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Resting-State Connectivity Changes

After Goal-Oriented Attentional Self-Regulation Training
in Veterans With Mild Traumatic Brain Injury:
Preliminary Findings from a Randomized Controlled Trial

Maria Kryza-Lacombe,'? Rachel Santiago,” Anna Hwang,** Sky Raptentsetsang,>* Brian A. Maruyama,” Jerry Chen,?
Marissa Cassar,* Gary Abrams,>* Tatjana Novakovic-Agopian,>** and Pratik Mukherjee®*”

Abstract

Mild traumatic brain injury (mTBI) can have lasting consequences on cognitive functioning and well-being. Goal-
Oriented Attentional Self-Regulation (GOALS) training has been shown to improve attention and executive func-
tioning, as well as emotional functioning, in veterans with chronic TBI. An ongoing clinical trial (NCT02920788) is
further evaluating GOALS training, including underlying neural mechanisms of change. The present study aimed
to examine training-induced neuroplasticity by resting-state functional connectivity (rsFC) changes in GOALS ver-
sus active control. Veterans with a history of mTBI 26 months post-injury (N=33) were randomly assigned to
GOALS (n=19) or an intensity-matched active control group (Brain Health Education [BHE] training; n=14).
GOALS consists of attention regulation and problem solving applied to individually defined, relevant goals
through a combination of group, individual, and home practice sessions. Participants underwent multi-band
resting-state functional magnetic resonance imaging at baseline and post-intervention. Exploratory 2x2
mixed analyses of variance identified pre-to-post changes in seed-based connectivity for GOALS versus BHE
in five significant clusters. GOALS versus BHE demonstrated a significant increase in right lateral pre-frontal cortex
connectivity with the right frontal pole and right middle temporal gyrus, as well as increased posterior cingulate
connectivity with the pre-central gyrus. Rostral pre-frontal cortex connectivity with the right precuneus and the
right frontal pole decreased in GOALS versus BHE. These GOALS-related changes in rsFC point to potential neural
mechanisms underlying the intervention. This training-induced neuroplasticity may play a role in improved cog-
nitive and emotional functioning post-GOALS.
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Introduction

Mild (mTBI) traumatic brain injury (TBI) is the most
common type of TBI International incidence of
mTBI has been estimated at up to 600 per 100,000 or
42 million persons annually.! Cognitive complaints
are common post-mTBI and include difficulties with
attention and various aspects of executive functioning
such as working memory, cognitive flexibility, and
problem solving.>> Although cognitive functioning is
expected to quickly recover throughout the first few
weeks post-injury, cognitive complaints often persist
through 1 year post-injury and beyond*® and can im-
pact well-being and interfere with working toward life
goals. There is therefore a critical need for the preven-
tion and treatment of cognitive difficulties in persons
with a history of TBI, and interventions targeting
such difficulties are emerging.

Goal-Oriented Attentional Self-Regulation (GOALS)
training is one such treatment with demonstrated im-
provements in attention and executive functioning, as
well as emotional functioning, among veterans with
chronic TBL®® An ongoing randomized controlled
trial (NCT02920788) is further evaluating GOALS
training among persons with a history of mTBI, includ-
ing underlying neural mechanisms of change. To that
end, the present study aims to examine treatment-
related resting-state functional connectivity (rsFC)
changes in persons with mTBI who underwent
GOALS versus an active control group.

Resting-state functional magnetic resonance imaging
(rsfMRI) measures spontaneous fluctuations in brain ac-
tivity that occur synchronously across spatially distant re-
gions.” Functional connectivity analysis of rsfMRI data is
useful for examining neural network changes in TBI
given that multiple resting-state networks have shown
disruptions in TBI, including the default mode, fronto-
parietal, salience, and dorsal attention networks. Extant
work investigating TBI-related neural changes has
much heterogeneity with respect to samples (e.g., TBI se-
verity, time post-injury) and methods (e.g., image acqui-
sition, mode of analysis), but findings point to both
hypo- and hyperconnectivity within and between net-
works when compared to healthy controls.'*"'®

