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A B S T R A C T

Introduction: Children with mild traumatic brain injury (mTBI) typically recover quickly, however approxi-
mately 15% experience persistent post-concussive symptoms (PPCS) past 3months. The microstructural pa-
thology associated with underlying persistent symptoms is poorly understood but is suggested to involve axonal
injury to white matter tracts. Diffusion tensor imaging (DTI) can be used to visualize and characterize damage to
white matter microstructure of the brain.
Objective: We aimed to investigate white matter microstructure in children with persistent concussive symptoms
as compared to typically developing controls, alongside evaluating differences in white matter changes over time
and how this relates to symptom recovery.
Methods: The current study is a prospective, longitudinal, controlled cohort study of children with mTBI. 104
children aged 8 to 18 years with a mTBI (72 symptomatic; 32 asymptomatic) were recruited from the Alberta
Children's Hospital and compared to 20 healthy controls. Microstructural evidence of white matter injury was
evaluated using DTI one month post injury and repeated 4 to 6 weeks later. Primary outcomes included frac-
tional anisotropy and mean diffusivity of the corticospinal tracts, uncinate fasciculi, and motor fibers of the
corpus callosum. Post-concussive symptoms were also measured using the Post-Concussion Symptom Inventory
(PCSI) taken at both time points.
Results: Fractional anisotropy of the left uncinate fasciculi was lower in symptomatic children compared to
controls (F(2,119)=3.582, p= 0.031). No other significant differences were observed.
Conclusions: Our findings provide evidence of microstructural injury following mTBI in children with ongoing
post-concussive symptoms one month post injury. The changes were persistent 4–6weeks later. Further long-
itudinal studies of white matter microstructure in PPCS will be helpful to clarify whether these white matter
alterations resolve over time.

1. Introduction

Traumatic brain injury (TBI) contributes significantly to the neu-
rological morbidity seen in pediatric populations (McKinlay et al.,
2008; Langlois et al., 2005; Thornhill et al., 2000; Maas et al., 2008).
Mild TBI (mTBI) accounts for 90% of TBIs seen in the emergency de-
partment (Barlow et al., 2010). Fourteen percent of children with mTBI
will experience persistent post concussive syndrome (PPCS), in which a

constellation of symptoms (i.e., physical, cognitive, behavioural, and
affective) continue at least three months post injury (Barlow et al.,
2010). PPCS can cause significant disability in childhood (Barlow et al.,
2010; Yeates et al., 2009; Centers for disease control, 2010), delaying
return to school and physical activity as well as potentially impeding
academic performance and social integration (Gagnon et al., 2005;
Moran et al., 2011; Emanuelson et al., 2003; Ewing-Cobbs et al., 1990;
Ponsford et al., 2011; Yeates and Taylor, 2005).
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The neural correlates of acute mTBI have been well characterized
(Cernak et al., 2010; Creed et al., 2011; Giza and Hovda, 2014; Giza
et al., 2006; Gosselin et al., 2010; Henninger et al., 2007; Henry et al.,
2010; Lipton et al., 2008) although the pathophysiology of persistent
symptoms is less understood (Barlow et al., 2010; Yeates et al., 2009;
Centers for disease control, 2010). Focal and diffuse axonal injury (DAI)
due to traumatic shearing forces have been identified as major patho-
logical contributors to poor clinical outcome following TBI (Meythaler
et al., 2001). Such injury can be investigated using diffusion tensor
imaging (DTI) (Levin, 2003).

