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Abstract

Mild traumatic brain injury (mTBI) is the most common neurological disorder and is typically characterized by
temporally limited cognitive impairment and emotional symptoms. Previous examinations of intrinsic resting state
networks in mTBI have primarily focused on abnormalities in static functional connectivity, and deficits in dynamic
functional connectivity have yet to be explored in this population. Resting-state data was collected on 48 semi-acute
(mean =14 days post-injury) mTBI patients and 48 matched healthy controls. A high-dimensional independent com-
ponent analysis (N=100) was utilized to parcellate intrinsic connectivity networks (ICN), with a priori hypotheses
focusing on the default-mode network (DMN) and sub-cortical structures. Dynamic connectivity was characterized
using a sliding window approach over 126 temporal epochs, with standard deviation serving as the primary outcome
measure. Finally, distribution-corrected z-scores (DisCo-Z) were calculated to investigate changes in connectivity in a
spatially invariant manner on a per-subject basis. Following appropriate correction for multiple comparisons, no
significant group differences were evident on measures of static or dynamic connectivity within a priori ICN. Reduced
(HC >mTBI patients) static connectivity was observed in the DMN at uncorrected (p <0.005) thresholds. Finally, a
trend (p=0.07) for decreased dynamic connectivity in patients across all ICN was observed during spatially invariant
analyses (DisCo-Z). In the semi-acute phase of recovery, mTBI was not reliably associated with abnormalities in static

or dynamic functional connectivity within the DMN or sub-cortical structures.
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Introduction

RESEARCHERS ARE INCREASINGLY TURNING to measures of
resting state functional connectivity (RSFC) to examine brain
pathology in a variety of neuropsychiatric conditions, including
traumatic brain injury (TBI). Functional connectivity studies are
based on intrinsic neuronal fluctuations that synchronously occur
over spatially distributed networks in humans and non-human
primates."> The majority (60-80%) of the brain’s energy resources
are expended to maintain homeostasis,™* and intrinsic neuronal
activity likely contributes to this heavy energy load. Intrinsic
neuronal fluctuations manifest as low-frequency (less than 0.15 Hz)
changes in the blood oxygen level dependent (BOLD) response,
and are organized into distinct intrinsic connectivity networks
(ICN) that closely resemble activity evoked during cognitive
tasks.”™ Animal® and human models of chronic, more severe
TBI'? indicate disruption to various ICN following injury. How-
ever, despite the large number of individuals who sustain a mild
TBI (mTBI) each year,ll the effects of mTBI on intrinsic activity

have only recently been examined. To our knowledge, the nature
of dynamic changes in intrinsic activity has yet to be investigated
in mTBI.

The majority of RSFC studies on TBI have focused on connec-
tivity within and between the default-mode network (DMN), which
includes both anterior (e.g., the rostral anterior cingulate cortex
(rACC)/ventromedial prefrontal cortex) and posterior (e.g., posterior
cingulate cortex (PCC), superior temporal/supramarginal gyrus and
medial temporal lobes) nodes.'®'> Reduced RSFC in the semi-acute
stage of mTBI has been observed within the DMN using seed-based
analyses, coupled with increased RSFC between the rACC and
ventrolateral prefrontal cortex.'® Others'* have reported reduced
RSFC in the posterior hubs (PCC and supramarginal gyrus) of the
DMN in conjunction with increased RSFC within the ventromedial
prefrontal cortex using independent component analysis (ICA).

Reduced DMN RSFC has also been reported in recently con-
cussed athletes, and an increased number of previous mTBI epi-
sodes predicted greater abnormality.'> However, a subsequent
study by the same group did not find any significant differences
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within DMN RSFC unless a physical stress challenge was pre-
sented.'® Connectivity abnormalities are not only seen within DMN,
but also between the DMN and other networks in mTBI. For exam-
ple, using ICA to examine RSFC in blast-induced mTBI patients,
Vakhtin et al.'” found weaker functional connections within six
network pairs (DMN-basal ganglia, attention-sensorimotor, frontal-
DMN, attention-sensorimotor, attention-frontal, and sensorimotor-
sensorimotor). In addition, abnormal RSFC between the DMN, the
task positive network (or the executive network), and the salience
network has been found after TBI injury.'® '8

Disrupted interhemispheric RSFC in mTBI patients has also
been reported in the visual cortex, hippocampus and dorsolateral
prefrontal cortex in task-based RSFC analyses,'® and similarly,
decreased symmetry of RSFC has been observed based on tha-
lamic seeds.”® Thalamic seed-based RSFC has been used during
both motor task and resting state, with reports of decreased
thalamo-thalamo, thalamo-frontal, and thalamo-temporal RSFC
during resting state and a lack of thalmo-motor RSFC during
the motor task in mTBIL>' Decreased RSFC has been observed
within the motor-striatal network and increased in the right
frontoparietal network in the semi-acute injury phase,?* with
more chronically affected patients exhibiting disrupted RSFC
(both increased and decreased) across 12 different sensory and
cognitive networks.”?