It has been suggested that a state of hyperconnectiv-
ity post-TBI may reflect brain network reorganization
and help re-establish neural network communication

in the short term, but may have negative consequences
in the long term,"” for example by increasing risk for
Alzheimer’s disease.'®'® Neural changes related to
mTBI have been shown to persist up to 10 years
post-injury,*® yet importantly, continued neuroplastic-
ity in the chronic phase of mTBI has also been docu-
mented.”’ Further, increased integration of the
resting-state functional connectome has been linked
to improved cognitive recovery, especially attention
and executive function, from the subacute to chronic
stages of mTBL** Taken together, impaired neural net-
work coordination may underlie difficulties in complex
cognition. It is therefore important to expedite recovery
and prevent long-term consequences of disrupted neu-
ral networks in the chronic phases of mTBI.

To address difficulties in complex cognition and im-
prove functional outcomes, it has been suggested that
cognitive rehabilitation in TBI should focus on atten-
tion and executive functioning training. Many cogni-
tive rehabilitation interventions developed specifically
for persons with TBI have focused on these do-
mains,”> > including GOALS. The core components
of GOALS are 1) attentional self-regulation, a psycho-
logical process that incorporates mindfulness, redirec-
tion of attention, and filtering distractions, and 2)
practicing these skills daily, in the context of personal
goals.® As such, it targets top-down cognitive
pre-frontal cortex-mediated processes*® and has dem-
onstrated cognitive, emotional, and functional im-
provements in veterans with chronic TBI®” as well as
in veterans with mTBI and post-traumatic stress disor-
der (PTSD).?”*®

Given documented cognitive and functional im-
provements after cognitive rehabilitation interventions,
the underlying neural mechanisms (i.e., training-
induced neuroplasticity) are now becoming a focus in
research. Studies examining brain mechanisms of cog-
nitive rehabilitation interventions have begun to docu-
ment functional, structural, and neurophysiological
changes after cognitive rehabilitation for persons with
TBI across injury severity.”’>> Our previous work
has documented evidence for training-induced neuro-
plasticity post-GOALS using task-based functional
magnetic resonance imaging (fMRI).*>>*° rsfMRI may
be particularly useful for examining training-induced
neuroplasticity after cognitive rehabilitation for TBI
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given its utility in examining neural network dysfunc-
tion in TBI, as well as evidence for changes in rsFC
after cognitive training in healthy persons®’ > and in
clinical non-TBI populations.*>*!

A handful of studies have examined resting-state
changes after cognitive rehabilitation in the chronic
phases of TBI. A study by Han and colleagues found in-
creased rsFC between areas in the default mode, soma-
tomotor, and visual networks among a sample of
participants with chronic TBI of mixed severity who
underwent “Strategic Memory Advanced Reasoning
Training” versus an active control group. Other smaller
studies examining rsFC changes in adults with chronic
TBI after cognitive rehabilitation training highlight
similar preliminary insights that point to training-
induced changes in rsFC within and between the de-
fault mode and task-positive networks.*>*> However,
these studies are limited by very small sample sizes of
<11 participants per group.

The present study examines training-induced neuro-
plasticity by rsFC in a randomized controlled study of
GOALS training for veterans with a history of mTBI.
To our knowledge, this is the first randomized con-
trolled trial to examine cognitive rehabilitation-related
rsFC changes in a sample consisting exclusively of
mTBI patients in the chronic phase of recovery.
Given the novelty of this research, we used an explor-
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atory approach to identify pre-to-post changes between
key resting-state network hubs and the rest of the brain.
Seeds were selected from the default mode, frontopar-
ietal, salience, and dorsal attention networks because
these networks were previously shown to be disrupted
in TBI and are thought to be targeted by GOALS train-
ing. Examining rsFC related to GOALS training may
provide insight into the mechanisms underlying im-
provements in executive function among persons
with mTBI. Given our exploratory analytical approach,
we hypothesized broadly that changes in rsFC would
distinguish persons with mTBI who underwent
GOALS training versus an active control intervention.

