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A B S T R A C T   

Concussion is a mild traumatic brain injury (mTBI) with increasing prevalence among children and adolescents. 
Functional connectivity (FC) within and between the default mode network (DMN), central executive network 
(CEN) and salience network (SN) has been shown to be altered post-concussion. Few studies have investigated 
connectivity within and between these 3 networks following a pediatric concussion. The present study explored 
whether within and between-network FC differs between a pediatric concussion and orthopedic injury (OI) group 
aged 10–18. Participants underwent a resting-state functional magnetic resonance imaging (rs-fMRI) scan at 4 
weeks post-injury. One-way ANCOVA analyses were conducted between groups with the seed-based FC of the 3 
networks. A total of 55 concussion and 27 OI participants were included in the analyses. Increased within- 
network FC of the CEN and decreased between-network FC of the DMN-CEN was found in the concussion 
group when compared to the OI group. Secondary analyses using spherical SN regions of interest revealed 
increased within-network FC of the SN and increased between-network FC of the DMN-SN and CEN-SN in the 
concussion group when compared to the OI group. This study identified differential connectivity patterns 
following a pediatric concussion as compared to an OI 4 weeks post-injury. These differences indicate potential 
adaptive brain mechanisms that may provide insight into recovery trajectories and appropriate timing of 
treatment within the first month following a concussion.   

1. Introduction 

Concussion is a mild traumatic brain injury (mTBI) with increasing 
prevalence among children and adolescents (Zemek et al., 2017). The 
neurobiological mechanism implicated in concussion injury and repair 
is not fully understood. In addition to axonal injuries due to shearing 
forces, cortical, neurochemical, metabolic, cerebral blood flow, and 
mitochondrial dysfunctions have also been associated with concussion 
pathophysiology (Giza and Hovda, 2001). Insults to cerebrovascular 
control (cerebral blood flow mechanisms) likely contribute to 

concussion symptoms. Cerebral blood flow impairments may contribute 
to changes in brain activity and connectivity within and between func-
tional brain networks. Understanding network connectivity in pediatric 
concussion may improve our understanding of associated symptoms and 
recovery trajectories, helping to establish the most appropriate type and 
timing of treatment intervention. 

A pathophysiological network studied in concussion is the default 
mode network (DMN). The DMN—sometimes referred to as the task- 
negative network—is a group of structures that are consistently active 
during tasks that are internally-focused or in the absence of outwardly 
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engaging tasks (Buckner et al., 2008). The DMN is comprised of the 
posterior cingulate cortex (PCC), precuneus, medial prefrontal cortex 
(mPFC), temporoparietal areas, and regions of the medial temporal lobe 
(Andrews-Hanna et al., 2014). The PCC is thought to be responsible for 
coordinating representations of the self while the mPFC filters and se-
lects the relevant representations into conscious thought (Davey et al., 
2016). 

Despite the well-documented presence of changes post-concussion, 
findings of DMN FC vary considerably in both adults and adolescents 
following concussion. Increases in functional connectivity (FC) within 
the DMN have been associated with rumination in adults (van der Horn 
et al., 2016a,b) and it has been speculated that ongoing increases in FC 
within the DMN may impede recovery following an mTBI due to 
persistent thoughts about present injury state and future consequences 
(van der Horn et al., 2017a,b). However, findings of both increased and 
decreased connectivity have been observed in adults in the months 
following a concussion (van der Horn et al., 2017a,b; van der Horn et al., 
2016a,b). In children and young adults, patterns of decreased DMN 
connectivity in the acute and chronic phases of concussion have been 
observed across adolescence (Iyer et al., 2019a,c; Plourde et al., 2020) 
and have corresponded to increased sleep and cognitive disturbances 
(Iyer et al., 2019a,c). However, based on the research to date, a trend 
towards increased DMN connectivity appears to be most prevalent in 
concussed adolescents (Abbas et al., 2015; Newsome et al., 2016a; Orr 
et al., 2016). Studies have noted increased connectivity within 30 days 
and up to a year following concussion in both symptomatic and 
asymptomatic youth in comparison to participants with no history of 
concussion or suffering from an OI (Abbas et al., 2015; Newsome et al., 
2016a; Orr et al., 2016). Due to the variability of the findings, further 
research is needed to better understand the FC patterns of the DMN 
following a concussion in youth. 

While the DMN is described as the task-negative network, the central 
executive network (CEN) can be described as the task-positive network 
or the frontoparietal control network (Vincent et al., 2008). This 
network appears to be anticorrelated with the DMN and is activated 
during external tasks requiring executive control and function (Srid-
haran et al., 2008). Its main hub regions include the dorsolateral pre-
frontal cortex (dlPFC) and the posterior parietal cortex (pPC) which 
have been shown to contribute to sustained attention and working 
memory (Seeley, 2019). Following concussion, the CEN has been shown 
to be irregular when measured in a resting-state in comparison to con-
trols in both adolescence and adulthood. Similar to the DMN, the CEN 
appears to demonstrate primarily increased connectivity in youth 
following a concussion (Borich et al., 2015) but studies investigating the 
role of the CEN in pediatric concussion are limited. Given that children 
and youth with concussion have demonstrated deficits in attentional 
control and executive function in the subacute (<2 weeks) and chronic 
(>1 month) phase (Broadway et al., 2019; Howell et al., 2013), pediatric 
CEN functional activity requires further attention. 

Another network with demonstrated involvement with the DMN and 
CEN is the salience network (SN). The role of the SN involves the 
perception, integration, and filtration of emotional and interoceptive 
cues (Liu et al., 2020). Its main hub regions include the dorsal anterior 
cingulate cortex (dACC) and frontoinsular cortex (FIC) (Seeley et al., 
2007; Seeley, 2019). The SN provides crucial control of executive 
behavior through its modulation of CEN activity (van der Horn et al., 
2016a,b) and control over cognitive functions through its modulation of 
DMN activity (Bonnelle et al., 2012). Resting-state FC increases within 
the SN have been found in adults 7 days following an mTBI in com-
parison to controls (Liu et al., 2020) and these within-network increases 
have been associated with increased symptoms of anxiety (Seeley, 
2019). In adolescence, strong FC between the main SN hub regions has 
been observed (Marusak et al., 2017) and negative correlations were 
found between trait anxiety and FC of the left and right anterior insula 
and right dACC (Geng et al., 2016). However, studies investigating the 
role of SN FC following a pediatric concussion are lacking. Due to its 

apparent control over the DMN and CEN in adulthood, the SN’s con-
nectivity patterns following pediatric concussion also require more 
attention. 

Correlated activity between the 3 networks has been observed in 
adults following concussion. The SN has been shown to modulate the 
relationship between the DMN and the CEN, including exerting control 
over the switch between the task-on and task-off states (Chand et al., 
2017; Goulden et al., 2014; Jilka et al., 2014). Recently, further evi-
dence implicated the FIC (also referred to as the anterior insula) as a key 
site for mediating the balance between the DMN and attention/execu-
tive control networks using task-based functional magnetic resonance 
imaging (fMRI) (Huang et al., 2021). Decreased segregation between the 
DMN and CEN, and increased connectivity between the DMN and SN, 
has been observed in the acute and chronic stages of concussion and 
have been associated with increased cognitive complaints (Iraji et al., 
2015; Liu et al., 2020; Sours et al., 2018; van der Horn et al., 2017a,b). In 
addition, higher FC between the CEN and SN has been associated with 
decreased post-mTBI cognitive complaints and depression symptoms 
(van der Horn et al., 2016a,b). This evidence supports the assumption 
that when SN function becomes dysregulated, DMN activity interferes 
with CEN function resulting in cognitive and attention deficits (van der 
Horn et al., 2016a,b). 