DTI measures the movement of water molecules throughout the
brain and produces quantitative measures of anisotropy and diffusivity,
measures that are suggestive of white matter microstructure such as
axonal density and myelination (Basser, 1995), as well as fiber co-
herence and orientation (Beaulieu, 2002). The most common diffusion
measures are fractional anisotropy (FA) and mean diffusivity (MD). In
children with moderate or severe TBI, lower FA in the large white
matter tracts such as the corpus callosum (CC), internal capsule, in-
ferior fronto-occipital fasciculus and uncinate fasciculus (UF) have been
observed compared to healthy controls (Ewing-Cobbs et al., 2006;
Wilde et al., 2006; McCauley et al., 2011). Further, reduced FA in the
corpus callosum has been seen both acutely (Henry et al., 2011) and
3 years post injury in a range of TBI severity (Hulkower et al., 2013;
Wozniak et al., 2007). Several cross-sectional studies have investigated
white matter microstructure in the acute (< 1month post injury)
(Henry et al., 2011; Smits et al., 2011) and chronic (> 6months post
injury) (Wozniak et al., 2007; Yuan et al., 2007) stages of mTBI re-
covery. However, no studies have explored such changes over time in
children who are slow to recover from mTBI (i.e., PPCS). Such long-
itudinal data is vital when trying to understand neural repair and re-
covery following mTBI and its relation to the ongoing symptomology.
Studies using non-invasive techniques to investigate motor cortex
neurophysiology have identified differences in the cortical excitability
patterns in children with PPCS (Garvey et al., 2001; Urban et al., 2015;
Seeger et al., 2017). Therefore, changes over time specifically within
the corticospinal tracts and motor fibers of the corpus callosum are
interesting targets for research.

The goal of this study was to use DTI to examine white matter mi-
crostructure in children with PPCS following mTBI. More specifically,
we examine cross-sectional white matter differences between groups, as
well as longitudinal changes in white matter over time within and be-
tween groups, and correlated changes to symptom recovery. We hy-
pothesized that children with PPCS would show differences in white
matter microstructure, specifically lower FA and higher MD within the
UF, corticospinal tracts, and corpus callosum, compared to asympto-
matic children who had clinically recovered and healthy controls. We
also hypothesized that children with PPCS would show resolution of FA
and MD changes in targeted white matter tracts over time, and that
these would relate to symptom recovery.

2. Methods

2.1. Participants

The current study included 124 children between 8 and 18 years of
age (mean age 14.3 +/− 2.46 years; 54.8% female) presenting to the
Emergency Department (ED) at the Alberta Children's Hospital (ACH)
and were diagnosed with a mTBI or concussion by the ED physician. See
Table 1 for demographic characteristics. mTBI was defined as trauma-
tically induced alteration of consciousness where participants experi-
enced either a loss of consciousness (LOC), had a Glasgow Coma Scale
(GCS) score of 13 or 14, or had one or more acute symptoms of con-
cussion (Moran et al., 2011; Barlow et al., 2015). Participants were
enrolled one month post injury and written informed consent and as-
sent were obtained. Exclusion criteria were: a past medical or psy-
chiatric history requiring the use of psychotropic medications or

hospitalization, previous mTBI within the past 3months or ongoing
symptoms from a previous mTBI, contraindications to MRI (Keel et al.,
2001), as well as participants whose injury involved assault, suspected
abuse or the use of alcohol or other substances at the time of injury.
Controls of similar age and sex were identified from typically devel-
oping friends and siblings of mTBI participants using the same exclu-
sion criteria. The recruitment process is demonstrated in Fig. 1. This
study was approved by the University of Calgary Conjoint Health Re-
search Ethics Board (REB13–0372).

2.2. Recovery status

The Post-Concussion Symptom Inventory (PCSI) questionnaire was
used to determine post-concussive symptoms in all participants. The
questionnaire assessed symptoms in 4 domains: somatic, cognitive,
emotional, and sleep and has been shown to be a reliable measure of
PCS with good internal reliability (Barlow et al., 2010; Barlow et al.,
2015). Clinically significant symptomology was defined as an increase
of 10 points compared to retrospective pre-injury PCSI report collected
at the same time (symptomatic group) (Barlow et al., 2014). The
asymptomatic group consisted of participants who had returned to pre-
injury PCSI scores or less and who reported no differences compared to
their pre-injury status. Symptomatic and asymptomatic groups com-
pleted the PSCI questionnaire one month post injury, as well as at the
follow-up time point. For comparison, healthy control participants
completed the PCSI at the first time point only.

