic curve (AUC). Feature importance was estimated using
Shapley additive explanation (SHAP) values. Among local measures, the range
of AUC was 86.67-100% and the optimal SVM model was obtained based on
combined multilevel rs-fMRI metrics and DC as a separate model with AUC
of 100%. Among network measures, the range of AUC was 80.42-93.33%
and the optimal SVM model was obtained based on the combined muiltilevel
seed-based FC metrics. The SHAP analysis revealed the DC value in the left
postcentral and seed-based FC value between the motor ventral network and

01 frontiersin.org


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2022.1099560
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2022.1099560&domain=pdf&date_stamp=2023-01-09
https://doi.org/10.3389/fnins.2022.1099560
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnins.2022.1099560/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Vedaei et al.

10.3389/fnins.2022.1099560

right superior temporal as the most important local and network features
with the greatest contribution to the classification models. Our findings
demonstrated that different rs-fMRI metrics can provide complementary

information for classifying patients suffering from chronic mTBI. Moreover,

we showed that ML approach is a promising tool for detecting patients with

mTBl and might serve as potential imaging biomarker to identify patients at

individual level.

Clinical trial registration: clinicaltrials.gov, identifier NCT03241732.

mild traumatic brain injury, machine learning, support vector machine, functional
magnetic resonance imaging, resting-state

Introduction

Traumatic brain injury (TBI) is one of the most common
neurological disorders across the world that can result in
a broad spectrum of symptoms that tremendously impact
a person’s personality, behavior, thinking, and memory. In
the United States it accounts for more than 2 million death
and hospitalization and over 10 million worldwide (Taylor
et al, 2017; Vedaei et al, 2021). TBI may happen as the
result of multiple incidents including falls, vehicle accidents,
athletic collisions, blast-related trauma, and abuse or assault.
The majority of TBI cased are closed-head injuries, but some
cases are open-head injuries, which occur when the skull is
fractures or penetrated (Asken et al., 2018; O’Neill et al., 2018).
Mild TBI (mTBI) is characterized by short-term and long-term
clinical deficits including emotional and cognitive impairments
in patients with subtle injury which only result in dysfunction of
brain functional connectivity (FC) (O’Neill et al., 2018).

Resting-state functional magnetic resonance imaging (rs-
fMRI) has been widely used in neuroscience for detecting
intrinsic brain functional architecture as well as interactions
between and within neural networks as the biomarkers of
cognitive and neurological disorders (Jeter et al.,, 2013; Sours
et al., 2015). Various approaches have been proposed for
analyzing rs-fMRI data in mTBI cohorts including independent
component analysis (ICA) (Bittencourt-Villalpando et al,
2021), graph theory (van der Horn et al, 2017), seed-based
FC (Madhavan et al, 2019; Lemme et al., 2021; Philippi
et al, 2021), amplitude of low-frequency fluctuation (ALFF),
regional homogeneity (ReHo) (Zhan et al,, 2015; Vedaei et al,,
2021), degree centrality (DC) (Li et al.,, 2019), voxel-mirrored
homotopic connectivity (VMHC) (Puig et al., 2020; Song et al.,
2022). The growing body of studies of functional neuroimaging
of the resting brain has shown that mTBI is accompanied by
alterations of resting-state functional connectivity between and
within intrinsic brain networks including the default mode
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network (DMN), fronto-parietal, motor, dorsal attention, and
visual networks (Shumskaya et al.,, 2012; Stevens et al., 2012;
Zhou et al., 2012, 2014; Dall’Acqua et al., 2017; Palacios et al,,
2017; Liu et al,, 2018; Li et al., 2019; Madhavan et al., 2019; Meier
etal., 2020; Song et al., 2022). However, most of the studies were
performed at the group level analysis which makes it challenging
to generalize the findings to the identification of mTBI findings
in individuals. Moreover, the consensus is far from certain
regarding the use of different imaging metrics suggesting the
need for a comprehensive study of various rs-fMRI metrics for
depicting brain function alterations in mTBI patients. It has
been proposed that various metrics may be complementary to
each other in showing brain function alterations from different
perspectives, thus providing more valuable information (Lv
etal., 2018; Pang et al., 2021).

In recent years, machine-learning (ML) approaches as a
branch of artificial intelligence have been used in clinical
applications to facilitate predictive diagnoses and thereby
help treatment plans (Ahmed et al,, 2020). In neuroscience,
ML algorithms have shown great promise in combining
multimodal neuroimaging data and analyzing brain structural
and functional alteration at the individual level, suggesting
their high translational potential clinically (Janssen et al., 2018;
Senders et al.,, 2018; Singh et al., 2022). The support vector
machine (SVM), one of the popular supervised ML algorithms,
recently has been increasingly used in the classification
of neurodegenerative diseases applying to a range of MRI
modalities and promising superior classification performance.
It has been employed in patients’ classification tasks in a
wide variety of neurological and psychiatric disorders including
Parkinson’s disease (Zhang et al., 2020; Pang et al, 2021),
Alzheimer’s disease (Schouten et al., 2016), traumatic brain
injury (Vergara et al,, 2017), bipolar disorder (Li H. et al,
2020), Schizophrenia (Wang et al., 2018; Liu et al, 2020),
Obsessive-Compulsive Disorder (Jia et al,, 2020), Epilepsy
(Zhou et al,, 2020; Wang et al, 2021), multiple sclerosis
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(Buyukturkoglu et al, 2021), and major depressive disorder
(Sacchet et al., 2015).

The SVM has a great potential for transforming high-
dimensional neuroimaging data into clinically -effective
decision-making criteria. It works based on constructing a
separating hyperplane that maximizes the margin between
the classes. In some cases that the dataset is not linearly
separable in the original input space, the samples are mapped
into a higher dimensional space using a kernel function to
makese the classification easier in the transformed space. The
commonly adopted kernel function is called a Gaussian radial
basis function (RBF) which is corresponding to a non-linear
SVM (RBF-SVM). The RBF-SVM is suitable for countless
rs-fMRI features and for small sample sizes which in turn avoids
over-fitting during classification (Amari and Wu, 1999; Noble,
2006; Pereira et al., 2009; Wang, 2009; Gravesteijn et al., 2020;
Pang et al., 2021).

In the present study, several rs-fMRI metrics were measured
and categorized in two types of features including local and
network measurements. Local measures were voxel-based brain
maps of fALFE, ReHo, DC, VMHC, and FC strength (FCS) and
network measures including seed-based FC of brain networks
(Ding et al., 2017). RBE-SVM classifier was employed on both
local and network features using single level and combined
rs-fMRI metrics. To the best of knowledge, our study is the
first in classification of mTBI patients from healthy controls
(HCs) using SVM and multilevel rs-fMRI metrics. We aimed
to develop a non-invasive, automatic classification method to
distinguish mTBI patients from HCs that can be translated into
clinical practice as the imaging biomarker to identify patients
at chronic state of mTBI. We hypothesized that each separate
model is able to provide informative diagnostic performance.
However, the combination of the multivariate metrics of rs-
fMRI would lead to highest accuracy of classification.

Materials and methods

Participants

Sixty patients including 23 males (age: 46 & 14.3 years) and
37 females (age: 45 & 15.2 years) suffering from mTBI with
chronic symptoms and forty matched HCs comprising 21 males
(age: 41 £ 9.4 years) and 19 females (age: 39 + 10.6 years)
enrolled in this study after providing a written informed
consent, approved by the local Institutional Review Board.
Participants were recruited from local neurology offices and
from the local community by self-referral. Exclusion criteria
included if the patients had a history of other neurological
disorders, significant medical illness, a current substance-use
disorder, or current Diagnostic and Statistical Manual of Mental
Disorders, 5th Edition (DSM-V) Axis I psychiatric illness. This
study was registered on clinicaltrials.gov with the following
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identifier: NCT03241732. mTBI was defined according to the
Mayo Classification System for Traumatic Brain Injury Severity,
in which an injury was classified as mild if it met the following
criteria: loss of consciousness <30 min, amnesia for <24 h,
and no abnormal MRI findings (Malec et al., 2007). Enrolled
patients had to report a history of one or more prior TBIs
(one or multiple) meeting these criteria for mild TBI and
have no structural injury to the brain such as a contusion,
dura penetration, hematoma, or brainstem injury. They had to
meet ICD-10 criteria for chronic mTBI (i.e., post-concussion
syndrome) based upon symptoms that were the result of
TBI and could include dysfunctionality such as cognitive
problems, emotional problems (e.g., depression or anxiety),
headache, dizziness, irritability, hypersensitivity to auditory or
visual stimuli, balance problems, insomnia, or other subjective
complaints specifically associated with the TBI. Also, patients
had to report the chronic symptoms lasting for at least 6 months
from the most recent TBI. For the HCs group, individuals were
excluded if they had a history of previous TBI, a history of other
neurological disorders, significant systemic medical illness, a
current substance-use disorder, and current Diagnostic and
Statistical Manual of Mental Disorders, 5th Edition (DSM-V)
Axis I psychiatric illness.

Imaging protocol

For each individual MRI examination was performed using
a 3T Siemens Biograph mMR Positron Emission Tomography-
MR (mMR PET-MR) scanner with a 32-channel head coil.
A structural T1-weighted was acquired to check the lack of any
sign of radiological findings of brain injury and to use during
segmentation and registration steps of data preprocessing. MRI
parameters for the anatomical T1-weighted sequence were as
follows: repetition time = 1,600 msec, echo time = 2.46 msec,
field of view (FOV) = 250 mm x 250 mm, matrix = 512 x 512,
voxel size = 0.49 x 0.49, 176 slices with slice thickness = 1 mm.

Next, a resting-state BOLD scan was administered using
an echo planar imaging (EPI) sequence using the imaging
parameters including: FOV = 240 mm X 240 mm; voxel
size =3 mm X 3 mm x 4 mm; TR = 2,000.0 msec; TE = 30 msec;
slice thickness = 4 mm; number of slices = 34; number of
volumes = 180; and acquisition time = 366 s. During rs-fMRI,
the participants were asked to close their eyes, and rest quietly
without thinking about anything.