Methods
Participants and design
This study was approved by institutional review boards
at the University of California San Francisco and San
Francisco VA Medical Center. All participants pro-
vided informed consent before any study procedures.
Participants were recruited from the San Francisco
VA TBI Clinic, local VA community clinics, and vet-
eran groups using institutional review board-approved
information sheets and flyers. Inclusion criteria includ-
ed: age >18; history of mTBI (>6 months post-injury,
sustained either in combat or as a civilian); stable psycho-
active medication regimen; report of moderate-to-severe

Assessed for Eligibility (n = 426)

Exciuded - 304
Did not meet indusion criteria, lived too far

sway, mental health/housing stability issues
Phone Screened - 122
31 determined ineligible after phone screen

[ Enrollment

commitment

] . 14 declined participation due to time
Others ruled out due to stability (housing,

mental health, plans to relocate, etc)
57 Participants corsented
9 withdrew post-consent

*  5not yet started group-training
[ Randomized (n = 43) ]
oo ki s Allocated to Brain Health Education = 18
Total Completing GOALS = 20
5 withdrew GOALS Allocation Total Completing BHE = 16
1 after BL t, 1 after 1st Session, 1 * 2Withdrew BHE
after Sth Session, 2 after 3rd Session i 1-#1:55?;::13“%‘53?
Total Completing GOALS + SWk assessment = 19 o i
1 lost to due to psych/fsocial issues 2 lost due to start of COVID pandemic
Analyzed = 19 Analysis Analyzed = 14
+  Exduded = 1 *depending on analysis * Excluded=0

FIG. 1.

CONSORT flow diagram.
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residual cognitive difficulties (by Neurobehavioral Symp-
tom Inventory) that interfere with daily function; and in-
terest/availability to participate in cognitive training.
History of mTBI was confirmed through Department
of Defense/VA medical records and/or in-person Ohio
State University TBI Instrument. Exclusion criteria in-
cluded: history of moderate or severe TBI; unstable med-
ical, neurological, or psychiatric conditions, including
psychosis, severe PTSD, severe anxiety, or depression
precluding participation in research activities such as as-
sessment and/or training; contraindications to magnetic
resonance imaging (MRI); illicit drug or alcohol use
problems; or poor English comprehension.

Figure 1 (CONSORT diagram) provides recruitment
details. To summarize, 426 persons were assessed for
eligibility and 57 consented to the study. Of those
who consented, 9 withdrew post-consent but before
randomization, and 5 are still active in the study but
have not yet been randomized. Eight participants with-
drew from the study because of scheduling/travel difficul-
ties and/or family circumstances after being randomized.
Two additional participants completed group training
but were unable to complete post-training evaluations
because of the COVID-19 shelter-in-place order and
are therefore not included in analyses.

Thirty-three veterans completed study procedures
and were included in the present analyses (24% female;
mean age =44.6 years [standard deviation {SD}=14.2];
mean years education=15.2 [SD=2.35]). Eras of mili-
tary service included Vietnam, Gulf War, and Opera-
tion Enduring Freedom/Operation Iraqi Freedom.
TBIs were sustained from mixed causes, including
blunt force injuries, motor vehicle accidents, as well
as blast waves. History of more than one mTBI (e.g.,
military combat training, martial arts training, and
high school football) was reported by 36% of partici-
pants. All participants were independent in basic activ-
ities of daily living but reported mild-to-moderate
difficulties on tasks involving organization, problem
solving, multi-tasking, and distractibility. Most partici-
pants were not working or going to school; 5 partici-
pants were gainfully employed and 10 were students.

