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ABSTRACT

Introduction: Fifteen percent of individuals who sustain a concussion develop persistent concussion
symptoms (PCS). Recent literature has demonstrated atrophy of the frontal, parietal, and cerebellar
regions following acute concussive injury. The frontoparietal-cerebellar network is essential for the
performance of visuomotor transformation tasks requiring cognitive-motor integration (CMI), important
for daily function.

Purpose: We investigated cortical and subcortical structural differences and how these differences are
associated with CMI performance in those with PCS versus healthy controls.

Methods: Twenty-six age-matched female participants (13 PCS, 13 healthy) completed four visuomotor
tasks. Additionally, MR-images were analyzed for cortical thickness and volume, and cerebellar lobule
volume.

Results: No statistically significant group differences were found in CMI performance. However, those
with PCS demonstrated a significantly thicker and larger precuneus, and significantly smaller cerebellar
lobules (Vllla, VllIb, X) compared to controls. When groups were combined, volumes of both the cerebellar
lobules and cortical regions were associated with CMI task performance.

Conclusion: The lack of behavioral differences combined with the structural differences may reflect a
compensatory mechanism for those with PCS. In addition, this study highlights the effectiveness of CMI
tasks in estimating the structural integrity of the frontoparietal-cerebellar network and is among the first
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to demonstrate structural correlates of PCS.

Introduction

Concussions, a form of mild traumatic brain injury, affect an
estimated 1.6-3.8 million Americans each year (1). Of these,
10-15% will develop post-concussion syndrome (PCS) (2,3), in
which symptoms persist beyond the typical recovery period (4-
7). These persistent symptoms can lead to long-term disability,
costing approximately $17 billion dollars each year in direct
expenses and lost income (8). Therefore, it is important to
better understand the underlying effects of PCS in order to
improve recovery. The etiology of persistent symptoms is
poorly understood. However, it is believed that PCS has both
psychological and biological aspects (9-11). Biologically, it has
been suggested that axonal damage, sustained in the initial
injury, leads to impaired neurotransmission and speed of pro-
cessing (12,13). Cerebral atrophy is known to occur after trau-
matic brain injury involving diffuse axonal injury (DAI) (14).
Therefore, since axonal injury is also the suggested etiology of
concussion and PCS, structural changes may also occur after
mild brain injuries or concussions. Studies investigating both
acute and subacute concussive injuries have found cortical
thinning in those who sustained a concussion compared to
healthy controls (15-17). Specifically, this was found within
the frontal lobe (dorsolateral prefrontal cortex, DLPFC; pre-
central region, M1) and parietal lobe (inferior parietal lobe,

IPL). Similarly, longitudinal studies, over the course of a year
following mild traumatic brain injury (mTBI), have also
demonstrated cortical thinning and cortical volume loss in
the frontal and parietal lobes (18,19). For example, a study by
Zhou et al. (18) demonstrated a decrease in the volume of the
right precuneus in working-aged adults (22 men, 6 women)
who had sustained a head injury, but not in healthy controls.
These studies establish that frontoparietal regions are sensitive
to structural changes after concussion. However, this was
investigated in those with acute and subacute concussion, or
those who recovered from the initial injury. Zivanovic et al.
(20) investigated cortical thickness in symptomatic youth who
had a history of concussion compared to orthopedic controls,
and found no differences between groups in thickness or
volume. To our knowledge, there is an absence of the literature
investigating potential anatomical changes in those suffering
from persistent symptoms and PCS in female adults.

There is similarly a lack of research examining volume
differences in subcortical regions, especially the cerebellum, a
structure crucial to many aspects of daily living. Studies on
moderate-to-severe brain injury have found cerebellar atrophy,
even when it was not the location of focal injury (21). In the
same way, animal models on mTBI have also noted this
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decrease in cerebellar volume following injury (22,23). Yet, the
effect of concussion on cerebellar volume is infrequently inves-
tigated in humans. One study noted no volume differences in
any subcortical regions, including cerebellar lobules; however,
this study only included males who sustained their concussion
within the past three months (16). A study by Ross et al. (24)
looked specifically at those with persistent concussive symp-
toms and found that, when compared to controls, those with
PCS had greater atrophy over the course of a year in overall
cerebellum volume. In addition, this atrophy correlated with
poorer vocational outcomes in those with persistent symp-
toms. However, participants in this study included both
males and females.

These human and animal model findings suggest that
regions of the frontal and parietal lobe, as well as the cerebel-
lum, are commonly affected following concussion. Therefore,
it is reasonable to assume that behavioral tasks requiring these
regions for performance would also be affected by the injury.
As such, behavioral performance might demonstrate an indir-
ect measure of the structural integrity of the underlying brain
network. The frontoparietal-cerebellar network is essential for
the visuomotor transformation required for reaching (25-27),
such as in cognitive-motor integration (CMI) tasks, in which a
rule is used to align the required motor output and the guiding
visual information (28,29). Previous studies from our labora-
tory have demonstrated deficits in CMI performance in those
with a history of sport-related concussion including children
and adolescents (30), university-aged athletes (31), and elite
athletes (32). Here, we seek to extend these findings to indivi-
duals with PCS, given the neurophysiological and behavioral
findings in those with concussion history. The primary objec-
tive of this study was to investigate cortical volume and thick-
ness differences as well as cerebellar volume differences in
females suffering from PCS compared to healthy controls.
Second, we aim to examine if these structural differences are
associated with performance on a CMI task. We hypothesize
that those with PCS will demonstrate behavioral deficits on a
CMI task and exhibit structural deterioration in frontal, par-
ietal, and cerebellar regions compared to healthy controls. As
an exploratory measure, we examined whether or not changes
to cerebellar and cortical regions of interest were related.

Materials and methods
Participants

Twenty-six female participants between the ages of 18-60 were
included in this study; 13 with PCS and 13 age-matched (£1
year) healthy controls (average age = 30 + 10.8). Thirteen
participants had PCS, defined as 3 or more symptoms persist-
ing for greater than 1 month after a concussive head injury (6).
PCS participants were included if their symptoms had per-
sisted for 6 months or longer at the time of data collection
(mean = 36 months). Thirteen age-matched controls (1 year)
were recruited with no self-reported history of concussion. A
self-reported concussion was considered a concussive incident
if there was either a diagnosis by a medical physician, or the
date and mechanism of injury was recalled (33). None of the
participants had been diagnosed with a neurological disease,

sustained their head injury due to a motor vehicle accident, or
were deemed unsafe to undergo MR imaging. All participants
were right-handed, with no injury (other than PCS) that would
prevent them from participating in physical activity or sport.
Upon examination of MR images, it was confirmed that none
of the participants included in the study had any gross mor-
phological abnormalities. Information about the concussive
injury, including the number of previous concussions, and
length of time since the concussion, was collected through a
questionnaire.

