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Effects of Subconcussive Head Trauma
on the Default Mode Network of the Brain
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Abstract

Although they are less severe than a full blown concussive episodes, subconcussive impacts happen much more frequently
and current research has suggested this form of head trauma may have an accumulative effect and lead to neurological
impairment later in life. To investigate the acute effects that subconcussive head trauma may have on the default mode
network of the brain resting-state, functional magnetic resonance was performed. Twenty-four current collegiate rugby
players were recruited and all subjects underwent initial scanning 24 h prior to a scheduled full contact game to provide a
baseline. Follow-up scanning of the rugby players occurred within 24 h following that game to assess acute effects from
subconcussive head trauma. Differences between pre-game and post-game scans showed both increased connectivity from
the left supramarginal gyrus to bilateral orbitofrontal cortex and decreased connectivity from the retrosplenial cortex and
dorsal posterior cingulate cortex. To assess whether or not a history of previous concussion may lead to a differential
response following subconcussive impacts, subjects were further divided into two subgroups based upon history of
previous concussion. Individuals with a prior history of concussion exhibited only decreased functional connectivity
following exposure to subconcussive head trauma, while those with no history showed increased connectivity. Even acute
exposure to subconcussive head trauma demonstrates the ability to alter functional connectivity and there is possible

evidence of a differential response in the brain for those with and without a history of concussion.
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Introduction

THERE IS GROWING CONCERN in the neuroscience community
regarding the immediate and long-lasting effects from sports-
related traumatic brain injury,' especially the effects these may
have on the risks for developing neurodegenerative diseases.”
Much of the research focused on sports-related traumatic brain
injuries has been centered on concussions, while little attention has
been placed on subconcussive impacts. However, subconcussive
blows, which are below the threshold to cause or elicit any signs of
a concussion,3 should not be overlooked as insignificant. Both
animal and human research have shown that subconcussive blows
can cause damage to the central nervous system and pathophysio-
logical changes in the brain despite not evoking any apparent acute
behavioral changes.*® These recent studies have identified that
injury does not only come from full-blown concussive episodes but
also from the repetitive nature of subconcussive blows.” Similar to
concussions, subconcussive impacts have the potential to transfer a
high degree of linear and rotational acceleration forces to the brain®

and can cause pathophysiological changes in the brain.® Yet unlike
concussions, this type of repetitive head trauma in contact sports
goes undiagnosed or unmanaged”'” leading to a large number of
these insults accumulated over the course of a season, let alone a
career.”'® Post-mortem studies have identified that repeated sub-
concussive impacts may have an accumulative effect,® and it is
thought they accelerate the cognitive aging process, leading to al-
tered neuronal biology later in life."!

The effects of subconcussive head trauma in terms of neuro-
cognitive, behavioral, and underlying neural substrates have not
been sufficiently studied and currently are not well understood.
Current research on the effects of subconcussive head trauma is
divided, as there are reports that they have minimal impact on
cognition'? while more recent studies have demonstrated adverse
effects on cognitive and cerebral.'>'* Studies using neuropsycho-
logical testing metrics have reported mixed results, with some
studies showing no effects'> while others observed chronic and
acute effects from subconcussive trauma.'* Further, research shows
that the accumulation of repetitive subconcussive impacts and
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concussions are linked to neurological impairment'® and disorders
like early-onset Alzheimer’s disease, dementia, depression, and
even chronic traumatic encephalopathy (CTE)."!®!7

Studies using advanced neuroimaging on subconcussive head
trauma are scarce and none to date have specifically investigated
their acute effects. In this study, we used resting-state functional
magnetic resonance imaging (rs-fMRI) to investigate the acute
effects that subconcussive head trauma may have on the default
mode network (DMN) of the brain. Recent fMRI reports have
demonstrated alterations of resting-state functional connectivity in
neurological disorders—including concussion—and have brought
new insight into better understanding the pathophysiology of these
disorders. Functional abnormalities of the brain are found to be
associated with pathological changes in the connectivity of the
structures that make up these resting-state networks.'® The exam-
ination of spontaneous oscillations of the blood-oxygen-level-
dependent (BOLD) signal reflects the enduring and intrinsic
properties of the brain'® and allows a characterization of possible
brain dysfunction. The DMN is deactivated during attention or goal
oriented tasks'® and is identified in the BOLD signal as low-fre-
quency coherent oscillations.*

