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Following concussion, adolescents often experience vestibular and ocular motor symptoms as well as working memory deficits that
may affect their cognitive, academic and social well-being. Complex visual environments including school activities, playing sports, or
socializing with friends may be overwhelming for concussed adolescents suffering from headache, dizziness, nausea and fogginess,
thus imposing heightened requirements on working memory to adequately function in such environments. While understanding
the relationship between working memory and vestibular/ocular motor symptoms is critically important, no previous study has ex-
amined how an increase in working memory task difficulty affects the relationship between severity of vestibular/ocular motor symp-
toms and brain and behavioural responses in a working memory task. To address this question, we examined 80 adolescents (53
concussed, 27 non-concussed) using functional MRI while performing a 1-back (easy) and 2-back (difficult) working memory tasks
with angry, happy, neutral and sad face distractors. Concussed adolescents completed the vestibular/ocular motor screening and were
scanned within 10 days of injury. We found that all participants showed lower accuracy and slower reaction time on difficult (2-back)
versus easy (1-back) tasks (P-values, 0.05). Concussed adolescents were significantly slower than controls across all conditions (P,

0.05). In concussed adolescents, higher vestibular/ocular motor screening total scores were associated with significantly greater dif-
ferences in reaction time between 1-back and 2-back across all distractor conditions and significantly greater differences in retrosple-
nial cortex activation for the 1-back versus 2-back condition with neutral face distractors (P-values, 0.05). Our findings suggest that
processing of emotionally ambiguous information (e.g. neutral faces) additionally increases the task difficulty for concussed adoles-
cents. Post-concussion vestibular/ocularmotor symptomsmay reduce the ability to inhibit emotionally ambiguous information during
working memory tasks, potentially affecting cognitive, academic and social functioning in concussed adolescents.
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Graphical Abstract

Introduction
According to Center for Disease Control and Prevention,
concussions leading to mild traumatic brain injuries in chil-
dren and adolescents create a significant public health bur-
den. Approximately 14% of adolescents between 12 and
17 years of age sustained one concussion during their life-
time, and over 5% adolescents sustain multiple concus-
sions.1 Athletes have even higher odds of suffering from
concussions.2 While the majority of concussed adolescents
recover within the first 4 weeks, between 10 and 30% may
experience persistent post-concussion symptoms lasting for
more than 3 months.3,4 It has been suggested that post-
concussion recovery of brain function might be delayed rela-
tive to recovery of performance on cognitive tasks and that
functional MRI (fMRI) may provide means for evaluating
recovery.5,6

Post-concussion symptoms include vestibular, ocular and
motor symptoms that are associated with movement-related
dizziness, blurry vision, unsteadiness and nausea.7–9 In add-
ition to making movement more difficult, the vestibular/ocu-
lar motor symptoms result in headaches, fatigue, sleep
dysregulation and create discomfort that might affect
adolescents’ cognitive functioning, as well as their academic
performance and social well-being.10,11 Experiencing
vestibular/ocular motor symptoms during subacute post-
concussion period predicts prolong recovery12 and repre-
sents an obstacle to engaging in a variety of activities when
mental or physical exertion increases severity of these symp-
toms. Complex visual environments such as academic activ-
ities, playing sports or even socializing with friends may
overwhelm concussed adolescents suffering from headache,
dizziness, nausea and fogginess, thus requiring greater

cognitive effort and greater involvement of cognitive
resources.

Working memory supports on-line maintenance, manipu-
lation and updating of information,13 and correlates with
general intelligence,14 problem solving abilities15 and school
performance.16,17 Working memory relies on the function-
ing of prefrontal, cingulate and posterior parietal cortical
regions, whose activation increases when task difficulty in-
creases, as well as default mode network (DMN) regions
[e.g. posterior cingulate cortex (PCC) and retro-splenial
cortex (RSC)], whose activation decreases with increasing le-
vels of task difficulty.13,18–21 Considering that working
memory circuitry undergoes developmental changes during
adolescence22–25 and that damage to working memory brain
regions may lead to a disruption of cognitive function-
ing,18,26 understanding the effects of concussion on working
memory circuitry in adolescents is critically important, espe-
cially in the subacute post-concussion period.27