This study was approved by York University research ethics
committee, and all participants provided informed written
consent.

Procedure

All participants completed a symptom evaluation, a computer-
ized CMI task involving four visuomotor transformation con-
ditions, and structural T1-weighted MR imaging.

Symptom evaluation

Symptoms were scored using the symptom evaluation
embedded within the Sport Concussion Assessment Tool, 3™
Edition (SCATS3) (33). The symptom inventory consists of 22
commonly reported symptoms that were self-rated on a 7-
point Likert scale from 0 (no issue) to 6 (severe). Both the
number of symptoms and the sum of all reported symptoms
(the symptom severity score) were calculated, with a higher
score reflecting worse symptom reporting.

Visuomotor task

Participants completed four computer-based visuomotor
transformation tasks that required reaching movements on a
touch screen. These four conditions included one standard and
three nonstandard (vision and action decoupled) conditions,
which require cognitive-motor integration. Task conditions
were presented on a 10.17 ASUS Transformer Book tablet
connected to a 157 external monitor to allow for a screen in
both the horizontal and vertical planes. Participants sat com-
fortably at a desk, with the monitor placed 70 cm from the
tablet to ensure a consistent visual angle. All reaching move-
ments were made on the tablet, which was placed at a 15° angle
tilted upward toward the participant to allow for comfortable
movements. In each condition, the participant was instructed
to slide their index finger of their right (dominant) hand along
the touch screen tablet in order to displace a cursor from a
central target to one of the four peripheral targets (up, down,
left, or right relative to center) as quickly and as accurately as
possible. Participants guided a crosshair cursor, viewed on a
black background, to the yellow central (or home) target,
which changed to green when entered. After a 4000 ms center
hold time, a red peripheral target was presented and the central
target disappeared, which served as the ‘Go’ signal for the
participant to initiate movement. Once the cursor reached
and remained in the peripheral target for 500 ms, it disap-
peared, signaling the end of the trial. The next trial began with
the presentation of the central target after an inter-trial interval



0f 2000 ms. Peripheral targets on the tablet were located 55 mm
from the center target, with target diameters of 10 mm. In
order to ensure smooth movement of the finger during the
task, participants wore a capacitive-touch glove on their right
hand.

Participants completed four conditions in a randomized
block design. The four conditions were as follows: (i) the
standard condition, in participants both looked at and moved
on the tablet, thereby directly interacting with the targets; (ii)
plane-change (PC), in which participants looked at the vertical
monitor screen while moving on the horizontal tablet screen,
requiring sensorimotor recalibration (CMI); (iii) cue reversal
(CR), in which participants looked and moved on the tablet but
the cursor feedback was rotated 180°, requiring explicit strate-
gic control (CMI); and (iv) plane change with cue reversal (PC
+CR), in which the prior two conditions were combined, thus
requiring two levels of visual-motor decoupling (CMI). Four
trials in each of the four directions were completed per condi-
tion for a total of 64 trials per participant (4 directions X 4 trials
x 4 conditions). Eye movements were not measured during this
experiment, however participants were instructed to look
toward the target. Participants were provided a practice of 2
trials in each of the four directions prior to each condition to
ensure familiarity of the task in order to obtain the greatest
ability of each participant (see Figure 1).

Data processing

Custom-written (C++) acquisition software sampled the fin-
ger’s X-Y screen position at 55 Hz. Custom analysis software
(Matlab, Mathworks Inc.) was used to process individual
movement paths with a fourth-order (dual pass) low-pass
Butterworth filter at 10 Hz. Filtered paths were used to gen-
erate a computerized velocity profile of each trial’s movement.
Movement onsets and ballistic movement offsets (the initial
movement prior to path corrections) were scored at 10% peak
velocity, while total movement offsets (i.e. including path cor-
rections) were scored as the final time point at which move-
ment decreased back down to 10% peak velocity once the
finger position was within the peripheral target. These profiles
were then verified by visual inspection, and manually corrected
if necessary. Trials were considered errors if the finger/cursor

Cue
Reversal

Plane Change

Standard
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left the center target prior to the required center hold time
(<4000 ms), reaction time was less than 150 ms or more than
8000 ms, or total movement time was more than 10000 ms.
Trials in which the first ballistic movement exited the bound-
aries of the center target in the wrong direction (greater than
90° from a straight line to target) were coded as direction
reversal errors, eliminated from further evaluation, and ana-
lyzed as a separate variable. The number of sub-movements, or
corrective movements, was verified by visual inspection. These
were defined as a decelerated movement followed by an accel-
erated movement throughout the movement trajectory. Both
the first author researcher and a blinded researcher manually
inspected and counted sub-movements, and the final measure
was determined as the average between the scorers. The scored
data were then processed to compute both movement timing
and execution outcome measures. Trials in which one of the
variables was greater than 2 standard deviations from the
individual’s mean score were excluded from further analysis.
The mean number of correct trials across all conditions was
15.15 + 3.44 for the control group and 14.19 + 3.15 for the PCS
group. There was no statistical difference between the number
of retained trials (T-Test, p = 0.14).