With advances in neuroimaging and data analysis techniques,
the DMN has become the most studied resting-state network and a
major focus in the neuroscience community.?' Accordingly, in this
study we investigated the resting-state DMN after an acute expo-
sure to subconcussive head trauma. Our central hypothesis is that
repetitive subconcussive impacts received during participation in
full contact sports will lead to altered functional connectivity in the
DMN. Specifically, following subconcussive blows, there will be a
decrease in the functional connectivity within the areas that make
up the DMN. Secondary to this, we believe that a history of pre-
vious concussion will modulate this response.

Methods
Participants

Twenty-four current active collegiate athletes were recruited for
this study (eight males, 16 females; average age, 20.2 years old; see
Table 1 for detailed information on individual and group demo-
graphics). Specifically, all subjects under study were current col-
legiate rugby players and were further divided into two subgroups
based upon history of previous diagnosed concussions (Hx mTBI
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and No Hx mTBI). All subjects signed an informed consent form
and the Institutional Review Board of the Pennsylvania State
University approved this protocol.

Study design

We targeted rugby because the nature of the sport exposes
players to numerous subconcussive impacts.”? Initially, quantifi-
cation of subconcussive impacts was planned to be performed, yet a
number of limitations made it not plausible. Rugby matches were
recorded but due to limited resources and limited access to high
speed cameras positioned in different angles, the standard one
position video camera failed to accurately quantify the number of
subconcussive impacts. Additionally, because rugby players do not
wear protective equipment, including helmets,> incorporation of
commercially-available tools like the Head Impact Telemetry
(HIT) system could not be employed.

Compounding the difficulty to quantify the number of sub-
concussive impacts in rugby are certain prominent elements of the
game including the tackle and scrum.>® These events often results
in a massive pileup of players and jeopardizes the accuracy of
quantifying the number of subconcussive hits as players under the
pile can experience anything from kicks, elbows, or any other type
of blow to the head they may not be visible. To compensate for this
shortcoming, an observational study of the matches was completed
in order to see if the number of impacts were similar to those
reported in the literature. Results from the observational study put
the number of impacts at between 30 and 45 and were in agreement
with those reported by in a study of 77 professional league rugby
matches over the course of three seasons.

The study was broken into two testing sessions, an initial base-
line pre-game session and then a follow-up post-game session that
included the acquisition of rs-fMRI. By eliminating the task, rs-
fMRI excludes bias based upon performance.” Pre-game scanning
was performed 24 h prior to a scheduled full contact game, while
the post-game session was performed within 24 h of the end of that
game following a night’s sleep. No sports-related subconcussive
impacts were sustained between pre-game scanning and the actual
game, as no contact practices were scheduled in the interim. Pre-
game and post-game scanning was performed at the same time of
the day to reduce any influence that may have been caused by
circadian rhythms. No participants reported concussive symptoms
at either session and additionally no players under study were di-
agnosed with a concussion on the field under supervision of certi-
fied athletic trainers as a part of the routine protocol of the Sport
Concussion Program at the Pennsylvania State University.

TABLE 1. DEMOGRAPHIC INFORMATION

n Group Sex Age #mTBI Group Sex Age #mTBI Last mTBI
1 No Hx mTBI M 22 0 Hx mTBI F 21 1 5
2 No Hx mTBI F 18 0 Hx mTBI M 19 2 36
3 No Hx mTBI F 19 0 Hx mTBI F 20 1 13
4 No Hx mTBI M 19 0 Hx mTBI M 19 2 48
5 No Hx mTBI F 19 0 Hx mTBI F 19 1 8
6 No Hx mTBI M 21 0 Hx mTBI F 21 1 12
7 No Hx mTBI F 20 0 Hx mTBI M 20 2 24
8 No Hx mTBI F 21 0 Hx mTBI M 22 2 1
9 No Hx mTBI F 19 0 Hx mTBI M 23 2 12