Longitudinal changes in RSFC have also been described. In
mTBI patients with post-concussion syndrome, increased RSFC in
temporal regions was seen at the subacute stage of injury, while
decreased RSFC in frontal regions was seen at the chronic phase.**
Han et al.>> used module-based graph theoretic analysis and found
abnormal modular organization of cortical RSFC in the semi-acute
phase of mTBI, yet mixed findings were obtained in follow-up data
during the chronic phase. On the basis of these studies and findings
from healthy controls (HC), RSFC appears to be well poised for
interrogating RSFC within all major structures and networks of the
brain following mTBI.

To date, all studies examining RSFC in mTBI have implicitly
assumed that the relationships between ICN are static (i.e., tem-
porally stationary). Specifically, both ICA and seed-based con-
nectivity respectively examine pair-wise correlations of the entire
time-course from a pre-determined component/regions of interest
(ROI) with the entire time-course from all other components/ROI
or voxels. However, individuals are constantly switching between
states of high/low attention to the external versus internal envi-
ronment, between states of high/low arousal, and between states
focused on various specialized cognitive activities (e.g., memory
versus executive abilities), all of which would likely alter the re-
lationships between ICN during a typical 5-minute resting state
scan.”®?” Recent work in both human?**® and non-human®’ pri-
mates confirms that RSFC is not static, and that dynamic changes in
RSEC are not likely to be driven purely by cognitive processes.?’
The temporal stability of RSFC may reflect the balance of activity
between the DMN and the task positive network,?® suggesting that
observed DMN abnormalities in TBI may influence complex sys-
tem dynamics. Dynamic RSFC can be measured by examining the
variability in RSFC across a given interval of time (i.e., sliding
window) throughout the resting period. Not surprisingly, regions
with high global RSFC profiles such as the lateral posterior parietal
cortex, DMN and middle/superior occipital gyri, exhibit the most
dynamic RSFC patterns relative to other ICN.?®

Our previous studies on evoked hemodynamic activity sug-
gested hypoactivation within the cingulate gyrus and the cerebel-
lum, two deep sub-cortical structures,’®>' as well as a failure to
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regulate the DMN.?? Our first goal was to extend previous results
from seed-based analyses,'® predicting that mTBI patients would
exhibit disruptions (decreased RSFC) in static connectivity in the
DMN. Also extending our previous results, we predicted that
measures of dynamic RSFC within the DMN and sub-cortical
structures would be increased (more variability) following mTBI.
Unlike previous mTBI studies, we used a high-dimensional ICA
(number of components =100) to both obtain a more fine-grained
parcellation of ICN and eliminate the effects of various artifacts.®
Specifically, increasing the dimensionality of ICA (i.e., from 20 to
100 components) more effectively separates more expansive ICN
into smaller subnetworks with higher static RSFC.” Finally, given
the variability in initial injury conditions during mTBI, we con-
ducted analyses to examine subject-specific abnormalities across
all of the ICN.

Methods
Participants

A total of 51 mTBI participants and 51 HC participated in a
series of studies investigating neuronal correlates of semi-acute
mTBI. Data from a subset (27 patients) of this cohort has previously
been reported using seed-based analyses. ' Inclusion criteria for the
mTBI group were based on the American Congress of Re-
habilitation Medicine, including a Glasgow Coma Score of 13-15
(at first contact with medical staff), loss of consciousness (if
present) limited to 30 minutes in duration, and post-traumatic
amnesia (if present) limited to 24 hours. All mTBI patients were
recruited from local Emergency Rooms. mTBI and HC participants
were excluded if there was a prior history of neurological disease,
major psychiatric disturbance, additional closed head injuries with
more than 5 minutes loss of consciousness, additional closed head
injuries within the past year, learning disorder, ADHD or a history
of substance or alcohol abuse/dependence. Three mTBI patients
were identified as outliers (above 3 standard deviations) on at least
2/6 head motion parameters for frame-wise displacement relative to
their cohort.®* These patients and their respective matched controls
were subsequently excluded from further analyses, leaving a total
of 48 mTBI (23 males; 28.3 +/— 9.5 years old) and 48 HC (23
males; 27.9 +/— 9.6 years old) participants. Informed consent was
obtained from all participants according to institutional guidelines
at the University of New Mexico.