Although much of the research has been conducted with adults, 
correlated activity between the 3 networks has also been observed 
throughout childhood and adolescence (Sherman et al., 2014). Con-
nectivity between the CEN and DMN, as well as the CEN and SN, appears 
to become anticorrelated throughout childhood, with significant anti-
correlation noted as early as 7 years old (Marusak et al., 2017; Sherman 
et al., 2014). Further, reduced FC between regions of the SN and DMN 
were found to be associated with higher trait anxiety in adolescents 
(Geng et al., 2016). Contrary to research in adults, a study investigating 
a pediatric sample found no significant differences in DMN and CEN 
interconnectivity between concussion and control participants (Iyer 
et al., 2019a,c). To our knowledge, studies have yet to investigate the 
interactions between the 3 networks in pediatric concussion. Further 
research is needed to better understand connectivity changes between 
these brain networks following a pediatric concussion. 

The following study investigated the intraconnectivity of the DMN 
and its interconnectivity with the CEN and SN at 1 month following a 
pediatric concussion in comparison to an age and sex-matched ortho-
pedic injury (OI) group. The inclusion of the OI group allowed conclu-
sions to be made regarding the influence of being in an injured state, for 
example, the experience of pain or initial pause in regular activities 
(Mathias et al., 2013; Stancin et al., 1998; Wilde et al., 2019). In addi-
tion, this study investigated connectivity at a point in time when the 
majority of adolescents have typically recovered from concussion 
symptoms (Ledoux et al., 2019) to highlight if differential connectivity 
persists. It was hypothesized that intraconnectivity within the DMN 
would be increased in concussion participants in comparison to OI 
participants at 4 weeks post-injury. In addition, it was hypothesized that 
increased interconnectivity between the DMN and CEN and increased 
SN intraconnectivity in the concussion group would be observed at 4 
weeks post-injury. 

2. Materials and methods 

2.1. Study participants 

A total of 92 participants with a concussion and 46 participants with 
an OI were enrolled as part of the Pediatric Concussion Assessment of 
Rest and Exertion with MRI (PedCARE+MRI) study, an adjunct study to 
the multicentre randomized clinical trial PedCARE (Ledoux et al., 2019), 
from May 2018 to January 2020. All participants were enrolled at the 
Children’s Hospital of Eastern Ontario (CHEO) emergency department 
(ED) and underwent an MRI at < 72 h and 4 weeks post-injury. Partic-
ipants and parent/guardian provided written informed consent and/or 
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assent as appropriate. Of those enrolled in the study, 15 concussion and 
16 OI participants did not complete the full MRI protocol and were 
either excluded or withdrew. Further, 17 concussion and 3 OI partici-
pants were excluded from the FC analysis due to excessive motion (>3 
mm) in their rs-fMRI scans. An additional 3 concussion participants were 
excluded despite complete MRI data due to significant incidental find-
ings. No participants were excluded for excess motion in their structural 
scans. A total of 55 concussion and 27 OI participants remained for the 
rs-fMRI analyses. For a complete enrolment breakdown, see Supple-
mental 1. The study was approved by the Research Ethics Board at CHEO 
and was carried out in accordance with the Code of Ethics of the World 
Medical Association (Declaration of Helsinki). 

Although the PedCARE trial randomized concussion participants to 
either resume non-contact, aerobic physical activity at 72 h post- 
concussion or rest until asymptomatic, the concussion participants 
were regrouped and the randomization was broken for the purposes of 
this study as both groups completed similar levels of physical activity 
(Ledoux et al., 2021). The study herein is a cross sectional design of the 
data collected for PedCARE+MRI. The inclusion of the age and sex- 
matched orthopedically injured group further contributed to the cross- 
sectional design as recruitment in the same ED allowed for the control 
of enrolment in a hospital setting, pain, injury-related stress and pre-
morbid characteristics (Mathias et al., 2013; Stancin et al., 1998; Wilde 
et al., 2019). 

2.1.1. Concussion participants 
Inclusion criteria was as follows: aged 10–17.99 years old; had a 

concussion as defined by the Berlin consensus statement; head injury 
was acquired within 48 h of ED visit; and proficiency in English. An 
adapted version of the CDC tiered framework (Peterson et al., 2021) was 
used to increase the chances of enrolling patients with a true concussion. 
Patients were included if they presented with either: 1 symptom within 
the highest level of certainty (e.g., amnesia; loss of consciousness); or 2 
symptoms within the higher level of certainty immediately or within 1 h 
of injury (e.g., nausea or vomiting; headache; clumsiness or balance 
problems). Participants were excluded if they had: a Glasgow coma scale 
(GCS) rating of ≤ 13 or below at ED presentation as determined by the 
treating physician; neuroimaging abnormalities; neurosurgical inter-
vention, intubation, or intensive care admission; multi-system injuries 
requiring hospitalization; severe chronic neurological developmental 
delay with communication difficulties; intoxication; absence of trauma 
history; previous enrolment; unable to provide informed consent; pre-
vious neurological or neurodevelopmental disorder; previously hospi-
talized for psychiatric disorders; administered sedation medication 
before or during ED visit; unable to attend MRI follow-ups; or any reason 
that prevented undergoing an MRI. 

2.1.2. Orthopedic injury participants 
Inclusion criteria was as follows: aged 10–17.99 years; had an iso-

lated upper extremity OI due to blunt force or physical trauma; injury 
was acquired within 48 h of ED visit; and proficiency in English. Par-
ticipants were excluded if they had: a concussion upon presentation or a 
previous concussion or traumatic brain injury within the last year; 
closed reduction procedural sedation or surgical management at time of 
ED visit; severe chronic neurological developmental delay with 
communication difficulties; intoxication; absence of trauma history; 
previous enrolment; unable to provide informed consent; previous 
neurological or neurodevelopmental disorder; previously hospitalized 
for psychiatric disorders; administered sedation medication before or 
during ED visit; unable to attend MRI follow-ups; or any reason that 
prevented undergoing an MRI. 

2.2. Clinical and demographic data 

Participant demographics and diagnostic history (including age, sex, 
handedness, number of previous concussions and prior diagnosis of 

ADHD, anxiety, depression, and learning disabilities) were collected due 
to their adverse effects on concussion recovery, psychophysiology and 
pathophysiology (Iaccarino et al., 2018; Iverson et al., 2017). Clinical 
and demographic data were collected during enrolment in the ED. When 
collection was not possible in the ED, data was collected either 72 h post- 
injury or retroactively post-study completion (if not collected at 72 h). 
Degree of concussion symptoms were also measured using the validated 
and reliable Health and Behaviour Inventory (HBI) (Ayr et al., 2009), a 
20-item questionnaire that includes a total score and measurements of 
cognitive and somatic symptoms. The HBI is recommended as a NIH core 
common data element for concussion (Broglio et al., 2018). The ques-
tionnaire requires the participant to self-report the frequency of each 
symptom over the past week. Symptoms are rated on a 4-point scale (0, 
1, 2, or 3 points) with the options ranging from “never” to “often” for a 
total score range of 0 to 60. The HBI was completed at 72 h and 4 weeks 
post-injury for the concussed and OI groups. Only the total scores of the 
4-week assessments were included in this study. 

Demographics and clinical data were compared to identify differ-
ences between groups (concussion and OI). Independent two-sample t- 
tests (for continuous variables) and Pearson Chi-square tests (for cate-
gorical variables) were conducted using IBM Statistical Package for the 
Social Sciences (SPSS), version 26.0 for Macintosh. Variables that did 
not meet the assumptions for parametric testing were analyzed using the 
Mann-Whitney U test. Significance was defined by p < 0.05. 