To date, neuroimaging research provides a range of find-
ings that are often inconsistent across studies due to the
use of particpants within a wide range of post-concussion
periods (from several days to several months) and small sam-
ple sizes (often consisting of less than 20 participants per
group). For example, in one study behavioural performance
on a working memory task did not differ in concussed versus
control adults, but the former showed significantly lower ac-
tivation in the working memory circuitry during a more dif-
ficult task condition.5 In another study, concussed and
control adults also did not differ from each other on
n-back task performance; however, concussed participants
showed significantly greater activation in the dorsolateral
prefrontal cortex and parietal regions in a difficult versus
easy working memory task condition.6,28 Still other studies
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reported worse behavioural performance and lower activa-
tion in prefrontal and parietal cortices during working mem-
ory tasks in concussed versus control adolescents both
immediately after29 and within 3 months of an injury.30 A
positive correlation between self-reported severity of post-
concussion symptoms and the cerebellum activation for
2-back versus 0-back task was observed in concussed adoles-
cents within a month of an injury.31

Concussion is associated with the alterations in the
DMN32 possibly due to cerebrovascular changes that occur
in acute/subacute periods of post-concussion recovery.33

Adolescents who had recovered from their concussionwithin
2 months showed greater activation in the ventral PCC and
lower activation in the dorsal PCC during a working mem-
ory task, compared with those who still had post-concussive
symptoms.34 Resting-state finctional connectivity in the
DMN showed greater reduction in concussed adolescents
with more severe post-concussion symptoms35 and after
physical exertion.36

Despite the established relationship between working
memory and oculomotor behaviour37,38 and known disrup-
tion of oculomotor behaviour caused by concussive in-
jury,39,40 previous neuroimaging studies have not
examined the relationship between the post-concussion ves-
tibular/ocular motor symptoms and working memory in
concussed adolescents. In this study, we aimed to fill this
gap and examine the relationship between vestibular/ocular
motor symptoms and behavioural and neural correlates of
working memory in a large sample of concussed adolescents
in the acute and subacute (1–10 days) post-concussion recov-
ery period. Considering that concussions are often accom-
panied by emotion dysregulation,41 we wanted to test
whether presenting emotional distractors with different
emotion valences would differentially affect the relationship
between vestibular/ocular motor symptoms and working
memory in concussed adolescents.Working memory was ex-
amined using a modified version of the emotional faces
n-back task42 in which angry, happy, neutral and sad faces
were presented as distractors during an easy (1-back) and a
difficult (2-back) working memory tasks. This paradigm al-
lowed us to investigate the ability of concussed adolescents
to inhibit irrelevant emotional (angry, happy or sad faces)
and ambiguous (neutral faces) information in addition to
their ability to cope with challenging working memory
task. We hypothesized that inhibiting negative emotional
distractors would be more difficult for concussed versus con-
trol adolescents due to known predisposition to experiencing
depression symptoms in the former.43 It was proposed that
increases in brain activation and extensive recruitment of
prefrontal brain regions in concussed individuals may serve
as a compensatory mechanism for a compromised abilty to
maintain and process information in working memory.29,44

Based on this idea, and the previous findings described previ-
ously, we hypothesized that concussed adolescents with
more severe vestibular/ocular motor symptoms will demon-
strate greater differences in prefrontal, parietal and PCC re-
gions during difficult versus easy working memory tasks

than those with less severe vestibular/ocular motor sympoms
and controls.

Materials and methods
Participants
The study was approved by the University of Pittsburgh
Institutional Review Board. Written informed assent and
consent were obtained from all participants and their par-
ents. Participants included 70 adolescents with a concussion
diagnosed within 10 days prior to scan and 30 adolescent
healthy controls without history of concussions. All partici-
pants were between 12 and 17 years of age, right-handed,
fluent in English and had IQ. 70. They also did not have
contraindications for MRI (e.g. metal in the body, claustro-
phobia) and history of neurological, neurodevelopmental, or
systemic medical illnesses, had no personal history of major
psychiatric disorders or current (within the past 3 months)
substance use/abuse. Current and prior history of concus-
sions was an exclusion criterion for controls, but not con-
cussed, adolescents in this study.

Clinical and demographic
assessments
Adolescents with suspected concussions were seen by a
licensed healthcare professional trained in concussion (e.g.
clinical neuropsychologist, physician) at the University of
Pittsburgh Medical Center Concussion Clinic. Concussion
was diagnosed using current consensus criteria45 within
0–8 days after injury. The information regarding history of
previous concussions was collected using the Ohio State
University Traumatic Brain Injury history form.Medical his-
tory, including history of headaches/migraines, was collected
during clinical examination from concussed adolescents and
their parents. Adolescents whose diagnosis of concussion
was confirmed were offered to participate in the study.
Concussed adolescents who agreed to participate were admi-
nistered the vestibular/ocular motor screening (VOMS) and
ImPACT concussion test46 by a clinician or trained clinical
researcher from the study team on the same day as their visit
to concussion clinic. The VOMS assesses symptom provoca-
tion following smooth pursuit, horizontal and vertical sac-
cades, convergence, horizontal vestibular/ocular reflex, and
visual motion sensitivity.8 Participants indicate the intensity
of headache, dizziness, nausea, and fogginess on a scale from
0 (none) to 10 (severe) following each VOMS component.
The scores from all scales were summed to compute a total
VOMS score (range= 0–280). Given that all concussion as-
sessments were administered at the concussion clinic, the
concussion- andmigraines-related informationwas collected
from concussed adolescents only.