Patients were evaluated both clinically (mean day post-injury =
13.9 +/— 4.9) and with brain imaging (mean day post-injury =
14.0 +/— 5.3) within 21 days of injury (see Supplementary Table
1). The maximum time between clinical and imaging sessions was
6 days, although it was typically much shorter (mean days between
sessions=1.3 +/— 1.6 for mTBI patients). One mTBI patient and
one HC were not able to complete neuropsychological testing due
to scheduling difficulties during their first visit. Six of the mTBI
subjects were being prescribed various medications for pain related
to the accident at the time of their visit.

Clinical assessment and imaging protocol

The Wechsler Test of Adult Reading (WTAR) and the Test of
Memory and Malingering (TOMM) provided estimates of overall
pre-morbid intellectual functioning and effort, respectively. Com-
posite indices were calculated for the following cognitive domains:
attention (Trails A, Paced Auditory Serial Addition Test,
Stroop and WAIS-III digit span), working memory (letter num-
ber sequence, arithmetic, and digits backward), processing speed
(grooved pegboard and digit symbol coding), executive function
(Wisconsin Card Sort, Trails B, and Fluency (FAS)), and memory
(California Verbal Learning Test- II). The Neurobehavioral
Symptom Inventory (NBSI), a modified version of the Rivermead
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Questionnaire, the Beck Depression Inventory and State Trait
Anxiety Index were also given to measure self-reported post-
concussive symptoms and emotional sequelae. Whenever possible,
clinical measures were converted to T-scores using published age-
specific norms and then averaged to provide an overall composite
score for different emotional and cogntive domains (see 3 for
additional details).

All images were collected on a 3 Tesla Siemens Trio scanner.
Foam padding and paper tape was used to restrict motion within the
scanner. High resolution T}- and T,-weighted anatomic images were
acquired for all participants (see Supplemental materials). Suscept-
ibility weighted images (SWI) were collected on a subset of 24 mTBI
patients to better characterize petechial hemorrhages. A five minute
resting state run was completed by each participant using a single-
shot, gradient-echo echoplanar pulse sequence [TR=2000ms;
TE=29ms; flip angle =75° FOV =240 mm; matrix size =64 x 64].
Thirty-three contiguous, axial 4.55-mm thick slices were selected to
provide whole-brain coverage (voxel size: 3.75x3.75 x4.55 mm). A
total of 152 images were collected, with the first three images
eliminated to account for T; equilibrium effects.

Presentation software (Neurobehavioral Systems) was used for
stimulus presentation and synchronization of stimuli with the MRI
scanners. Subjects were instructed to passively stare at a foveally
presented fixation cross (visual angle=1.02°) for approximately
five minutes and to keep head movement to a minimum.

Image processing

Functional images were generated and processed using a mix-
ture of freeware and commercial packages. Standard pre-processing
of the raw time series EPI images included despiking (based on
the median absolute deviation), temporal interpolation to correct
for slice-time acquisition differences, motion-correction in both
two- and three-dimensional space, spatial blurring using a 6 mm
Gaussian full-width half-maximum kernel, and then normalization
to a 3mm’ standard stereotaxic coordinate space (Montreal Neu-
rological Institute) using a non-linear algorithm. Mean frame-wise
displacement (FD) was calculated across the 3 displacement pa-
rameters and 3 rotational motion parameters derived from the rigid
body correction, with rotation converted to millimetres using a
50 mm radius sphere.>*

A group-level spatial ICA was used to decompose resting state
data into independent components to obtain both static and dy-
namic measures of RSFC using similar parameters from a recent
publication.?® A relatively high model-order was selected for both
subject-specific principal components analysis (120 components)
as well as group-wise data decomposition (100 components) to
provide a more ‘‘fine-grained” parcellation of networks and to
more clearly eliminate artifacts (e.g., head motion, physiological
noise, susceptibility artifacts, etc) from the data.>® The Infomax
ICA algorithm™ was repeated 20 times in Icasso using random
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initial conditions to improve the stability of the final decomposi-
tion,*® with the group spatial maps estimated as the modes of the
component clusters. All group spatial maps were thresholded
based on 0.25 of the maximum voxel-wise value to facilitate the
automatic selection of components and presentation of data in
figures.

Dual (spatial-temporal) regression was used to obtain the indi-
vidual subject-specific spatial maps and component time-courses
from the group-ICA. Additional subject-specific time-course pro-
cessing was also conducted to remove potential noise sources from
the data given the recent concerns in the literature regarding spu-
rious correlations in static RSFC.?®37 These steps included 1) de-
trending linear, quadratic, and cubic trends, 2) multiple regression
of the 6 realignment parameters and their temporal derivatives, 3)
removal of detected outliers (based on the median absolute devia-
tion), and 4) band-pass filtering with cutoffs of 0.01 and 0.10 Hz.
Pair-wise correlation coefficients were then computed for all
combinations of components, followed by a transformation to
z-scores using Fisher’s method.