2.3. Magnetic resonance imaging 

The 3-Tesla Siemens PET-MRI system equipped with a 12-channel 
head coil at the Royal Ottawa Mental Health Centre’s Brain Imaging 
Centre was used for the acquisition of neuroimaging data. The protocol 
included a resting-state functional magnetic resonance imaging (rs- 
fMRI) sequence and acquired a T1-weighted anatomical image for each 
participant at 4 weeks post-injury. During the rs-fMRI sequence, a 
crosshair was placed at the centre of the viewing screen. Participants 
were instructed to keep their eyes open, relax, try not to move, look 
straight ahead at the crosshair, and try not to think of anything specific. 
Slice planes were prescribed at 20–25◦ from the AC-PC line such that a 
slice plane passed along the base of the front of the brain and the base of 
the cerebellum, approximately, ensuring whole brain coverage. The 
gradient-echo echoplanar pulse sequence was acquired with the 
following parameters: TR (repetition time) = 2 s; TE (echo time) = 30 
ms; 241 measurements; flip angle = 70◦; FOV (field of view) = 230 mm; 
36 slices, 3.6 mm thick; voxel size = 3.6 × 3.6 × 3.6 mm; acquisition 
length = 8 min 10 s. The high-resolution T1-weighted images were ac-
quired along the AC-PC, ensuring whole head coverage, with the 
following parameters: TE = 2.21, 4.09, 5.97, 7.85 ms; TR = 2.3 s; TI 
(inversion time) = 1.16 s; 8◦ flip angle; slice thickness = 1 mm; voxel 
size = 0.9 × 0.9 × 1 mm3; FOV = 230 mm; resolution = 230 × 230 ×
176 mm; acquisition length = 5 min 52 s. 

2.4. Neuroimaging data analysis 

fMRI data analysis was performed using the Statistical Parametric 
Mapping software (SPM12, Wellcome Centre for Human Neuroimaging, 
UCL Queen Square Institute of Neurology, London, UK) and the Data 
Processing Assistant for Resting-State fMRI-Advanced Edition 
(DPARSFA), a software within DPABI (Yan et al., 2016), carried out 
using Matlab 9.8 (R2020a, MathWorks). DICOM images (generated by 
the SIEMENS scanner) were converted to 4D NIfTI files using the pro-
gram MRIcron (Rorden and Brett, 2000). 

2.4.1. Preprocessing 
Using DPARSFA (Chao-Gan & Yu-Feng, 2010; Yan et al., 2021), rs- 

fMRI images were corrected for slice timing and realigned to correct 
for motion. At this point, participants with >3 mm of absolute motion in 
their scans were excluded from the analysis (Sours et al., 2015; Stephens 
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et al., 2018a,b). Next, the rs-fMRI images were skull-stripped and co- 
registered with the structural image for each individual. Using the dif-
feomorphic nonlinear registration tool (DARTEL) (Ashburner, 2007), T1 
images were segmented and used later for normalization. Next, nuisance 
covariates including white matter signal, cerebrospinal fluid signal, six 
head motion parameters (using Friston 24), and global mean signal were 
regressed out. The decision to regress out the global signal was based on 
the findings that global signal regression facilitates better removal of 
respiratory, cardiac, and motion signals (Madhavan et al., 2019; Power 
et al., 2014). Head motion scrubbing regressors were implemented to 
regress out the frame-wise displacements (FD) exceeding a threshold of 
0.5 mm, including the volume proceeding and 2 following (Iyer et al., 
2019a,c; Power et al., 2014). Regressing out the volumes containing 
excessive micromovements has been demonstrated to account for mo-
tion artifacts without reducing power by scrubbing (Orr et al., 2016). In 
addition, the FD values were not considered significant between groups 
(Concussion group mean[SD] = 0.069[0.135], OI group mean[SD] =
0.079[0.076]; Mann-Whitney U Test p = 0.083) so were not included as 
covariates in the group-level analysis. To reduce high-frequency cardiac 
and respiratory noise and low-frequency drift, functional volumes were 
bandpass filtered between 0.01 and 0.1 Hz. Next, the images were 
normalized (3.6 mm3) and smoothed (using a 6 mm full width at half 
maximum Gaussian kernel) using DARTEL. DARTEL was used because it 
creates a template that models the shape of each brain to improve the 
accuracy of inter-subject alignment of grey and white matter (Ash-
burner, 2007), especially important considering the differences in 
developmental stages within the targeted age group. 

2.4.2. Functional connectivity analysis 
Seed-based FC analysis was performed using DPARSFA. Regions of 

interest (ROI) masks (seed regions) were created using the SPM toolbox 
WFU_Pickatlas (https://www.nitrc.org/projects/wfu_pickatlas/). Seed 
ROIs were defined for each of the 3 networks being studied. The regions 
included bilateral PCC and mPFC of the DMN, bilateral dlPFC and pPC of 
the CEN, and bilateral dACC and FIC of the SN. In pediatric and adult 
concussion research, the PCC and mPFC have been consistently studied 
and shown to play an important role in DMN function (Abbas et al., 
2015; Borich et al., 2015; Iyer et al., 2019a; Johnson et al., 2012; Sharp 
et al., 2011; Stephens et al., 2018b). The dACC and FIC of the SN were 
chosen as these regions have consistently shown to be functionally 
linked to exert a level of cognitive control (Geng et al., 2016; Ham et al., 
2014; Seeley et al., 2007; Seeley, 2019). Finally, the dlPFC and the pPC 
of the CEN have been identified as functionally active contributors to 
sustained attention and working memory (Mayer et al., 2011; Seeley, 
2019). 

The PCC, mPFC, dlPFC, and the pPC were defined with the AAL1 
atlas. The dACC and the FIC were defined using the Human Brainnetome 
Atlas (Fan et al., 2016). 

To measure intra- and interconnectivity between the networks, FC 
was measured within and between the 3 networks. To calculate FC per 
participant, the mean blood-oxygen-level dependent (BOLD) signal time 
series was extracted for each individual seed-region. Then, the Pearson 
correlation coefficients between the BOLD time series of each seed re-
gion and the whole brain were grouped into FC maps. The FC maps were 
then converted into z-scores for normality and used for the statistical 
analysis. 

2.4.3. Between group differences in FC within the DMN, CEN and SN 
First, one-way ANCOVAs were conducted with the z-transformed FC 

maps to determine if differences exist in connectivity within the DMN, 
CEN and SN (between internal hub regions) between the concussion and 
OI groups. 

Specifically, SPM second-level analysis and the WFU_Pickatlas 
toolbox were used to perform region-specific analyses of FC. The 
concussion and OI z-transformed FC maps of a hub region (for example, 
the left PCC) were uploaded into the design matrix and another region 

was specified as the ROI (for example, the left mPFC for within-network 
analyses). FC between the hub region and the selected ROI were then 
computed from the z-transformed FC map while adjusting for the 
smaller volume of the ROI and compared between groups. Significance 
was defined by a whole-brain voxel threshold of p < 0.001 (uncorrected) 
(van der Horn et al., 2016a,b). A cluster threshold of p < 0.05 with 
family-wise error (FWE) correcting for multiple comparisons (Stephens 
et al., 2018a,b) with an extent threshold of 10 voxels (Lieberman and 
Cunningham, 2009) was considered significant. Visual brain maps 
illustrating clusters within an ROI (visualized) that significantly differed 
between groups in FC with the hub region (not visualized) were 
generated. Scatterplots representing the spread of average FC z-score 
(zFC) values (extracted from the z-transformed FC maps) were generated 
with SPSS for significant regions. 

As per the guidelines for reporting fMRI studies, a crude and adjusted 
analysis were conducted (Poldrack et al., 2008). The adjusted ANCOVA 
analyses included age, sex, handedness, randomization group, and a 
composite diagnostic score (based on self-reported diagnoses of a 
learning disability, ADHD, anxiety, depression, and number of previous 
concussions) as covariates. 