After baseline evaluation, participants were placed in
small groups, consisting of 2-3 participants of similar
age, and the entire group was then randomized to re-
ceive either GOALS (n=19) or Brain Health Education
(BHE; n=14). See Table 1 for a comparison of partic-
ipants who participated in GOALS versus BHE. There
were no differences in demographic or clinical charac-
teristics at baseline.
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Table 1. Demographic and Clinical Characteristics
at Baseline
GOALS BHE Statistical
Variable (h=19) (n=14) comparison
Age, mean (SD) 41.1 (12.9) 49,5 (15.4) 0.12
Years of education, 15.1 (1.9) 15.5 (2.9) 0.67
mean (SD)
Months since last 118.0 (98) 176.3 (191) 0.31
injury, mean (SD)
Sex (% female) 21 29 042
Race (% non-White) 16 7 042
Hispanic ethnicity (%) 15 14 0.79
Overall Attention/EF -0.05 (0.62) -0.03 (0.66) 0.94
z-score, mean (SD)
Mayo-Portland Total, 46.9 (14.4) 50.5 (6.7) 0.46
mean (SD)
BDI-Il Total, mean (SD) 18.8 (8.6) 18.8 (11.8) 1.00
PCL-M Total, mean (SD) 514 (11.7) 46.3 (17.5) 0.40

Overall Attention/EF represents the average z-score based on perfor-
mance on multiple neuropsychological measures (Letter Number
Sequencing; Auditory Consonant Trigrams 9, 18, and 36 sec; Digit Vigi-
lance Test-Time and Errors; Design Fluency Switching; Verbal Fluency
Switching; Trails B; Color-Word Interference Inhibition/Switching-Time
and Errors; Color-Word Interference Inhibition-Time and Errors).

Missing data: years of education, n=1 (GOALS); Attention/EF, n=1
(GOALS); BDI-ll and PCM-M, n=7 (GOALS), n=2 (BHE); statistical compar-
ison column provides p values for statistical GOALS versus BHE group
comparison (chi-square test for sex, race, and ethnicity and two-sample
t-tests for all other variables).

SD, standard deviation; EF, executive functioning; PCL-M, Post-
Traumatic Stress Disorder Checklist-Military Version; BDI-Il, Beck Depres-
sion Inventory-Il; GOALS, Goal-Oriented Attentional Self-Regulation; BHE,
Brain Health Education.

Pre- and post-training, participants were evaluated
with a multi-level battery consisting of neuropsycho-
logical and complex functional performance assess-
ment and self-report measures of daily and emotional
functioning. Assessments were administered by the
same evaluator at both time points, and every attempt
was made to administer them at the same time of the
day. Evaluators were blinded to participants’ treatment
conditions, and evaluators and therapists were separate
persons.

Interventions

GOALS and BHE were matched closely for time with
therapists and training intensity. Both were adminis-
tered across ten 2-h group sessions, three 1-h individ-
ual sessions, and 20 hours of home practice across 5
weeks. Interventions were conducted in a small group
format with 2-3 participants and two therapists per
group. Intervention manuals were written for instruc-
tors and participants.**

Goal-Oriented Attentional Self-Regulation
training. GOALS consists of attention regulation
and problem solving applied to individually defined,
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relevant goals. For a detailed review of GOALS train-
ing, please see Novakovic-Agopian and colleagues.®
To summarize, the GOALS intervention empha-
sizes regulation of distractibility that is addressed by
applied mindfulness-based attention regulation to
redirect cognitive processes toward task-relevant ac-
tivities even when distracted. Participants learn to
use a metacognitive strategy (“Stop-Relax-Refocus”)
to stop activity when distracted, anxious, and/or
overwhelmed; relax; and then refocus attention on
the current primary goal. They are taught to apply
these skills actively to a range of situations, from sim-
ple information-processing tasks to challenging low-
structure situations occurring in their own lives.
Homework includes practice in maintaining goal
direction during challenging real-life situations iden-
tified by participants.

Brain Health Education training. This is an active
comparison matched with GOALS for time with ther-
apists, homework load, and group and individual ses-
sion participation hours. BHE training was designed
to be engaging and provide information about brain
functioning and brain health. Although session materi-
als include information about effects of stress, sleep,
and diet, they are educational in nature, emphasizing
knowledge and not skills. Group leaders did not assist
participants with making connections between the ma-
terial presented and possible positive effects on their
own daily functioning, or how to integrate into their
daily lives. Further, the presumed active ingredients
of GOALS training, which include applied problem
solving and attention regulation, are not part of the
BHE intervention.