Power spectra were estimated for each participant/component
using a multi-taper approach,*® with the time-bandwidth product
set to 3 and the number of tapers set to 5. From each spectrum we
calculated the ratio of low (operationally defined as occurring
between 0-0.10Hz band) to high (occurring between the 0.15—
0.25 Hz band) frequency power. This ratio should be above ap-
proximately 1.5 for ICN based on the temporal properties of the
hemodynamic response. A mean power ratio was calculated across
all 96 subjects for each component to facilitate automated com-
ponent selection (see below).

Group components were first auto-classified as ICN or artifact
(physiological, movement related, or imaging artifacts) using 3
different criteria. Specifically, components were classified as an ar-
tifact if the component 1) exhibited peak activations mostly in white
matter or ventricles (>50%), 2) exhibited a mean power ratio below
1.5), or 3) a maximum spatial correlation of greater than 0.40 with a
component previously classified as artifact in a large cohort of HC.?®
Components were classified as ICN based on a maximum spatial
correlation of greater than 0.40 with a component previously clas-
sified as an ICN. Individual ICN were then reviewed by two expert
raters (A.M. and J.L.), manually reclassified if necessary, and then
assigned into broad categories of visual, auditory, sensori-motor,
sub-cortical, cerebellar, DMN or cognitive control (CCN) networks.

Based on these criteria, 41 components were classified as arti-
fact, 52 components as ICN and 7 components as neither ICN nor
artifact. During expert review, two of the “neither”” components
were reclassified as ICN based on the location of peak activation
and the mean power ratio. In addition, one component that was
classified as an ICN was manually reclassified as an artifact,
leaving a total of 53 ICN. Ten of the ICN were deemed to represent
different nodes of the DMN, with six components representing
sub-cortical structures (Figure 1A). Thus, there were 105 unique

FIG. 1.

>

Panel (A) depicts the 53 intrinsic connectivity networks (ICN) derived across both mild traumatic brain injury (mTBI) patients

and healthy controls (HC) following group independent component analysis. Individual ICN are clustered into seven over-arching
networks: sub-cortical (SC; 6 ICN); default-mode (DM; 10 ICN); sensorimotor (SM; 8 ICN); visual (VS; 10 ICN); auditory (AD; 3
ICN); cerebellum (CB; 2 ICN); and cognitive control (CC; 14 ICN). Sagittal (X), coronal (Y) and axial (Z) slice locations are presented
according to the Montreal Neurological Institute system. The color-coding for each ICN within each of the seven major networks is
presented within Panel (B), as well as t-statistics representing the pair-wise comparisons of static resting state functional connectivity
comparisons across the two groups. Individual ICN labels include: L, left; R, right; pDMN, posterior default mode network; MeFG,
medial frontal gyrus; SFG, superior frontal gyrus; PCC, posterior cingulate cortex; ACC, anterior cingulate cortex; AG, angular gyrus;
MFG, middle frontal gyrus; IPL, inferior parietal lobule; PHG, parahippocampal gyrus; IFG, inferior frontal gyrus; alnsula, anterior
insula; CC, cingulate cortex; pre-SMA, pre-supplementary motor area; SPL, superior parietal lobule; PreCG, precentral gyrus; PoCG,
postcentral gyrus; SMA, supplementary motor area; PCL, paracentral lobule; STG, superior temporal gyrus; MTG, middle temporal
gyrus; plnsula, posterior insula; FFG, fusiform gyrus; LG, lingual gyrus; MOG, middle occipital gyrus; SOG, superior occipital gyrus;
10G, inferior occipital gyrus. A priori hypothesis examined the DM and SC networks. Panels (C) and (D) present the pair-wise Pearson
correlation values (r) for HC and mTBI patients, respectively.
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pairs for which static RSFC was compared based on our a priori
predictions.

A sliding window approach was adopted for dynamic RSFC
analyses, wherein correlations were computed from windowed
portions of the component time-courses.”® Specifically, a tapered
window was created by convolving a rectangle (width=24 TRs)
with a Gaussian (6 =3 TRs) function, and slid in steps of 1 TR
across all of the TRs. There were a total of 126 different windows in
the current analyses (based on 149 initial images and a window
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width of 24). For each pair of components, the standard deviation
across the sliding window correlation time series was then com-
puted as a summary of temporal variability (dynamic RSFC). In the
current context, larger standard deviations indicate more variable,
or less stable, functional connections between two ICN.