Information regarding participants’ age, biological sex,
and IQ was collected from control and concussed partici-
pants. IQ was estimated using the Wechsler Abbreviated
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Scale of Intelligence that included the vocabulary and matrix
reasoning subtests whose raw scores were adjusted by age,
combined, and normalized. Research staff trained in admin-
istering psychiatric assessments evaluated history of major
psychiatric disorders using the Mini International
Neuropsychiatric Interview (M.I.N.I.) for children and ado-
lescents,47,48 as well as the available medical records. The
M.I.N.I. was administered to parent and child separately
during the in-person visit preceding the MRI scanning
session.

Behavioral paradigm
The n-back task was modelled after the ef-nback task by
Ladouceur.42 The modified task required participants to de-
termine whether the letter presented on the screen matched
the letter presented 1 (1-back) or 2 (2-back) trials earlier in-
dependent of whether the letter was capital or lowercase.
The angry, happy, neutral and sad faces taken from the
NimStim database49 were presented on the right and left
sides of the letter and served as distractors (Fig. 1).
Matching letters were called targets, and all other letters—
non-targets. Participants performed three 5 min runs of the
n-back task. Each run consisted of eight 30 s blocks of trials
(1-back and 2-back tasks with four emotional face distractor
conditions). A 4.5 s instruction screen was presented prior to
each block of trials informing participants whether the up-
coming block would be 1-back or 2-back. The blocks were
separated with variable periods of rest that ranged from 5
to 15 s (mean= 10 s). To avoid systematic bias, the n-back
sequences were generated for each participant individually
using a Matlab script. Blocks were presented in random or-
der. Each block consisted of 12 trials, of which five were tar-
gets. For each block, seven letters were randomly selected
from a set of 19. Of these seven letters, one letter was pre-
sented three times (two times as a target), three letters were
presented twice (one time as a target), and three other letters
were presented once (never in the target position). For each
emotional distractor condition, faces with relevant

emotional expressions were randomly assigned to each trial
in the block. The 500, 750 and 1000 ms inter-trial intervals
were presented in the random order separating trials in the
block. Participants were instructed to respond as quickly
and accurately as possible within 2 s from trial onset. The re-
sponses were made with the index finger of one hand for tar-
gets and that of the other hand for non-targets. A hand
assignment was counterbalanced across participants.

Data analyses
Demographic and clinical variables
Demographic and clinical characteristics were compared be-
tween concussed and control adolescents using t-tests and
chi-square tests (whichever was appropriate). A correlation
analysis was used to examine the relationship between clin-
ical and demographic variables. We used a Bonferroni cor-
rection to account for the number of correlation tests.

Behavioural measures
Mixed effects models with groups (concussed, control), task
difficulty levels (1-back, 2-back), and distractor conditions
(angry, happy, neutral, sad faces) as fixed factors, age and
sex as covariates, and participant as random effect were
used to examine interaction and main effects on reaction
time (RT) for correct responses only and accuracy during
the n-back task (‘lme4’,50 ‘lmerTest’,51 and ‘psycho’52

packages in R).
In concussed adolescents only, we usedmixed effectsmod-

els with task difficulty levels, distractor conditions, and ei-
ther history of concussions or history of migraines as fixed
factors to explore the effects of prior history of concussion
or history of migraines/headaches on RT and accuracy. We
also used a mixed effects model to examine the relationship
between the VOMS total score × 2 task difficulty levels × 4
distractor conditions on RT and accuracy. In all models, par-
ticipants were treated as random effect and participants’ age
and sex were used as covariates.

Figure 1 The n-back task paradigm.
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Neuroimaging
Acquisition. Functional MRI data were acquired at the

University of Pittsburgh using a Siemens PRISMA 3T MR
system with a 32-channel RF head coil. A high-resolution
structural image was acquired using the MPRAGE sequence
(voxel size= 1× 1× 1 mm3, TR (repetition time)=
2400 ms, FOV= 256 mm, flip angle= 8°, 176 slices).
Functional data (360 volumes per run) were collected using
a gradient-echo, echo-planar sequence (voxel size: 2 × 2×
2 mm3, TR= 800 ms, echo time= 30 ms, field of view=
210 mm, flip angle= 52°, 72 slices, multiband acceleration
factor= 8). Each participant completed three 5-min runs of
the task. In addition, we collected two spin-echo images
with the anterior-to-posterior and posterior-to-anterior
phase-encoding directions (voxel size= 2 × 2× 2 mm3,
TR= 8000 ms, TE= 66.00 ms, FOV= 210 mm, flip
angle = 90°, 72 slices).