Neuropsychological and self-report measures

Participants were evaluated with a multi-level battery
consisting of neuropsychological and self-report mea-
sures of daily and emotional functioning before and
after GOALS or BHE. Similar to our previous studies,®”
the current study used a neuropsychological battery
specifically designed to assess performance in cognitive
domains of complex attention and executive function
that are commonly affected by TBI and targeted by
GOALS training. The primary neuropsychological out-
come, the Overall Attention/Executive Function com-
posite, represents the average z-score based on
performance on relevant neuropsychological domains
and corresponding measures: Working Memory: Letter
Number Sequencing; Auditory Consonant Trigrams*>;
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Sustained Attention: Digit Vigilance Test-Time and
Errors*®; Mental Flexibility: Delis-Kaplan Executive
Function System (D-KEFS) Design Fluency Switching;
Verbal Fluency Switching; Trails B; D-KEFS Color-
Word Interference Inhibition/Switching-Time and
Errors; and D-KEFS Inhibition: Color-Word Interfer-
ence Inhibition-Time and Errors.*”*® Participants
also completed self-report measures of daily and emo-
tional functioning, including the Mayo-Portland
Adaptability Inventory,” a measure of common se-
quelae of TBI including impact on activities of daily
living, emotional adjustment, and community integra-
tion, the Beck Depression Inventory-II,50 and the
PTSD Checklist, Military Version.”! Baseline levels of
selected indices of these measures are provided in
Table 1. Outcomes of these and other measures will
be reported in a parallel article.

Neuroimaging acquisition

Participants underwent MRI acquisition at baseline
and again post-intervention (~ 6 weeks later). All sub-
jects were scanned on a 3.0 Tesla Siemens Skyra scan-
ner (Siemens Medical Solutions USA, Inc., Malver, PA)
at the SF VA Medical Center using a 32-channel head
coil. rstMRI data were acquired using an echo-planar
imaging sequence with the following parameters: repe-
tition time (TR) =820 ms; echo time (TE) =35 ms; flip
angle=>52 degrees; number of slices=72; slice thick-
ness=2 mm; spatial resolution=2mm’. Two runs of
366 brain volumes each were acquired for a total ac-
quisition time of 10min. Participants were instru-
cted to open their eyes and remain awake during the
rsfMRI scan sequences. Anatomical three-dimensional
magnetization-prepared rapid acquisition with gradi-
ent echo scans were acquired using T1-weighting and
the following parameters: TR=2400 ms; TE =2.24 ms;
flip angle=8 degrees; number of slices=208; slice
thickness = 0.8 mm; spatial resolution =0.8 mm.?

Functional magnetic resonance imaging

data pre-processing

The CONN toolbox (version 17.f)>> was used for
rsfMRI data pre-processing and run using MATLAB
(version 2014a; The MathWorks, Inc., Natick, MA)
and SPM12. All rstMRI data were realigned and nor-
malized to the Montreal Neurological Institute
(MNI) template in SPM, slice-time corrected, and spa-
tially smoothed with a 3-mm (full width at half maxi-
mum) Gaussian filter kernel. Normalization and
coregistration were manually reviewed for quality
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control. Functional outlier detection was performed
utilizing the ARtifact detection Tools-based identifica-
tion of outlier scans using an intermediate setting for
scrubbing. Additionally, CONN utilizes aCompCor to
denoise the following confounds from the time-series
data: 1) white matter and CSF signals; 2) motion pa-
rameters during the realignment process; and 3) vol-
umes flagged for excessive motion from the scrubbing
process. Each T1 anatomical image was also normal-
ized to MNI space, coregistered, and automatically seg-
mented into cerebrospinal fluid (CSF), gray matter, and
white matter parcellations using SPM to utilize in the
aCompCor denoising process.”> The data were finally
bandpass filtered at 0.008-0.090 Hz to discern the
rsfMRI data from low-frequency CSF, white matter,
and motion signals.