Data processing

For all the participants, the rs-fMRI data was preprocessed
using Data Processing Assistant for Resting-State fMRI

frontiersin.org
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TABLE 1 Seed location of 12 functional networks used in seed-based
connectivity analysis.

Network Seed region MNI coordinates
(x,y, 2)

DMN PCC (2, —54, 26)
DAS IPS R (24, —60, 50)
ECN (L) Left DLPEC (—42, 34, 20)
ECN (R) Right DLPFC (44, 36, 20)
Motor dorsal (L) | Left precentral gyrus hand knob (—28, —26, 64)
Motor dorsal (R) | Right precentral gyrus hand knob (34, —24, 60)
Motor ventral (L) | Left precentral gyrus ventral (=56, —6, 24)
Motor ventral (R) | Right precentral gyrus ventral (60, —2, 24)
Salience (L) Left anterior insula (—32,26, —14)
Salience (R) Right anterior insula (38,22, —-10)
Visual primary BA17 (8,78, 8)
Visual secondary | BA18 (=22, -90,2)

DMN, default-mode network; DAS, dorsal attention network; ECN, executive control
network; DLPFC, dorso-lateral prefrontal cortex; IPS, intraparietal sulcus; PCC,
posterior cingulate cortex; L, left; R, right.

(DPARSEF. V6.1_220101%) (Yan et al,, 2016; Vedaei et al., 2022).
The preprocessing included the following steps: the first 10
volumes were discarded to allow magnetization to reach steady
state and account for T1 relaxation effects. Then, the slice timing
correction and head motion correction using six rigid body
motion parameters were performed. Next, for each individual
T1-weighted structural data and the mean of the realigned EPI
images were co-registered and normalized to the EPI template in
Montreal Neurological Institute (MNI) space with a resampling
voxel size of 3 x 3 x 3 mm. Further, the Friston 24-parameter
model (the 24 parameters including 6 head motion parameters,
6 head motion parameters of the previous scan, and the 12
corresponding squared items) was employed to regress out the
micro head motion effects from the realigned data (Friston
et al, 1996). No participants excluded from the study due
to excessive head motion (>2.0 mm translation and/or 2.0°
rotation) (Fox et al., 2005; Power et al., 2014). Further, signal
from white matter and cerebrospinal fluid were regressed out
and filtered with a temporal band-pass of 0.01-0.08 Hz to
reduce the effects of low-frequency drifts and high-frequency
respiratory and cardiac noise. The head motion was measured
using frame-wise displacement (FD) and was not significantly
different among mTBI and HCs groups (two-sample t-test,
p-value = 0.205).

All data processing steps were limited within gray
Statistical mapping 122
to segment the the gray matter for each

matter. parametric was used

brain to

1 http://rfmri.org/DPARSF

2 https://www fil.ion.ucl.ac.uk/spm/
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participant. Then, the generated probabilistic map was
binarized using fslmaths tools (cutoff = 0.2) to make the
gray matter mask.

Feature extraction

Different features were generated conducting different
methods of rs-fMRI data processing. The features were
categorized into two types including local measurements
and network measurements. The features were extracted as
the voxel-wise brain maps using DPARSF. V6.1_220101 and
are detailed below. The motivation for extracting these
first,
these are among the most common methods to analyze

number of rs-fMRI measurements were, because
rs-fMRI data in neurodegenerative diseases and second,
to evaluate the performance of SVM classification models
by employing any of the local and network features as
separate models as well as combining the local measures
models

and network measures as multilevel

(Ding et al., 2017).

measure

Local measures

Fractional amplitude of low frequency
fluctuation

For each participant, spatial smoothing [Gaussian kernel of
full-width half maximum (FWHM) = 6 mm] was performed.
Then, with the FFT, the time courses of rs-fMRI signal were
converted to frequency domain, and the square root of the
power spectrum was measured and averaged across the 0.01-
0.08 Hz domain. Then, voxel-wise fALFF was measured as the
ratio of power in low-frequency band (0.01-0.08 Hz) to the
power of the entire frequency range (0-0.25 Hz). While ALFF
describes the local spontaneous brain activity across the whole
brain, by estimating the amplitude of neural activity in the
low-frequency range (0.01-0.08 Hz), fALFF is a normalized
derivation of ALFF representing the ratio of low-frequency
range amplitudes (0.01-0.08 Hz) relative to the entire frequency
range (e.g., 0-0.25 if TR = 2 s) amplitudes. As such, fALFF
has been recommended to be used instead of ALFF due to
its robustness against non-specific signal components such as
physiological noise (Zou et al., 2008). To ensure standardization,
for each participant, the fALFF of each voxel was transformed
to z-scores using Fisher’s z-transform, and zfALFF maps were
obtained (Zhou et al., 2014).

Regional homogeneity

Regional homogeneity was measured after band-pass
filtering (0.01-0.08 Hz). This is accomplished on a voxel-based
basis by calculating Kendall’s coefficient of concordance (KCC)
for a given time series that is assigned as the center voxel with
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Workflow of the study including five main steps: data processing, feature extraction using statistical two-sample t-test, classification, model

performance, and model interpretation.

TABLE 2 Demographic of participants in the mTBI and HCs groups.

Age (year) (SD) 40.3 (9.9) 46.0 (14.8) 0.032 T=-21%
Sex (M/F) 21: 19 23:37
CN:0.75> | x2 (CN): 0.1°

mTBI: 0.08° | 2 (mTBI): 3.6°
Injury-to-imaging interval - 24-37
(95% lower CI-95% upper
CI) (months)
Single concussion vs. - 17:43

multiple (single: multiple)

HCs, healthy controls; mTBI, mild traumatic brain injury; SD, standard deviation; CI,
confidence interval. p-value and T-statistic obtained by two-sample ¢-test. * p-value and
¥ 2-statistic obtained using chi-square ¢-test.

those of its nearest 26 neighboring voxels (Eq. 1) (Zang et al,,
2004).

. 52
e E(Rz)—n@)

1
5K2(n® —n)

1)

In this formula w is the KCC (range from 0 to 1) among
given voxels; K is the number of neighboring voxels (K = 26);
R™; is the mean rank across nearest neighbors (26 voxels) at
the ith time point; and # is the total number of time points.
For standardization purpose, ReHo value at each voxel was
transformed to the standardized Fisher’s Z-transformation to
obtain the zZReHo maps. Spatial smoothing with an isotropic
Gaussian kernel of 6 mm FWHM was performed after
ReHo calculation.

Degree centrality

Degree centrality is a graph theory-based measurement that
considers each voxel of the brain as a node and estimates
how many edges it has with other nodes. As such, it
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measures functional connection between each voxel and any
other voxel is defined as an edge. By computing Pearson
correlation coefficients between time courses of each pair of
voxels, a correlation matrix was firstly obtained. To remove
the weak correlations that might be induced by noise, a
threshold of r > 0.25 was used to obtain the undirected
adjacency matrix. Then, for each voxel, the degree centrality
was calculated as the sum the connections between this voxel
with other voxels. For standardization purpose, the weighted
DC was transformed to z-scores using Fisher’s z-transform.
Finally, the zDC map was smoothed with an isotropic 6 mm
FWHM Gaussian kernel (Pang et al, 2021; Wang et al,
2021).

Voxel-mirrored homotopic connectivity
Voxel-mirrored homotopic connectivity measures the
synchrony in spontaneous activity between geometrically
corresponding interhemispheric regions between pairs
of symmetric voxels. It can be quantified by calculating
the Pearson correlation coefficient between each voxels
time series and that of its symmetric inter-hemispheric
counterpart. For standardization purpose, correlation values
were then transformed to z-scores using Fisher’s z-transform
to generate zVMHC maps (Zuo et al, 2010; Pang et al,

2021).

Functional connectivity strength

The voxel-wise FC was measured by estimating Pearson’s
correlations between the time series of any pairs of brain voxels
within the gray matter mask. Then, for a given voxel i, FC was
measured using the equation as follows (Eq. 2): (2):

FC (i) =
() Nyoxels —

lzj#zy, rij > 10 (2)