Preprocessing. The images were converted fromDICOM to
NIFTI using dcm2niix (v1.0.20180826 BETA GCC5.4.0).53

The optiBET script54 was used to remove non-brain tissues.
Susceptibility distortions of BOLD images were estimated
based on two spin-echo images collected in the
anterior-to-posterior and poster-to-anterior phase-encoding
directions using topup55 in FSL6.0.3 (www.fmrib.ox.ac.uk/
fsl). Motion correction was performed using MCFLIRT56

and spatial smoothing with a Gaussian kernel of full-width
at half-maximum= 6 mm was applied. To transform
BOLD images to MNI space, BOLD images were first regis-
tered to the high-resolution structural (MPRAGE) images
using FLIRT (FMRIB’s Linear Image Registration
Tool)56,57 with BBR, the high-resolution images were regis-
tered to the MNI152_T1_2 mm template using FNIRT
(FMRIB’s Non-linear Image Registration Tool)58 with nine
degrees of freedom, and the two resulting transformations
were concatenated and applied to the original BOLD. The
quality of transformation was checked for every participant.

To remove motion artefacts, ICA-AROMA59 was applied
to BOLD images that were preprocessed and registered to
MNI space. The fsl_anat script (http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/fsl_anat) was used to segment high-resolution
structural images to white matter, grey matter, and CSF.
The white matter and CSF masks were then co-registered
with functional images, and their time courses were ex-
tracted from the preprocessed functional data for further
analyses. These time courses, together with the first five
TR, were regressed out from the preprocessed BOLD images.
After that, a high-pass filter (Gaussian-weighted
least-squares straight line fitting, with sigma= 56.25) was
applied. No slice-timing correction was applied.

First-level analysis. Preprocessed data were submitted to a
first-level General Linear Model analysis implemented using
FEAT (FMRI Expert Analysis Tool, v6.0). A haemodynamic
response function was modelled using a Gamma function.
The model included eight regressors (happy, angry, fear

and sad face distractor conditions that were presented in
1-back and 2-back task difficulty conditions). The contrasts
of interest included computing the 1-back versus 2-back dif-
ferences in brain activation across all face distractors, as well
as for each face distractor separately.

Group-level analyses. Aworking memory circuitry was iden-
tified as the set of brain regions that showed changes in acti-
vation for 1-back versus 2-back tasks across all participants
and all distractor conditions. For this analysis, we used the
Sandwich Estimator (swe) approach60 for nonparametric
permutation inference conducted in the whole brain with
5000 permutations and a cluster-level correction of z= 3.1
and P= 0.025 (=0.05/2) to apply Bonferroni correction for
the two contrasts of interest (1-back. 2-back and 2-back
.1-back). The activation maps for these two contrasts of
interest were then combined into a single binary mask.

This mask was used to investigate the relationship be-
tween the VOMS scores and brain activation associated
with the changes in the task difficulty (i.e. 1-back versus
2-back) in concussed adolescents only. For this analysis,
we used the swe analyses conducted in the working memory
circuitry mask with 5000 permutations and a cluster-level
correction of z= 3.1 and p-corrected= 0.00625 (0.05/8) to
apply Bonferroni correction for two directions of the effect
(a positive and a negative correlation with VOMS scores)
and four distractors (angry, happy, neutral and sad).

To interpret the findings in concussed adolescents, we first
used featquery to extract BOLD percent signal changes from
the regions showing the relationship with VOMS. Then, we
computed the 1-back minus 2-back activation differences in
all participants. Then, we conducted a k-means cluster ana-
lysis in concussed adolescents only using the
1-back-minus-2-back differences in RSC activation as an in-
put variable. To obtain groups of reasonable sizes, we have
chosen k= 2. The VOMS scores, as well as age and sex com-
position were compared between the two resulting clusters.
In addition, we conducted a one-way ANOVA with the
1-back-minus-2-back differences in RSC activation as an
outcome variable and group (controls, concussed Cluster 1
and concussed Cluster 2) as a predictor variable. Post hoc
between-group contrasts were estimated using the estimate_-
contrasts function in ‘modelbased’ package in R with FDR
correction for multiple comparisons.