Resting-state functional magnetic resonance
imaging data analysis
Broadly, analyses evaluated resting-state neural
changes (pre- to post-treatment) for GOALS versus
BHE. To that end, the CONN Toolbox was used to per-
form a seed-to-voxel functional connectivity analysis.
Subject-specific correlation matrices were computed
using a Pearson correlation analysis to correlate the av-
erage blood oxygen level dependent time series of each
seed region to the time series of each voxel of the brain.
Coefficient maps were then Fisher-transformed into
z-scores. We selected seed regions from CONN’s de-
fault seeds that overall consist of 132 anatomical re-
gions from the Harvard-Oxford Atlas and 32 seed
regions from the eight recognized rsfMRI networks.>
Twenty seeds were selected based on anatomical re-
gions and resting-state networks that were previously
shown to be impacted by TBI, including regions in
the frontoparietal (lateral pre-frontal cortex, posterior
parietal cortex), salience (anterior cingulate cortex, an-
terior insula, rostral pre-frontal cortex, and supramar-
ginal gyrus), dorsal attention (bilateral frontal eye field,
and intraparietal sulcus), and default mode (medial
pre-frontal cortex, precuneus cortex, and lateral parie-
tal cortex) networks, as well as an additional relevant
anatomical region that was not part of the Harvard-
Oxford-Atlas—defined resting-state networks (orbital
frontal cortex).

Statistical analysis

Second-level 2x2 mixed analysis of variance
(ANOVA) interaction analyses were performed to
test Group X Time interactions in separate analyses
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for each seed. We investigated clusters that emerged
at a two-sided threshold (voxel level: p <0.005; cluster
level: p<0.05, false discovery rate [FDR] corrected).
Effects of significant clusters were further examined
by extracting each participant’s averaged cluster values
for post hoc analyses in SPSS software (SPSS, Inc., Chi-
cago, IL). Paired-sample ¢-tests examined change over
time within each group, two-sample ¢-tests evaluated
group differences at each time point, and FDR correc-
tion was used to correct post hoc analyses for multiple
comparisons within each cluster.

Results

Neuropsychological measures

A significant Group (GOALS vs. BHE) by Time (pre-
vs. post-training) effect was identified for the primary
neurocognitive outcome measure Overall Attentio-
n/Executive Function composite (p<0.01), such that
participants who received GOALS demonstrated
more improvement after treatment compared to
those persons who participated in the BHE interven-
tion. Additional outcomes of behavioral measures are
reported in a parallel article.

Neuroimaging

Overall, 5 significant clusters representing a significant
Group x Time interaction effect emerged in our seed-
based whole-brain functional connectivity analyses,
with seeds in the left lateral pre-frontal cortex, left
and right rostral pre-frontal cortex, and posterior cin-
gulate. No other seeds yielded significant findings.
Results are listed in Table 2, displayed in Figures 2-4,

Table 2. Significant Clusters of Interest Resulting
from Seed to Voxel Analyses

Connectivity

Seed region k F;3; x y z BA cluster region

Right lateral pre-frontal cortex
470 250 18 54 42 8
341 349 66 0 -18 21

Right frontal pole
Right middle
temporal Gyrus

Right rostral pre-frontal cortex

609 334 18 -70 56
Left rostral pre-frontal cortex

435 314 26 60 -2 10
Posterior cingulate cortex

367 211 -4 -12 70 6

Right precuneus
Right frontal pole

Bilateral pre-central gyrus

k represents the number of voxels in a given cluster; F statistic repre-
sents post hoc Time x Group effect; xyz values are provided in MNI coor-
dinates and represent voxel of peak activation.

BA, Brodmann areas; MNI, Montreal Neurological Institute.
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and described below. Overall, GOALS and BHE groups
demonstrated differential changes i2n connectivity
over time.

Lateral pre-frontal cortex connectivity

Group x Time significantly predicted right lateral pre-
frontal connectivity with the right frontal pole
(k=470, F,5,=250, xyz=18, 54, 42; Fig. 2A) and
with the right middle temporal gyrus (k=341,
F)31=34.9, xyz=66, 0, —18; Fig. 2B). FDR-corrected
post hoc analyses indicated that connectivity between

these areas significantly increased in GOALS over
time (p<0.001). BHE demonstrated no change in
right lateral pre-frontal connectivity over time with
the right frontal pole cluster and a decrease over
time with the right middle temporal gyrus cluster
(p<0.05).