where z;; was the Fisher’s Z-transformed version of correlation
coefficient, r;, between voxel i and voxel j, and 7o was a
correlation threshold that was used to exclude weak correlations
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possibly arising from noises (ro = 0.2 in this study). r; was TABLE 3 (Continued)
converted to z;; using Fisher’s Z-transformation. N, was also ’ .
Y 8 o voxels Brain region Peak MNI |T-value
defined as total number of voxels within the gray matter mask coordinate (x,
(Dai et al., 2015; Vedaei et al., 2022). Yy, 2)
Supp_Motor_Area_R 51 (9, 21, 48) 4.95
Cerebellum_9_R 48 (6, —45, —48) 4.85
TABLE 3 Brain regions with significant local measure differences Parietal_Sup_R 48 (39, —15,72) 4.02
between the mTBI patients and HCs. Frontal_Sup_L 43 (=9,21, 48) 495
Local Brain region Voxels Peak MNI T-value fALFE, fractional amplitude of low-frequency fluctuations; FCS, functional connectivity
measure (AAL) coordinate (X, strength; DC, degree centrality; ReHo, regional homogeneity; VMHC, voxel-mirrored
Y, Z) homotopic connectivity; mTBI, mild traumatic brain injury; HCs, healthy controls;
. ALL, automated anatomical labeling; MNI, Montreal Neurological Institute; T, statistical
fALFF Occipital_Mid_L 2,539 (—36, —78, 36) 6.77 value of peak voxel. x, y, z, coordinates of primary peak locations in the space of MNT;
L, left; R, right.
Cerebellum_Crusl_L 434 (—33, —63, —36) —3.18
Cingulate_Mid_L 72 (0, —30, 33) 5.70
Network measures
Precuneus_R 62 (9, —57,24) 4.10
Cerebellum_8_R 60 (27, -45,-45) | —3.18 A total of 12 seed-based FC maps were computed from 6-
Rectus_R 48 (6,42, —24) —3.18 mm spherical region of interests (ROIs). The seeds are supposed
Calcarine L 38 (=9, —54,6) 448 to be the center of the main brain functional networks and
obtained from previously published locations, as summarized
Precentral_R 32 (39,0, 48) —3.19 .
in Table 1 (Fox et al., 2005; Madhavan et al.,, 2019). For each
FCS Occipital_Mid_L 5,983 (—18,—12,27) 8.61 . .
seed, mean time series were measured from the pre-processed
Frontal_Mid_L 134 (=30, 24, 60) 4.32 rs-fMRI data. Pearson correlation of the mean time series of
Frontal_Sup_R 111 (33,0,69) 4.37 each seed with every other voxel in the brain was computed
DC Occipital_Mid_R 2.706 (33,-99, 3) 33.27 to generate the corresponding FC map. The correlation maps
Cerebellum,_4.5.L 368 © 36, —24) 14 were then transformed to z-scores using Fisher’s z-transform to
produce 12 functional network maps for each participant.
Fusiform_L 162 (=36, —30,—15) | 26.00
Rolandic_Oper_R 117 (36, —3,18) 10.11
Postcentral L 96 (—51,21,48) 19.22 Statistical analyS|s
Temporal_Sup_L 84 (=72, —24,3) 11.78
. In order to evaluate the distribution of gender and age
Fusiform_L 77 (—24,9, —45) 12.22 L .
within and between groups of mTBI and HCs, a chi-square
Rectus_L 55 (=9, 60, —24) 4.80 .
and two-sample t-test were employed, respectively. A p-value
Calcarine R 54 (27, ~66,12) —3.17 of <0.05 was considered statistically significant. Voxel-based
ReHo Occipital_Mid_L 4753 | (—33,-87,33) 7.08 two-sample ¢-test were employed for group comparisons (mTBI
Frontal_Sup_L 2,018 (=15, -9,72) 317 versus HCs) on rs-fMRI metric maps including local and
Fusiform. R 26 (30, —54, —3) 61 network measurements using the statistical analysis module in
the Data Processing and Analysis of Brain Imaging (DPABI-
Temporal_Sup_R 603 (48, —9, —15) —3.17 .
P P V6.1_220101 toolbox3) (Yan et al,, 2016). Gaussian random
Frontal Sup_Medial L| 207 (3,57,33) —3.17 field (GRF) theory was employed for correction of multiple
Lingual L 186 (—24, —69, —12) 5.11 comparisons (voxel significance p < 0.001, cluster significance
OFCpost_L 178 (=27,21,-27) |-3.17 p < 0.01) controlling for age, gender, and mean FD were
Putamen L 154 (—24,0,6) 555 considered as covariates (Wang et al, 2018; Zhang et al,
2020; Gao et al,, 2022). The clusters showing significant group
VMHC Occipital_Mid_L 3,058 (—27,-93,0) 7.76 .
differences were selected as ROIs. The average of rs-fMRI
Calcarine_R 2568 (27, =93,0) 776 metrics including local and network measures were extracted
Cerebellum_Crus2 R | 180 (18, —84, —42) 5.84 over the mask of ROIs. The mean values were further utilized
Cerebellum_9_L 68 (=6, —45, —48) 4.85 to prepare data frames and used as input features of the
Rolandic_Oper_R 57 (39, —30, 18) 453 SVM algorithm following classification analysis. The name
Rolandic_Oper_L 56 (—39, —30, 18) 4.53
(Continued) 3 http://rfmri.org/dpabi
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TABLE 4 Brain regions with significant network measure differences
between the mTBI patients and HCs.

10.3389/fnins.2022.1099560

TABLE 4 (Continued)

Peak MNI |T-value

Network- [Brain region

Network- [Brain region Voxels| Peak MNI seed (AAL) coordinate
seed (AAL) coordinate (x,y, z)
(x.y, 2) o
Motor ventral |Occipital Mid_R 189 (33,-93,0) 4.55
DAS Temporal_Mid_R 1,354 (51, —60, 0) 5.49 (R)
Occipital_Inf L 895 | (—18,—-99,—9) | 5.44 Temporal_Sup_L 99 (=57,-9,6) +3.18
Precuneus_R 190 (15, —30, 12) 5.56 Temporal Mid_R 84 (45, —78,21) 413
ParaHippocampal R 103 (36, —18, —24) 4.98 Salience (L) Temporal_Mid_L 152 (—45, —57,24) 4.91
Parietal_Sup_R 80 (24, —51,57) 4.08 Occipital_Mid_R 144 (30, —87, 33) 5.20
DMN Precuneus_R 1,973 (15, —54, 39) 5.73 Angular_L 77 (—48, —66, 45) 4.51
Angular_L 603 (—42, —72, 36) 6.01 Calcarine_L 74 (—9,—96,—-9) 4.67
Calcarine_R 427 (15, —99, 3) 5.38 Salience (R) | Temporal_Sup_R 170 (54, =3, —15) 4.67
Angular_R 370 (48, —66, 36) 5.73 Fusiform_R 157 (42, —30, —24) 5.08
Temporal_Mid_L 77 |(—63,-18,—15)|  4.50 Temporal_Mid_L 132 | (=54,-63,15) | 4.51
Frontal_Sup_Medial L | 76 (=6, 33, 63) 3.96 Temporal_Mid_R 103 | (63, —54,-33) 4.63
Cerebellum_9 R 75 (3, —54, —48) 527 Occipital_Mid_L 75 (—30, —87,27) 4.56
ECN (L) Temporal_Mid_L 431 |(—66,-39,—12)| 5.9 Visual primary| Angular_L 4195 | (54, —66,24) 6.71
Frontal_Mid_L 361 (—27, 45, 12) 5.61 Frontal_Mid_L 375 (—45,6,54) 5.01
Occipital_Mid_L 226 | (=27,-99,6) | 521 Temporal_Inf_L 124 |(=51,—45,—21)| 582
Frontal_Mid_L 206 | (—45,18,39) 5.13 Fusiform_R 82 | (45, -30,—24) | 6.01
Temporal_Inf R 200 (60, =57, —9) 5.88 Visual Occipital_Inf_L 3,849 | (=30, —90, —9) 7.55
secondary
Cerebellum_Crusl_R 126 (36, —63, —33) 5.75
Postcentral_L 248 (—48, —30, 57) 4.57
Precuneus_L 89 (—6,—51,18) 4.93
DAS, dorsal attention; DMN, default mode network; ECN, executive control network;
ECN (R) Temporal_Inf_R 372 (60, —54, —15) 5.95 mTBI, mild traumatic brain injury; HCs, healthy controls; ALL, automated anatomical
Calcarine L 200 (=6, —93,9) 5.17 labeling; MNI, Montreal Neurological Institute; T, statistical value of peak voxel. x, y, z,
alcarine. > > ’ coordinates of primary peak locations in the space of MNI; L, left; R, right.
Caudate_R 139 (18, —6,27) 7.78
Cerebellum_8_R 127 | (27,-66,—51) | 4.75 of the brain regions were reported based on the Automated
Frontal Inf Tri R 84 (45,36, 6) 4.79 Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002).
Motor dorsal |Angular_L 2,055 | (—48, 51, 33) 5.84
(¢9)] ‘pe . .
Classification and evaluation
Hippocampus_L 182 (—18, —12,27) 6.83
Precuneus_R 122 (9, —48,9) 417 The  kernel-based  RBF-SVM  implemented  on
Temporal_Inf_L 84 |(—42,-33,-24) 428 Anaconda platform* with the “scikit-learn” package®
Precentral L 76 | (=21,-12,78) | 3.95 (Abraham et al,, 2011) running on Python 3 was used as
Motor dorsal | Cuneus. R 2423 | (24 —84,45) su the classifier t(') exa.mlfle the pf)ss1b111ty of th<.e comb}natlon of
®) the clusters with significant differences to differentiate mTBI
Precuncus. R 205 (6, —51,15) 510 patients from. H.Cs. For tra.umng and test 'datasets ge.:nferatlon,
data was split in the ratio of 80:20. Prior to training the
Motor ventral |Angular_L 429 —45, —54, 30 4.55 . . .. .
O g ( ) classifiers, each feature in the training dataset was scaled using
MinMaxScaler which modifies the dataset in a standardized
Occipital_Mid_L 190 —27,-96,0 4.64 . . . .
prialVid- ( ) scale with mean of 0 and a unit variance of 1 (Khatri and Kwon,
Putamen_L 154 | (-18,-1527) | 625 2022). The hyperparameters of C and gamma (C range: 1074,
Temporal_Inf_L 134 |(—45,—42,-24) 515 1073,1072,1071, 1, 10, 10%, 10%, 10%; gamma range: 1, 0.1, 0.01,
Rolandic_Oper_L 90 | (—39,—18,18) | 5.02
Cerebellum_8_L 83 (=12, —60, —51) 4.91 4 www.anaconda.com

(Continued)
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FIGURE 2

Brain regions with significant differences in local resting-state
functional magnetic resonance imaging (rs-fMRI) measures
between the mild traumatic brain injury (mTBI) and healthy
controls (HCs) groups (two-sample t-test, GRF-corrected,
voxel-level p < 0.001, cluster-level p < 0.01)

0.001, 0.0001) were optimized using grid research via stratified
nested five-fold cross validation (CV) in the training dataset.
The C parameter assumed to control the tradeoff between
empirical classification error and generalization of the model,
while the gamma parameter defined the extent of influence of
a single training example implemented in the kernel function.
The parameter “class_weight” was set as “balanced” to deal with
the sample imbalance. After the nested CV step, the RBF-SVM
model with the optimal set of values of the hyperparameters
was trained using the whole training dataset. The performance
of the model was evaluated and quantified on the test dataset
via five-fold stratified CV (repeated 100 times) using the
receiver operator characteristic (ROC) curve analysis. The
corresponding area under the curve (AUC), balanced accuracy,
sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) were obtained.