2.3. MRI data acquisition

Neuroimaging was performed using the Alberta Children's Hospital
(ACH) General Electric 3 T MR750w MRI scanner (GE Healthcare,
Waukesha, WI), with a 32-channel head coil. Participants laid supine
inside the scanner with foam padding placed around the head to pre-
vent movement. Diffusion weighted images were obtained with an axial
SSE DTI 32 direction spin echo sequence with TR=11,500ms,
TE= 69.1ms, FOV=22.0, 32 diffusion encoding directions

Table 1
Demographic and injury details of study participants. Post-concussive symptom
inventory completed by youth (PCSI-Y). *Indicates significant differences be-
tween mTBI group and controls (p < 0.05). +Indicates significant differences
between symptomatic and asymptomatic mTBI groups (p < 0.05).

Controls Asymptomatic PPCS

Age (± SD) 14.36 (3.2) 13.84 (2.5) 14.09 (2.6)
Gender, F % 60 34 63
Handedness, R % 100 91 90
Previous concussion (%)

• Zero 100 56 63

• 1 or more 44 37

• 2 or more 9 18

• 3 or more 6 11
Cause of injury (%)

• Sport 82 71

• Fall 12 7

• MVA 3 10

• Other 3 12
Witnessed, % 96 92
Loss of consciousness, % 16 13
Retrograde amnesia, % 22 23
Anterograde amnesia, % 28 29
Time since injury at Scan 1 (days,

SD)
– 40.09 (9) 37.58 (5.8)

PCSI-Y 0 (1) 4.13 (5.8) 27.16
(21.3)*

Time since injury at Scan 2 (days,
SD)

– 84.7 (12.4) 74.6 (7.1)

Change in PCSI-Y – −10 (13.1) 27.17
(22.6)*
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(b= 750 s/mm2), 3 non-diffusion encoding directions (b=0 s/mm2),
number of slices= 62, and voxel size of 0.6× 0.6×2.2mm.
Symptomatic and asymptomatic groups completed DTI one month post
injury and at the follow-up time point, whereas controls underwent DTI
at the first time point only.

2.4. DTI data analysis & tractography

DTI volumes were visually inspected and volumes containing mo-
tion or artifacts were removed. Participants had a minimum of 24 dif-
fusion weighted volumes (median 32 ± 1.26) and 2 non-diffusion
weighted volumes remaining (median 3 ± 0.1). DTI data was then pre-
processed in ExploreDTI (Leemans et al., 2009) in which corrections for

Gibbs Free Ringing, eddy currents, and EPI distortions (Leemans and
Jones, 2009) were done. Following pre-processing, scans were com-
piled and the most representative subject was selected using Tract-
Based Spatial Statistics (TBSS) (Smith et al., 2006) via FSL (Smith et al.,
2004) up to the post-registration command. The selected scan is de-
termined as the scan that required the least warping to best fit other
scans and was used as a study specific target scan for semi-automated
tractography (Keihaninejad et al., 2012).

Inclusion and exclusion region of interests (ROI) were manually
drawn on the selected target scan using a priori information of CST, CC,
and UF tract location (Mori et al., 2005) (see Fig. 2). Deterministic
streamline semi-automated tractography was performed in ExploreDTI
(Leemans et al., 2009), in which the ROIs drawn on the target scan were

Fig. 1. Participant recruitment diagram. Visual flow chart of participant recruitment, screening, and data collection. Note that children who had contraindications for
MRI (e.g., metal braces) were included within the population unable to commit to study requirements.
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aligned and projected onto each participant to delineate the CST, UF,
and motor fibers of the CC. Inclusion ROIs used to delineate the bi-
lateral CSTs were drawn axially at the level of the decussation of the
superior cerebellar peduncle and at the posterior limb of the internal
capsule (Fig. 2B). For tracking of the CC both of the ROIs drawn at the
decussation of the superior cerebellar peduncle used in the isolation of
the bilateral CSTs, were included to capture CC fibers projecting to the
cortical motor strip. Two inclusion ROIs were used in the isolation of
the bilateral UF, with the first drawn coronally anterior to the genu of
the corpus callosum, and the second drawn coronally at the level of the
anterior commissure (Fig. 2C). Calculations of average tract fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and

radial diffusivity (RD) were calculated for each tract in each partici-
pant.

2.5. Along tract measurements

Along tract analyses were also performed, whereby FA, MD, AD, and
RD were extracted at 56 points along the CST and CC fibers, and 40
points along the UF fibers. The number of points for each fiber was
calculated by taking half of the mean fiber length for each individual
tract (Leemans et al., 2009). Along tract analyses were performed on
scans from each group, at the first time point only.