Exploratory analyses. To rule out the contribution of previ-
ous concussions and history of migraine on our main find-
ings, we conducted mixed effects analyses in concussed
adolescents with two group (history/no history of
concussion)-by-nback-by-4 distractor conditions on the
BOLD percent signal changes in the region(s) identified in
the main analyses.

Data availability
The data will be available upon reasonable request.
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Results
Demographic and clinical variables
Seventeen of 70 concussed (24.3%) and three of 30 control
(10%) adolescents were excluded from the analysis due to in-
complete neuroimaging acquisition [8 (11.4%) concussed,
two (6.7%) control), excessive motion .4 mm in any direc-
tion (5 (7.1%) concussed, one (3.3%) controls], poor behav-
ioural performance [two (2.9%) concussed], or poor image
quality [two (2.9%) concussed], thus leaving 53 concussed
and 27 control adolescents in the analyses. Among con-
cussed adolescents included into the analyses, 15 reported
prior history of concussion and 17 reported a history of mi-
graines. Sports participation among adolescents included
into the analyses was 96.2% for concussed adolescents and
96.3% for control adolescents. Forty-six (86.8%) adoles-
cents were concussed due to sport-related injuries, one
(1.9%) due to a car accident, five (9.4%) due to falling or
having other accidents, and one (1.9%) due to other reasons.
Concussed and control groups of participants did not differ
from each other in age, IQ, or gender composition (Table 1).

In concussed adolescents, the VOMS scores positively cor-
related with the ImPACT PCSS scores (r= 0.61, P, 0.001).
However, the VOMS and ImPACT PCSS scores did not de-
pend on prior history of concussions (VOMS: t(51)=
−0.3, P= 0.75; ImPACT PCSS: t(51)= 0.8, P= 0.42) or his-
tory of migraines/headaches (VOMS: t(51)=−1.34, P=
0.19; ImPACT PCSS: t(51)=−1.35, P= 0.18). Neither
VOMS nor ImPACT PCSS significantly correlated with the
number of days between injury and clinical assessment
(VOMS: r= 0.07, P= 0.62; ImPACT PCSS: r= 0.06, P=
0.65), the number of days between clinical assessment and
scan (VOMS: r=−0.06, P= 0.68; ImPACT PCSS: r=
0.09, P= 0.54), age (VOMS: r= 0.22, P= 0.2; ImPACT

PCSS: r= 0.00, P= 0.99), or IQ (VOMS: r= 0.08, P=
0.58; ImPACT PCSS: r=−0.07, P= 0.6).

Considering that about 25% of concussed adolescents
were excluded from the neuroimaging data analysis, we
wanted to ensure that the distributions of included and ex-
cluded concussed adolescents are similar. Therefore, we
compared the VOMS and ImPACT PCSS scores, age, IQ,
and sex composition in included versus excluded concussed
adolescents using t-tests and χ2 test as appropriate. Three ex-
cluded concussed adolescents had missing VOMS and
ImPACT PCSS values. One included and one excluded con-
cussed adolescents had missing IQ values. Excluded partici-
pants were signficantly younger than included participants
(mean[SD] excluded= 14.2[1.4]; mean[SD] included=
15.6[1.6]; t(68)=−3.2, P= 0.002), but did not differ in IQ
[mean (SD) excluded= 104.4 (9.2); mean (SD) included=
104.3 (8.4); t(66)= 0.02, P= 0.98], sex composition
(P-values. 0.05), VOMS scores [mean (SD) excluded
(38.3): 57.7, mean (SD) included= 51.8 (42); t(65)= 0.48,
P-value= 0.63], and ImPACT PCSS scores [mean (SD) ex-
cluded: 37.4 (16.5), mean (SD) included= 29.6 (19.7);
t(65)= 1.5, P-value= 0.13].

Behavioural measures
In all 80 participants, the two mixed effects models (one for
RT and one for accuracy) revealed a significantmain effect of
task difficulty (i.e. 1-back versus 2-back) on RT (F(1,546)=
258.1, P, 0.001) and accuracy (F(1,546)= 87.7, P,

0.001), with participants being significantly slower and less
accurate for the 2-back versus 1-back task difficulty condi-
tion (RT: t(546)= 16.1, P, 0.001; accuracy: t(546)=
−9.36, P, 0.001). In addition, there was a main effect of
group on RT (F(1,76)= 6.4, P= 0.013), with concussed
adolescents being significantly slower than controls