The kinematic variables for movement timing were as fol-
lows: 1) Reaction Time (RT), the time interval (milliseconds)
between the central target disappearance and movement onset;
2) Total Movement Time (TMT), the time between movement
onset and full movement offset (milliseconds); and 3) Peak
Velocity (PV), the maximum velocity obtained during the
movement (millimeter/millisecond). Kinematic variables for
movement execution were: 1) Full Path Length (FPL), the
total distance (resultant of the x and y trajectories) traveled
between movement onset and offset (millimeters); 2) Absolute
Error (AE, accuracy), the average distance from the individual
ballistic movement endpoints (¥ x/n, ¥ y/n) to the actual target
location (millimeters); 3) Variable Error (VE, precision), cal-
culated as the distance between the individual ballistic move-
ment endpoints (02) from their mean movement (millimeters);
4) The Percentage of Equal Trials (%Equal), determined by the
percentage of correct trials in which the initial ballistic move-
ment was equal to that of the full movement, resulting in one
smooth movement; 5) Percent Sub-Movements (%SubMvt),
the percent of correct trials in which sub-movements were

Plane Change
+ Cue Reversal

Figure 1. Schematic drawing of the four visuomotor conditions. Visual stimuli were presented on either the vertical or horizontal monitor, while movement direction
was either toward the target or 180° reversed. Light gray cursor, eye, and hand symbols denote the starting position for each trial (home target). Dark gray eye and hand
symbols denote the instructed eye and hand movements for each task. Red circles denote the peripheral (reach) target, presented randomly in one of the four locations
(left, up, right, down). The dark crosshair denotes the cursor feedback provided during each condition.
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present; 6) Number of Sub-Movements (#SubMvt), calculated
as the average number of sub-movements per each correct trial;
and 7) Direction Reversal errors (DR), the percent of total trials
in which a direction reversal error occurred.

In order to minimize the number of variables for analyses, a
composite score was calculated using a ‘simple averaging’
approach (34). For each of the included variables, a z-score
was calculated (using the control participants’ mean and stan-
dard deviation) and summed in order to create a timing,
trajectory, and sub-movement composite score for each con-
dition. For ease of interpretation, each composite score was
transformed (based on a mean of 50 and a standard deviation
of 10), with a higher score indicating worse performance. Each
transformed score was tested for internal validity using
Cronbach’s Alpha. This was then averaged across conditions
for an overall measure of validity. The timing score consisted of
three items: RT, TMT, and the inversed PV (PV z-score * —1)
(a = 0.79). The trajectory composite score consisted of three
items (AE, VE, FPL; a = 0.54), and the sub-movement compo-
site score consists of two items (%Submvt, #Submvt; a = 0.77).
Group analysis (PCS vs healthy control) was completed on
each composite score for every condition (standard, PC, CR,
PC+CR).

Behavioral data analysis

All data were checked for normal distribution (Shapiro-Wilk’s
test) and homogeneity of variance (Levene’s test). Since the
behavioral data were skewed, non-parametric tests were used.
This was due to the homogeneity of variance, in that those with
PCS demonstrated significantly greater variability compared to
healthy controls on a number of behavioral measures.
Statistical significance levels were set a-priori to p < 0.05.
Statistical analyses were performed using SPSS statistical soft-
ware (SPSS 24, IBM Corp).

The Mann-Whitney U-test was run to test the main effect of
group (PCS, healthy control) on SCAT3 scores, and corrected
for multiple comparisons using Holm-Bonferroni, thus signif-
icance was determined using a corrected value. Furthermore,
the Mann-Whitney U-test was used to analyze composite
scores between groups (PCS, healthy control) for each visuo-
motor task condition.

Imaging acquisition

MRI data were acquired using a 3 Tesla Siemens Tim Trio
scanner at York University using a 32-channel head coil. High-
resolution whole-brain T1-weighted images were obtained
using 3D magnetization prepared rapid acquisition gradient
echo (MP-RAGE; TR = 2300 ms, TE = 2.62 ms, slice thick-
ness = 1.0 mm, voxel size = 1.0 mm’, FOV = 256 mm?, flip
angle = 9°). A total of 192 sagittal slices were obtained, with

no gap.

Imaging analysis: cortical volume & thickness

Cortical reconstruction and volumetric segmentation were per-
formed using FreeSurfer imaging analysis software suite (Version
6.0, http://www.surfer.nmr.mgh.harvard.edu) (35). Briefly, the

processing steps included motion correction, removal of non-
brain tissue, intensity normalization, tessellation of the gray mat-
ter white matter boundary, topology correction, registration to a
spherical atlas, parcellation of the cerebral cortex, and calculation
of cortical volume and thickness measures. The resulting parcella-
tion was visually inspected and manually corrected, if required.
The distance between the white and pial surfaces was used to
determine the thickness at each cortical location (36). The proce-
dures for the calculation of cortical thickness have been validated
against histological analysis and manual measurement (37,38).
The gray matter volume was computed as the area of a vertex
times the thickness. The morphometric procedures of FreeSurfer
have demonstrated good test-retest reliability across scanner man-
ufacturers and field strengths (39).

The total intracranial volume (TIV) was calculated using the
Oxford Center for Functional Magnetic Resonance Imaging of
the Brain (FMRIB) Software Library (FSL, v5.0) (40), which has
been found to be a robust measure of total brain volume
(41,42). First, the non-brain tissue is removed from the image
using the brain extraction tool (BET) (43) and is registered to a
standard space (MNI152) using FMRIB’s Linear Image
Registration Tool (FLIRT) (44). Segmentation is completed
using FMRIB’s Automated Segmentation Tool (FAST) (45).
The non-normalized (i.e. in subject space) total intracranial
volume is calculated as total gray matter, white matter, and
cerebrospinal fluid.

Global cortical thickness was compared between groups
using Freesurfer (version 6.0). A z-distribution Monte Carlo
simulation with 5,000 permutations was then applied to correct
for multiple comparisons using a cluster-forming threshold of
p < 0.01 (46,47).

In addition, the volume and thickness of cortical regions of
interest were examined. These regions were determined a-
priori and known to be involved in the frontoparietal network
for visually guided reaching (28,48,49). Regions in the parietal
lobe included the right and left superior parietal lobe (SPL),
inferior parietal lobe (IPL), and precuneus. In the frontal lobe,
regions of interest included the right and left precentral, super-
ior frontal, rostral middle frontal (rMFG), and caudal middle
frontal (cMFG) regions. Finally, the cuneus, which is a region
within the occipital lobe, was also investigated. Both the thick-
ness and volume were extracted from each subject using the
Desikan-Killiany cortical parcellation atlas (50). The cortical
parcellation of the FreeSurfer template was mapped back onto
the individual subject and adjusted for small variations. The
values of each individual subject’s thickness and volume of the
aforementioned regions were then extracted and structural
volumes were corrected for TIV using a proportion method.

Statistical analysis was then conducted using IBM SPSS
Statistics (version 24). Data were checked for normality
(Shapiro-Wilk’s) and homogeneity of variance (Levene’s).
Non-parametric tests (Mann-Whitney U) were used to com-
pare regional thickness and volume between groups (PCS,
healthy control) due to violations of normality.