Fig. 2. Tract Inclusion ROIs and Visual Depiction of Isolated Fibers. Inclusion ROIs used to delineate the motor fibers of the corpus callosum (A), left corticospinal
fibers (B), and the left uncinate fasciculus fibers (C), and the resulting fiber tracts shown on the T1-weigthed anatomical image from the target representative scan.
Right CST and UF fibers were isolated using similar inclusion ROIs to the above. Note that cortical inclusion ROIs used to isolate the left and right CST were used to
delineate the corpus callosum fibers projecting to the cortical motor strip.
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2.6. Statistical analysis

Statistical analyses were performed using SPSS V23.0 (SPSS Inc.,
Chicago, Illinois). Independent sample t-tests were run to examine
group differences in age, sex, and symptom scores. One-way Analysis of
Covariance (ANCOVA), controlling for age and sex, were used to in-
vestigate differences in diffusion measures between groups at one
month post injury and at follow-up. For along fiber analyses, a multi-
variate analysis of covariance (MANCOVA), controlling for age and sex,
was used to compare group differences in FA, MD, AD, and RD at each
point along the fibers. Repeated measures ANCOVAs were run to in-
vestigate within group sessional changes in diffusion parameters, con-
trolling for age and sex. In order to address multicollinearity and as-
sociated reduced power, a multivariate canonical discriminant analysis
was run to determine group differences on along fiber tractography.
This approach provides a set of discriminant factor scores (obtained as a
linear combination of the variables) that best separate the groups.
These factor scores are used to plot observations as points on a map and
group membership is awarded based on nearest neighbour approach.

Kendall's correlation analyses with a Bonferroni correction were
performed to analyze the relationships between the PCSI symptom
domains (total score in the somatic, cognitive, emotional and sleep
domains) and white matter microstructure parameters from scans at the
first time point. Next, to determine if changes in white matter micro-
structure within the CST, UF, and motor fibers of the CC were asso-
ciated with recovery from PCSI symptoms, changes in PCSI scores be-
tween sessions were compared with changes in FA and MD between
sessions, in the symptomatic group, using Pearson correlations.

Multiple comparison corrections, using false discovery rate (FDR),
were done for all analyses. Results are reported both corrected and
uncorrected for multiple comparisons. Data may be provided upon
reasonable request to the corresponding author.

3. Results

3.1. Participants

Seventy-two symptomatic participants, 32 asymptomatic partici-
pants, and 20 healthy controls were recruited at one month post injury,
with initial imaging being performed at 38 (± 7) days post injury. One
participant was removed from each the symptomatic and asymptomatic
groups due to poor quality scans (> 6 motion corrupted volumes). Two
additional participants were removed from the symptomatic group due
to unsuccessful tractography; leaving a final sample of 69 symptomatic
scans and 31 asymptomatic scans for analyses (Fig. 1). Repeat imaging
was performed in 72 symptomatic and 13 asymptomatic participants at
74.6 (± 7.1) and 84.7 (± 12.4) days post injury, respectively. One
participant was removed from each of the symptomatic and asympto-
matic groups due to poor quality scans and 2 participants were removed
from the symptomatic group due to unsuccessful tractography; re-
sulting in 68 symptomatic scans and 12 asymptomatic scans for ana-
lyses (Fig. 1).

Demographics and injury details are provided in Table 1. Groups did
not significantly differ in age at any time point (p > 0.1), however the
asymptomatic group had significantly fewer females (x2(2)= 7.722,
p=0.021). Summary group level data provided in Table 2.

3.2. Post-concussive SYMPTOM inventory scores

Significantly higher symptom scores on the PCSI at one month post
injury were reported in the symptomatic group (27.16 (21.3)) when
compared to the asymptomatic group (4.13 (5.8)) (t(136)= 7.51,
p≤0.0001, Cohen's d= 1.983); these survived multiple comparisons.
Healthy controls completed the pre-injury PCSI only (0 (1)). Higher
scores on the PCSI remained at follow-up in the symptomatic group
when compared to the asymptomatic group (t(104)= 1.103,

p=0.136) below significance level. Within the symptomatic group,
significant changes in PCSI scores between the first and second sessions
were found (t(188)= 7.075, p≤0.0001, Cohen's d= 1.033) showing
recovery of symptoms by two months post injury.