During the multilevel measure analysis, the features were
concatenated into a row vector (local and network measures,
separately), the RBF-SVM was applied, and all the above-
mentioned procedures executed to evaluate the performance
of the classifier following multivariate analysis (Pettersson-Yeo
et al, 2014; Lei et al, 2020). To interpret and understand
the SVM model prediction, the Shapley Additive exPlanations
(SHAP) algorithm was employed, which is a game-theoretic
approach to measure how much each feature contributes to
the model prediction by assigning an importance value to each
feature corresponding to the probability of the diagnosis of
chronic mTBI in this study (Lundberg and Lee, 2017). Further,
20 top features among local measures and network measures
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FIGURE 3

Brain regions with significant differences in the network
seed-based functional connectivity measures between the mild
traumatic brain injury (mTBI) and healthy controls (HCs) groups
(two-sample t-test, GRF-corrected, voxel-level p < 0.001,
cluster-level p < 0.01).

with the greatest contribution to the classification were reported.
Figure 1 shows the workflow of the study.
Results

Demographic characteristics

Demographic statistical analysis showed a significant
difference between the age of HCs and mTBI groups
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(two-sample t-test, p-value = 0.03). However, no significant
difference in the proportion of males and females was found in
each group (HCs: chi-square, x? = 0.1, p-value = 0.75; mTBI:
chi-square, %2 = 3.6, p-value = 0.08) (Table 2).

Group differences in rs-fMRI measures

Several brain regions have been found as significant
differences between the mTBI and HCs groups for each local
and network measure. The detail of the results of two-sample
t-tests comparing between the groups for the local and network
measures are summarized in Tables 3, 4, and shown in
Figures 2, 3, respectively.

Classification performance

In identification of mTBI patients versus HCs, the %AUC,
balanced accuracy, sensitivity, specificity, PPV, and NPV values
were obtained for single and combined local and network
measures. The list of these values and ROC analysis are
summarized in Table 5 and Figures 4, 5. The %AUC value for
local measures was 88.75 for fALFF, 96.25 for ReHo, 100 for
DC, 96.25 for VMHC, and 86.67 for FCS. Also, the %AUC for
the network measures was 86.25 for the default mode network
(DMN), 82.5 for dorsal attention network (DAS), 80.42 for
both left and right executive control network (ECN), 86.67 and
82.5 for left and right motor dorsal, respectively; 81.67 and
93.33 for left and right motor ventral, respectively; 82.92 and
81.25 for left and right salience network, respectively; 82.08
for visual primary; and 97.5 for visual secondary. Additionally,
we found highest performance of SVM classification using
multilevel measure analysis achieving an %AUC of 100 for
both the local and network measures. However, DC as a single
measure showed the highest %AUC of 100 among the whole
rs-fMRI metrics.

Brain regions with the greatest
contribution to classification

The SHAP summary plots of top 20 features with the
greatest contribution to classification in the multilevel local
and network measure models are presented in Figures 6, 7,
respectively. The DC value of left postcentral had the greatest
contribution to the model prediction among the local measures.
ReHo values in left superior frontal cortex and VMHC in
right superior parietal cortex were also important for model
prediction. Among the network measures, FC between the
right motor ventral and left superior temporal gyrus served as
the most important feature. The FC between right ECN and
right caudate, and FC between right salience network and right
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middle temporal gyrus, as well as FC between the DMN and left
medial superior frontal cortex were found as important features
in model prediction.

Discussion

There is an important need to differentiate chronic
mTBI and HCs, and vyet, there is a lack of objective
imaging biomarkers. The scientific motivation of this study
was to investigate classification performance of distinction
chronic mTBI patients and HCs utilizing multivariate rs-
fMRI metrics. We employed voxel-wise two-sample t-test
comparing between the groups to generate two types of
resting-state features including local and network measures.
To our knowledge, no previous studies have combined voxel-
wise rs-fMRI metrics to distinguish mTBI patients at the
level of an individual. This is well-known that the vast
majority of neurological and psychiatric diseases are associated
with a combination of regional and network-level brain
function alteration (Fornito and Bullmore, 2015; Worbe,
2015). Furthermore, different neuroimaging modalities capture
different aspects of neuropathology and hence, may provide
complementary information for detecting mTBI at individual
level.

In recent years, a few studies have attempted to develop a
manner for making an mTBI diagnosis using brain functional
imaging with ML methods. Vergara et al. (2018) used dynamic
functional network connectivity (dFNC) for mTBI detection
using a linear SVM algorithm. They found the highest
classification performance of 92% for one of the dFNC
states (Vergara et al,, 2018). Also, Vivaldi et al. (2021) used
electroencephalography (EEG) for two-class classification of
patients with mTBI and normal subjects employing SVM and
K-nearest neighbors (KNN) models and achieved the accuracy
of 0.94 via 10-fold CV during classification. In a recent study,
researchers conducted linear SVM ML algorithm using diffusion
tensor imaging (DTI) including fractional anisotropy (FA) and
the ratio of axial diffusivity (AD) to radial diffusivity (RD)
to different patients with mTBI from HCs. They found FA
of the anterior/superior corona radiata and AD/RD of the
corpus callosum and internal capsule are the best features in
classification with the maximum accuracy of 89% (Harrington
et al., 2022). To our knowledge, this study is the first to explore
multilevel rs-fMRI metrics that includes both local and network
measures, in the classification of patients with chronic mTBI and
HCs using a ML method. We categorized the rs-fMRI metrics to
two types of local and network measures and investigated the
classification performance for separate and combined metric(s)
models. As for the separate metric model, almost all showed
similar and moderate classification performance. However, the
combined models outperformed the separate models.
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TABLE 5 Classification performances of single metric model and combined model for local and network rs-fMRI metrics.

Metrics AUC (%) | B-ACC (%) | Sensitivity (%) | Specificity (%) | PPV (%) NPV (%)
Local metrics fALFF 88.75 88.75 95.00 82.50 89.19 92.14
ReHo 96.25 96.25 100 92.50 95.60 100
DC 100 100 100 100 100 100
VMHC 96.25 96.25 100 92.50 95.60 100
FCS 86.67 86.67 98.33 75.00 86.86 97.78
Combined 100 100 100 100 100 100
Network metrics DMN 86.25 86.25 100 72.50 84.75 100
DAS 82.50 82.50 95.00 70.00 83.44 91.79
ECN (L) 80.42 80.42 98.33 62.50 81.57 97.50
ECN (R) 80.42 80.42 98.33 62.50 82.01 97.50
Motor dorsal (L) 86.67 86.67 93.33 80.00 89.29 92.32
Motor dorsal (R) 82.50 82.50 90.00 75.00 85.71 85.84
Motor ventral (L) 81.67 81.67 93.33 70.00 82.89 88.45
Motor ventral (R) 93.33 93.33 96.67 90.00 93.85 94.92
Salience (L) 82.92 82.92 93.33 72.50 83.83 87.98
Salience (R) 81.25 81.25 90.00 72.50 84.37 86.70
Visual primary 83.33 83.33 91.67 75.00 86.40 90.00
Visual secondary 82.08 82.08 81.67 82.50 88.98 74.71
Combined 97.50 97.50 100 95.00 96.92 100

AUG, area under the receiver operator curve; B-ACC, balanced accuracy; PPV, positive predictive value; NPV, negative predictive value; fALFE, fractional amplitude of low frequency
fluctuation; ReHo, regional homogeneity; DC, degree centrality; VMHC, voxel mirrored homotopic connectivity; FCS, functional connectivity strength; DMN, default mode network;

DAS, dorsal attention network; ECN, executive control network; L, left; R, right.

Using multimodality MRI, several studies constructed
SVM classifier for identification of neurological and psychiatric
diseases. Vergara et al. (2017) compared the classification
performance of SVM classifier using both resting-state
functional network connectivity (rsFNC) and diffusion
MRI in detection of mTBI patients; however, the feature
selection method they used was relatively loose and they
failed to include and combine several MRI modalities. Similar
to our study, Pang et al. (2021) included multivariate rs-
fMRI metrics including ALFE, DC, ReHo, VMHC, and FC
and examined the classification performance of single and
combined metric(s) models to distinguish between motor
subtype of Parkinson’s disease. Identical to our results, they
found improved classification performance using combined
metrics model (Pang et al., 2021). Also, another study employed
combination of several rs-fMRI metrics and SVM classifying
patients with bipolar disorder and reported the AUC of
0.919. However, they failed to build a single model for each
metric (Wang et al.,, 2020). In line with this, Lei et al. (2020)
incorporated multimodal MRI imaging including structural
and rs-fMRI data in classification study of patients with
schizophrenia using SVM algorithm. They found that the

combination of images and metrics enhances classification
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performance resulting in highest accuracy of 90.83% (Lei et al.,
2020).

The most recent study utilized different rs-fMRI metrics and
structural MRI including hippocampal subfield and amygdala
volumes for diagnosis of patients with Alzheimer’s disease (AD).
They conducted SVM and random forest (RF) ML algorithm for
classification task and found that combination of the structural
and rs-fMRI metrics could significantly enhance the accuracy of
classification in diagnosing AD. Moreover, it was suggested that
SVM classifier performs better than RF in binary classification
(Khatri and Kwon, 2022). Our experiment extended the results
of the previous studies showing that classification performance
can be improved by combining multilevel characteristic of rs-
fMRI. Our finding demonstrated the classification accuracy of
100% for both the combined local and network measures that
can be generalized to new dataset and at the patient individual
level.

In order to address the black box nature of the ML method,
the SHAP methodology was employed to enable interpretation
of the ML models and yield the feature importance values. It
assigns numerical values indicating the magnitude and direction
of feature contributions to the model prediction. The best-

discriminative regions were widespread and not restricted to
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FIGURE 4

Receiving operating characteristic curve (ROC) of the support vector machine (SVM) model based on the single and combined local measures.

particular brain regions and networks across the whole rs-
fMRI metrics.

Among local measures, the DC value of the postcentral
gyrus served as the most important feature. The postcentral
gyrus is the main part of the somatosensory cortex and higher
DC values in this area represents the higher-order integration
of different inputs like sensory and motor (Wang et al., 2021).
ReHo in the frontal cortex was also shown as important feature
in discrimination of individual patients with mTBI. Several
studies have demonstrated the vulnerability of the frontal lobe
in mTBIL Specifically, the medial superior frontal lobe as the
main part of the DMN plays a role in cognitive processing.
Cognitive impairment is often associated with patients with
mTBI. Therefore, the functional activity of brain regions within
the DMN plays a key role in differentiating mTBI from normal
subjects. In a recent study on subjects with acute sport-related
concussion, Meier et al. (2020) showed increased connectivity
localized in the frontal lobe regions that are typically associated
with the DMN.