Imaging analysis: cerebellar volume & thickness

The cerebellum (including brainstem) was extracted using the
Spatially Unbiased Atlas Template (SUIT) toolbox within the


http://www.surfer.nmr.mgh.harvard.edu

Statistical Parametric Mapping software (SPM12; http://www.
fil.ion.ucl.ac.uk/spm/, installed in MATLAB version 2014,
Natick, Massachusetts, The MathWorks, Inc), and left in sub-
ject space (51). Total cerebellum volume (including total white
matter and gray matter) was calculated using the Oxford
Center for Functional Magnetic Resonance Imaging of the
Brain (FMRIB) Software Library (FSL, v5.0) (40). A ratio of
cerebellum volume to brain size was then calculated as a
proportion of the TIV (to account for differences in brain
sizes between participants). The cerebellum was further par-
cellated into 28 lobules using SUIT-cerebellum within SPM12
(52). The volume of each lobule was then corrected for TIV
using a proportion method.

Total cerebellum volume and cerebellar lobule volumes
(calculated as a proportion of total TIV) were analyzed using
IBM SPSS statistics (version 24). Data were checked for normal
distribution (Shapiro Wilks’) and homogeneity of variance
(Levene’s). Due to the violations of normality, non-parametric
tests (Mann-Whitney U) were used to compare the total cer-
ebellum volume as well as cerebellar lobule volumes between
groups (PCS, healthy controls).

Correlation analysis

Correlation analyses were run on collapsed group data. Data
points that were greater than 3 standard deviations from the
total group mean were considered outliers and removed from
further analysis. Due to violations of normality, non-para-
metric correlation analyses (Spearman’s Rho) with bootstrap-
ping (1000 samples) were used to investigate the associations
between cortical thickness and cortical volume of each region
of interest and both the number and severity of symptoms
reported. Similarly, Spearman’s correlation analysis was run
to explore the relationship between cortical thickness and
volume to the composite performance scores (timing, trajec-
tory, sub-movement) of each visuomotor task. The association
between total cerebellum volume to both the number and
severity of symptoms, as well as to each composite perfor-
mance score was analyzed using Spearman’s Rho non-para-
metric correlation analysis. In addition, a Spearman’s
correlation was run to investigate the relationship between
the volumes of cerebellar lobules (in which a statistically sig-
nificant group difference was found) and the number and
severity of symptoms reported, as well as each composite
performance score. Finally, the relationship between the
volumes of each cortical region of interest and the volumes of
cerebellar lobules in which there were significant group differ-
ences was analyzed using Spearman’s correlation analysis using
IBM SPSS Statistics (version 24).

Results
Symptom evaluation

Those with PCS demonstrated a significantly greater number
(Mdn = 11.0, U = 13.5, p < 0.001, r = 0.72) and severity
(Mdn = 21.0, U = 16.0, p < 0.001, r = 0.64) of reported
symptoms compared to healthy controls (Mdn = 2.0,
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Mdn = 2.0
classification.

respectively), thus confirming the PCS

Visuomotor task

There were no statistically significant differences between
groups on any of the composite performance scores (timing,
trajectory, sub-movement) in any of the conditions of the
visuomotor task (p > 0.05). When looking at median scores,
we observed that the composite timing score in those with PCS
had a higher score (and therefore worse performance) on each
condition (Table 1). Similarly, for the sub-movement compo-
site score those with PCS performed worse on each condition,
except in the PC+CR condition. With the trajectory composite
score, those with PCS had better performance (indicated by a
lower median score) on the CMI conditions.

Structural imaging

Cortical thickness & volume

There were no statistically significant differences between
groups in whole-brain cortical thickness. When looking at
the thickness of cortical regions of interest, the Mann-
Whitney U-test revealed a statistically significant difference
between PCS and healthy controls in the cortical thickness of
both the left (U = 39.0, p = 0.02, r = 0.46) and right precuneus
(U =46.0, p = 0.048, r = 0.39). In both hemispheres, those with
PCS demonstrated a significantly greater median thickness
(left, Mdn = 2.59 mm; right Mdn = 2.63 mm) than controls
(left, Mdn = 2.48 mm; right Mdn = 2.52 mm). No other
statistically significant differences between groups were noted
for measures of thickness.

The Mann-Whitney U-test was used to test the difference in
cortical volume between groups (PCS, healthy control). A
statistically significant difference between groups was found
in the left precuneus (U = 39.0, p = 0.02, r = 0.46). Specifically,
those with PCS had a significantly larger volume
(Mdn = 0.0089 mm®) than healthy controls (Mdn = 0.0083
mm?). No other regions demonstrated a statistically significant
difference between groups.

Cerebellum parcellation

The Mann-Whitney U-test revealed no statistically significant
differences in the proportion of total cerebellum volume
between those with PCS (Mdn = 0.216 mm®) and healthy
controls (Mdn = 0.221 mm?; U = 52.0, p = 0.096).

When looking at the 28 lobules, the Mann-Whitney U-test
found that those with PCS had a significantly smaller volume
of left VIITa (Mdn = 0.0052 mm®) compared to healthy controls
(Mdn = 0.0057 mm?; U = 6.0, p =0.048, r = 0.39). In addition,
there was a statistically significant difference in volume per-
centage of the left VIIIb (U = 44.0, p = 0.038, r = 0.41), with
those with PCS having a smaller volume (Mdn = 0.0043 mm®)
compared to controls (Mdn = 0.0047 mm?). Similarly, com-
pared to controls, those with PCS had a statistically smaller
volume of both the right (U = 41.0, p = 0.026, r = 0.44;
Mdn = 0.00081 mm’, Mdn = 0.00076 mm? respectively) and
left lobule X (U = 43.0, p = 0.033, r = 0.42; Mdn = 0.00034 mm?,
Mdn = 0.00031 mm? respectively).
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Table 1. Median scores between groups (PCS, healthy control) on kinematic variables of each visuomotor task condition.