Only 7% of children with persistent symptoms in our study had a
predominant symptom domain (> 20% discrepancy compared to their
other domains); for instance, 3 children had marked emotional symp-
toms, 1 had predominant physical symptoms, and one had predominant
cognitive symptoms.

3.3. Group comparisons of white matter microstructure one month post
injury

Group comparisons of DTI measures in each tract are shown in
Fig. 3. No significant between group differences in FA or MD of the left
or right CST (FA L CST: F(2,121)= 1.106,p= 0.334; FA R CST: F
(2,120)= 0.362, p= 0.697) (MD L CST: F(2,121)= 0.697,p=0.5;
MD R CST F(2,120)= 0.733,p=0.483) or CC (CC FA: F
(2,121)= 1.013, p=0.366) (CC MD: F(2,121)= 0.359,p= 0.699)
were found.

There was a significant between group effect using ANCOVA (F
(2,119)= 3.582, p= 0.031), with post hoc analyses indicating that the
symptomatic group had lower FA in the left UF compared to controls (t
(2,119)= 2.654, p= 0.027, Cohen's d= 0.713) (Fig. 3). There was
also a significant group effect (F(2,119)= 4.339, p=0.015), with post
hoc analyses indicating that the symptomatic group also had higher AD
in the left UF compared to controls (t(2,119)= 2.945, p= 0.012, Co-
hen's d= 0.153). Significant differences between groups in the left UF
did not survive correction for multiple comparisons.

Finally, no significant group differences were noted in MD of the left
UF (F(2,104)= 1.260, p=0.103), FA or MD of the right UF (FA R UF F
(2,104)= 0.941, p=0.631; MD R UF F(2,104)= 1.055, p=0.383) or
other UF, CST and CC diffusivity measures between groups.

The relationship between each of the 4 domains of PCSI and DTI
parameters were explored using non-parametric analyses (Kendall's tau
test), however, no significant relationships were found after Bonferroni
correction (see Table 3).

3.4. Along tract analysis of white matter microstructure one month post
injury

Measures of FA and MD at all points along the CC and the left or
right CST did not significantly differ between either mTBI groups and
controls (F(104)= 1.11, p= 0.281). Lower FA values were observed in
the left UF (points 27–32) in both mTBI groups compared to controls (F
(68)= 1.6, p=0.034) (Fig. 4A-C); points 29–31 of left UF FA survived
correction for multiple comparisons. Further, MD of the left UF was
significantly higher in both mTBI groups compared to controls (F
(68)= 1.7, p= 0.016); points 29–34 of the left UF MD survived cor-
rection for multiple comparisons. Corresponding significant points for
FA and MD of the left UF were clustered around the ‘hook’ region.
Canonical discriminant analysis demonstrated significant group classi-
fication based on factor scores of individual observations of FA in the
left UF (see supplementary material). The CDA group classification
based on factor scores of individual observations. DCA misclassified 48

Table 2
Group-level data. Ages expressed as mean (SD).

N at Scan 1 124
N at Scan 2 83
Age at Scan 1 14.29 (2.5)
Age at Scan 2 14.26 (2.4)
Gender (% Female) 55
Handedness (% RH) 92

Table 3. Group-level data.
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of 207 observations at session one, including 15 from the healthy
control group, 24 from the asymptomatic mTBI group, and 10 from the
symptomatic mTBI group (159 of 207 correct classifications, p > 0.05)
in the left UF. In the right UF, 54 misclassifications were made, 15 in
the healthy control group, 30 in the asymptomatic group, and 9 in the
symptomatic group (153 of 207 correct classifications). In the right
CST, 46 misclassifications were made, including 12 from the healthy
control group, 27 from the asymptomatic group, and 7 from the
symptomatic group (160 of 206 correct classifications). In the left CST,
65 misclassifications were made, including 19 from the healthy control
group, 40 from the asymptomatic group, and 6 from the symptomatic
group (141 of 206 correct classifications).