Table 1 Demographic and clinical characteristics

Concussed Controls Statistics

N 53 27
Number of females (%) 20 (38%) 14 (52%) χ2 (1)= 0.94, P= 0.33
Race χ2 (2)= 0.68, P= 0.71
• Number of Caucasian (%) • 45 (85%) • 21 (78%)
• Number of Black (%) • 7 (13%) • 5 (19%)
• Number of unknown (%) • 0 • 1 (4%)

Mean age in years (SD) 15.58 (1.57) 15.31 (1.38) t(78)= 0.78, P= 0.43
(min-max) (12.1–17.9) (12.7–17.4)
Mean IQ (SD) 104.3 (8.4) 107.9 (8.0) t(77)=−1.8, P= 0.07
(min, max) (83.0–122.0) (92.0–124.0)
Mean VOMS scores total (SD) 51.77(42) — na
(min, max) (0.0–193.0)
Mean ImPACT PCSS scores total (SD) 28.6 (19.8) — na
(min, max) (0.0–79.0)
Mean number of days between injury and clinical assessment (SD) 3.6 (1.7) — na
(min, max) (0–8)
Mean number of days between injury and scan (SD) 7 (2.4) — na
(min, max) (1–10)
Number of participants with previous history of concussion (%) 15 (28%) — na
Number of participants with history of migraines (%) 17 (32%) — na

Note: na, not applicable; SE, standard errors
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(t(76) = 2.53, P= 0.014). There was no significant effect of
group on accuracy nor a main effect of distractor, sex, age
or any interaction effects on RT and accuracy (Fig. 2).

In the 53 concussed adolescents only, themixed effectmodel
testing the effect of task difficulty-by-distractor-by-VOMS
interaction on RT and accuracy revealed a significant effect
of task difficulty by VOMS interaction on RT (F(1,357)=
4.45, P= 0.036) with greater RT differences for 2-back versus
1-back conditions observed in concussed adolescents
with more severe vestibular/ocular motor symptoms across
all distractors (Fig. 3). There were no significant
difficulty-by-distractor-by-VOMS interaction effects on RT
or accuracy, as well as no other main or interaction effects on
accuracy.

The two additional mixed effect models (one for history of
concussion, one for history of migraines/headache) revealed
no significant effect of previous history of concussions nor
migraine/headache on RT and accuracy in concussed
adolescents.

Neuroimaging
The working memory circuitry regions determined across
all 80 adolescents (Fig. 4A: 2-back. 1-back in red and
1-back. 2-back in blue) were consistent with previous
findings18 and are reported in Supplementary Table 1 and
Supplementary Table 2.

In the 53 concussed adolescents only, the neuroimaging
data analysis conducted in the working memory circuitry re-
vealed a cluster of voxels located in the bilateral RSC [P=
0.0032, nvox= 103, (−8, −52, 18), BA29 and 30;
Fig. 4A]. The 1-back versus 2-back activation differences
in the RSC in the neutral face distractor condition were
greater for concussed individuals with more severe vestibu-
lar/ocular motor symptoms (higher VOMS scores) than for
those with less severe symptoms (Fig. 4B). These activation
differences did not correlate with the 1-back versus 2-back
changes in RT (r=−0.02; P= 0.9) or accuracy (r=−0.25,
P= 0.07). No significant relationships between the VOMS

Figure 2 RT and accuracy in the 1-back and 2-back task difficulty conditions with angry, happy, neutral and sad face distractors
in concussed adolescents and controls. Mixed effects models showed a significant main effect of task difficulty on RT (F(1,546)= 258.1, P,
0.001) and accuracy (F(1,546)= 87.7, P, 0.001). Participants were significantly slower and less accurate for the 2-back versus 1-back task difficulty
condition [RT: t(546)= 16.1, P, 0.001; accuracy: t(546)=−9.36, P, 0.001]. In addition, there was a main effect of group on RT (F(1,76)= 6.4, P
= 0.013), with concussed adolescents being significantly slower than controls (t(76)= 2.53, P= 0.014).
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scores and differential RSC activation were found for happy,
angry or sad face distractor conditions.