Additionally, it has been shown that abnormal structure,
function, and FC in frontal regions are common in individuals
suffering from pain disorders including headache, migraine,
and mTBI. Indeed, FC alteration in the frontal lobe is linked
with pain processing including the affective and cognitive

Frontiers in Neuroscience

processing of pain (Schwedt et al, 2017; Lu et al, 2020b).
Further, researchers have repeatedly reported that the pattern
of functional disruption of the DMN is associated with
psychological and emotional distress in neuropsychological
diseases including mTBI, suggesting the role of the DMN as a
predictive biomarker of prognosis of individual patients with
mTBI (Zhan et al.,, 2015; Guo et al,, 2019; Shi et al., 2021;
Vedaei et al.,, 2021). In the present study, we found the superior
parietal gyrus as one of the regions with a great contribution
to the classification. Our results are in line with previous
studies reporting abnormality of resting-state FC in fronto-
parietal network in patients with chronic mTBI (Marquez de la
Plata et al., 2011; Shumskaya et al., 2012; Stevens et al., 2012).
The fronto-parietal network has been shown to be involved
in top-down attention control that is activated when attention
is shifted from self-awareness to the external environment.
Several reports have described abnormality in fronto-parietal
connectivity during working memory task in mTBI patients
(Kasahara et al., 2011). As such, increased rs-fMRI measures
might be associated with excessive cognitive fatigue frequently
reported in mTBI patients (Spikman and Van Der Naalt, 2010).
Another important feature for the model prediction was the
Rolandic operculum. This is a region that covers parts of the
frontal, temporal and parietal cortex, and abnormal FC in this
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FIGURE 5

Receiving operating characteristic curve (ROC) of the support vector machine (SVM) model based on the single and combined network

measures.
area has been shown to be linked with worse psychological and temporal gyrus have been shown as two main targets of
conditions such as anxiety and depression (Sutoko et al., 2020). TBI. A number of studies have shown that the frontal and

Among the network measures analysis, FC value between temporal lobes are at increased risk of contusion in moderate
the motor ventral area and superior temporal gyrus has to severe brain injury (Zhou et al,, 2014; Vedaei et al., 2021).
been served as the most important feature with the greatest A recent study demonstrated increased functional and structural
contribution to the prediction model. The motor network connectivity between subnetwork nodes in the DMN including
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temporal superior temporal gyrus in patients with chronic mTBI
1 year after injury (Dall’Acqua et al., 2017). Shi et al. (2021) in a
study on patients with mTBI showed an alteration of rs-fMRI
measures in the cerebellum and temporal lobe regions and
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suggested that the FC abnormality is consistent with sensory
perception, movement control, and micro-motor coordination
in patients after injury. Also, it has been shown that motor
network functional activation and connectivity in mTBI patients
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with post-traumatic headache is related to patients’ response
to avoid movement during pain since physical movement may
worsen the pain (Lu et al., 2020b).

Functional connectivity between the ECN and right caudate
also were found to be important. The DLPFC as the center of the
ECN has been shown to be functionally engaged during working
memory tasks (Slobounov et al.,, 2010; Gillis and Hampstead,
2015; Mayer et al., 2015). The caudate is a part of limbic system
and basal ganglia and is defined to be engaged in emotional
processing. As such, we speculate that increased FC between the
DLPEC and caudate is linked with compensatory mechanism of
top-down cognitive control and mood-regulating in the patient
group. This finding is consistent with the result of a recent
study demonstrating that rs-fMRI connectivity between DLPF
and cingulate-pallidostriatal- thalamic-amygdala is correlated
with depressive scores in TBI cohort (Luo et al., 2021). We also
found the FC between the salience network and middle temporal
gyrus as one the important features. Structural and functional
abnormality of the anterior insula, the center of salience
network, have been reported during acute stage of mTBI. In
line with our results, Lu et al. (2020a) has shown alteration of
FC between insula and temporal gyrus in patients with mTBI
compared to controls as well as significant correlation between
this FC and Montreal cognitive assessment (MoCA) sub-scores
including orientation and abstraction scores. They speculated
that accumulation of amyloid in the temporal gyrus is associated
with cognitive function dysfunction in patients suffering from
traumatic injury (Lu et al., 2020a).

Another important feature in our model prediction was
FC between the DMN and medial superior frontal gyrus.
General speaking, FC abnormality between the DMN and
other brain regions has been shown in many studies in
patients with neurological and psychiatric disorders including
mTBI. Our findings are consistent with prior literature
showing hyperconnectivity between DMN regions including
posterior cingulate cortex (PCC) and regions in frontal gyrus,
representing brain neuroplasticity operative in neural repair
and recovery after injury. Therefore, we speculate that this
hyper-connectivity is linked with compensatory reallocation
and recruitment of cognitive resources (Zhou et al., 2012;
Sours et al., 2013; Shumskaya et al,, 2017; Li F. et al., 2020).
FC between visual network and middle frontal gyrus was
also served as one of the important features. The occipital
gyrus in the center of visual cortex has been shown to be
vulnerable to brain injury. Our findings are in line with previous
literature revealing that the FC abnormality in this network is
linked with visual disturbances, memory, and motor perception
disturbances (Palacios et al., 2017; Shi et al., 2021). Additionally,
it has been shown that mTBI symptoms are strongly correlated
with between-network connectivity particularly between motor,
DMN, and visual networks (Madhavan et al.,, 2019). Palacios
et al. (2013) in a study on patients suffering from chronic mTBI
showed that loss of structural connectivity in these patients is

Frontiers in Neuroscience

14

10.3389/fnins.2022.1099560

compensated for by an increased in the functional connectivity
of local circuits.

Prior work in mTBI using rs-fMRI has revealed abnormal
FC in several brain networks including the DMN, DMN-
basal ganglia, attention-sensorimotor, fronto-parietal, and visual
network. For instance, Stevens et al. (2012) in an rs-fMRI study
on mTBI population used independent component analysis
(ICA) comparing between the patients and normal subjects and
showed abnormal FC in several brain networks including visual,
motor, limbic, and several other circuits involved in executive
function. They proposed that abnormalities were not included
FC deficits, but also reflecting compensatory neural processes.

Our findings are in line with prior studies reporting that
alterations in FC in mTBI patients are more between-network
than within-network indicating disruption of communication
between brain network modules in this patient population.
Taken collectively, these findings confirm that the hub
organization and networks might interfere with multiple
integrative roles such as executive function, social cognition,
internal focus of attention, divided attention, vision, memory,
and language (Vakhtin et al,, 2013; Madhavan et al., 2019; Meier
etal., 2020; Li et al., 2022).

This study has several limitations. Considering the relatively
small sample size and imbalanced proportion of the classes,
future studies need to validate our findings with a larger
cohort and multiple clinical centers. Also, inhomogeneity of the
patient population may affect the outcomes. Future studies are
needed to be more considerate involving homogenous datasets.
In addition, including multimodal data such as structural,
diffusion weighted, and cerebral perfusion data might provide
more information assisting each other in interpretation of the
model predictions following individual patient classification
task. Finally, different classification ML algorithms other than
SVM, and feature selection methods could be executed and
compared in order to introduce the optimized classification
model which ultimately can be employed in clinical practice and
patient classification and diagnostic at individual level.

Conclusion

In sum, the present study provided a comprehensive
approach employing SVM in classification of chronic mTBI
patients using local and network rs-fMRI measures. We
showed relatively high classification performance using separate
models. Specifically, DC among the whole measures showed
the highest classification accuracy suggesting using this metric
in classification tasks when just one measure needed to be
employed. Additionally, we proposed that combined multilevel
rs-fMRI metrics may improve classification accuracy relative to
single models. Given the pressing need of automatic clinical
tools for detecting mTBI in patients with high levels of accuracy,
combining neuroimaging measures within a multivariate
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supervised ML framework may provide a new avenue for the
diagnosis of individual patients in the clinical setting.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed
and approved by the Thomas Jefferson University IRB. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

FV: conceptualization, formal analysis, methodology,
writing - original draft, and writing - review and editing. NM
and GZ: formal analysis, methodology, and writing - review
and editing. DM: conceptualization, resources, and funding
acquisition. EN: formal analysis, data collection, and writing
- review and editing. CH: data collection, methodology, and
writing - review and editing. NW: formal analysis, supervision,
and writing - review and editing. AN: conceptualization,
investigation, resources, supervision, validation, and writing
- review and editing. FM: conceptualization, investigation,
methodology, supervision, validation, and writing - review and
editing. All authors contributed to the article and approved the
submitted version.

References

Abraham, A., Pedregosa, F., Eickenberg, M., Gervais, P., Mueller, A., Kossaifi,
J., et al. (2011). Scikit-learn: Machine learning in python. J. Mach. Learn. Res. 12,
2825-2830.

Ahmed, Z., Mohamed, K., Zeeshan, S., and Dong, X. (2020). Artificial
intelligence with multi-functional machine learning platform development for
better healthcare and precision medicine. Database 2020, 1-35. doi: 10.1093/
database/baaa010

Amari, S., and Wu, S. (1999). Improving support vector machine classifiers by
modifying kernel functions. Neural Netw. 12, 783-789.

Asken, B. M., DeKosky, S. T., Clugston, J. R., Jaffee, M. S., and Bauer, R. M.
(2018). Diffusion tensor imaging (DTI) findings in adult civilian, military, and
sport-related mild traumatic brain injury (mTBI): A systematic critical review.
Brain. Imaging Behav. 12, 585-612. doi: 10.1007/s11682-017-9708-9

Bittencourt-Villalpando, M., van der Horn, H. J., Maurits, N. M., and van der
Naalt, J. (2021). Disentangling the effects of age and mild traumatic brain injury
on brain network connectivity: A resting state fMRI study. Neuroimage Clin.
29:102534. doi: 10.1016/j.nicl.2020.102534

Buyukturkoglu, K., Zeng, D., Bharadwaj, S., Tozlu, C., Mormina, E., Igwe,
K. C,, et al. (2021). Classifying multiple sclerosis patients on the basis of SDMT

Frontiers in Neuroscience

15

10.3389/fnins.2022.1099560

Funding

This study was supported by a funding from the
Marcus Foundation.