Condition
Kinematic variables Group standard plane-change (PC) cue-reversal (CR) plane-change + cue-reversal (PC+CR)
Timing Composite Control 44.04 48.78 38.86 47.60
PCS 66.54 61.65 60.46 65.70
RT (ms) Control 355.00 351.00 513.00 494.00
PCS 365.00 385.00 530.00 567.00
TMT (ms) Control 331.00 538.00 477.00 763.00
PCS 436.00 608.00 640.00 909.00
PV (mm/ms) Control 130.89 102.19 103.81 73.42
PCS 104.50 86.74 83.32 63.92
Trajectory Composite Control 48.40 49.69 45.04 44.26
PCS 52.39 40.99 43.62 33.00
AE (mm) Control 2.50 3.58 3.25 487
PCS 2.40 3.04 3.27 3.97
VE (mm) Control 232 2.78 3.12 437
PCS 242 3.10 2.63 3.74
FPL (mm) Control 39.40 39.38 39.55 40.61
PCS 39.92 39.10 39.73 40.82
Sub-Movement Composite Control 49.28 4434 49.79 53.22
PCS 67.26 47.36 65.12 46.56
%SubMvt (%) Control 6.25 50.00 36.84 7333
PCS 12.50 53.33 53.33 62.50
#SubMvt (#) Control 0.06 0.56 0.41 1.00
PCS 0.13 0.57 0.57 1.06
%Equal (%) Control 100.00 7143 78.95 66.67
PCS 100.00 78.57 78.57 69.23
DR (%) Control 0.00 0.00 7.14 833
PCS 0.00 0.00 7.69 5.56

AE: absolute error; DR: direction reversal errors; FPL: full path length; PV: peak velocity; RT: reaction time; TMT: total movement time; VE: variable error; %Equal: percent
of trials with no corrective movements; %SubMvt: percent of trials with sub-movements; #SubMvt: mean number of sub-movements per trial. No significant

differences between groups were found (p > 0.05).

Correlation analysis

Table 2 provides a summary of significant correlations between
brain and behavior.

Relationship between cortical regions of interest &
symptoms
Spearman’s Rho correlation analysis revealed no significant
associations between either the number or severity of symp-
toms reported and cortical thickness of any region (p > 0.05).
When looking at cortical volume, Spearman’s correlation
demonstrated a statistically significant relationship between
the volume of the left precuneus and the number of symptoms
reported (r; = 0.412, p = 0.037, Table 2), in that as the volume
increased the number of reported symptoms also increased.
There was no significant association between this region and
the total severity of symptoms reported. Similarly, no other
cortical regions demonstrated a significant correlation with
either the number or severity of symptoms (p > 0.05).

Relationship between cortical regions of interest &
visuomotor task performance

When looking at cortical thickness, Spearman’s correlation
revealed no statistically significant relationship to any compo-
site scores in either the standard condition or the PC condition.
In the CR condition, there was a statistically significant asso-
ciation between the sub-movement score and the thickness of
the left IPL (r, = —0.465, p = 0.026), such that as thickness
increased the composite score decreased (denoting improved
performance). Finally, in the PC+CR condition, significant
associations were found between cortical thickness and timing,

trajectory, and sub-movement scores. Specifically, the timing
score was correlated with the thickness of the right IPL (r-
s = —0.424, p = 0.039), and similarly, the sub-movement score
was also correlated with the right IPL (r, = —0.515, p = 0.010).
Finally, the trajectory score was correlated with the thickness of
the left precuneus (rs = —0.547, p = 0.006). In all regions, an
increase in thickness was associated with a decrease in compo-
site score, and thus improved performance.

Spearman’s correlation was used to determine the associa-
tion between the visuomotor composite scores and the volume
of each of the cortical regions of interest. The correlation
analysis demonstrated no statistically significant associations
between any regional volume and composite scores of the
standard condition. In the PC condition, significant associa-
tions were found between the sub-movement composite score
and volume of the left (r; = —0.433, p = 0.031) and right SPL
(rs = —0.4234, p = 0.035), and the left (r; = —0.4334, p = 0.031)
and right (r, = —0.4234, p = 0.035) superior frontal region. In
each region, it was found that as volume increased the sub-
movement score decreased, which denotes improved perfor-
mance. In the CR condition, Spearman’s correlation demon-
strated only one significant association; the trajectory score was
correlated with the right rMFG (r; = —0.4264, p = 0.043). Once
again, as volume increased the trajectory score decreased.
Finally, in the PC+CR condition, significant correlations were
found between the composite trajectory score and the volume
of the right IPL (r, = —0.4924, p = 0.015), the left rMFG
(rs = —0.4294p = 0.037), and both the left (r, = —0.4054, p
=0.049) and right precuneus (r, = —0.6294, p = 0.001; Figure 2).
Similarly, the sub-movement composite score was also asso-
ciated with the volume of the right precuneus (r, = —0.5284, p
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Table 2. Correlation significance summary matrix for all relationships analyzed in the study. Light/dark red shading indicates positive correlations significant at the
p =0.05/0.01 level, light/dark blue shading indicates negative correlations significant at the p = 0.05 /0.01 level, green/white shading indicates no significant difference
at a = 0.05. For cortical structural correlations1,17), lower left boxes indicate volume, upper right boxes indicate thickness. Only cerebellar lobules that showed
significant group differences are included (21,24-). *:plane change condition, **:cue reversal condition, t:plane change & cue reversal condition. Tangerine cells with

dark borders show correlations with behavioral performance.
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= 0.008). In each case, an increase in volume was associated
with a decrease in the composite score (and thus improved
performance).

Relationship between cerebellum lobule volumes &
symptoms

Spearman’s correlation analysis revealed no statistically signif-
icant associations between the total cerebellum volume and
either the number or severity of reported symptoms
(p > 0.05). When looking at the lobules which differed signifi-
cantly between groups (left VIIIa, left VIIIb, left X, right X), it
was noted that the volume of the left VIIIa lobule was signifi-
cantly correlated with both the number (r; = -0.4254, p
= 0.030) and severity of symptoms (r; = —0.3934, p = 0.047).
In both cases, the increase in the number or severity of symp-
toms was associated with a decrease in volume. No other
statistically significant associations were found.

Relationship between cerebellum lobule
volumes&visuomotor task performance
Spearman’s correlation analysis demonstrated no statistically
significant associations between the total cerebellum volume

and any of the performance composite scores (timing, trajec-
tory, sub-movement) from any of the conditions of the visuo-
motor transformation task.