10 No Hx mTBI F 19 0 Hx mTBI F 19 2 2

11 No Hx mTBI F 20 0 Hx mTBI F 22 1 48

12 No Hx mTBI F 21 0 Hx mTBI F 21 1 17

Avg 19.8 0 20.5 1.5 18.8

Demographic information for subjects under study, subgroups based upon history of concussion (Hx mTBI), or no previous history of concussion (No
Hx mTBI). Last mTBI refers to the number of months since previous concussion.
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MRI Set-up and Acquisition

Functional and anatomical images were acquired on a 3.0 Tesla
Siemens Trio whole-body scanner (Siemens, Erlangen, Germany)
using a 12-channel head coil. Subjects were asked to lay quietly
with their eyes open and not fall asleep while in the scanner. Two-
dimensional BOLD echo planar rs-fMRI sequence were acquired in
the axial plane parallel to the anterior and posterior commissure
axis covering the entire brain (3.0x3.0x 3.0 mm resolution, TR =
2490 ms, TE=24ms, iPAT=none, EPI factor=74, echo spac-
ing=0.48 ms, NSA =1, acquisition time=5:04). Three-dimensional
isotropic T1 weighted magnetization prepared rapid gradient echo
anatomical images were acquired in the sagittal plane parallel with
the longitudinal fissure covering the entire brain (1 mm X 1 mm x 1 mm
resolution, TE=3.46 ms, TR=2300ms, TI=900ms, flip angle=9°,
160 slices, iPAT =none, NSA=1).

Data analysis

We employed the commonly accepted and widely reported seed-
based correlation analysis technique based upon our a priori hy-
pothesis that subconcussive impacts will alter the areas of the brain
that make up the DMN. 819293234 Statistical Parametric Mapping
(SPM) version 8 (www.fil.ion.ucl.ac.uk/spm/software/spms8), in
conjunction with Functional Connectivity (CONN) toolbox (web
.mit.edu/swg/software.htm) software were used for data analysis.
Images were first pre-processed, which included realignment, co-
registration, segmentation, normalization, and smoothing. During
pre-processing, images were motion-corrected, registered with
structural images, and normalized to the standard brain template
from the Montreal Neurological Institute. After pre-processing,
images were then band-pass filtered to 0.01 Hz-0.09 Hz and motion
regressed to reduce the influence of noise.

White matter, cerebrospinal fluid, and physiological noise
source reduction were taken as confounds, following the im-
plemented CompCor strategy.”® Head motion was taken into ac-
count and rotational and translational motion parameters and their
first-order temporal derivatives were regressed out. Further, whole-
brain BOLD signal was excluded as a regressor to eliminate erro-
neous anti-correlations.”” The CONN toolbox performs seed-based
correlation analysis based on the temporal low-frequency fluctua-
tions of BOLD signals. Specifically, region of interest (ROI)
analysis was performed by grouping voxels into ROIs based upon
Brodmann areas. All Brodmann areas were imported as possible
connections for our selected seed ROIs. The BOLD signal time
series was averaged from all voxels compromising each ROI. Bi-
variate correlations were calculated between each pair of ROIs as
reflections of connections. Fisher transformed Z-scores were in-
troduced to validate multiple comparisons and SPM functions were
called by the CONN toolbox for spatial statistical tests. ROI-based
analyses were performed for all subjects’ data with a general linear
model (GLM) test to determine significant resting-state connec-
tions at the individual level (1st level). Based upon first level results
correlation coefficients were converted into standard scores, and an
unpaired 7-test was used with a threshold set at p <0.01 uncorrected
to determine significant connections.

Functional connectivity is broadly defined as the temporal cor-
relation of the BOLD signal between two distinct anatomical re-
gions.”® Here, increases in connectivity indicate positive correlations
between ROIs that are associated with increases in BOLD signal
time series synchronization and reflected by higher Z-scores.
Whereas decreased connectivity indicates negative correlations and
decreased synchronicity between ROIs and reduction in Z-scores.
ROIs were selected based upon the commonly reported and studied
ROIs of the DMN and included dorsal frontal cortex, anterior pre-
frontal cortex, orbitofrontal cortex, medial prefrontal cortex, ventral
posterior cingulate cortex, posterior cingulate cortex, precuneus,
angular gyrus, retrosplenial cortex, and supramarginal gyrus.'®%*
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Results