The k-means cluster analysis with k= 2 has identified clus-
ters of 23 (Cluster 1) and 30 concussed adolescents (Cluster
2). Concussed adolescents in Cluster 1 had significantly higher
VOMS score than concussed adolescents in Cluster 2 [Cluster 1
mean (SD)= 73.34 (46.6); cluster 2 mean (SD)= 35.2 (29.3);
t(51)= 3.6, P= 0.0006] but did not significantly differ in age
(t(51)= 1.3, P= 0.2), IQ (t(48)= 0.57, P= 0.57), or sex
composition (χ2 (1)= 0.03, P= 0.85). A one-way ANOVA re-
vealed a significant effect of group (F(2,77)= 27.7,P,0.0001)
on the 1-back-minus-2-back differences in RSC activation
(Fig. 4C). A post hoc analysis of contrasts showed that control
adolescents had significantly lower 1-back-minus-2-back
differences in RSC activation than concussed adolescents
in Cluster 1 (t(77)=−4.26, p-fdr-corrected,0.001) but sig-
nificantly greater differences than those in concussed adoles-
cents in Cluster 2 (t(77)= 3.22, p-fdr-corrected= 0.002).
Concussed adolescents inCluster 1 had significantly greater dif-
ferences in RSC activation than those in Cluster 2 (t(77)7.44,
p-fdr-corrected, 0.001).

Exploratory analyses
Of 53 concussed adolescents, 15 reported prior history of
concussions and 17 reported history ofmigraines. Themixed
effects analyses that compared 38 concussed adolescents
without prior history of concussions and 15 concussed ado-
lescents with prior history of concussions revealed a signifi-
cant concussion history-by-task difficulty interaction effect

on the 1-back versus 2-back activation differences in the
RSC for neutral faces (F(1,350)= 4.2, P= 0.04), with great-
er changes in activation from 1-back to 2-back condition in
concussed adolescents with a previous history of concus-
sions. There was no significant main or interaction effects
on history of migraines on RSC activation.

Discussion
Vestibular/ocular motor post-concussion symptoms affect
every-day functioning and may predict slower recovery in
concussed individuals.7,12 In this study, we examined for
the first time the relationship between vestibular/ocular mo-
tor symptoms in a subacute phase of concussion and behav-
ioral and brain responses to increasing task difficulty in
adolescents who sustained a recent concussion. Concussed
adolescents were slower than healthy controls to respond
in the n-back task but did not differ from controls in themag-
nitude of the 1-back versus 2-back differences in RT and ac-
curacy, which was consistent with previous studies.5,6

Concussed adolescents with more severe VOMS symptoms
showed a greater slowing in RTs, independent of face dis-
tractors and greater deactivation in the bilateral RSC for a
more difficult 2-back task versus easier 1-back task in the
context of emotionally neutral face distractors. Our findings
linking vestibular/ocular motor symptoms to disrupted func-
tioning of the RSC in response to increased task difficulty
may help explain worsening of concussion symptoms during
mental exertion in concussed adolescents.

The RSC (BA 29 and BA 30) is a part of the posterior cin-
gulum cortex and DMN that decreases in activation during
performance onmore difficult versus easier workingmemory
tasks.13,18–21 The RSC is reciprocally connected to the hip-
pocampal formation, anterior thalamus, PCC, DLPFC,
frontopolar PFC and anterior cingulate cortex.61 It is some-
times considered to be a critical node mediating “the related
functions of spatial cognition, context representation and
episodic memory”.62(p11) Damage to the RSC affects
memory retrieval 63–65, as well as autobiographical66 and
emotional67 memory. Metabolic reduction in the RSC con-
tribute to mild cognitive impairment68,69 and amyloid for-
mation,70 which plays a role in the early stages of
Alzheimer’s disease.61

Despite apparent connections between RSC function and
neurological conditions,61,70 the RCS’s role during subacute
post-concussion recovery has not been examined in general
and in the context of working memory tasks specifically.
Even though one prior study showed the RSC involvement
in spatial working memory in rats,71 no study characterized
the role of the RSC in human working memory. Our study
highlighted the role of the RSC in concussed adolescents
when performing a working memory task with neutral face
distractors. Neutral faces are ambiguous in their emotional
content and may be misclassified as emotional faces,72 likely
creating additional cognitive difficulties for concussed ado-
lescents, especially when completing more challenging tasks.

Figure 3 The n-back by VOMS scores interaction effect on
RT in concussed adolescents. The mixed effect model showed a
significant effect of task difficulty by VOMS interaction on RT
(F(1,357)= 4.45, P= 0.036) with greater RT differences for 2-back
versus 1-back conditions observed in concussed adolescents with
more severe vestibular/ocular motor symptoms across all
distractors.
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This RSC’s effect in the n-back task with neutral face distrac-
tors is consistent with previous findings of RSC involvement
in tasks that elicit strong contextual associations62,73,74 as
well as updating spatial information.75Our findings showing
that adolescents with severe vestibular/ocular motor post-
concussion symptoms were slower and had greater task
difficulty-related decreases in the RSC than those with less
severe symptoms, indicating that disfunction of the vestibu-
lar, ocular, and motor systems may affect the ability of con-
cussed adolescents to process emotionally ambiguous
information in tasks that require significant mental effort.
Future studies should consider using emotional stimuli ra-
ther than emotional distractors to examine how working
memory concussed adolescents is linked to the relationship
between the vestibular/ocular motor symptoms and emo-
tionally salient and emotionally ambiguous information.