In the same way, no statistically significant correlations
were noted between the cerebellar lobules and the compo-
site scores in the standard condition. In the PC condition,
Spearman’s correlation analysis revealed a statistically sig-
nificant relationship between the timing composite score
and volume of the left VIIIa lobule (r, = -0.4044, p
= 0.045), in that as volume increased the timing score
decreased (denoting improved performance). Likewise, in
the CR condition, there was a significant correlation
between the timing composite score and the left lobule
VIIla (ry = —0.4234, p = 0.044, Figure 3), where again as
volume increased the timing score decreased. In this con-
dition there was also a significant relationship between the
composite trajectory score and the volume of the left
lobules X (ry = 0.4384, p = 0.037). However, in this case
as volume increased the trajectory score also increased
(signifying worse performance). Finally, in the PC+CR con-
dition, there were no statistically significant associations
found.
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Relationship between cerebellum lobules & cortical regions
of interest
Spearman’s correlation analysis was run on the total cerebel-
lum volume and the volume of each of the cortical regions of
interest. No statistically significant associations were found
(p > 0.05).

To investigate the relationship between the volume of the
cerebellum lobules (left VIIIa, left VIIID, left X, right X) and the
volume of each of the cortical regions of interest, a Spearman’s
Rho correlation analysis was used. A statistically significant
association was revealed between the volume of the left lobule
VIIIa and the left precuneus (r; = —0.4584, p = 0.018, Figure 4).
Likewise, the volume of the left lobule VIIIb was significantly
correlated with the volume of both the left (r, = —0.455, p
= 0.020) and right precuneus (r; = —0.405, p = 0.040). In each
case as the volume of cerebellar lobule (VIIIa, VIIIb) decreased,
the volume of the precuneus increased. No other regions were
found to be significantly associated.

Discussion

The results demonstrate that those with PCS have significantly
thicker and larger gray matter volume of the precuneus when
compared to healthy age-matched controls. In addition, those
with PCS have a significantly smaller volume in cerebellar
lobules including the left VIIIa, left VIIIb, left X, and right X.
The volume of both the precuneus and the left lobule VIIIa are
also both significantly associated with the number of self-
reported symptoms. Furthermore, there was a significant rela-
tionship between the volume of the left lobule VIII (VIIIa and
VIIIb) and the precuneus, where a smaller cerebellar lobule was
associated with a larger precuneus volume. When looking at
performance on the visuomotor tasks, there were no significant
differences between the females with PCS and healthy controls.
However, for the sub-movement composite score those with
PCS performed worse on each condition, except in the PC+CR
condition. With the trajectory composite score, those with PCS
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had better performance (indicated by a lower median score) on
the CMI conditions. Thus, these findings may reflect a shift in
the speed-accuracy tradeoff, in that those in the PCS group
appear to have favored a more cautious slower-but-more-accu-
rate strategy over speed. In addition, there was a significant
correlation between the volume of the left lobule VIIIa and
performance on tasks requiring CMI, such that as volume
decreased, task performance decreased. Finally, performance
on CMI tasks were also associated with both the volume and
thickness of cortical regions of interest including both frontal
(rMFG, superior frontal) and parietal regions (IPL, SPL, pre-
cuneus), across both groups.

Cortical regions of interest

No cortical regions demonstrated cortical thinning or
decreased volume in those with PCS compared to controls. In
contrast, those with PCS had a both a thicker and larger
volume of the precuneus, a region located in the medial parietal
cortex. These results do not support our initial hypothesis, in
which we speculated that there would be a decrease in gray
matter structure. However, previous research, in which cortical
atrophy was noted, was conducted on acute, sub-acute, or
asymptomatic individuals, and thus may not reflect the under-
lying neuropathology of those with persistent symptoms. A few
studies have also found evidence of increased cortical volume
or thickness following head-related injury (53-55). Ware et al.
(55) found increased cortical thickness in acute pediatric con-
cussion injury when compared to an orthopedic injury group.
Specifically, this was seen in the left parietal region, including
the precuneus. Comparably, Wang et al. (54) looked at motor
vehicle collision survivors who had sustained an mTBI com-
pared to those who had not and found an initial increase in
cortical thickness in both the left rMFG and right precuneus.
While the thickness of the rMFG decreased over the 3 months
following injury, the thickness of the precuneus did not.
Furthermore, the precuneus thickness was positively correlated
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Figure 2. Relationship between the volume of the right precuneus and trajectory performance on the plane change + cue reversal condition.
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Figure 3. Relationship between the volume of the left Villa lobule and timing performance on the cue reversal condition.
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Figure 4. Relationship between the volume of the left Vllla lobule and the volume of the left precuneus.

with the number of days of reduced daily activity, as well as the
number of post-traumatic stress symptoms. It is possible then,
that the increased thickness we found in our study is related to
psychological distress or mental health, which is a large factor
of post-concussion syndrome.

When looking at the literature of structural changes due to
mental health the results are conflicting. Some studies have
noted reductions in gray matter volume in those with depres-
sion (56), while others have found a positive association
between cortical thickness and the severity of depressive symp-
toms reported (57). Briil et al. (58) found a significantly greater
cortical thickness in the right frontal and parietal lobes, includ-
ing the DLPFC, SPL, IPL, and precuneus, in those with social
anxiety disorder compared to healthy controls. The authors
suggest this could reflect potential compensatory effects and
deregulated networks. Because we did not assess for mental
health factors or psychological distress, we cannot draw

conclusions on whether the results of our study reflect differ-
ences in thickness due to the concussive injury itself or the
psychological consequences associated with the injury. Yet, as
suggested by Briil et al. (58), the cortical thickness seen in our
results may reflect a compensatory mechanism, which could be
due to both the psychological effects and the physiological
effects arising from the concussion itself.

Research has suggested that compensatory mechanisms also
occur after brain injury. In a study on moderate-to-severe
brain injury, an association was found between increased cor-
tical thickness within the frontal, parietal, and temporal regions
and slower reaction time on a working memory task (59). In
addition, fMRI results in this study found decreased activation
within the frontal regions with greater activation in the poster-
ior parietal regions compared to orthopedic injury controls,
suggesting a greater reliance on posterior regions for task
performance. Greater activity within brain regions outside of
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the core task regions has also been found following concussion
(60-64). For instance, Chen et al. (63) looked at male athletes
with persistent symptoms following concussion compared to
healthy controls on a verbal memory task. They found that
while the two groups did not differ on behavioral performance,
those with persistent symptoms had differing brain activation
during the task. Specifically, those with concussion had signif-
icantly decreased activation in the DLPFC, with a subsequent
increase of activation in posterior frontal and parietal regions.
This would suggest compensation by the brain in order to have
normal behavioral performance.