Rostral pre-frontal cortex connectivity

Group x Time significantly predicted right rostral pre-
frontal connectivity with the right precuneus (k=609,
F31=33.4, xyz=18, —70, 56; Fig. 3A) and left rostral
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pre-frontal connectivity with the right frontal pole
(k=435, F; 5, =31.4, xyz=26, 60, —2; Fig. 3B). FDR-
corrected post hoc analyses indicated that connectivity
between these areas significantly decreased in GOALS
over time (right precuneus: p<0.001; right frontal
pole: p<0.01), whereas BHE demonstrated an increase
in connectivity between these areas over time
(p<0.01).

Posterior cingulate connectivity

Group x Time significantly predicted posterior cingu-
late connectivity with the right pre-central gyrus
(k=367, F, 3 =21.1, xyz=4, —12, 70; Fig. 4). FDR-
corrected post hoc analyses indicated that connectiv-

ity between these areas significantly increased in
GOALS over time (p<0.01). BHE demonstrated a de-
crease in connectivity between these areas over time
(p<0.01).

Discussion

GOALS training, a cognitive rehabilitation interven-
tion that incorporates mindfulness and redirection
of attention in the context of personal goals, has
shown to improve executive functioning in previous
TBI samples®’ as well as in the current sample. The
present study aimed to examine training-induced
neuroplasticity in a randomized controlled study of
GOALS for mTBI. To this end, we examined pre- to
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Posterior cingulate connectivity. Group x Time interaction predicts posterior cingulate connectivity
with the pre-central gyrus. **p <0.01, corrected. Error bars represent 95% confidence interval.

post-treatment rsFC changes in persons who under-
went GOALS versus BHE, an active control group.
Our exploratory analyses revealed significant rsFC
changes between neural network regions related to at-
tention and executive functioning. Connectivity in-
creased or decreased among GOALS versus BHE
depending on the seed region. There was an increase
in connectivity from baseline to post-intervention be-
tween hubs of the frontoparietal and default mode
networks and frontal and temporal regions, and a de-
crease in connectivity between salience network hubs
and parietal and frontal regions. Although it will be
important to conduct formal mediation analyses in
larger samples to test this hypothesis, these findings
suggest that improved functioning among patients
with mTBI who underwent GOALS training may
work through synchronization of communication be-
tween task-negative and -positive networks underly-
ing attention and executive processes.

We demonstrated training-induced neuroplasticity
through changes in rsFC using key hubs of the fronto-
parietal, salience, and default mode networks as con-
nectivity seeds. Increased rsFC emerged among the
GOALS groups versus BHE between the right lateral
pre-frontal cortex, a key area of the frontoparietal net-
work, and the right frontal pole and right middle tem-
poral gyrus. These results align with findings by Han
and colleagues,”” who examined rsFC among persons
with chronic TBI who underwent a strategy-based rea-

soning training that included training in selective at-
tention and thinking strategies versus an active
control group. Despite a different analytical approach,
their analyses revealed several similar patterns when
comparing the cognitive rehabilitation group to active
control, specifically increased rsFC between the right
dorsal/lateral pre-frontal cortex and right anterior
pre-frontal cortex, as well as between the right dorsal
pre-frontal cortex and right middle temporal areas.
The frontal pole and temporal areas that emerged in
our analyses, as well as the areas described by Han
and colleagues,”’ overlap with regions encompassed
in the default mode network as defined by the Yeo rest-
ing state network atlas,”* suggesting increased connec-
tivity between the frontoparietal and default mode
networks.

Altogether, this could reflect increased efficiency in
the ability to switch between automatic processes of
the default mode network to controlled effortful pro-
cesses thought to be mediated by the frontoparietal net-
work. Notably, these frontoparietal network findings
are limited to the right hemisphere, which agrees
with previous work that demonstrated increased con-
nectivity limited to the right frontoparietal network."