3.5. Longitudinal group comparisons of white matter microstructure &
correlates of PCS symptomology

No between session differences in FA, MD, AD, or RD were observed
between or within mTBI groups for all white matter tracts (p > 0.1).
As previously stated, higher scores on the PCSI remained at follow-up in
the symptomatic group when compared to the asymptomatic group (t
(104)= 1.103, p= 0.136). An exploratory analysis examining the as-
sociation of diffusion changes with symptom changes was done in
symptomatic children with significant improvement in symptom scores
from time point one to time point two (i.e., 10 point improvement in
PCSI score). The relationship between each of the 4 domains of PCSI
and DTI parameters were explored using non-parametric analyses
(Kendall's tau test), however, no significant relationships were found
after Bonferroni correction (see Table 2).”

No significant associations were observed between symptom scores
and FA or MD in the left UF. No significant associations were observed

Fig. 3. Group comparisons of white matter microstructure one month post injury. (A) Group differences in FA; significantly lower FA of the left UF was observed in
the symptomatic group. (B) Groups differences in MD values; no significant group differences were noted. (C) Group differences in RD values; no significant group
differences were noted. D) Group differences in AD; significantly lower AD of the left UF in the symptomatic group. Note that box plots represent the median and
interquartile range, with thick black lines indicating the group mean. Black circles indicate data points falling outside of the 95% confidence interval, while error bars
indicate the range in diffusion values.

Table 3
Kendall Tau (a) correlation matrix (all groups at session 1). The 4 domains of
PCSS symptoms were correlated with DTI indices, *= p < 0.05 following
Bonferroni correction.

Physical Cognitive Emotional Fatigue

Physical 0.934 – – –
Cognitive 0.6383* 0.884 – –
Emotional 0.4715* 0.4830* 0.812 –
Fatigue 0.4834* 0.5236* 0.4602* 0.853
Age −0.003 0.047 0.077 0.119
LU_FA −0.159 −0.125 −0.100 −0.033
LU_MD 0.090 0.031 0.019 −0.081
LU_AD −0.014 −0.043 −0.038 −0.098
LU_RD 0.119 0.079 0.044 −0.052
RU_FA −0.128 −0.094 −0.091 −0.020
RU_MD 0.038 0.011 −0.031 −0.084
R_AD −0.028 −0.037 −0.078 −0.074
RU_RD 0.105 0.074 0.025 −0.043
LCST_FA −0.124 −0.065 −0.097 −0.101
LCST_MD 0.100 0.084 0.031 0.031
LCST_AD 0.007 0.025 −0.035 −0.037
LCST_RD 0.126 0.078 0.097 0.082
RCST_FA −0.020 0.015 −0.072 −0.034
RCST_MD 0.055 0.065 0.078 0.078
RCST_AD 0.050 0.071 0.038 0.034
RCST_RD 0.060 0.038 0.065 0.080
CC_FA −0.144 −0.056 −0.070 −0.022
CC_MD 0.039 −0.023 0.002 −0.094
CC_AD −0.027 −0.046 −0.050 −0.121
CC_RD 0.100 0.007 0.028 −0.052
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between symptom scores and FA or MD in the left UF Fig. 5.

4. Discussion

Our study is the first to examine the association between white
matter microstructure and persistent post-concussive symptoms in
children following mTBI. We found lower FA and AD values in the left
uncinate fasciculus in children with persistent symptoms compared to
asymptomatic children and healthy controls. Although average MD
values were not higher within the UF, higher MD values were seen in
the along tract analysis.

The current study's findings of lower FA within the UF, is in keeping
with previous research showing lower FA within major white matter

fibers following mild TBI (Henry et al., 2011; Hulkower et al., 2013;
Wozniak et al., 2007). For instance, McCauley et al., describes reduc-
tion in FA values at 3months post injury, in both right and left UF, and
correlated these with changes in prospective memory (McCauley et al.,
2011). In addition to lower FA values in the left UF, we also found
lower AD values in the left UF in symptomatic children compared with
asymptomatic and control children. To our knowledge, this is the first
study to report altered AD of the UF after pediatric mTBI. As histolo-
gical studies suggest changes in AD are specific to the axon (Song et al.,
2003), the lower AD values following mTBI in our study is suggestive of
axonal injury or dysfunction after mTBI. Finally, while inconsistent
findings have been noted for changes in MD after TBI (Henry et al.,
2011; Hulkower et al., 2013), the current study's findings support a