Due to the variation in FC strength throughout adolescence, age was 
included as a covariate in all analyses (Sherman et al., 2014). Sex was 
also covaried as reduced connectivity post-concussion was recently 
identified in females within and between multiple regions (Shafi et al., 
2020). To account for the possibility of group differences between the 
physical activity and rest concussion groups [despite no significant ac-
tivity level differences (Ledoux et al., 2021)], assigned groups were 
added as covariates. For the purposes of this analysis, each participant 
was assigned a composite diagnostic score that was the sum of: 1 point 
per prior diagnosis of ADHD, anxiety, depression or learning disability; 
and total number of previous concussions. A recent study found that age, 
sex, and inattention symptoms may be less significant in influencing 
DMN FC than the number of previous concussions (Plourde et al., 2020), 
therefore, number of previous concussions were included in the covaried 
composite score. ADHD was included in the composite score due to the 
demonstrated associations between ADHD symptoms and DMN con-
nectivity (as well as connectivity within and between the DMN and other 
networks including the CEN and SN) (Hilger and Fiebach, 2019). Anx-
iety and depression were included in the composite score because 
mental health history has been associated with worse recovery outcomes 
(Iverson et al., 2017). In addition, anxiety has been associated with 
increased FC within the SN (van der Horn et al., 2016a,b), and the 
presence of depression symptoms has been demonstrated to alter con-
nectivity within the DMN and CEN 1 month after a mTBI (van der Horn 
et al., 2017a,b). Finally, handedness was included as a covariate as it has 
been demonstrated to have significant effects on FC (Raemaekers et al., 
2018; Wiberg et al., 2019). 

2.4.4. Between group FC differences between the DMN, CEN and SN 
One-way ANCOVAs were conducted with the z-transformed FC maps 

to determine if differences exist between the main hub regions of the 
DMN-CEN (the PCC and dlPFC, respectively), DMN-SN (the PCC and 
FIC, and mPFC and FIC, respectively), and CEN-SN (the dlPFC and FIC, 
respectively). The PCC was chosen as the main hub region of the DMN 
because it appears to play a role in alternating between brain networks 
[such as between the DMN and CEN (Mayer et al., 2011; Mary R. 
Newsome et al., 2016; Sours et al., 2015), and between the DMN and SN 
(Jilka et al., 2014)] and mental states (van der Horn et al., 2016a,b). 
Similarly, the FIC of the SN has been shown to be robustly functionally 
linked with the PCC of the DMN during internal cognitive activity (Jilka 
et al., 2014; Sours et al., 2015). Finally, the dlPFC was chosen as the 
main hub region of the CEN because of its demonstrated functional 
connectivity with the PCC following concussion (Sours et al., 2015). An 
additional analysis was performed between the FIC and the mPFC due to 
the evidence that the two may be functionally connected following a 
concussion (Liu et al., 2020). 
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The same methods were employed as the within-network analyses to 
conduct the between-network analyses. SPM second-level analysis and 
the WFU_Pickatlas toolbox were used to compute FC between the hub 
region and the selected ROI from the z-transformed FC map while 
adjusting for the smaller volume of the ROI and compared between 
groups. The adjusted ANCOVA analyses used the same covariates as 
defined for the within-network ANCOVA analyses. Significance was 
defined by a whole-brain voxel threshold of p < 0.001 (uncorrected) 
(van der Horn et al., 2016a,b). A cluster threshold of p < 0.05 with FWE 
correcting for multiple comparisons (Stephens et al., 2018a,b) with an 
extent threshold of 10 voxels (Lieberman and Cunningham, 2009) was 
considered significant. Visual brain maps illustrating clusters within an 
ROI (visualized) that significantly differed between groups in FC with 
the hub region (not visualized) were generated. Scatterplots represent-
ing the spread of average FC z-score (zFC) values (extracted from the z- 
transformed FC maps) were generated with SPSS for significant regions. 

2.4.5. Secondary FC analysis within and between the SN 
An additional functional connectivity analysis was performed 

employing the same methods as the within- and between-network an-
alyses but with the incorporation of spherical ROIs for SN regions. As in 
the previous analyses, the PCC, mPFC, and the dlPFC were defined with 
the AAL1 atlas. The left and right dACC were created with spheres with 
MNI coordinates defined by Fang et al. (2015) (left x: − 6 y: 45 z: 9; right 
x: 8 y: 45 z: 9; radius: 8 mm). The left and right FIC were created with 
spheres with MNI coordinates defined by Sridharan et al. (2008) (left x: 
–32 y: 24 z: − 6; right x: 37 y: 25 z: − 4; radius: 8 mm). We chose a priori 
spheres in addition to the analysis conducted with the Brainnetome 
structural regions due to the small size of the regions in question and 
individual variability in age and size of the participants. It has been 
suggested that spheres (as long as they are a reasonable size) are more 
accurate when attempting to define smaller regions at the group level as 
they may accommodate some of the individual variability (Sohn et al., 
2015) considering the younger age group of the current sample popu-
lation. We attempted to compensate for this in our spherically defined 
ROIs by increasing the size without adding unnecessary voxels thereby 
decreasing the true representation of the regions. 

3. Results 

3.1. Clinical and demographic data 

Demographic and clinical characteristics can be found in Table 1. 
The concussion group median age was 12.87 (IQR: 11.68–14.36; 47.3 % 
female) and the OI group was 12.54 (IQR: 11.25–14.02, 37 % female). 
No significant differences were found between concussion and OI groups 
in age, sex, handedness, time between injury and MRI, or number of 
previous concussions (p > 0.05). The groups did not differ significantly 
on pre-existing diagnoses of learning disabilities, ADHD, other devel-
opmental disorders, anxiety, depression, sleep disorders, or other psy-
chiatric disorders as well as in composite diagnostic score (p > 0.05). 
Finally, the groups did not differ in their degree of concussion symptoms 
as measured using the HBI (p > 0.05). 

3.2. Between group differences in FC within the DMN, CEN and SN 

3.2.1. DMN Within-Network analyses 
Both the crude and adjusted analyses revealed no significant differ-

ences in DMN within-network FC (between the bilateral PCC and mPFC) 
between the concussion and OI group at the whole brain level threshold 
of puncorr < 0.001. 

3.2.2. CEN Within-Network analyses 
The crude and adjusted analysis of the CEN found increased FC in the 

concussion group compared to the OI group. The crude analysis revealed 
a cluster in the right pPC (pFWE = 0.020; 37 voxels) of the concussion 

group with significantly increased FC with the right dlPFC at a whole 
brain level threshold of puncorr < 0.001. The adjusted analysis replicated 
and strengthened the crude finding increasing the size and significance 
of the cluster in the right pPC (pFWE = 0.001; 145 voxels). See Table 2 
and Fig. 1 for complete ANCOVA cluster results. 

3.2.3. SN Within-Network analyses 
Both the crude and adjusted analyses revealed no significant differ-

ences in SN within-network FC (between the bilateral FIC and dACC) 
between the concussion and OI group at the whole brain level threshold 
of puncorr < 0.001. 

Table 1 
Participant Demographics.  