Analysis of all subjects as a whole revealed alterations to the
DMN seen from pre-game to post-game in the form of both in-
creased and decreased functional connectivity (Fig. 1). Specifi-
cally, increased connectivity between left (T=3.11; p=0.005;
p-false discovery rate [FDR]=0.061) and right (T =3.30; p=0.003;
p-FDR =0.07) orbitofrontal cortices and the left supramarginal
gyrus. However, decreased connectivity was also observed be-
tween the right retrosplenial cingulate cortex and the right dorsal
posterior cingulate cortex (T = —2.84; p=0.009; p-FDR =0.23).

To further understand these mixed results and to infer if history
of previous concussion may influence changes in functional con-
nectivity, analysis was performed on the Hx mTBI and No Hx
mTBI subgroups. The Hx mTBI cohort demonstrated only reduc-
tions in functional connectivity following exposure to sub-
concussive head trauma (Fig. 2). There was decreased connectivity
(T=-3.52; p=0.005; p-FDR =0.112) from the left anterior pre-
frontal cortex and left right retrosplenial cingulate cortex, from the
left inferior temporal gyrus to medial prefrontal cortex (T= —3.42;
p=0.006; p-FDR =0.14), and lastly between right ventral posterior
cingulate cortex and left fusiform gyrus (T=—-3.31; p=0.007; p-
FDR=0.17).

On the contrary, the No Hx mTBI group exhibited only increased
connectivity (Fig. 3) changes from pre-game to post-game. Speci-
fically, the left supramarginal gyrus increased functional connec-
tivity to both the between left (T=3.87; p=0.003; p-FDR =0.064)
and right (T=3.83, p=0.003, p-FDR =0.065) orbitofrontal cortices.
Additional increases were seen between left retrosplenial cingulate
cortex and right fusiform gyrus (T=3.4; p=0.006; p-FDR =0.147),
as well as from the left fusiform gyrus (T=3.36; p=0.006; p-
FDR =0.153) to medial prefrontal cortex.

When evaluating the differences between the Hx mTBI and No
Hx mTBI subgroups at pre-game scans and post-game scans, the Hx
mTBI cohort displayed significant decreases in functional connec-
tivity, compared with the No Hx mTBI subgroup (Fig. 4). Pre-game
scanning showed reduced functional connectivity between the left
dorsal frontal cortex with three other areas of the brain: left dorsal
posterior cingulate cortex (T= —4.29; p=0.0003; p-FDR =0.007),
right dorsal posterior cingulate cortex (T= —3.94; p=0.0007; p-
FDR =0.016), and precuneus (T = —3.25; p=0.004; p-FDR =0.03).
Additional pre-game decreases were seen from the left supra-
marginal gyrus to the left (T=—-3.73; p=0.001; p-FDR=0.029)
and right (T = —3.30; p=0.003; p-FDR=0.037) inferior temporal
gyrus. Post-game analysis (Fig. 4) between subgroups revealed re-
duced connectivity from the left supramarginal gyrus to six other
DMN ROIs: left (T=-2.79; p=0.008; p-FDR=0.045) and right
(T=-3.38; p=0.003; p-FDR =0.037) anterior prefrontal cortices;
left (T=-2.91; p=0.009; p-FDR=0.045) and right (T=-2.91;
p=0.009; p-FDR =0.045) dorsal anterior cingulate cortices; right
dorsal frontal cortex (T = —3.34; p=0.003; p-FDR =0.037); and left
inferior temporal gyrus (T=—2.79; p=0.008; p-FDR =0.045).

Discussion

In this study, we investigated the resting-state functional con-
nectivity of the DMN in collegiate athletes that have been exposed
to an acute bout of subconcussive head trauma incurred through
participation of full contact sports. There are several findings of
interest from this study. First, history of previous full-blown con-
cussive episodes has the potential to infer long-term consequences
as evident by significantly decreased functional connectivity within
the DMN of the Hx mTBI group compared to the No Hx mTBI



FIG. 1.

JOHNSON ET AL.