In our study, we also found a lack of behavioral differences
between groups, therefore, the increase in thickness and
volume of the precuneus may reflect compensation by the
brain for adequate behavioral performance, resulting in struc-
tural changes within this region. Further research that is long-
itudinal in nature is needed in order to test this theory.

Cerebellum volumes between groups

In addition to structural differences in the cortex, volume
differences between those with PCS and healthy controls
were also found within the cerebellum. Those with PCS had a
significantly smaller volume of the left VIIIa, left VIIIb, left X,
and right X lobules. Ross et al. (24) had previously looked at
subcortical structural changes in those with persistent symp-
toms following concussion, and found that over a course of a
year these individuals had significantly greater atrophy of the
cerebellum compared to controls. In our results, while we did
not see a global difference of cerebellum volume compared to
controls, we did find significantly smaller lobules, which were
not investigated by this previous study.

Lobule X, also referred to as the flocculonodular lobe, is the
vestibular area of the cerebellum (27,65,66). This lobule
receives inputs directly from the vestibular nerve (cranial
nerve 8) and indirectly from the vestibular nuclei, and sends
output directly to the vestibular nuclei. The medial aspect of
the flocculonodular lobe is involved in controlling axial mus-
culature, while the lateral component is involved in eye pursuit
and the vestibulo-ocular reflex (VOR). This reflex allows for
the compensatory counter-rotation of the eyes during head
movement (27,65,66) and has been found to be abnormal
following concussion (67,68). Additionally, an abnormal
VOR reflex has been associated with a significantly longer
recovery following injury (68). However, VOR function was
not measured in this study and thus, conclusions on this
possible relationship cannot be drawn from these data.

Lobules VIIIa and VIIIb are located in the inferior posterior
cerebellum and are considered part of the cortico-cerebellar
motor loop (69,70). It has been suggested that there are two
motor representations of the body in the cerebellum, the first
located in the anterior lobe, and the second in lobule VIII (71~
73). Imaging studies have found that lobule VIII is functionally
connected to sensory and motor cortical areas, including the
primary motor cortex (M1), primary somatosensory cortex
(S1), and the premotor cortex (PMC) (71,74). In addition,
activation of both VIIIa and VIIIb has been found during
basic sensorimotor tasks and, in particular, hand-reaching
tasks (69,71). Anatomically, the posterior lobe of the

cerebellum receives fibers from the cortical association areas,
including prefrontal (PFC) and posterior parietal cortex (PPC)
(72). Specifically, it is the lateral cerebellar hemisphere which is
reciprocally and indirectly connected to the cortex, with inputs
mostly from the parietal lobe, and outputs terminating in PMC
and M1 (66). The majority of these cerebro-cerebellar path-
ways are contralateral; however, 10-30% of these projections
are ipsilateral. As such, the right cerebellar hemisphere is
associated with language, while the left is associated with
visuospatial performance (69,72). This may explain our find-
ings, in which only the left, and not the right, lobules VIIIa and
VIIIb demonstrated differences between groups.

Lastly, Meabon et al. (23) investigated the effects of mild
blast injuries on the cerebellum in murine models and found
that the ventral areas of the cerebellum were most vulnerable to
injury resulting in significantly greater Purkinje cell loss in
these regions. Specifically, these vulnerable ventral regions
included lobules VII through to X. Therefore, the results
from the present study, in which lobules VIII and X demon-
strated decreased volume in those with PCS compared to con-
trols, supports these findings.

Cerebellum lobules & visuomotor task performance

In addition to group differences, it was found that the VIIla
lobule in the left cerebellar hemisphere was significantly corre-
lated to the number and severity of symptoms reported, as well
as timing scores in visuomotor tasks requiring CMI. This
finding is unsurprising given this lobule’s role in the cortico-
cerebellar motor loop that is activated with sensorimotor tasks,
including reaching tasks (69,71). In addition, it is known that
the left hemisphere is associated with visuospatial tasks, which
is an important component of our visually guided reaching
tasks (69,72). Further, the cerebellum plays a large role in
movement timing (75), with the medial region of the cerebellar
hemispheres associated with the implementation of a timed
response and the lateral cerebellar hemisphere involved with
the operations of the timing process (76). Lesions to the cere-
bellar hemispheres result in deficits in motor planning, delays
in movement onset, and irregularities in timing (66). The
results of our study add to these findings, with the volume of
lobule VIIIa related to timing performance on visuomotor
reaching tasks.

Cortical regions of interest, cerebellar volumes, &
visuomotor task performance

We observed that the thickness and volume of cortical regions
was significantly correlated with performance on CMI-based
tasks. An improved execution of movement, demonstrated
through improved performance on both the trajectory and
sub-movement composite scores, was associated with an
increased volume or thickness of cortical regions. These find-
ings reflect the general relationship between cortical regions
required to perform nonstandard visuomotor tasks and beha-
vioral execution on these tasks. Specifically, the PC task was
significantly associated with the SPL and the superior frontal
region, the CR task was associated with the IPL and right



rMFG, while the PC+CR task was associated with the IPL,
rMFG, and precuneus.

The association between performance on the PC visuomo-
tor condition and the thickness of the SPL and superior frontal
regions is supported by the literature. The PC condition
requires implicit sensorimotor recalibration due to the disso-
ciation between the plane of vision and the plane of action
(77,78). Both the SPL and the superior frontal regions are
integral in nonstandard reaching actions which require this
spatial recalibration (25,29). During reaching movements, the
SPL is responsible for the proprioceptive guidance of move-
ment, or knowing where the arm is located in space (25,27).
This is demonstrated in patients with optic ataxia (lesion of the
SPL) as they are unable to reach toward objects efficiently.
When performing nonstandard visuomotor tasks requiring
sensorimotor recalibration, Granek et al. (79,80) found that
those with SPL damage required increased reliance on visual
guidance due to the decrease in proprioceptive feedback.
Further, on a comparable task paradigm to ours, Hawkins et
al. (81) found a change in neural discharge within the SPL in
the PC condition, but not the CR condition, highlighting the
importance of this structure in nonstandard mapping, specifi-
cally when sensorimotor recalibration is required. Our results
also found that performance on the PC condition was asso-
ciated with the superior frontal region, which includes the
dorsal pre-motor (PMd) and medial motor areas (supplemen-
tary motor area, SMA; cingulate motor area, CMA). Medial
motor areas are responsible for internally guided behavior, as
well as planning and remembering motor sequences, while the
PMd is an important link between the non-spatial aspects of
sensory cues and the motor response (27,29). The PMd has
been shown to play an important role in the selection of an
action based on nonstandard visuomotormapping (82).
Interestingly, one of the largest inputs to the PMd is the SPL,
and thus these regions play a role in tasks requiring implicit
nonstandard mapping (25,83).