Primary analyses were restricted to 16 ICN that were selected to
represent the DMN and sub-cortical networks and compared
component spatial maps, component spectra, static RSFC, and
dynamic RSFC between groups. Voxel-wise ANCOVAs using
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WTAR and mean frame-wise displacement as covariates were
utilized to compare spatial maps between mTBI and HC. Group-
wise comparisons of subject-specific spatial maps were indi-
vidually corrected for false positives at p <0.05 based on 10,000
Monte-Carlo simulations. Group comparisons of the power ratio
(low/high frequency) across the 16 ICN were performed using a
similar ANCOVA model, corrected for multiple comparisons using
the Bonferonni method. Group comparisons of pair-wise static and
dynamic RSFC between DMN and sub-cortical ICN (105 pairs
each) were conducted with an ANCOVA model and corrected for
multiple comparisons using False Discovery Rate (FDR).

Finally, we compared whether mTBI patients exhibited more
extreme static or dynamic RSFC relative to HC in a spatially in-
variant fashion.® First, the mean and standard deviation were
calculated for each pair-wise metric from the HC group. The in-
dividual pairwise correlations/standard deviations for both HC and
mTBI groups were then transformed to signed z-scores using the
statistical moments derived from the HC. The z-transformed data
for both groups were then corrected for known distributional
biases (hereafter referred to as distribution-corrected z-scores;
DisCo-Z) resulting from the individual transformations. ICN ex-
hibiting extreme values based either on two standard devia-
tions above (DisCo-Z >2; positive summary measure) or below
(DisCo-Z < —2; negative summary measure) the HC mean were
coded with a 1 and summed separately across positive and neg-
ative extremes. These single value summary statistics were then
transformed by adding one to the count and taking the square root
to improve normality. The transformed data were then directly
compared across the two groups using WTAR and mean frame-
wise displacement as covariates.

Results
Clinical results

There were no significant group difference (p>0.10) on key
demographic variables (see Table 1) including hand preference.*
Independent samples t-tests indicated that HC achieved higher
estimates of premorbid intellectual functioning (to4=2.9, p=0.005)
despite educational matching. Therefore, premorbid intelligence
was used as a covariate for all analyses. One mTBI patient and two
HC performed in the impaired range (T < 30) on the TOMM in spite
of normal (within 1.5 SD of mean) performance on the remainder of
the neuropsychological battery. The data for these participants was
subsequently eliminated from the TOMM analysis, with results
indicating no group differences (p>0.10).

A MANCOVA comparing the domains of attention, processing
speed, working memory, executive functioning and memory with
premorbid intelligence as a covariate did not reveal any group
differences in cognition (p>0.10) with small to medium effects
sizes (Table 1). The multivariate effect from a MANOVA exam-
ining self-reported post-concussive symptoms was significant
(F3091=12.0, p<0.001), with univariate effects indicating that
mTBI patients in the semi-acute injury phase reported more cog-
nitive (F; 93=21.1, p<0.001), somatic (F; 93=30.1, p<0.001) and
emotional (F; 93=15.6, p<0.001) complaints compared to HC.

Anatomical imaging results

A total of 8 patients were identified as having complicated
mTBI, by virtue of exhibiting trauma-induced pathology on CT (4/
36 mTBI patients) or anatomical (T, T, or SWIimages) MRI (4/48
patients) scans by board-certified neuroradiologists blinded to pa-
tient diagnosis. However, there were no gross lesions and findings
were spatially variable across the complicated mTBI patients (see
Supplemental Table 2).
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TABLE 1. NEUROPSYCHOLOGICAL
AND CLINICAL SUMMARY MEASURES

mTBI HC Cohen’s

Mean (SD) Mean (SD) d (mTBI — HC)
Demographic
Age 28.3(9.5) 27.9(9.6) 0.05
Education 13.3(2.3) 13.8(2.3) -0.21
HQ 82.7(33.5) 83.9(37.1) -0.03
Neuropsych
Attention® 52.2(4.6) 53.2(6.0) -0.17
Memory* 51.2(7.9) 51.8(6.9) -0.09
WMA 51.8(5.5) 51.7(6.2) 0.02
ps4 45.3(6.4) 48.0(6.9) -0.41
EF4 48.3(5.8) 48.7(5.2) -0.07
WTAR 50.4(9.0) 55.2(7.7) -0.58
TOMM 55.0(4.3) 54.4(7.5) 0.10
Self Report
Emotional 49.3(8.4) 43.3(6.3) 0.81
NBSI-Som 8.0(6.7) 2.2(2.9) 1.12
NBSI-Cog 4.5(3.4) 1.7(2.4) 0.94
Days Post Injury
Imaging 14.0(5.3) N/A N/A
Neuropsych 13.9(4.9) N/A N/A