Acknowledgments

The authors thank Christopher Conklin, Ph.D. and George
Adjin Tettey for assistance with data collection. The financial
support from the Department of Integrative Health and
Nutritional Sciences and the Department of Radiology, Thomas

Jefferson University and Hospitals is greatly appreciated.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

performance using machine learning. Mult. Scler. J. 27, 107-116. doi: 10.1177/
1352458520958362

Dai, Z., Yan, C,, Li, K., Wang, Z., Wang, J., Cao, M., et al. (2015). Identifying
and mapping connectivity patterns of brain network hubs in Alzheimer’s disease.
Cereb. Cortex 25, 3723-3742.

Dall’Acqua, P., Johannes, S., Mica, L., Simmen, H., Glaab, R., Fandino, J., et al.
(2017). Functional and structural network recovery after mild traumatic brain
injury: A 1-year longitudinal study. Front. Hum. Neurosci. 11:280. doi: 10.3389/
fnhum.2017.00280

Ding, X., Yang, Y., Stein, E. A., and Ross, T. J. (2017). Combining multiple
resting-state fmri features during classification: Optimized frameworks and their
application to nicotine addiction. Front. Hum. Neurosci. 11:362. doi: 10.3389/
fnhum.2017.00362

Fornito, A., and Bullmore, E. (2015). Connectomics: A new paradigm for
understanding brain disease. Eur. Neuropsychopharmacol. 25, 733-748.

Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Essen, D. C,
and Raichle, M. E. (2005). The human brain is intrinsically organized into
dynamic, anticorrelated functional networks. Proc. Natl. Acad. Sci. U.S.A. 102,
9673-9678.

frontiersin.org


https://doi.org/10.3389/fnins.2022.1099560
https://doi.org/10.1093/database/baaa010
https://doi.org/10.1093/database/baaa010
https://doi.org/10.1007/s11682-017-9708-9
https://doi.org/10.1016/j.nicl.2020.102534
https://doi.org/10.1177/1352458520958362
https://doi.org/10.1177/1352458520958362
https://doi.org/10.3389/fnhum.2017.00280
https://doi.org/10.3389/fnhum.2017.00280
https://doi.org/10.3389/fnhum.2017.00362
https://doi.org/10.3389/fnhum.2017.00362
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Vedaei et al.

Friston, K. J., Williams, S., Howard, R., Frackowiak, R. S., and Turner, R. (1996).
Movement-related effects in fMRI time-series. Magn. Reson. Med. 35, 346-355.

Gao, Y., Xiong, Z., Wang, X., Ren, H., Liu, R,, Bai, B,, et al. (2022). Abnormal
degree centrality as a potential imaging biomarker for right temporal lobe epilepsy:
A resting-state functional magnetic resonance imaging Study and support vector
machine analysis. Neuroscience 487, 198-206. doi: 10.1016/j.neuroscience.2022.02.
004

Gillis, M., and Hampstead, B. M. (2015). A two-part preliminary investigation
of encoding-related activation changes after moderate to severe traumatic brain
injury: Hyperactivation, repetition suppression, and the role of the prefrontal
cortex. Brain Imaging Behav. 9, 801-820. doi: 10.1007/s11682-014-9337-5

Gravesteijn, B. Y., Nieboer, D., Ercole, A., Lingsma, H. F., Nelson, D., Calster, B
v, et al. (2020). Machine learning algorithms performed no better than regression
models for prognostication in traumatic brain injury. J. Clin. Epidemiol. 122,
95-107.

Guo, H,, Liu, R, Sun, Z,, Liu, B., Xiang, Y., Mao, J., et al. (2019). Evaluation
of prognosis in patients with severe traumatic brain injury using resting-state
functional magnetic resonance imaging. World Neurosurg. 121, e630-e639.

Harrington, D., Hsu, P., Theilmann, R., Angeles-Quinto, A., Robb-Swan, A.,
Nichols, S., et al. (2022). Detection of chronic blast-related mild traumatic brain
injury with diffusion tensor imaging and support vector machines. Diagnostics
12:987. doi: 10.3390/diagnostics12040987

Janssen, R., Mourdo-Miranda, J., and Schnack, H. (2018). Making individual
prognoses in psychiatry using neuroimaging and machine learning. Biol.
Psychiatry Cogn. Neurosci. Neuroimaging 3, 798-808.

Jeter, C. B., Hergenroeder, G. W., Hylin, M. J., Redell, J. B., Moore, A. N., and
Dash, P. (2013). Biomarkers for the diagnosis and prognosis of mild traumatic
brain injury/concussion. J. Neurotrauma 30, 657-670. doi: 10.1089/neu.2012.2439

Jia, C., Ou, Y., Chen, Y., Li, P,, Lv, D,, Yang, R,, et al. (2020). Decreased resting-
state interhemispheric functional connectivity in medication-free obsessive-
compulsive disorder. Front. Psychiatry 11:559729. doi: 10.3389/fpsyt.2020.559729

Kasahara, M., Menon, D. K., Salmond, C. H., Outtrim, J. G., Tavares, J. V.,
Carpenter, T. A,, et al. (2011). Traumatic brain injury alters the functional brain
network mediating working memory. Brain Inj. 25, 1170-1187.

Khatri, U., and Kwon, G. (2022). Alzheimer’s disease diagnosis and biomarker
analysis using resting-state functional MRI functional brain network with multi-
measures features and hippocampal subfield and amygdala volume of structural
MRI. Front. Aging Neurosci. 14:818871. doi: 10.3389/fnagi.2022.818871

Lei, D., Pinaya, W. H., Young, J., Amelsvoort, T v, Marcelis, M., Donohoe,
G., et al. (2020). Integrating machining learning and multimodal neuroimaging
to detect schizophrenia at the level of the individual. Hum. Brain Mapp. 41,
1119-1135. doi: 10.1002/hbm.24863

Lemme, J., Holmes, S., Sibai, D., Mari, J., Simons, L. E., Burstein, R., et al. (2021).
Altered brain network connectivity underlies persistent post-traumatic headache
following mild traumatic brain injury in youth. J. Neurotrauma 38, 1662-1669.

Li, F, Liu, Y,, Lu, L., Shang, S., Chen, H., Haidari, N. A, et al. (2022). Rich-
club reorganization of functional brain networks in acute mild traumatic brain
injury with cognitive impairment. Quant. Imaging Med. Surg. 12, 3932-3946.
doi: 10.21037/qims-21-915

Li, F, Lu, L., Chen, H., Wang, P., Chen, Y., Zhang, H.,, et al. (2019). Disrupted
brain functional hub and causal connectivity in acute mild traumatic brain injury.
Aging (Albany NY) 11, 10684-10696. doi: 10.18632/aging.102484

Li, F, Lu, L, Shang, S, Hu, L, Chen, H, Wang, P, et al. (2020).
Disrupted functional network connectivity predicts cognitive impairment
after acute mild traumatic brain injury. CNS Neurosci. Ther. 26,
1083-1091.

Li, H., Cui, L., Cao, L., Zhang, Y., Liu, Y., Deng, W., et al. (2020). Identification
of bipolar disorder using a combination of multimodality magnetic resonance
imaging and machine learning techniques. BMC Psychiatry 20:488. doi: 10.1186/
$12888-020-02886-5

Liu, W., Zhang, X., Qiao, Y., Cai, Y., Yin, H., Zheng, M., et al. (2020). Functional
connectivity combined with a machine learning algorithm can classify high-
risk first-degree relatives of patients with schizophrenia and identify correlates
of cognitive impairments. Front. Neurosci. 14:577568. doi: 10.3389/fnins.2020.
577568

Liu, Y., Ding, Z., Wang, X., Zhou, S., Xiao, H., Lu, X,, et al. (2018). Regional
homogeneity in cognition with frontal lobe injury-A resting-state fMRI study.
Neurol. Neurosurg. 1, 1-5.

Lu, L, Li, F.,, Chen, H., Wang, P., Zhang, H., Chen, Y., et al. (2020a). Functional
connectivity dysfunction of insular subdivisions in cognitive impairment after

acute mild traumatic brain injury. Brain Imaging Behav. 14, 941-948. doi: 10.1007/
511682-020-00288-5

Frontiers in Neuroscience

16

10.3389/fnins.2022.1099560

Lu, L, Li, F., Wang, P., Chen, H., Chen, Y., and Yin, X. (2020b). Altered
hypothalamic functional connectivity in post-traumatic headache after mild
traumatic brain injury. J. Headache Pain 21, 1-9. doi: 10.1186/s10194-020-0
1164-9

Lundberg, S., and Lee, S. (2017). A unified approach to interpreting model
predictions scott. arXiv [Preprint]. doi: 10.48550/arXiv.1705.07874

Luo, L., Langley, C., Moreno-Lopez, L., Kendrick, K., Menon, D., Stamatakis, E.,
et al. (2021). Depressive symptoms following traumatic brain injury are associated
with resting-state functional connectivity. Cambridge: Cambridge University Press.
doi: 10.1017/S0033291721004724

Lv, H., Wang, Z., Tong, E., Williams, L. M., Zaharchuk, G., Zeineh, M., et al.
(2018). Resting-state functional MRI: Everything that nonexperts have always
wanted to know. Am. J. Neuroradiol. 39, 1390-1399. doi: 10.3174/ajnr.A5527

Madhavan, R., Joel, S. E., Mullick, R., Cogsil, T., Niogi, S. N., Tsiouris, A. J., et al.
(2019). Longitudinal resting state functional connectivity predicts clinical outcome
in mild traumatic brain injury. J. Neurotrauma 36, 650-660.