Variable Concussion  
Participants (N 
= 55) 

Orthopedic 
injury (OI)  
Participants (N 
= 27) 

P  
Valuea 

Median age (IQR), in years 12.87 
(11.68–14.36) 

12.54 
(11.25–14.02) 

0.361 

Female (%) 26 (47.3 %) 10 (37 %) 0.380 
Right handedness (%) 47 (85.5 %) 19 (73.1 %) 0.181 
Randomization group 

Group A (Rest Group) 
Group B (Experimental Group) 

25 (45.5 %)30  
(54.5 %) 

N/A N/A 

Median Time (IQR) Between 
Injury and 4-Week MRI, in days 
(OI group n = 26) 

30.23 
(28.21–32.08) 

29.98 
(25.92–32.10) 

0.160 

Median gcs score (iqr) 15 (15–15) N/A N/A 
Median number of previous 

concussions (iqr) (concussion 
group n = 54) 

0 (0–1) 0 (0–0) 0.309 

Diagnostic history: 
(concussion group n = 53)    

Learning disabilities (%) 6 (11.3 %) 2 (7.4 %) 0.581 
Adhd (%) 10 (18.9 %) 4 (14.8 %) 0.652 
Other developmental disorder 

(specify): 
2 (3.8 %) 0 (%) 0.316 

Anxiety (%) 11 (20.8 %) 3 (11.1 %) 0.283 
Depression (%) 4 (7.5 %) 1 (3.7 %) 0.502 
Sleep disorder (%) 2 (3.8 %) 1 (3.7 %) 0.988 
Other psychiatric disorder (%) 0 (0 %) 1 (3.7 %) 0.159 
Median composite diagnostic 

score (iqr) 
(number of previous 
concussions, adhd, anxiety, 
depression, and learning 
disabilities) 

1 (0–2) 0 (0–1) 0.084 

Median hbi score at 4 weeks (iqr) 
(concussion group n = 53) 

12.00 
(4.00–19.00) 

8 (3.00–18.00) 0.572 

Mechanism of injury (%)    
Sport: 32 (58.2 %)   
Hockey 7 (12.7 %)   
Soccer 11 (20.0 %)   
Recreational play (gym, recess) 4 (7.3 %)   
Skating 1 (1.8 %)   
Football 2 (3.6 %)   
Basketball 1 (1.8 %)   
Badminton 2 (3.6 %)   
Dodgeball 1 (1.8 %)   
Rugby 2 (3.6 %)   
Four-square 1 (1.8 %)   
Ran into stationary object 5 (9.1 %)   
Fall from standing/walking/ 

running 
7 (12.7 %)   

Fall from elevation 1 (1.8 %)   
Fall down stairs 2 (3.6 %)   
Other mechanisms 8 (14.5 %)    

a Continuous variables (age and time between injury and MRI) were analyzed 
with two-sample t-tests. Variables with non-normal distributions (number of 
previous concussion, composite diagnostic score, and HBI score) were analyzed 
with Mann-Whitney U tests. Categorical variables (sex, handedness, and diag-
nostic history) were analyzed with the Pearson Chi-square test. Significance was 
defined by p < 0.05. 

K. Healey et al.                                                                                                                                                                                                                                  



NeuroImage: Clinical 36 (2022) 103211

6

3.3. Between group differences in FC between the DMN, CEN and SN 

No significant clusters were found in the crude analyses between 
networks. Adjusted analyses revealed that a cluster in the left PCC (pFWE 
= 0.006; 25 voxels) of the DMN had significantly decreased FC with the 
right dlPFC of the CEN in the concussion group (see Fig. 2). Cluster 

results can be found in Table 3. No significant clusters were found in the 
adjusted analyses between the DMN-SN or the CEN-SN. 

Table 2 
Adjusted Within-Network FC Differences in the Concussion Group Compared to the OI Group.  

Network FC ↑ or ↓a Seed Region Significant Region Cluster-size (voxelsb) Peak MNI coordinates PFWE value (cluster) 
x y z 

CEN ↑ Right dlPFC Right pPC 145 45 − 48 51 0.001 

Age, sex, handedness, randomization group, and composite diagnostic score (self-reported number of previous concussions and diagnoses of a learning disability, 
ADHD, anxiety, and depression) were added as covariates. P < 0.001 (uncorrected) was used as the whole-brain voxel threshold. A cluster threshold of pFWE < 0.05 and 
extent threshold of 10 voxels was considered significant. CEN = central executive network; dlPFC = dorsolateral prefrontal cortex; pPC = posterior parietal cortex. 

a ↑ and ↓ denote increased or decreased FC, respectively, in the concussion compared to the OI group. 
b Voxel size = 3.6 mm × 3.6 mm × 3.6 mm. 

Fig. 1. Crude and adjusted ANCOVA analyses (1a and 1c; contrast = Concussion > OI) revealed a cluster within the right pPC (visualized) found to have significantly 
increased FC with the right dlPFC (not visualized) in the concussion group (n = 55) compared to the OI group (n = 27). Age, sex, handedness, randomization group, 
and composite diagnostic score (self-reported number of previous concussions and diagnoses of a learning disability, ADHD, anxiety, and depression) were added as 
covariates. P < 0.001 (uncorrected) was used as the whole-brain voxel threshold. A cluster threshold of pFWE < 0.05 and extent threshold of 10 voxels was considered 
significant. The scatterplots (1b and 1d) represent the spread of the crude and adjusted average zFC values between the right dlPFC and right pPC in the concussion 
group (n = 55) and the OI group (n = 27). CEN = central executive network; dlPFC = dorsolateral prefrontal cortex; pPC = posterior parietal cortex; zFC = functional 
connectivity z-scores. 
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3.4. Secondary FC analysis with spherical ROIs 

3.4.1. Between group differences in FC within the SN 
No significant clusters were found in the crude analysis of SN 

intraconnectivity. The adjusted analysis of SN intraconnectivity found 
increased FC in the concussion group compared to the OI group between 
the right FIC and the bilateral dACC. Clusters within the left dACC (pFWE 
= 0.001; 61 voxels) and right dACC (pFWE = 0.002; 41 voxels) had 
significantly increased FC with the right FIC in the concussion group 
compared to the OI group [see Table 4 and Fig. 3]. 

3.4.2. Between group differences in FC between the DMN, CEN and SN 
No significant clusters were found in the crude analyses between 

networks. Adjusted analyses revealed increased FC in the concussion 
group compared to the OI group between the sN-DMN and sN-CEN. 

More specifically, clusters in the left PCC (pFWE = 0.001; 84 voxels), 
right PCC (pFWE = 0.002; 56 voxels), left mPFC (pFWE = 0.000; 580 
voxels) and right mPFC (pFWE = 0.000; 490 voxels) of the DMN had 
significantly increased FC with the right FIC of the SN in the concussion 
group (see Fig. 4). Clusters in the left dlPFC (pFWE = 0.007; 81 voxels) 
and right dlPFC (pFWE = 0.004; 107 voxels) of the CEN also had signif-
icantly increased FC with the right FIC in the concussion group (see 
Fig. 5). Complete cluster results can be found in Table 5. 

4. Discussion 

The present study investigated differences in FC within and between 
the 3 functional brain networks thought to be responsible for internally 
and externally directed attention between concussed youth and youth 
who sustained an OI 4 weeks following injury. 

Fig. 2. Adjusted ANCOVA analyses (2a; contrast = OI > Concussion) revealed a cluster within the left PCC (visualized) with significantly decreased FC with the right 
dlPFC (not visualized) in the concussion group (n = 55) compared to the OI group (n = 27). Age, sex, handedness, randomization group, and composite diagnostic 
score (self-reported number of previous concussions and diagnoses of a learning disability, ADHD, anxiety, and depression) were added as covariates. P < 0.001 
(uncorrected) was used as the whole-brain voxel threshold. A cluster threshold of pFWE < 0.05 and extent threshold of 10 voxels was considered significant. The 
scatterplot (2b) represents the spread of the adjusted average zFC values between the right dlPFC and left PCC in the concussion group (n = 55) and the OI group (n 
= 27). CEN = central executive network; dlPFC = dorsolateral prefrontal cortex; DMN = default mode network; PCC = posterior cingulate cortex; zFC = functional 
connectivity z-scores. 

Table 3 
Adjusted Between-network FC Differences in the Concussion Group Compared to the OI Group.  

Network(s) FC ↑ or ↓a Seed Region Significant Region Cluster-size (voxelsb) Peak MNI coordinates PFWE Value (cluster) 
x y z 

CEN-DMN ↓ Right dlPFC Left PCC 25 − 6 − 48 21  0.006 

Age, sex, handedness, randomization group, and composite diagnostic score (self-reported number of previous concussions and diagnoses of a learning disability, 
ADHD, anxiety, and depression) were added as covariates. P < 0.001 (uncorrected) was used as the whole-brain voxel threshold. A cluster threshold of pFWE < 0.05 and 
extent threshold of 10 voxels was considered significant. CEN = central executive network; dlPFC = dorsolateral prefrontal cortex; DMN = default mode network; PCC 
= posterior cingulate cortex. 

a ↑ and ↓ denote increased or decreased FC, respectively, in the concussion compared to the OI group. 
b Voxel size = 3.6 mm × 3.6 mm × 3.6 mm. 