A Means, standard deviations, and effect sizes for neuropsychological
indices reported following correction for WTAR as covariate.

mTBI, mild traumatic brain injury patients; HC, healthy controls; SD,
standard deviation; HQ, handedness quotient; WM, working memory; PS,
processing speed; EF, executive function; WTAR, Wechsler Test of Adult
Reading; TOMM, Test of Memory Malingering; NBSI-Som, Neurobeha-
vioral Symptom Inventory somatic complaints; NBSI-Cog, Neurobeha-
vioral Symptom Inventory cognitive complaints; N/A, not applicable.

Motion parameter analyses

Two MANOV As (translations and rotations) were conducted to
examine for differences in frame-wise displacement across the two
groups. The multivariate effect of group was not significant in ei-
ther analysis (p>0.10), and none of the univariate analyses ap-
proached significance. However, given concerns about the effects
of motion on resting state data,>**"*! total frame-wise displace-
ment was used as a covariate for all group analyses.

Primary analyses

Al ICN, including spatial maps of the DMN (N=10) and sub-
cortical (N=06) regions, are displayed in Figure 1A. Results from
ANCOVAs comparing the spatial composition of these ICN indi-
cated no significant differences between mTBI patients and HC
following whole-brain correction for false-positives. Similarly,
there were no significant differences between mTBI and HC when
the low/high frequency power ratios were compared following
Bonferroni correction for multiple comparisons (p <0.003). There
were no differences in pair-wise static RSFC within the DMN and
sub-cortical ICN following false positive correction using FDR
(Figure 1B). Separate static RSFC matrices are presented for both
controls (Figure 1C) and mTBI patients (Figure 1D).

There were no differences in dynamic RSFC (variability) be-
tween HC and mTBI patients following FDR false positive cor-
rection within the DMN and sub-cortical ICN (Figure 2B), with
pair-wise variability presented separately for both HC (Figure 2C)
and mTBI (Figure 2D).

Finally, we also examined subject-specific abnormalities in pair-
wise static and dynamic RSFC between HC and mTBI across all



INTRINSIC CONNECTIVITY IN MTBI

ICN using the DisCo-Z method (i.e., the number of pairs that ex-
ceeded a DisCo-Z < —2 or DisCo-Z >?2). There were no differ-
ences between patients and controls in terms of static RSFC
(p>0.10; Figure 3A). However, results indicated a statistical trend
(t=—1.81; p=0.07; Figure 3B) for a decreased number of positive
pair-wise extremes for patients relative to controls during dynamic
RSFC analyses.
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Exploratory analyses

Exploratory analyses were performed to examine group differ-
ences in static and dynamic RSFC between all ICN using more
liberal statistical criteria (p<0.005 uncorrected for multiple com-
parisons). Pair-wise comparisons of the 53 ICN resulted in a total
of 1378 tests, which would result in approximately seven false
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FIG. 2. Panels (A)and (B) are identical to Figure 1 with the exception that dynamic resting state functional connectivity is now contrasted
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FIG. 3. This figure presents box and whisker plots of the distribution-corrected z-scores analyses for both negative (NEG) and
positive (POS) extreme pair-wise values in static (A) and dynamic (B) connectivity measures. All extreme values were transformed by
adding 1 to the count and then taking the square root of extreme measures (1 +sqrt). Data from healthy controls (HC) are presented in
light gray and mild traumatic brain injury (mTBI) patients’ data is presented in dark gray. A trend difference was noted (HC > mTBI) for
the positive dynamic resting state functional connectivity (RSFC) results.

positives given an alpha value of 0.005. Consistent with a priori
predictions, mTBI patients exhibited decreased static RSFC between
the posterior cingulate cortex and the anterior cingulate/middle
frontal gyrus of the DMN (see Table 2). Increased RSFC for mTBI
relative to HC was also observed between mostly sensory ICN (6/8
pairs) including visual, auditory and sensorimotor networks as well
as putamen. Increased RSFC for patients was also observed between
the right anterior insula and right inferior frontal gyrus and between
bilateral pre-central gyrus and right inferior parietal lobule.