Malec, J. F., Brown, A. W., Leibson, C. L., Flaada, J. T., Mandrekar, J. N., Diehl,
N. N,, et al. (2007). The mayo classification system for traumatic brain injury
severity. J. Neurotrauma 24, 1417-1424. doi: 10.1089/neu.2006.0245

Marquez de la Plata, C., Garces, J., Shokri Kojori, E., Grinnan, J., Krishnan,
K., Pidikiti, R,, et al. (2011). Deficits in functional connectivity of hippocampal
and frontal lobe circuits after traumatic axonal injury. Arch. Neurol. 68, 74-84.
doi: 10.1001/archneurol.2010.342

Mayer, A., Bellgowan, P., and Hanlon, F. (2015). Functional magnetic resonance
imaging of mild traumatic brain injury. Neurosci. Biobehav. Rev. 49, 8-18.

Meier, T. B., Giraldo-Chica, M., Espana, L. Y., Mayer, A. R., Harezlak, J., Nencka,
A. S, et al. (2020). Resting-state fMRI metrics in acute sport-related concussion
and their association with clinical recovery: A study from the NCAA-DOD CARE
consortium. J. Neurotrauma 37, 152-162. doi: 10.1089/neu.2019.6471

Noble, W. (2006). What is a support vector machine? Nat. Biotechnol. 24,
1565-1567.

O’Neill, T., Davenport, E., Murugesan, G., Montillo, A., and Maldjian, J. (2018).
Applications of rs-fMRI to traumatic brain injury. Neuroimaging Clin. N. Am. 27,
685-696.

Palacios, E. M., Sala-Llonch, R., Junque, C., Roig, T., Tormos, J. M., Bargallo,
N., et al. (2013). Resting-state functional magnetic resonance imaging activity and
connectivity and cognitive outcome in traumatic brain injury. JAMA Neurol. 70,
845-851.

Palacios, E. M., Yuh, E. L., Chang, Y., Yue, J. K., Schnyer, D. M., Okonkwo, D. O.,
et al. (2017). Resting-state functional connectivity alterations associated with six-
month outcomes in mild traumatic brain injury. J. Neurotrauma 34, 1546-1557.
doi: 10.1089/neu.2016.4752

Pang, H., Yu, Z,, Yu, H,, Cao, J., Li, Y., Guo, M., et al. (2021). Use of machine
learning method on automatic classification of motor subtype of Parkinson’s
disease based on multilevel indices of rs-fMRI. Parkinsonism Relat. Disord. 90,
65-72. doi: 10.1016/j.parkreldis.2021.08.003

Pereira, F., Mitchell, T., and Botvinick, M. (2009). Machine learning classifiers
and fMRI: A tutorial overview. NeuroImage 45(Suppl. 1), S199-5209. doi: 10.1016/
j-neuroimage.2008.11.007.Machine

Pettersson-Yeo, W., Benetti, S., Marquand, A., Joules, R., Catani, M., Williams,
S., et al. (2014). An empirical comparison of different approaches for combining
multimodal neuroimaging data with support vector machine. Front. Neurosci.
8:189. doi: 10.3389/fnins.2014.00189

Philippi, C., Velez, C., Wade, B., Drennon, A., Cooper, D., Kennedy, J., et al.
(2021). Distinct patterns of resting-state connectivity in U.S. service members with
mild traumatic brain injury versus posttraumatic stress disorder. Brain Imaging
Behav. 15, 2616-2626. doi: 10.1007/s11682-021-00464-1

Power, J., Mitra, A., Laumann, T., Snyder, A., Schlaggar, B., and Petersen,
S. (2014). Methods to detect, characterize, and remove motion artifact in
resting state fMRI. Neuroimage 84, 320-341. doi: 10.1016/j.neuroimage.2005.
05.058

Puig, J., Ellis, M. J., Kornelsen, J., Figley, T. D., Figley, C. R., Daunis-I-Estadella,
P., et al. (2020). Magnetic resonance imaging biomarkers of brain connectivity
in predicting outcome after mild traumatic brain injury: A systematic review.
J. Neurotrauma 37, 1761-1776. doi: 10.1089/neu.2019.6623

Sacchet, M. D., Prasad, G., Foland-Ross, L. C., Thompson, P. M., and Gotlib,
1. H. (2015). Support vector machine classification of major depressive disorder
using diffusion-weighted neuroimaging and graph theory. Front. Psychiatry 6:21.
doi: 10.3389/fpsyt.2015.00021

Schouten, T. M., Koini, M., Vos, F d, Seiler, S., Grond, ] v, Lechner, A.,
et al. (2016). Combining anatomical, diffusion, and resting state functional
magnetic resonance imaging for individual classification of mild and moderate

frontiersin.org


https://doi.org/10.3389/fnins.2022.1099560
https://doi.org/10.1016/j.neuroscience.2022.02.004
https://doi.org/10.1016/j.neuroscience.2022.02.004
https://doi.org/10.1007/s11682-014-9337-5
https://doi.org/10.3390/diagnostics12040987
https://doi.org/10.1089/neu.2012.2439
https://doi.org/10.3389/fpsyt.2020.559729
https://doi.org/10.3389/fnagi.2022.818871
https://doi.org/10.1002/hbm.24863
https://doi.org/10.21037/qims-21-915
https://doi.org/10.18632/aging.102484
https://doi.org/10.1186/s12888-020-02886-5
https://doi.org/10.1186/s12888-020-02886-5
https://doi.org/10.3389/fnins.2020.577568
https://doi.org/10.3389/fnins.2020.577568
https://doi.org/10.1007/s11682-020-00288-5
https://doi.org/10.1007/s11682-020-00288-5
https://doi.org/10.1186/s10194-020-01164-9
https://doi.org/10.1186/s10194-020-01164-9
https://doi.org/10.48550/arXiv.1705.07874
https://doi.org/10.1017/S0033291721004724
https://doi.org/10.3174/ajnr.A5527
https://doi.org/10.1089/neu.2006.0245
https://doi.org/10.1001/archneurol.2010.342
https://doi.org/10.1089/neu.2019.6471
https://doi.org/10.1089/neu.2016.4752
https://doi.org/10.1016/j.parkreldis.2021.08.003
https://doi.org/10.1016/j.neuroimage.2008.11.007.Machine
https://doi.org/10.1016/j.neuroimage.2008.11.007.Machine
https://doi.org/10.3389/fnins.2014.00189
https://doi.org/10.1007/s11682-021-00464-1
https://doi.org/10.1016/j.neuroimage.2005.05.058
https://doi.org/10.1016/j.neuroimage.2005.05.058
https://doi.org/10.1089/neu.2019.6623
https://doi.org/10.3389/fpsyt.2015.00021
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Vedaei et al.

Alzheimer’s disease. Neuroimage Clin. 11, 46-51. doi: 10.1016/j.nicl.2016.
01.002

Schwedt, T. J., Chong, C. D., Peplinski, J., Ross, K., and Berisha, V. (2017).
Persistent post-traumatic headache vs. migraine: An MRI study demonstrating
differences in brain structure. J. Headache Pain 18, 1-8. doi: 10.1186/s10194-017-
0796-0

Senders, J. T., Zaki, M. M., Karhade, A. V., Chang, B., Gormley, W. B,
Broekman, M. L., et al. (2018). An introduction and overview of machine learning
in neurosurgical care. Acta Neurochir. (Wien) 160, 29-38.

Shi, J., Teng, J., Du, X, and Li, N. (2021). Multi-modal analysis of resting-state
fMRI data in mTBI patients and association with neuropsychological outcomes.
Front. Neurol. 12:639760. doi: 10.3389/fneur.2021.639760

Shumskaya, E., Andriessen, T. M., Norris, D. G., and Vos, P. E. (2012).
Abnormal whole-brain functional networks in homogeneous acute mild traumatic
brain injury. Neurology 79, 175-182.

Shumskaya, E., Gerven, M. A, Norris, D. G., Vos, P. E., and Kessels, R. P. (2017).
Abnormal connectivity in the sensorimotor network predicts attention deficits in
traumatic brain injury. Exp. Brain Res. 235, 799-807. doi: 10.1007/s00221-016-
4841-z

Singh, N., Harrod, J., Subramanian, S., Robinson, M., Chang, K., Cetin-
Karayumak, S., et al. (2022). How machine learning is powering neuroimaging
to improve brain health. Neuroinformatics 20, 943-964. doi: 10.1007/s12021-022-
09572-9

Slobounov, S. M., Zhang, K., Pennell, D., Ray, W., Johnson, B., and Sebastianelli,
W. (2010). Functional abnormalities in normally appearing athletes following mild
traumatic brain injury: A functional MRI study. Exp. Brain Res. 202, 341-354.
doi: 10.1007/s00221-009-2141-6

Song, Y., Han, X,, Li, G., Tong, W., Fan, M., Chen, X,, et al. (2022). Decreased
Interhemispheric functional connectivity and its associations with clinical
correlates following traumatic brain injury. Biomed. Res. Int. 2022:3408660. doi:
10.1155/2022/3408660

Sours, C., Zhuo, J., Janowich, J., Aarabi, B., Shanmuganathan, K., and Gullapalli,
R. (2013). Default mode network interference in mild traumatic brain injury - a
pilot resting state study. Brain Res. 1537, 201-215. doi: 10.1016/j.brainres.2013.08.
034.Default

Sours, C., Zhuo, J., Roys, S., Shanmuganathan, K., and Gullapalli, R. P. (2015).
Disruptions in resting state functional connectivity and cerebral blood flow in mild
traumatic brain injury patients. PLoS One 10:¢0134019. doi: 10.1371/journal.pone.
0134019

Spikman, J., and Van Der Naalt, J. (2010). Indices of impaired self-awareness
in traumatic brain injury patients with focal frontal lesions and executive deficits:
Implications for outcome measurement. J. Neurotrauma 27, 1195-1202. doi: 10.
1089/neu.2010.1277

Stevens, M. C., Lovejoy, D., Kim, J., Oakes, H., Kureshi, I, and Witt,
S. T. (2012). Multiple resting state network functional connectivity
abnormalities in mild traumatic brain injury. Brain Imaging Behav. 6,
293-318.