Table 4 
Adjusted Within-Network FC Differences in the Concussion Group Compared to the OI Group.  

Network FC ↑ or ↓a Seed Region Significant Region Cluster-size (voxelsb) Peak MNI coordinates PFWE value (cluster) 

x y z  

SN ↑ Right FIC Left dACC 61 0 48 15 0.001    
Right dACC 41 3 45 15 0.002 

Age, sex, handedness, randomization group, and composite diagnostic score (self-reported number of previous concussions and diagnoses of a learning disability, 
ADHD, anxiety, and depression) were added as covariates. P < 0.001 (uncorrected) was used as the whole-brain voxel threshold. A cluster threshold of pFWE < 0.05 and 
extent threshold of 10 voxels was considered significant. dACC = dorsal anterior cingulate cortex; FIC = frontoinsular cortex; SN = salience network. 

a ↑ and ↓ denote increased or decreased FC, respectively, in the concussion compared to the OI group. 
b Voxel size = 3.6 mm × 3.6 mm × 3.6 mm. 
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4.1. Within-network connectivity 

No significant differences in within-network DMN and SN FC were 
found between the concussion and OI group in the initial analyses. 
However, increased within-network FC of the CEN (between the right 
pPC and dlPFC) were present in the concussion group. Our finding of 
within-network CEN hyperconnectivity in the concussion group aligns 
with CEN connectivity findings in a study conducted in adolescents 
within 2 months of head injury (Borich et al., 2015). These researchers 
suggest increased CEN connectivity in the chronic phase may be 
occurring to compensate for any microstructural damages to connec-
tivity that could have occurred during the initial injury (Borich et al., 
2015). Within-network CEN hyperconnectivity was also observed in 
adults with mTBI compared to healthy controls but was associated with 
worse post-concussive complaints at approximately 1 month post-injury 
(van der Horn et al., 2016a,b). Sullivan et al. (2018), who studied brain 
connectivity during cognitive control tasks in adults with blast-related 
mTBI in the later chronic stage (2 + years post-injury), found that 
CEN hyperconnectivity was positively associated with a measurement of 
cognitive control. This suggests increased connectivity within this 
network may be compensatory during cognitive tasks and may 
compensate for reduced network connectivity coupling between the 
CEN and DMN (Sullivan et al., 2018). 

Secondary analyses using spherical ROIs of the SN regions revealed 
increased within-network FC of the SN (between clusters in the bilateral 
dACC and the right FIC). Findings of increased SN intraconnectivity 
have been demonstrated in adults with moderate to severe TBI within 3 
and 6 months following injury in comparison to healthy controls (Hill-
ary et al., 2014). These increases, however, did not significantly corre-
late with neuropsychological measures of cognition, suggesting the 
timing of measurement and intersubject variability (i.e. stage of recov-
ery) may have influenced the results at the group level (Hillary et al., 
2014). FC between the bilateral FIC and dACC of the SN has been found 
to be negatively correlated with trait anxiety in healthy adolescents 
(Geng et al., 2016). This suggests that the increases in our concussion 
sample (found between the right FIC and bilateral dACC) may reflect a 
compensatory mechanism to improve cognitive control during recovery 
due to the importance of the SN in the initiation of executive control 
(Sridharan et al., 2008). Alternatively, this could represent a different 
response entirely in the pediatric concussed brain. To our knowledge, no 
studies to date have investigated within-network FC in the SN in the 
pediatric concussion population. Further research is needed to investi-
gate the associations of this intra-connectivity with cognitive sympto-
mology post-concussion. 

Our finding of no differences in within-network DMN connectivity 
was partially supported by prior research. In pediatric concussion 

Fig. 3. Adjusted ANCOVA analyses (3a and 3c; contrast = Concussion > OI) revealed clusters within the bilateral dACC (visualized) found to have significantly 
increased FC with the right FIC (not visualized) in the concussion group (n = 55) compared to the OI group (n = 27). Age, sex, handedness, randomization group, and 
composite diagnostic score (self-reported number of previous concussions and diagnoses of a learning disability, ADHD, anxiety, and depression) were added as 
covariates. P < 0.001 (uncorrected) was used as the whole-brain voxel threshold. A cluster threshold of pFWE < 0.05 and extent threshold of 10 voxels was considered 
significant. The scatterplots (3b and 3d) represent the spread of the adjusted average zFC values between the right FIC and bilateral dACC in the concussion group (n 
= 55) and the OI group (n = 27). dACC = dorsal anterior cingulate cortex; FIC = frontoinsular cortex; SN = salience network; zFC = functional connectivity z-scores. 
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groups compared to healthy controls, studies have shown no differences 
in within-network DMN FC (Iyer et al., 2019a,c), as well as increased 
posterior DMN and decreased anterior DMN FC (Borich et al., 2015) at 1 
month post-injury. A study by Iyer et al. (2020) found that adolescents 
who were still experiencing symptoms at 4 weeks post-injury had 
increased anterior DMN FC compared to those who had recovered, 
suggesting further that incidences of hypo and hyperconnectivity may 

be dependent on recovery state. As suggested by Zhu et al. (2015), many 
of the changes in DMN connectivity may be occurring within the first 7 
days following a head injury. This would suggest that our measurement 
may have captured within-network DMN connectivity while normal-
izing. This observation is supported by the recovery status of our 
concussion group. When comparing the preinjury symptom scores 
(recorded retrospectively in the ED) to the symptom scores at 4 weeks, 

Fig. 4. Adjusted ANCOVA analyses revealed 
clusters within the bilateral PCC (4a and 4c; 
contrast = Concussion > OI; visualized) and 
mPFC (4e and 4 g; contrast = Concussion >
OI; visualized) with significantly increased 
FC with the right FIC (not visualized) in the 
concussion group (n = 55) compared to the 
OI group (n = 27). Age, sex, handedness, 
randomization group, and composite diag-
nostic score (self-reported number of previ-
ous concussions and diagnoses of a learning 
disability, ADHD, anxiety, and depression) 
were added as covariates. P < 0.001 (un-
corrected) was used as the whole-brain voxel 
threshold. A cluster threshold of pFWE < 0.05 
and extent threshold of 10 voxels was 
considered significant. The scatterplots 
represent the spread of the adjusted average 
zFC values between the right FIC and bilat-
eral PCC (4b and 4d) and bilateral mPFC (4f 
and 4 h) in the concussion group (n = 55) 
and the OI group (n = 27). DMN = default 
mode network; FIC = frontoinsular cortex; 
mPFC = medial prefrontal cortex; PCC =
posterior cingulate cortex; SN = salience 
network; zFC = functional connectivity z- 
scores.   
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69.8 % of the concussion group were considered recovered (i.e., had no 
symptoms at 4 weeks relative to preinjury scores). Further analyses 
comparing acute stage scans to the 4-week scans may shed more light on 
the recovery timeline of the DMN following a pediatric concussion. 

4.2. Between-network connectivity findings 

Our finding of hypoconnectivity between the right dlPFC of the CEN 
and left PCC of the DMN in the concussion group is in contrast to the 

Fig. 5. Adjusted ANCOVA analyses (5a and 5c; contrast = Concussion > OI) revealed clusters within the bilateral dlPFC (visualized) found to have significantly 
increased FC with the right FIC (not visualized) in the concussion group (n = 55) compared to the OI group (n = 27). Age, sex, handedness, randomization group, and 
composite diagnostic score (self-reported number of previous concussions and diagnoses of a learning disability, ADHD, anxiety, and depression) were added as 
covariates. P < 0.001 (uncorrected) was used as the whole-brain voxel threshold. A cluster threshold of pFWE < 0.05 and extent threshold of 10 voxels was considered 
significant. The scatterplots (5b and 5d) represent the spread of the adjusted average zFC values between the right FIC and bilateral dlPFC in the concussion group (n 
= 55) and the OI group (n = 27). CEN = central executive network; dlPFC = dorsolateral prefrontal cortex; FIC = frontoinsular cortex; SN = salience network; zFC =
functional connectivity z-scores. 