0 5 10 15 20

Pre-game and post-game connectivity. Significant (p<0.01) differences in pre-game and post-game connectivity for all

subjects. (A) Pre-game and (C) post-game default mode network activation. (B) Overall connectivity differences, with circles re-
presenting seed regions of interest, width of arrow representative of T-scores as well as directionality, (B) long range connection show
increased connectivity, while short range connection depicts a decreased connectivity.

group assessed in the pre-game evaluation. Second, short-term
exposure to subconcussive head trauma has the ability to alter
functional connectivity patterns. And lastly, there is evidence to
suggest that there is a differential response in the concussed and
non-concussed brain to subconcussive head trauma, which may
give insight to the susceptibility to recurrent concussions that has
been previously reported in the literature.***' Moreover, it is im-
portant to address the problem of subject inhomogeneity when

analyzing and interpreting results from concussion research as
history of previous concussion may be an important confound.
Overall, our findings are consistent with the current advanced
neuroimaging literature focused on concussion. Functional con-
nectivity analysis of the DMN in full blown concussive epi-
sodes has revealed both hyper and hypoconnectivity. Mayer and
colleagues™ reported decreases in connectivity within the DMN in
the subacute phase of injury that were still present during the

FIG. 2. History of previously diagnosed concussions (Hx mTBI) connectivity differences. Significant (p <0.01) differences in pre-
game and post-game connectivity in the Hx mTBI subgroup. (A) Overall connectivity differences with circles representing seed regions
of interest, width of arrow representative of T-scores, as well as directionality. Examples of significant decreases in connectivity (color
bar indicates the Z-score equivalent) in fMRI activation as reported for (B) left fusiform gyrus, (C) left anterior prefrontal cortex, and (D)
left inferior temporal gyrus.
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FIG. 3. No history of previously diagnosed concussions (Hx mTBI) connectivity differences. Significant (p <0.01) differences in pre-
game and post-game connectivity in No Hx mTBI subgroup. (A) Overall connectivity differences, with circles representing seed regions
of interest, width of arrow representative of T-scores as well as directionality. Examples of significant increases in connectivity (color bar
indicates the Z-score equivalent) in fMRI activation as reported for (B) orbitofrontal cortex and (C) left retrosplenial cingulate cortex.

chronic phase. Similarly, Zhou and colleagues™ found reduced
connectivity in the posterior hubs of the DMN in conjunction with
increased connectivity within the ventromedial prefrontal cortex.
In our recent studies, we have found a reduced number of con-
nections and strength of connections in the posterior cingulate cortex
(PCC) and parietal cortices, in addition we saw an increased number
of connections and strength of connections in the medical prefrontal
cortex (MPFC).** Regression analysis also indicated a further loss

A

of connectivity as the number of concussive episodes increased.
Here, we report significant decreases in the DMN of subjects with a
history of previous concussion in both pre-game and post-game
evaluations, compared with those with no prior full blown con-
cussive events yet exposure to repetitive subconcussive head
trauma. This is in line with previous research looking at more severe
forms of traumatic brain injury, which have reported decreased
DMN connectivity.* Specifically, we observed reduced functional

°
éé0

FIG. 4. Pre-game and post-game connectivity differences. Significant (p <0.05 false discovery rate) differences in (A) pre-game and
(B) post-game connectivity between history of previous diagnosed concussions (Hx mTBI) and no Hx mTBI. Circles represent seed

regions of interest, width of arrow representative of T-scores.
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connectivity in the left supramarginal gyrus in both sessions, with
greater decreases in this area noted in the post-game scan. The left
supramarginal gyrus is an area that has been implicated in visuoki-
nestics,”® motor attention in addition to verbal mediation,>’ and
memory retrieval.>® Further, this area also has been shown to exhibit
cortical thinning in Alzheimer’s diseases.® The Hx mTBI group also
showed decreased pre-game functional connectivity in the left pre-
frontal cortex, an area critical in decision making and emotion, and
strongly associated with changes in behavior.***!