Sutoko, S., Atsumori, H., Obata, A., Funane, T., Kandori, A., Shimonaga, K.,
etal. (2020). Lesions in the right rolandic operculum are associated with self-rating
affective and apathetic depressive symptoms for post-stroke patients. Sci. Rep. 10,
1-10. doi: 10.1038/s41598-020-77136-5

Taylor, C., Bell, J., Breiding, M., and Xu, L. (2017). Traumatic brain injury-
related emergency department visits, hospitalizations, and deaths-United States,
2007 and 2013. MMWR Surveill. Summ. 66, 1-16. doi: 10.15585/mmwr.ss6
609al

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage 15, 273-289.

Vakhtin, A. A., Calhoun, V. D., Jung, R. E.,, Prestopnik, J. L., Taylor, P. A,,
and Ford, C. C. (2013). Changes in intrinsic functional brain networks following
blast-induced mild traumatic brain injury. Brain Inj. 27, 1304-1310. doi: 10.3109/
02699052.2013.823561

van der Horn, H. J,, Liemburg, E. J., Scheenen, M. E., de Koning, M. E.,
Spikman, J. M., and van der Naalt, J. (2017). Graph analysis of functional brain
networks in patients with mild traumatic brain injury. PLoS One 12:e0171031.
doi: 10.1371/journal.pone.0171031

Frontiers in Neuroscience

17

10.3389/fnins.2022.1099560

Vedaei, E, Alizadeh, M, Romo, V, Mohamed, F. B, and Wu, C (2022). The effect
of general anesthesia on the test-retest reliability of resting-state fMRI metrics and
optimization of scan length. Front. Neurosci. 16:937172. doi: 10.3389/fnins.2022.
937172

Vedaei, F., Newberg, A. B., Alizadeh, M., Muller, J., Shahrampour, S.,
Middleton, D., et al. (2021). Resting-state functional MRI metrics in patients with
chronic mild traumatic brain injury and their association with clinical cognitive
performance. Front. Hum. Neurosci. 15:768485. doi: 10.3389/fnhum.2021.76
8485

Vergara, V. M., Mayer, A. R., Damaraju, E., Kiehl, K. A., and Calhoun, V.
(2017). Detection of mild traumatic brain injury by machine learning classification
using resting state functional network connectivity and fractional anisotropy.
J. Neurotrauma 34, 1045-1053. doi: 10.1089/neu.2016.4526

Vergara, V. M., Mayer, A. R, Kiehl, K. A,, and Calhoun, V. D. (2018).
Dynamic functional network connectivity discriminates mild traumatic brain
injury through machine learning. Neuroimage Clin. 19, 30-37. doi: 10.1016/j.nicl.
2018.03.017

Vivaldi, N., Caiola, M., Solarana, K., and Ye, M. (2021). Evaluating performance
of EEG Data-driven machine learning for traumatic brain injury classification.
IEEE Trans. Biomed. Eng. 68, 3205-3216. doi: 10.1109/TBME.2021.3062502

Wang, S., Zhang, Y., Lv, L., Wu, R, Fan, X,, Zhao, J., et al. (2018). Abnormal
regional homogeneity as a potential imaging biomarker for adolescent-onset
schizophrenia: A resting-state fMRI study and support vector machine analysis.
Schizophr. Res. 192, 179-184. doi: 10.1016/j.schres.2017.05.038

Wang, X., Hu, T., Yang, Q,, Jiao, D., Yan, Y, and Liu, L. (2021). Graph-theory
based degree centrality combined with machine learning algorithms can predict
response to treatment with antiepileptic medications in children with epilepsy.
J. Clin. Neurosci. 91, 276-282. doi: 10.1016/j.jocn.2021.07.016

Wang, Y., Sun, K., Liu, Z., Chen, G., Jia, Y., Zhong, S., et al. (2020). Classification
of unmedicated bipolar disorder using whole-brain functional activity and
connectivity: A radiomics analysis. Cereb. Cortex 30, 1117-1128. doi: 10.1093/
cercor/bhz152

Wang, Z. (2009). A hybrid SVM-GLM approach for fMRI data analysis.
Neuroimage 46, 608-615. doi: 10.1016/j.neuroimage.2009.03.016

Worbe, Y. (2015). Neuroimaging signature of neuropsychiatric disorders. Curr.
Opin. Neurol. 28, 358-364.

Yan, C., Wang, X. D., Zuo, X,, and Zang, Y. (2016). DPABI: Data processing &
analysis for (Resting-state) brain imaging. Neuroinformatics 14, 339-351.

Zang, Y., Jiang, T., Lu, Y., He, Y., and Tian, L. (2004). Regional homogeneity
approach to fMRI data analysis. Neuroimage 22, 394-400.

Zhan, J., Gao, L., Zhou, F., Kuang, H., Zhao, J., Wang, S., et al. (2015). Decreased
regional homogeneity in patients with acute mild traumatic brain injury: A
resting-state fMRI Study. J. Nerv. Ment. Dis. 203, 786-791. doi: 10.1097/NMD.
0000000000000368

Zhang, C., Wu, C., Zhang, H., Dou, W., Li, W., Sami, M. U, et al. (2020).
Disrupted resting-state functional connectivity of the nucleus Basalis of Meynert
in Parkinson’s disease with mild cognitive impairment. Neuroscience 442, 228-236.
doi: 10.1016/j.neuroscience.2020.07.008

Zhou, B., An, D., Xiao, F., Niu, R, Li, W., Li, W., et al. (2020). Machine
learning for detecting mesial temporal lobe epilepsy by structural and functional
neuroimaging. Front. Med. 14:630-641. doi: 10.1007/s11684-019-0718-4

Zhou, Y., Lui, Y. W., Zuo, X., Milham, M. P., Reaume, J., Grossman, R. L.,
etal. (2014). Characterization of thalamo-cortical association using amplitude and
connectivity of functional MRI in mild traumatic brain injury. J. Magn. Reson.
Imaging 39, 1558-1568. doi: 10.1002/jmri.24310.Characterization

Zhou, Y., Milham, M. P., Lui, Y. W., Miles, L., Reaume, J., Sodickson, D. K.,
et al. (2012). Default-mode network disruption in mild traumatic brain injury.
Radiology 265, 882-892.

Zou, Q., Zhu, C,, Yang, Y., Zuo, X,, Long, X., Cao, Q., et al. (2008). An
improved approach to detection of amplitude of low-frequency fluctuation (ALFF)
for resting-state fMRI: Fractional ALFF. J. Neurosci. Methods 172, 137-141. doi:
10.1016/j.jneumeth.2008.04.012

Zuo, X, Kelly, C., Martino, A. D., Mennes, M., Margulies, D. S., Bangaru, S.,
et al. (2010). Growing together and growing apart: Regional and sex differences
in the lifespan developmental trajectories of functional homotopy. J. Neurosci. 30,
15034-15043. doi: 10.1523/JNEUROSCI.2612-10.2010

frontiersin.org


https://doi.org/10.3389/fnins.2022.1099560
https://doi.org/10.1016/j.nicl.2016.01.002
https://doi.org/10.1016/j.nicl.2016.01.002
https://doi.org/10.1186/s10194-017-0796-0
https://doi.org/10.1186/s10194-017-0796-0
https://doi.org/10.3389/fneur.2021.639760
https://doi.org/10.1007/s00221-016-4841-z
https://doi.org/10.1007/s00221-016-4841-z
https://doi.org/10.1007/s12021-022-09572-9
https://doi.org/10.1007/s12021-022-09572-9
https://doi.org/10.1007/s00221-009-2141-6
https://doi.org/10.1155/2022/3408660
https://doi.org/10.1155/2022/3408660
https://doi.org/10.1016/j.brainres.2013.08.034.Default
https://doi.org/10.1016/j.brainres.2013.08.034.Default
https://doi.org/10.1371/journal.pone.0134019
https://doi.org/10.1371/journal.pone.0134019
https://doi.org/10.1089/neu.2010.1277
https://doi.org/10.1089/neu.2010.1277
https://doi.org/10.1038/s41598-020-77136-5
https://doi.org/10.15585/mmwr.ss6609a1
https://doi.org/10.15585/mmwr.ss6609a1
https://doi.org/10.3109/02699052.2013.823561
https://doi.org/10.3109/02699052.2013.823561
https://doi.org/10.1371/journal.pone.0171031
https://doi.org/10.3389/fnins.2022.937172
https://doi.org/10.3389/fnins.2022.937172
https://doi.org/10.3389/fnhum.2021.768485
https://doi.org/10.3389/fnhum.2021.768485
https://doi.org/10.1089/neu.2016.4526
https://doi.org/10.1016/j.nicl.2018.03.017
https://doi.org/10.1016/j.nicl.2018.03.017
https://doi.org/10.1109/TBME.2021.3062502
https://doi.org/10.1016/j.schres.2017.05.038
https://doi.org/10.1016/j.jocn.2021.07.016
https://doi.org/10.1093/cercor/bhz152
https://doi.org/10.1093/cercor/bhz152
https://doi.org/10.1016/j.neuroimage.2009.03.016
https://doi.org/10.1097/NMD.0000000000000368
https://doi.org/10.1097/NMD.0000000000000368
https://doi.org/10.1016/j.neuroscience.2020.07.008
https://doi.org/10.1007/s11684-019-0718-4
https://doi.org/10.1002/jmri.24310.Characterization
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/10.1523/JNEUROSCI.2612-10.2010
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Identification of Chronic Mild Traumatic Brain Injury Using Resting State Functional MRI and Machine Learning Techniques
	Let us know how access to this document benefits you
	Authors

	Identification of chronic mild traumatic brain injury using resting state functional MRI and machine learning techniques
	Introduction
	Materials and methods
	Participants
	Imaging protocol
	Data processing
	Feature extraction
	Local measures
	Fractional amplitude of low frequency fluctuation
	Regional homogeneity
	Degree centrality
	Voxel-mirrored homotopic connectivity
	Functional connectivity strength

	Network measures
	Statistical analysis
	Classification and evaluation

	Results
	Demographic characteristics
	Group differences in rs-fMRI measures
	Classification performance
	Brain regions with the greatest contribution to classification

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