Similar exploratory analyses were conducted on metrics of
dynamic RSFC. Consistent with the DisCo-Z findings, results in-
dicated decreased variability for mTBI patients (p<0.005, un-
corrected) relative to HC across 9 different ICN pairs, which

TABLE 2. UNCORRECTED (p <0.005) StAaTIC RSFC RESULTS

ICN 1 ICN 2
p value Region Network Region Network
HC >mTBI
0.003 pPCC DM MFG DM
mTBI >HC
0.0004 10G VS Cuneus VS
0.003 MTG VS STG AD
0.004 Cuneus VS MTG+STG AD
0.004 LG VS Putamen SC
0.001 10G VS PreCG SM
0.001 R IFG CC R alnsula CC
0.004 R IPL Ccc PreCG SM

RSFC, resting state functional connectivity; ICN, intrinsic connectivity
networks; HC, healthy controls; mTBI, mild traumatic brain injury patients;
PCC, posterior cingulate cortex; DM, default mode; MFG, middle fontal
gyrus; IOG, inferior occipital gyrus; VS, visual; MTG, medal temporal
gyrus; STG, superior temporal gyrus; AD, auditory; LG, lingual gyrus; SC,
sub-cortical; PreCG, precentral gyrus; SM, sensorimotor; R IFG, right
inferior frontal gyrus; CC, cognitive control; R alnsula, right anterior
insula; R IPL, right inferior parietal lobule.

predominantly involved either one or two cognitive control ICN
(7/9 pairs; Table 3). The remaining two pairs that exhibited de-
creased dynamic RSFC involved the DMN. There was no overlap
between ICN showing abnormalities between measures of both
static and dynamic RSFC.

Supplementary analyses

Two potential differences between current and previous ICA
studies on semi-acute mTBI include our post-processing steps to
reduce artifact and our higher model order for data decomposition
(100 components). Supplemental analyses were therefore conducted
using minimal subject-specific time-courses post-processing (see
Supplemental materials), focusing on the DMN and sub-cortical
structures. Results indicated that currently recommended best

TABLE 3. UNCORRECTED (p <0.005) Dynamic RSFC RESULTS

ICN 1 ICN 2
p value Region Network Region Network
HC >mTBI
0.0006 Insula CcC IFG cc
0.002 IPL CC R IFG CcC
0.004 R IFG Ccc L MFG cc
0.0002 L MFG CC MFG CcC
0.002 IPL CcC Caudate SC
0.0004 Insula CC Cuneus VS
0.004 pre-SMA CC PreCG SM
0.0007 MFG DM SOG VS
0.001 Precuneus DM PreCG SM

RSFC, resting state functional connectivity; ICN, intrinsic connectivity
networks; HC, healthy controls; mTBI, mild traumatic brain injury
patients; CC, cognitive control; IFG, inferior frontal gyrus; IPL, inferior
parietal lobule; R IFG, right inferior frontal gyrus; L MFG, left middle
frontal gyrus; MFG, middle frontal gyrus; SC, sub-cortical; VS, visual;
pre-SMA, pre-supplementary motor area; PreCG, precentral gyrus; SM,
sensorimotor; DM, default mode; SOG, superior occipital gyrus.
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practices for artifact removal did not have a significant impact on
the null results.

The effect of model order (i.e., number of estimated independent
components) on static connectivity findings within the DMN was
also investigated given previous results in other neuropsychiatric
populations.** Specifically, ICA analyses were repeated with the
exception that two lower-order model decompositions (20 and 30
components) were utilized. However, results indicated no signifi-
cant differences (p>0.10) within DMN ICN for mTBI patients
relative to HC with either the 20 or 30 model order analysis. See
Supplemental Figure 1 and Supplemental Table 3 for components
and full results.

Discussion

Amongst neuropsychiatric disorders, mTBI offers a unique op-
portunity for examining transient disruptions in cognitive and
emotional functioning and their neuronal correlates in a human
model. Similar to previous studies,*> mTBI patients self-reported
increased cognitive, emotional and somatic complaints during the
semi-acute injury phase. In contrast, there were no significant
cognitive deficits on neuropsychological testing at approximately
14 days post-injury. Previous literature suggests that effect sizes
obtained during formal cognitive testing decrease dramatically
as a function of days post-injury following a single-episode of
mTBI,*~* and current testing times may have occurred outside of
this relatively short assessment window.

The ICN identified during our high dimensional static ICA are
consistent with several other studies,é’28 demonstrating RSFC be-
tween spatially distinct regions that are arranged into sensory
(auditory, visual and sensorimotor) as well as cognitive (DMN and
CCN) networks. The exact role of covarying spontaneous fluctu-
ations within ICN has not been fully determined, but they may
serve as a record of previous task-dependent usage, may coordinate
neuronal activity between regions that are traditionally co-acti-
vated, or may represent a dynamic prediction of future use.”® *’

Previous studies that examined static RSFC during the semi-
acute stage of mTBI have reported abnormalities within the
DMN, 715 thalami'*?° as well as other ICN'**? using both seed-
based and ICA methods. In contrast, the current study did not ob-
serve any differences in low/high frequency power or static RSFC
in a moderate (N=48) sample of semi-acutely injured mTBI pa-
tients relative to carefully matched controls, which could have been
secondary to several factors. First, we utilized currently re-
commended best practices for removing the effects of head motion
on our data, as this has been shown to reduce spurious findings in
static RSFC analyses.***"*! However, data re-analyses without the
more rigorous motion removal did not ultimately affect our results,
suggesting that our efforts at artifact removal did not spuriously
remove signal between the two groups.