There is limited research on the effects of subconcussive head
trauma as assessed by fMRI or other advanced imaging techniques.
Although using a task based approach Talavage and colleagues® re-
ported significant alterations in fMRI activation in a study of 11 high
school football players attributed to subconcussive impacts sustained
over the course of a single season, despite any clinically observable
impairment. Specifically, there was decreased activation in the dorso-
lateral prefrontal cortex, middle and superior frontal gyri, and cere-
bellum that correlated to the number of subconcussive impacts. It
should be noted that we looked at alterations in fMRI following an
acute bout of subconcussive impacts, compared with the accumulation
of them over the course of a season, which may explain why we did not
reach a FDR-corrected statistical threshold for significance. We saw
both increased connectivity in the prefrontal cortex and decreased
connectivity in the posterior aspect of the DMN when all subjects were
pooled together. This pattern of connectivity is consistent with the
literature on the DMN that has been reported following concussion.***?

However, when investigating the effect of history of prior con-
cussion, we observed contradicting connectivity patterns between
subgroups that may help explain the mixed patterns mentioned
above. For the Hx mTBI cohort, we saw only decreased connec-
tivity following exposure to subconcussive heads trauma, while the
No Hx mTBI group exhibited increased connectivity. As noted
earlier, increases and decreases in functional connectivity have
been reported in the concussion literature; yet to date, no study has
looked at the acute effects of subconcussive head trauma on the
resting-state networks of the brain.

Acute changes in neurophysiology have been attributed to sub-
concussive head trauma and in a recent animal study Shultz and
colleagues® found that subconcussive injury caused acute neuroin-
flammation, despite lack of any significant axonal injury, cognitive,
emotional, or sensorimotor alterations. There was a short-term in-
crease in microglia, macrophages, and reactive astrogliosis, which
returned to normal at a four week follow-up. Acute neuroin-
flammation has also been documented in other animal and human
studies of TBI. This acute neuroinflammation may be one reason the
No Hx mTBI group exhibited increased connectivity as inflamma-
tion is associated with changes in local vasculature, specifically
increased blood flow and vascular permeability.*? It has also been
thought that neuroinflammation may have neuroprotective quali-
ties*’ and that preconditioning in the form of gradual brain injury
may allow for a so called “trauma resistance.”** Moreover, Allen
and colleagues™® reported in a rat model of repetitive brain injury
that preconditioning served to preserve motor function following a
severe TBI and also elicited activation of secondary sites in the brain
that may aid in recovery.

Conversely, it also has been thought that repetitive head trauma,
similar to neuroinflammation, may have cumulative effects leading
to neurodegeneration® and may be linked to behavioral impair-
ments after concussion.*® This chronic neuroinflammation also
could explain why we saw reduced connectivity in the pre-game
scan as well as changes from pre- to post-game in the Hx mTBI
cohort. Further, studies have shown that strength of functional

JOHNSON ET AL.

connectivity has been strongly correlated to structural connectivity.
Thereby, previous concussion that inflicts diffuse axonal injury
(DAI) may alter structural connectivity which in turn decreases
functional connectivity'® as seen in the Hx mTBI subgroup.
Several factors limit the conclusions that we can draw from this
study. First, the number of subjects under study was small and
the majority of them where female. We used a liberal statistical
threshold for reporting differences between pre-game and post-game
scans. However, it should be noted that corrected p values did ap-
proach significant values. Further, no subject reported any concussion-
like symptoms at any time prior to scanning and therefore if significant
alterations in functional connectivity were observed, we would have
expected the presence of these symptoms. Additionally, quantification
of subconcussive impacts was not performed due to the aforemen-
tioned limitations. However, further research is needed to investigate
whether or not these changes in functional connectivity observed are
acute transient alteration versus permanent neuronal reorganization.
In conclusion, impacts to the head in contact sports are unavoid-
able, and as serious as concussions are, subconcussive impacts
happen much more often and are now being implicated as a source
for the deterioration of cerebral structures and function later in life.® It
is important for future research to not only focus on concussive blows
but varying degrees of head trauma that include subconcussive im-
pacts, as well as history of previous sports-related head trauma.” It is
also important that clinicians take subconcussive head trauma seri-
ously and change their thinking to take into account that despite not
producing any identifiable symptoms, these events have the ability to
alter neurophysiology, which may lead to long-term consequences.
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