Table 5 
Adjusted Between-network FC Differences in the Concussion Group Compared to the OI Group.  

Network(s) FC ↑ or ↓a Seed Region Significant Region Cluster-size (voxelsb) Peak MNI coordinates PFWE Value (cluster) 

x y z 

SN-DMN ↑ Right FIC Left PCC 84 0 − 54 30  0.001    
Right PCC 56 3 − 54 30  0.002    
Left mPFC 580 − 3 63 18  0.000    
Right mPFC 490 3 60 24  0.000  

SN-CEN ↑ Right FIC Left dlPFC 81 − 24 30 48  0.007    
Right dlPFC 107 39 18 51  0.004 

Age, sex, handedness, randomization group, and composite diagnostic score (self-reported number of previous concussions and diagnoses of a learning disability, 
ADHD, anxiety, and depression) were added as covariates. P < 0.001 (uncorrected) was used as the whole-brain voxel threshold. A cluster threshold of pFWE < 0.05 and 
extent threshold of 10 voxels was considered significant. CEN = central executive network; dACC = dorsal anterior cingulate cortex; dlPFC = dorsolateral prefrontal 
cortex; DMN = default mode network; FIC = frontoinsular cortex; mPFC = medial prefrontal cortex; PCC = posterior cingulate cortex; SN = salience network. 

a ↑ and ↓ denote increased or decreased FC, respectively, in the concussion compared to the OI group. 
b Voxel size = 3.6 mm × 3.6 mm × 3.6 mm. 
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hypotheses and to other concussion studies performed in both pediatric 
and adult populations. Iyer et al. (2019) found no differences in FC at 4 
weeks post-injury between the DMN and CEN in adolescents who suf-
fered a concussion and healthy controls. A pilot study investigating FC in 
adolescent athletes 30 days post-injury found a cluster within the right 
ventral lateral prefrontal cortex with increased connectivity to the PCC 
in comparison to an OI group (Newsome et al., 2016a). Increased con-
nectivity was also found between the DMN and inferior parietal lobule in 
adolescents 1 year post-TBI in comparison to uninjured controls and this 
increase in connectivity was correlated with decreased response inhi-
bition (Stephens et al., 2018). Sours et al. (2015), who found no dif-
ferences in FC in adults between the DMN and CEN at 1 month post- 
injury but found increased connectivity in the concussed group be-
tween the DMN and left dlPFC at approximately 6 months post-injury, 
suggests that differences in reported connectivity at 1 month post- 
injury may be due to differences in clinical recovery of the partici-
pants at that timepoint. These differences in recovery trajectory have 
been noted in other research (Cairncross et al., 2021; Doroszkiewicz 
et al., 2021; Iaccarino et al., 2018; Iverson et al., 2017; Ledoux et al., 
2019; Losoi et al., 2016; Taubman et al., 2016), such as the fact that 
approximately 30 % of adolescents still experience symptoms at 4 weeks 
(Zemek et al., 2016). This supports the need to further investigate re-
covery status, especially considering pre-existing diagnoses, such as 
mental illness and ADHD, have been demonstrated to prolong recovery 
(Cairncross et al., 2021; Iaccarino et al., 2018; Iverson et al., 2017). 

4.3. Secondary analyses Between-network connectivity findings 

The initial analyses using structurally defined ROIs within the SN 
revealed no significant clusters between this network and the DMN and 
CEN. The right FIC of the SN, however, was found to have increased 
connectivity in the spherical ROI analyses between the bilateral dlPFC of 
the CEN, and the PCC and mPFC of the DMN. Although studied in adults 
with concussion (Iraji et al., 2015; Liu et al., 2020; Sours et al., 2015; van 
der Horn et al., 2016a,b), between-network connectivity of the DMN and 
SN, as well as the CEN and SN, has not previously been investigated in a 
pediatric sample. 

Current research implicates the SN as an important modulatory 
network of the DMN and CEN, providing control over individual re-
sponses of emotion, affect, attention, and cognition (Chand et al., 2017; 
Goulden et al., 2014; Jilka et al., 2014; Seeley, 2019). The FIC (or 
anterior insula) has been further implicated to play a key role in the 
mediation of attention and executive control between the DMN and CEN 
(Huang et al., 2021) and is suggested to play a crucial part in affective 
and emotional processes due to its extensive connections with limbic 
and paralimbic structures (Chand et al., 2017). Based on our findings, 
the FIC (particularly the right FIC) appears to play a significant role in 
connectivity following pediatric concussion. 

The hyperconnectivity between the DMN and SN found in our 
concussion group has been echoed in adult studies in the acute (within 7 
days of injury) and chronic (>6 months) phase of concussion. Sours et al. 
(2015) found increased connectivity between the PCC and both the 
dACC and the insula in concussed adults>6 months following concus-
sion. Liu et al. (2020) found increased FC between the mPFC and both 
the dACC and FIC in concussed adults within 7 days of injury and these 
increases were positively correlated with a cognitive measure of exec-
utive function. Liu et al. (2020) hypothesized that this initial increase 
could be compensatory, acting as a mechanism to meet cognitive de-
mands and balance the dysfunction of the other networks. Sours et al. 
(2015) echoed this sentiment in the chronic phase, suggesting the 
hyperconnectivity may be due to an increased need for SN modulation of 
residual dysregulation of the other functional networks following 
concussion, such as the DMN and CEN. This may suggest that, in the 
chronic phase, SN compensation may contribute to increased instances 
of cognitive fatigue and associated pathologies following a TBI (Pons-
ford, 2013), suggesting that a once compensatory mechanism may 

become maladaptive. It is also possible these differences in connectivity 
were present pre-injury due to pre-existing characteristics, however, the 
concussion and OI groups did not significantly differ in clinical history 
and important prognostic variables were added as covariates in the 
analyses. 

Our finding of hyperconnectivity between the SN and CEN has also 
been found in adults 1 month after mTBI. van der Horn et al. (2016) 
found that connectivity between regions in the right CEN and SN was 
significantly higher in participants experiencing post-concussive com-
plaints compared to those no longer experiencing complaints. In addi-
tion, right CEN-SN connectivity was positively correlated with 
depression symptoms (van der Horn et al., 2016a,b). In more severe TBI, 
Ham et al. (2014) found increased activity of the FIC in those who made 
errors on a task of self-awareness, suggesting this increased connectivity 
may have adverse effects on cognitive control. In our sample, further 
investigation is warranted into the associations between sN-CEN con-
nectivity and cognitive complaints. 

4.4. Potential influence of differential duration of recovery 

Based on our findings and supporting research (Iverson et al., 2017; 
Ledoux et al., 2019; van der Horn et al., 2017a,b; Zemek et al., 2016), 
the differential duration of recovery of our concussed sample may be 
preventing us from identifying group differences in comparison to the OI 
group. Our finding that 70 % of the concussion group had recovered by 
4 weeks suggests future analyses should compare connectivity within 
those still symptomatic versus those asymptomatic. However, it is 
important to note that imaging differences are still found in asymp-
tomatic patients. Despite our sample being almost 70 % recovered, 
significant FC differences were still found in the concussion group 
compared to the OI group suggesting network compensation and 
dysfunction may still be in effect. Further, concussion studies have found 
connectivity differences between asymptomatic concussion participants 
and healthy controls using rs-fMRI (Johnson et al., 2012; Newsome 
et al., 2016a; Orr et al., 2016) and have noted differences in cerebral 
blood flow (CBF) using arterial spin labelling (Barlow et al., 2017; 
Brooks et al., 2019; Hamer et al., 2020). 