Fig. 4. Group comparisons of left uncinate fasciculus along fiber analysis. (A) MD of left UF for controls (blue line), asymptomatic (green line), and symptomatic (red
line) groups; significantly higher MD in the mTBI groups was noted compared to controls. (B) FA of left UF for controls (blue line), asymptomatic (green line), and
symptomatic (red line) groups; significantly lower FA in the mTBI groups was noted compared to controls. Note that black bars indicate significant differences
between control and symptomatic groups, while grey bars indicate significant differences between control and asymptomatic groups. No significant differences were
identified between symptomatic and asymptomatic groups.

Fig. 5. Observations in the canonical discriminant analysis space for each group. The probabilities of group membership before analysis is shown. Classification
results for original and cross-validated groups are shown. Two discriminant factors (linear combinations of variables) were used to classify group membership.
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relationship between MD and microstructural injury within the UF
following mTBI.

As concussion has a widespread effect on the brain with injury to
various localized regions, we expected to see effects on widespread
tracts in the brain, however, findings were localized to the UF. The UF
is a well-characterized white matter tract that connects limbic anatomy
of the temporal lobe to the orbitofrontal cortex. Clinically, abnormal-
ities of the UF white matter microstructure have been implicated in a
number of psychiatric illnesses such as anxiety and depression (Bhatia
et al., 2018; Lai et al., 2013). Given that the nature of the UF is as an
association tract, the cognitive or affective impairment following mTBI
could be specific to functional localization of the injury, on the tract.
Functional localization of UF white matter has been explored in in-
dividuals with epilepsy by visualization of white matter networks (Neal
et al., 2018), however no such work has been done in mTBI popula-
tions. Indeed, children report emotional symptoms and heightened
anxiety following mTBI (Emery et al., 2016), in addition to cognitive
deficits. As such, perhaps the heterogeneity of symptoms may be in part
related to the associative involvement of the UF tract, as well as var-
iations in injury profile.

The absence of findings in the CST and motor collosal fibers may be
related to these fibers being primarily involved in motor performance.
Following mTBI motor symptomology is not commonly reported,
however previous evidence does show changes in the motor tracts
following mTBI (Singh et al., 2010; Kasahara et al., 2012). Mechanism
or severity of injury may be a factor in motor involvement, with force or
direct impact leading to motor deficits. Additionally, our developing
population may be less likely to show motor deficits than impairments
to regions that haven't fully matured.

In a study of 15 high school football athletes with PPCS, McCauley
et al. found similar FA and MD values to controls 5.8 months (range 3 to
12months) post-injury, although decreased FA values were seen in
those athletes with cognitive complaints (Mori et al., 2005). Although
these findings may reflect post-injury white matter alterations, these
values could also be an indication of pre-injury differences in popula-
tions who may be more prone to trauma (Bigler et al., 1992). Demon-
strating change from pre-injury status or change toward control group
values over time can help elucidate this.

Contrary to our hypothesis, however, there was no evidence of
change in tissue microstructure over time. As Wallerian degeneration
can progress for up to 2months post injury (Povlishock et al., 1992;
Adams et al., 1989), our results are somewhat reassuring in that no
further decreases in FA or increases in MD occurred. However, the lack
of white matter changes in symptomatic children over time may suggest
that residual white matter injury after mTBI requires more time to re-
solve: if at all. Animal models of Wallerian degeneration have provided
evidence of peak axonal damage occurring at approximately three
weeks post injury and persisting past twelve weeks (Maxwell et al.,
2015). Subsequently, the time frame in our study may be too short to
detect changes in tissue integrity, especially if white matter recovery
lags behind clinical change. More recent mechanistic research has also
implicated that damaged myelin may be cleared more slowly than other
neural debris, creating a discord between imaging findings and clinical
neural recovery (Armstrong et al., 2016). With this in mind, we ac-
knowledge the possibility that imaging findings may be apparent
without associated symptoms, and vice versa. For example, sympto-
matic athletes were similar to control athletes in cortical thickness and
cerebral metabolism measured using MRS (Tremblay et al., 2014). In
contrast, pediatric studies have reported changes in cerebral perfusion
(Barlow et al., 2017) and cerebral blood flow (Giza and Hovda, 2014) in
children with clinical recovery. Further, studies have reported in-
creased FA following mTBI, hypothesizing that altered FA may be
secondary to edema around the axons (Lipton et al., 2008). The ability
to detect changes to FA or MD may also be impeded by other patho-
physiological consequences of TBI such as inflammation of tissue (Giza
and Hovda, 2014). Finally, the number of participants in our