We found decreased rsFC in the GOALS group rel-
ative to the active control group in our analyses using
the rostral pre-frontal cortex, a region within the sa-
lience network, as a seed. Specifically, rsFC connectivity
decreased between the right rostral pre-frontal cortex
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and the right precuneus, as well as between the left ros-
tral pre-frontal cortex and the right frontal pole. An
overlap of the specific anatomical regions that encom-
pass the resulting connectivity clusters with the Yeo
resting-state network atlas™® suggests that the specific
right precuneus and right frontal pole regions that
emerged here overlap with regions in the default
mode/dorsal attention networks and the frontoparietal
network, respectively. The salience network has been
shown to support shifting between internally and exter-
nally directed states and may therefore be important
for regulating network functioning to support efficient
cognition. Decreased connectivity between salience and
other networks may enable increased efficiency of
network-specific tasks and support improvements in
complex cognitive efforts requiring attention and exec-
utive functions.

Our findings further point to increased rsFC be-
tween the posterior cingulate, the dorsal hub of the de-
fault mode network, and the pre-motor cortex, an area
typically associated with task-positive networks. This
accords with other studies of rsFC changes after cogni-
tive rehabilitation in chronic TBI. Both Gimble and
colleagues and Lindsey and colleagues found increased
connectivity between task-negative and -positive net-
work hubs among persons with TBI who underwent
cognitive rehabilitation versus waitlist controls.
Increased connectivity between these areas may indi-
cate improved coordination and may facilitate atten-
tional switching between automatic and effortful
processes.

This study adds to our previous work and begins to
establish an understanding of the neural mechanisms
that may underlie GOALS training.*>>%> For example,
Chen and colleagues® demonstrated enhanced modu-
latory control over visual processing in the context of
task-based fMRI post-GOALS in a sample of patients
with acquired brain injuries (75% TBI). They suggested
that these findings may represent a rebalancing of pre-
frontal functioning that may underlie improvements in
attention and executive control. The training-induced
increases and decreases in rsFC over time in the present
study may likewise point to a rebalancing of neural net-
works.

It is important to note that in addition to significant
changes in rsFC among the GOALS group, many of
our findings also demonstrated significant rsFC
changes in the BHE active control group, but in the
opposite direction. The BHE group underwent the
intensity-matched active control condition consisting
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of classes on brain functioning and brain health with-
out providing a link between the material and applica-
tion in daily life. Intensity-matched home practice in
the active control group consisted of watching or
reading informational material, whereas one of the
key aspects of GOALS is to practice the skills in
daily life. Therefore, both groups, GOALS and BHE,
experienced a change to their daily routine by incor-
porating a rigorous and time-consuming program
into their lives for 5 weeks; however, the essence of
how their routines changed differed notably. Signifi-
cant changes in cognitive performance were only ob-
served among the GOALS group, whose overall
attention/executive functioning performance im-
proved from baseline to post-intervention. Our analy-
ses may have therefore captured the network changes
that differentiate incorporating active acquisition and
practice of skills applied to personal goals versus
merely acquiring knowledge in the context of partici-
pating in a time-intensive research study.

The present findings are limited by several factors.
Given our small sample size (N=33), we were under-
powered to examine whether connectivity changes re-
late to changes in cognition and symptoms. We were
also only powered to detect large treatment effects,
which prevented us from detecting potentially clini-
cally meaningful medium or smaller treatment effects.
Finally, in some clusters, we observed significant base-
line connectivity differences between groups, which
may emerge by chance in small samples such as ours.
Replication of our findings in larger multi-center stud-
ies that also permit generalization to diverse popula-
tions is therefore needed. Such studies will also
enable meaningful evaluation of the relation between
neural connectivity and changes in cognition and
symptoms. Until then, it is important to evaluate the
interpretations offered here with caution.

Conclusion

The current study provides evidence of training-
induced neuroplasticity in veterans with mTBI after
GOALS training. It is possible that the observed
changes in rsFC underlie improvements in emotional
and cognitive functioning, although future studies
must examine this hypothesis in larger samples pow-
ered to examine these relations.
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