In comparison, performance on the CR task was asso-
ciated with the IPL and the rMFG. While this also requires
nonstandard mapping, in contrast to the implicit rules
required for performance on the PC task, the CR condition
requires an explicit rule for successful performance (77,78).
That is, one must use strategic control in order to dissoci-
ate vision from action. The prefrontal cortex is essential for
this strategic control and goal-directed behavior as these
regions use rules in order to interpret the sensory inputs
and associate them with the appropriate motor action
(27,84). This “top-down” processing is especially important
when multiple responses are possible as it establishes the
mappings required to perform the task and guides the
appropriate response. The prefrontal cortex does this
through the implementation of attentional templates,
rules, and goals (84). In particular, the rMFG, which
includes both the DLPFC and the ventrolateral pre-frontal
cortex (VLPFC), is important for the strategic control
required in our task. These regions have reciprocal connec-
tions with visual and motor regions including the cerebel-
lum, PMC, and IPL (84). Unlike the SPL, which is essential
for spatial guidance using proprioceptive cues, the IPL is
responsible for spatial attention, or devoting attentional

BRAIN INJURY 407

resources to a specific region in space (85,86). A lesion of
the IPL leads to hemispatial neglect and deficits in the
ability to direct attention to portions of extrapersonal
space (85). The IPL is not only anatomically connected to
prefrontal regions but also to the cerebellum and PMC
(27,87). Previous work in our laboratory has also demon-
strated that these regions are important for nonstandard
mapping requiring strategic control (88,89). Increased acti-
vation of both the IPL and the rMFG regions was noted in
a comparable feedback reversal task. It is not surprising
then that we observed relationships between structural
measures in these regions and performance on the CMI
task requiring explicit rule-based control.

Finally, the performance on the PC+CR task was associated
with the volume and thickness of the IPL, rMFG, and precu-
neus. The PC+CR task requires two levels of decoupling, both
the implicit sensorimotor recalibration (hand in one spatial
location, visual guidance in another) and the explicit strategic
control (incorporating a rule, e.g., move hand rightward to
direct cursor leftward). Therefore, as previously mentioned,
the relationship between this task and both the IPL and
rMEG is in agreement with current literature (84,85) and the
previous findings from our laboratory (88,89). The precuneus,
which is located in the medial parietal cortex, is reciprocally
connected with both the lateral parietal regions (SPL, IPL) and
frontal regions (DLPFC, PMC, medial motor areas) (90). While
the exact role of the precuneus is still relatively unknown, it is
believed to be a crucial aspect of the neural network specialized
for visually guided movement (90). In particular, the precuneus
is activated during shifting of attention, as opposed to sus-
tained attention in the IPL. Furthermore, it plays a role in
creating an internal representation of movement, such as
with visual rotation (90). The role of the precuneus in visuo-
motor transformation tasks has previously been demonstrated
in our laboratory. In a recent study, Gorbet et al. (91) found
that activation of this region was able to discriminate between
tasks requiring CMI and standard reaching tasks.

Interestingly, our results found a statistically significant
correlation between the volume of the precuneus and the
volume of the cerebellar lobule VIII (both VIIIa and
VIIIb). Specifically, a decreased volume of these cerebellar
lobules was associated with an increased volume of the
precuneus. Churchill et al. (92) found that the precuneus
and posterior cerebellum were able to distinguish those
who had a more severe history of concussion, including
those who had a history of multiple concussions and a
longer recovery from the most recent injury. Furthermore,
those who had a more severe concussive history demon-
strated hypoconnectivity between the precuneus and the
cerebellum, with both regions showing hyperconnectivity
with associated prefrontal and motor regions. The authors
speculate that this change in functional connectivity
reflects a compensatory mechanism for adequate beha-
vioral performance (92).

Thus, we suggest that the structural changes seen in the
precuneus in the present study may underlie the successful
performance of our complex visuomotor task in the face of
our observed cerebellar atrophy in those with PCS, which in
the healthy brain is crucial for this type of skill.
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Limitations & future studies

Our study is one of the first studies to investigate structural
differences in those with PCS compared to healthy controls,
specifically within the lobules of the cerebellum; however, it is
not without limitations. First, because this study is cross-sec-
tional in design, a causal link between the injury and structural
changes cannot be made. However, a number of previous
longitudinal studies have found structural changes due to con-
cussion, and thus it seems likely to be the underlying cause of
the structural differences found in our study. Due to the con-
troversial findings of structural changes due to psychological
factors, it would be important to repeat this study investigating
this aspect in order to understand how mental health affects
both structure and performance on the behavioral task.
Second, with 13 individuals in each group, the sample size is
a limitation. Finally, repeating this study with a greater sample
size and with men would make the results more generalizable,
and explore potential sex-related differences in response to
concussion. Current studies in our laboratory are incorporat-
ing functional MRI in order to better understand if behavioral
compensation is resulting in structural changes.

Conclusion

In summary, we found that those with PCS had a significantly
larger volume and thickness of the precuneus. In addition,
within the cerebellum, those with PCS had a significantly
smaller volume of lobules left VIIIa, left VIIIb, and both the
left and right lobule X. Furthermore, the volume of lobule VIII
was correlated with precuneus volume, and both were corre-
lated with symptom reporting. While there were no behavioral
differences between groups on the CMI visuomotor transfor-
mation tasks, performance on these tasks was correlated with
multiple cortical and cerebellar regions, highlighting the
importance of the frontoparietal-cerebellar network for task
performance. Finally, the lack of behavioral differences com-
bined with the structural differences in those with PCS may
reflect a compensatory mechanism. These findings align with,
and thus strengthen, previous literature which found a neuro-
logical compensation following injury (60,62,63,92).
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