asymptomatic sample diminished significantly at the follow-up scan,
reducing our paired sample to 12 participants. Thus, the resultant small
sample size may be underpowered to properly represent white matter
changes in asymptomatic brains.

While we found some evidence to support microstructural injury in
children with PPCS, the significant decrease in symptoms by 4-6 weeks
post injury was not reflected in white matter changes over time. The
lack of changes in diffusion measures and, in turn, inability to relate
white matter changes t symptom recovery is not totally unexpected due
to the heterogeneity of PCS symptoms and our primary focus on motor
tracts. PCS syndrome is a complex disorder with multiple underlying
mechanisms including: pre-injury factors such as a propensity for
headaches or dizziness, and environmental factors such as: post injury
differences in symptom phenotypes and rate of recovery; and bio-
mechanical forces involved in the insult (Cernak et al., 2010; Creed
et al., 2011; Giza and Hovda, 2014; Giza et al., 2006; Gosselin et al.,
2010; Henninger et al., 2007; Henry et al., 2010; Lipton et al., 2008). In
light of this it may be that children exhibiting very similar symptom
profiles may show more homogeneity in tract changes, such as the
correlation between working memory and lower FA values in the UF
(Diehl et al., 2008). Inconsistency between presence of symptoms and
evidence of microstructural injury indicates further research is needed.
Additionally, in order to further explore the association of DTI metrics
with white matter recovery a wider longitudinal window may be re-
quired, including an immediate scan following injury or a long-term
follow-up to frame the recovery more accurately.

It is important to note that there are some limitations to our study.
The groups had unequal sample sizes, with a smaller asymptomatic
group. Nevertheless, this is still a larger sample than the majority of
other studies to date. Further, only 12 of the asymptomatic participants
returned for repeat imaging, which may have affected our ability to
detect differences over time between groups. A weakness in any study
of symptoms following a mTBI is the subjective nature of the symptoms,
the lack of a gold standard diagnostic test, and the role of psychosocial
factors and environment on outcome trajectory (Tonks et al., 2011). As
PPCS symptoms are present in healthy as well as chronically ill popu-
lations (Iverson et al., 2010) and there is a tendency to view the past to
be more favourable over time (Brooks et al., 2014), symptoms can be
under-reported following mTBI. While, all participants in our study had
a detailed clinical evaluation, PPCS is a diagnosis based on clinical
presentation which should be considered when interpreting results. The
inclusion of a cognitive evaluation as a clinical outcome to correlate to
white matter integrity may add greater clinical correlation. Finally, all
of these children had a normal clinical examination (physical and his-
tory), reducing the likelihood of another medical condition contributing
to symptoms or pathology. The heterogeneity of our population allows
generalization of results to children who present for medical attention
due to prolonged symptoms at one month post injury. However, pre-
vious studies have focused on differences due to mechanism of insult
(Caeyenberghs et al., 2011; Adams et al., 1977), as different popula-
tions may have different risk factors for poor outcome such as sub-
clinical injuries in some sports (e.g. football) suggesting diversity of
mechanism may contribute to the applicability of our results to a gen-
eral population.

5. Conclusions

In summary, children with PPCS at one month post injury showed
differences in diffusivity measures compared to healthy controls. Our
findings provide support for potential microstructural injury in the left
UF following mTBI in children with ongoing post-concussive symptoms
at one month post injury. Longitudinal group differences in white
matter changes were not observed. Further exploration of specific
symptom clusters and related tracts with baseline imaging is required to
better understand the relationship between microstructural injury and
presence of persistent mTBI symptoms.
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