Second, high-dimensional ICA decompositions (100 compo-
nents) result in a more fine-grained characterization of individual
ICN relative to lower-dimensional solutions (Supplemental Figure
1),>% increase the magnitude of static connectivity between ICN,’
and provide a better parsing of imaging artifacts.>*® However,
higher dimensional solutions by definition result in a greater
number of ICN (i.e., 53 total for current dataset), which in turn
results in more stringent family-wise error correction even with our
fairly limited a priori hypotheses (16 DMN and sub-cortical ICN;
105 total pair-wise comparisons). This directly affects the ability to
detect group differences (Type II error) while appropriately con-
trolling for false positives (Type I error). Indeed, current findings
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were suggestive of decreased RSFC with the anterior and posterior
hubs of the DMN (uncorrected p <0.005), consistent with a priori
predictions and previous results from a sub-sample of the current
data."® However, supplemental analyses also indicated that these
findings were dependent on model-order (i.e., number of inde-
pendent components estimated), with the lower model-order solu-
tions producing negative results. Therefore, future studies may
focus on static RSFC between these two regions exclusively.

Uncorrected comparisons (uncorrected p < 0.005) also indicated
increased static RSFC for mTBI patients between unisensory ICN
(6/8 significant pairs). Importantly, these exploratory findings re-
quire independent replication due to the unplanned nature of the
comparisons and the high likelihood for false positives. With this
caveat in mind, neurosensory dysfunction has been reported in both
civilian*® and military TBI**~? samples. Resting glucose hypo-
metabolism and/or hypoperfusion has also been reported in audi-
tory and visual sensory cortices using SPECT,** PET**> and
fMRI’® in human TBL Collectively, these findings suggest that
future studies should probe the integrity of unisensory cortex fol-
lowing TBI and the relationship between imaging abnormalities
and sensory deficits.

To our knowledge, the current study represents the first inves-
tigation of how brain trauma affects dynamic RSFC. Dynamic
RSFC essentially assesses the variability of functional connections
between pairs of ICN across a specified temporal window.?%?
Current results indicated that across both groups, RSFC was most
dynamic (i.e., variable) between and within the DMN and visual
ICN, and most stable for sub-cortical and sensorimotor ICN (su-
perior frontal gyrus and precentral gyrus). However, there were no
significant differences in dynamic RSFC within or between the
DMN and sub-cortical ICN across patients and controls. Mild TBI
patients also exhibited reduced dynamic connectivity across all
ICN at a trend level (DisCo-Z analyses), suggesting that patholo-
gies associated with mTBI may be spatially variable as a result of
the different injury mechanisms.>® Reduced variability was ob-
served for mTBI patients across multiple ICN during uncorrected
comparisons (uncorrected p < 0.005), most of which occurred in the
CCN (7/9 pairs; Figure 2B). As with our unplanned analyses in-
dicating increased static RSFC in sensory cortex, these results also
require independent replication by other groups.

There are several limitations for the current study that should be
considered. Foremost, our resting state scan was relatively short
(approximately 5 minutes), which may have reduced our ability to
detect significant group differences in dynamic RSFC. Second,
patients were scanned approximately two weeks post-injury, which
may have limited our ability to detect more rapidly resolving
physiological processes. Future studies should consider evaluating
patients more immediately post-injury.

In summary, current results indicated evidence of decreased
static RSFC between the anterior and posterior nodes of the DMN
during the semi-acute stage of mTBI, but only when data were not
fully corrected for false positives (p <0.005) and at a higher model
order. Similarly, there were no significant differences for static
or dynamic RSFC within sub-cortical structures including the
thalamus, which previous studies'*?° have reported as being im-
plicated in semi-acute mTBI. Our uncorrected findings of de-
creased static RSFC between anterior and posterior DMN activity,
increased static RSFC in unisensory cortex and decreased dynamic
connectivity in CCN therefore requires replication in independent
samples. RSFC remains an important tool for investigating neu-
ronal abnormalities following trauma, but methodological differ-
ences in the data analyses are also likely to affect results.””>®
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