Due to the neurovascular coupling and uncoupling of the BOLD 
signal and CBF following a concussion, similarities in recovery patterns 
between FC and CBF research may provide further evidence for the 
potential network connectivity recovery patterns observed in our study 
sample. Similar to our findings of CEN hyperconnectivity, children and 
adolescents still experiencing symptoms at approximately 40 days post- 
injury demonstrated higher CBF in the inferior frontal gyrus compared 
to healthy controls (Barlow et al., 2017). In adults at 1 month post- 
injury, perfusion in the frontal lobes was positively correlated with 
symptom severity (Lin et al., 2016). Further, Sours et al. (2015) found 
that participants experiencing chronic symptoms at 6 months post- 
injury had increased CEN perfusion at 1 week, 1 month and 6 months 
compared to concussed individuals without symptoms suggesting a 
potential biomarker for long-term symptomology. Similar to our finding 
of SN hyperconnectivity, Stephens et al., (2018) showed that concussed 
adolescents had higher regional perfusion within the SN in comparison 
to controls at 2 weeks post-injury (in the left FIC and dACC) and at 6 
weeks post-injury (in the left dACC). In addition, those still experiencing 
symptoms at the 6-week follow-up had higher regional CBF in the left 
dACC than both controls and asymptomatic concussed participants 
(Stephens et al., 2018a,b). Further investigation of CBF recovery pat-
terns of our sample may strengthen our FC findings. 

4.5. Novelty of connectivity differences in pediatric concussion 

Although the proposed hypotheses were only partially confirmed, 
this study discovered novel findings in the realm of pediatric concussion 
FC research. To our knowledge, no studies to date have investigated 
within-network FC in the SN in the pediatric concussion population and 
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our secondary analyses found increased connectivity within the SN in 
the concussion group compared to the OI group. Although studied in 
adults with concussion (Iraji et al., 2015; Liu et al., 2020; Sours et al., 
2015; van der Horn et al., 2016a,b), between-network connectivity of 
the DMN and SN, as well as the CEN and SN, has not previously been 
investigated in a pediatric sample. Our secondary analyses found 
significantly increased connectivity between the SN and DMN, and SN 
and CEN, in the concussion group compared to the OI group. 

FC within the pediatric brain has been shown to significantly differ 
from that of the adult brain. A longitudinal study of FC within and be-
tween the DMN and CEN found that children at the age of 10 and again 
at the age of 13 demonstrated similar connectivity patterns (increased 
within-network and reduced between-network connectivity) when 
compared to adult participants from a previous study (Sherman et al., 
2014). Another study reported significantly weaker connections within 
the DMN in children aged 7–9 potentially identifying a time period of 
significant functional maturation (Fair et al., 2008; Sherman et al., 
2014). The biggest FC shift identified in children aged 10 and over ap-
pears to be the weakening of DMN and CEN “hub” region inter-
connectivity and strengthening of their respective intraconnectivity 
(Sherman et al., 2014). These findings were supported with resting-state 
FC data of healthy children (mean age of 12.28) showing strong within- 
network DMN connectivity and DMN-CEN anticorrelation as well as 
increasing variability in FC with age (Marusak et al., 2017). Despite the 
variability brought on by these changes throughout adolescence, the 
basic functional connectome of the default mode hub regions is estab-
lished and comparable to adults but differs in regards to strength of 
connection (Sherman et al., 2014). This variability in connection 
strength throughout development may help to explain the increased 
variability in FC response following a concussion and points to the 
importance of considering age in concussion research. 

This study has numerous strengths. First, the timing of the MRI scan 
(4 weeks post-injury) was a crucial time for identifying and measuring 
objective recovery since children and adolescents (with the exception of 
adolescent females) typically recover within the first month (Ledoux 
et al., 2019). It has also been suggested that imaging biomarkers within 
the first month of recovery may be the most beneficial for predicting 
concussion outcomes (Puig et al., 2020). Second, in comparison to many 
pediatric and adult concussion studies with neuroimaging, our sample 
size of concussed (n = 55) and OI (n = 27) participants was relatively 
large. In addition, the inclusion of an age and sex-matched orthopedi-
cally injured group recruited in the same ED controlled for enrolment in 
an ED setting and allowed us to make conclusions regarding the influ-
ence of being in an injured state (e.g., experiencing pain or initial pause 
in regular activities). Third, this study provides objective evidence of 
altered brain network connectivity following a pediatric concussion that 
can augment and bring additional information to the subjective clinical 
recovery measurements. 

Despite its strengths, this study also has its limitations. For instance, 
our ROIs were not subject-specific. Less connectivity is observed when 
using standardized ROIs rather than subject-specific ROIs due to the 
intersubject variability of brain region locations. This could have 
contributed to missing optimum nodes in some participants. In addition, 
this can cause problems with misrepresenting networks, where corre-
lations cannot definitively be said to be within that network for every 
person in the analysis (Sohn et al., 2015). However, another study did 
not find differences in results generated from standardized and 
participant-specific regions (Marrelec and Fransson, 2011). Our initial 
analyses included only structurally defined regions of interest. In our 
secondary analyses we attempted to compensate for individual variation 
with spherically defined ROIs by increasing the size without adding 
unnecessary voxels thereby decreasing the true representation of the 
regions. Based on other concussion studies in the literature, 8 mm was 
used (Iyer et al., 2019a,c; Sridharan et al., 2008). In addition, the use of a 
task-based fMRI protocol paired with a resting-state protocol would 
have been preferable to fully capture clusters of significant connectivity 

between networks, especially between the CEN and SN. However, many 
studies in the field of concussion (Bharath et al., 2015; D’Souza et al., 
2020; Liu et al., 2020; Shafi et al., 2020), development and aging (Chand 
et al., 2017; Li and Tian, 2014; Sherman et al., 2014; Vincent et al., 
2008), neural mechanisms (Sridharan et al., 2008), and various sleep 
(Wei et al., 2020) and mental health disorders (Geng et al., 2016; Gong 
et al., 2019) use rs-fMRI to evaluate connectivity between networks 
most active during external cognitive control. In addition, rs-fMRI is 
reliable in a pediatric population since it removes the burden of having 
to perform a task while in the MRI machine (especially following 
concussion) and prevents added micromovements from producing arti-
facts in the images (Roland et al., 2017). Our sample might represent the 
more severe cases of concussion since recruitment took place in the ED 
rather than in a community-based setting. Further, inclusion of an un-
injured control group in addition to the OI group would have validated 
our findings outside of the clinical population. Although age was co-
varied, it can have significant effects on network connectivity and re-
covery. Additional grouping of smaller age ranges may help identify age- 
specific results. Finally, since no biomarker currently exists to defini-
tively diagnose a concussion, we cannot be certain all participants had a 
concussion. However, the adapted version of the CDC tiered framework 
(Peterson et al., 2021) used to screen eligible participants has robust 
diagnostic capabilities to increase the chances of enrolling patients with 
a true concussion. 

To our knowledge, this is the first study to investigate FC within and 
between all 3 networks during a resting-state in a pediatric population. 
Our findings suggest persisting connectivity differences 1 month 
following injury that could be both compensatory and maladaptive. 
Within and between-network connectivity of the SN may be increased to 
manage some of the dysfunction between the CEN and DMN. Decreased 
connectivity between the CEN and DMN may be associated with 
improved recovery outcomes. Future analyses are needed to assess these 
network connectivity characteristics based on recovery status and their 
associations with specific pre-existing diagnoses and cognition. Overall, 
our findings provide evidence for adaptive network mechanisms that 
may provide insight into recovery trajectories and help to inform best 
practice for timing of treatment interventions within the first month 
following a concussion. 
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