It is noteworthy that concussed adolescents with prior his-
tory of concussion had greater deactivation in the RSC as

compared with those with no such history, as well as healthy
controls. These findings suggest that the working memory
circuitry can flexibly adjust to accommodate clinical severity
to ensure adequate task performance. Different neurobio-
logical mechanismsmay be activated depending on the sever-
ity of vestibular/ocular motor symptoms. For example, more
symptomatic adolescents who had significantly greater RSC
deactivation than controls in the difficult task may use a
compensatory mechanism to help maintain and process in-
formation inworkingmemory.29,44 However, less symptom-
atic adolescents who deactivated the RSC significantly less
than controls may re-distribute working memory resources
to decrease the DMN involvement in the task. The differ-
ences in activation patterns observed between more symp-
tomatic and less symptomatic concussed adolescents may
explain the discrepancies in the previous concussion-related
neuroimaging findings. Recent studies suggest that the DMN
connectivity, as well as the connectivity between the

Figure 4 The relationship between VOMS scores and task difficulty-related changes (1-back versus 2-back) in the retrosplenial
cortex (RSC) in concussed adolescents. (A) The RSC region (in yellow) whose 1-back minus 2-back activation differences significantly
correlated with the VOMS scores. This activation cluster is plotted over the working memory circuitry mask (1-back. 2-back is in blue, and
2-back. 1-back is in red). (B) The scatter plot illustrating the relationship between the VOMS scores and 1-back minus 2-back activation
differences in the RSC in concussed adolescents (P= 0.0032). The confidence band with the alpha level= 0.05 is shown in grey. (C) The 1-back
minus 2-back RSC activation differences in healthy controls and concussed adolescents from clusters 1 and 2 (per the k-mean cluster analysis). A
one-way ANOVA revealed a significant effect of group (F(2,77)= 27.7, P, 0.0001) on the 1-back-minus-2-back differences in RSC activation.
Control adolescents had significantly lower 1-back-minus-2-back differences in RSC activation than concussed adolescents in Cluster 1 (t(77)=
−4.26, p-fdr-corrected, 0.001) but significantly greater differences than those in concussed adolescents in Cluster 2 (t(77)= 3.22,
p-fdr-corrected= 0.002). Concussed adolescents in Cluster 1 had significantly greater differences in RSC activation than those in Cluster 2 (t(77)
7.44, p-fdr-corrected, 0.001).
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PCC and other brain regions, becomes stronger during child
development.76 Based on these findings, we hypothesize that
disruption of one of themain nodes in theDMNduring brain
development might affect the future DMN development
after concussion. Future longitudinal neuroimaging studies
of posts-concussion recovery should test this hypothesis.

The RSC’s role in working memory during post-
concussion recovery warrants further investigation due to
several limitations of this study. One limitation is the cross-
sectional design. Future studies should investigate how ves-
tibular/ocular motor symptoms improvement over time is re-
lated to dynamic changes in task difficulty-related RSC
activation over time during post-concussion recovery. The
other limitation of our study is a lack of clinical data regard-
ing history of migraines and the VOMS scores in control
adolescents, which did not allow us to compare the effects
VOMS and migraine in concussed and control individuals.
Future studies should collect this information across all indi-
viduals in the study. Although our study has a large and
homogeneous (in terms of a recovery period) sample of con-
cussed adolescents, it would be beneficial to combine sam-
ples from multiple centres to ensure better results
generalizability.

In summary, we found that the severity of vestibular/
ocular motor symptoms was related to the pattern of the
RSC response to increases in n-back task difficulty: con-
cussed adolescents with greater difficulty-related de-
creases in the RSC than controls had more severe
vestibular/ocular motor symptoms that their peers with
lower difficulty-related decreases in the RSC than con-
trols. Considering that vestibular/ocular motor symptoms
were related to activation in the DMN rather that activa-
tion in the regions showing task difficulty-related in-
creases, we propose that concussion disrupts the balance
between activation and deactivation within the working
memory circuitry, thus, potentially, leading to neurocog-
nitive resource depletion in difficult cognitive tasks. This
effect might be more pronounced in the context of ambigu-
ous emotional stimuli (e.g. neutral faces) that may be dif-
ficult to ignore when they appear as distractors and whose
processing may require more neurocognitive resources
than processing of salient stimuli.
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